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Abstract A common mode of speciation in oceanic
islands is by anagenesis, wherein an immigrant arrives and
through time transforms by mutation, recombination, and
drift into a morphologically and genetically distinct spe-
cies, with the new species accumulating a high level of
genetic diversity. We investigate speciation in Drimys
confertifolia, endemic to the two major islands of the Juan
Fernandez Archipelago, Chile, to determine genetic con-
sequences of anagenesis, to examine relationships among
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populations of D. confertifolia and the continental species
D. winteri and D. andina, and to test probable migration
routes between the major islands. Population genetic
analyses were conducted using AFLPs and nuclear
microsatellites of 421 individuals from 42 populations
from the Juan Fernandez islands and the continent. Drimys
confertifolia shows a wide genetic variation within popu-
lations on both islands, and values of genetic diversity
within populations are similar to those found within pop-
ulations of the continental progenitor. The genetic results
are compatible with the hypothesis of high levels of genetic
variation accumulating within anagenetically derived spe-
cies in oceanic islands, and with the concept of little or no
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geographical partitioning of this variation over the land-
scape. Analysis of the probability of migration within the
archipelago confirms colonization from the older island,
Robinson Crusoe, to the younger island Alejandro Selkirk.

Keywords AFLPs - Anagenesis - Genetic variation -
Microsatellites - Oceanic islands - Migration

Introduction

Patterns and processes of speciation in oceanic islands have
long captured the attention of evolutionary biologists
(Drake et al. 2002; Rosindell and Phillimore 2011;
Schaefer et al. 2011; Stuessy and Ono 1998). Important
attributes of oceanic islands, such as geographical isola-
tion, clearly delimited area, and restricted fauna and flora,
have led to islands being regarded as natural laboratories
for the study of evolution. They offer countless opportu-
nities for investigating evolutionary processes in detail,
especially for studying genetic, ecological, biogeographic,
reproductive, and morphological divergence (Moore et al.
2002; Mort et al. 2002).

Numerous hypotheses and discussions regarding pro-
cesses of speciation in oceanic islands have occurred
(Carlquist 1974; Grant et al. 1996; Stuessy et al. 2006). The
most commonly described speciation mechanism in islands
is through cladogenesis. In this process, after a single
introduction, numerous lineages diverge rapidly from the
founding population as they adapt to different habitats with
appropriate adaptations (Schluter 2000). The genetic con-
sequence of this process is low level of genetic variation
within and among populations of each species (Baldwin
et al. 1998; Crawford and Stuessy 1997; Emerson 2002;
Johnson et al. 2000; Stuessy et al. 2006). Examples of this
mechanism of divergence and speciation in oceanic islands
are numerous, such as Aeonium (Crassulaceae) and Echium
(Boraginaceae) in the Canary Islands (Bohle et al. 1996;
Jorgensen and Olesen 2001), Dendroseris and Robinsonia
(Asteraceae) in the Juan Ferndndez Archipelago (Crawford
et al. 1998), Bidens (Asteraceae), Schiedea (Caryophylla-
ceae), Cyanea, Lobelia and Trematolobelia (Lobeliaceae)
in the Hawaiian Islands (Givnish et al. 2009; Knope et al.
2012; Price and Wagner 2004), and Scalesia (Asteraceae)
in the Galdpagos Islands (Eliasson 1974; Schilling et al.
1994).

The other major type of speciation in oceanic islands is
anagenesis, also called simple geographic or phyletic spe-
ciation (Simpson 1953). In this case, after colonizers
establish a population on a new island, the processes of
drift, recombination, and mutation modify the composition
of the original pioneer population and over time genetic
variation accumulates by the processes of recombination,
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and mutation. The final result is a new species that differs
genetically and morphologically from its ancestor, with
levels of genetic variation approximating those of the
progenitor species (Stuessy et al. 2006). Examples of this
type of speciation are less frequent, but it has been docu-
mented in Dystaenia (Apiaceae; Pfosser et al. 2006) and
Acer (Sapindaceae; Takayama et al. 2012a, b) of Ullung
Island, Korea, and in Weigela (Caprifoliaceae; Yamada and
Maki 2012) of the Izu Islands, Japan. The genetic conse-
quences of anagenetic speciation show relatively high
levels of genetic differentiation within and among popu-
lations of the island endemic relative to continental source
populations. Obviously, many factors impact levels of
genetic variation within island populations, such as
breeding systems, island age, human impact, etc. (Stuessy
et al. 2013), but mode of speciation is particularly
significant.

Also important for understanding patterns and processes
of evolution in oceanic islands is inferring routes of
migration among islands within archipelagos. The classical
hypothesis regarding archipelagos has assumed a single
colonization event from a continental area first to the oldest
island and subsequent colonization of the younger islands
(Juan et al. 2000; Gillespie and Roderick 2002), the so-
called “progression rule” (Funk and Wagner 1995).
Although this concept relies on parsimony, which is not
unreasonable, other possibilities have been demonstrated,
such as reverse colonization (Ballemain and Ricklefs 2008;
Carine et al. 2004), colonization followed by extinction, or
migration from younger to older islands (Emerson 2002;
Juan et al. 2000). Obviously important also are availability
of transportation vectors (Gillespie and Roderick 2002) and
adaptation and dispersal of propagules (Cowie and Holland
2006).

An appropriate group of islands in which to study ana-
genetic speciation and migration is the Juan Fernandez
Archipelago, located in the Pacific Ocean 667 km W of
continental Chile (33°S/78-80°W, Fig. 1). The archipelago
consists of two main islands, Robinson Crusoe (=Masati-
erra) and Alejandro Selkirk (=Masafuera), separated by
181 kms. At present the islands are approximately of equal
size (50 km?, Stuessy 1995), but they differ in geological
age, c. 4 million years old for Robinson Crusoe Island and
1-2 million years old for Alejandro Selkirk Island (Stuessy
et al. 1984). The native vascular flora of the archipelago
includes 75 families, 213 genera, and 361 species, with a
12 % endemism at the generic level, and 60 % at the
specific level (Marticorena et al. 1998).

A suitable genus to study the genetic consequences of
anagenetic speciation and migration in the Juan Ferndndez
Archipelago is Drimys (Winteraceae). The genus contains
seven species distributed in Central and South America
(Ehrendorfer et al. 1979; Marquinez et al. 2009; Rodriguez
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winteri and D. andina in 74° 70° 30°
continental Chile (a) and B
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and Quezada 2001; Smith 1943), two of which, D. andina
and D. winteri (with two varieties, var. winteri and var.
chilensis), grow in continental Chile, with the others dis-
junct in Brazil and northwestern South America (with
extensions northward into Mexico). Drimys confertifolia is
endemic to the Juan Fernandez Archipelago, common on
Robinson Crusoe Island, and with a patchy distribution on
Alejandro Selkirk Island. These three species comprise a
closely related complex, as evidenced by very similar ITS
sequences (Ruiz et al. 2008).

In recent years the number of molecular markers
available to study genetic diversity and phylogeny in
islands has increased significantly (Emerson 2002).
Amplified Fragment Length Polymorphisms (AFLPs, Vos
et al. 1995), a dominant marker, has been shown to provide
a good overall measure of genetic diversity and structure at
the population level (Tremetsberger et al. 2003). Nuclear
microsatellites are co-dominant highly polymorphic
markers that are widely used to study the genetic structure
of populations and migration routes (Hardy et al. 2006). In
this study, therefore, we selected both methodologies to
analyze the genetic consequences of anagenesis and
migration in Drimys confertifolia.

The objectives of this paper are to: (1) determine genetic
relationships and variation within and among populations
of D. confertifolia, D. andina, and D. winteri; (2) establish

the most probable migration route(s) of the endemic spe-
cies between islands; and (3) assess genetic consequences
of island anagenetic speciation.

Materials and methods
Species

Drimys confertifolia Phil., “Canelo” (Fig. 2a, b), is a
protogynous (and therefore out-crossing) tree (Bernardello
et al. 2001) to 15 m tall, endemic to the Juan Fernandez
Archipelago. Chromosomally the species is known as
n = c. 43 (Sun et al. 1990), which is probably at the do-
decaploid level (based on x = 7, Raven and Kyhos 1965).
This is the same level reported for D. winteri (Raven and
Kyhos 1965) and D. granadensis (Ehrendorfer et al. 1979).
In Robinson Crusoe Island D. confertifolia is common,
growing together with Myrceugenia fernandeziana (Myrt-
aceae), Fagara mayu (Rutaceae), and Juania australis
(Arecaceae) (Greimler et al. 2002). In Alejandro Selkirk
Island it occurs in patches or is scattered, not forming large
pure stands, and growing together with the ferns Blechnum
cycadifolium (Blechnaceae), Dicksonia externa (Dickson-
iaceae), Histiopteris incisa (Dennstaedtiaceae), and Lo-
phosoria quadripinnata (Dicksoniaceae) (Greimler et al.
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Fig. 2 Habitats and flowers (insets) of D. confertifolia on Robinson Crusoe Island (a), D. confertifolia on Alejandro Selkirk Island (b), D. andina

(¢), and Drimys winteri var. winteri (d)

2013). Drimys confertifolia is hermaphroditic and wind-
pollinated (Bernardello et al. 2001), flowering from
November to January (Rodriguez and Quezada 2001).

The continental species included in this study are
D. andina (Reiche) R.A.Rodr. et Quez. This species
(“Canelo Enano” Fig. 2c), grows as a small shrub to 1.5 m
tall, and is endemic to the subantarctic forest distributed
along the Andes and occasionally in the Coastal Cordillera
(37°-41° S) (Rodriguez and Quezada 2001). The other
species is D. winteri J.R.Forst. et G.Forst. (Fig. 2d) with
two recognized varieties, var. winteri (“Canelo, foye”) and
var. chilensis (DC.) A.Gray (“Canelo”). The former vari-
ety is a tree to 17 m, and is found in the subantarctic forests
in the extreme southern portion of Chile (45°44'-55°58' S)
(Rodriguez and Quezada 2001). The latter variety is a large
tree (to 20 m) and is common and endemic to continental
Chile, growing from 0 to 1,700 m in the Coastal Cordillera
and the Andes Mountains between 30°20/—46°25" S (Rod-
riguez and Quezada 2001).

@ Springer

Collection and DNA isolation

The species were collected during expeditions to the Juan
Fernandez Archipelago in 2010 and 2011. Leaves of
D. confertifolia were collected in silica gel from indi-
viduals of 16 populations on Robinson Crusoe Island
(Nos. 1-16) and from 15 populations on Alejandro Sel-
kirk Island (Nos. 17-31) (Fig. 1). In continental Chile,
samples came from one population of D. andina (No. 32),
two populations of D. winteri var. winteri (Nos. 41 and
42), and eight populations of D. winteri var. chilensis
(Nos. 33-40) were collected (Fig. 1; Table 1). Voucher
specimens of each population are deposited in the her-
barium of the University of Vienna (WU). The DNeasy
96 Plant Kit (Qiagen, Hilden, Germany) was used for
extraction of DNA for AFLP and microsatellite analyses.
Details of numbers of individuals and populations used
for AFLP and microsatellites, and their distributions, are
given in Table 1 and Fig. 1.
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Genetic markers

For AFLPs we followed the protocol of Vos et al. (1995)
with modifications by Tremetsberger et al. (2003). For
selection of primers, a trial was done with 85 primer
combinations and four individuals from each of six popu-
lations representative of all taxa and islands. The following
five primer combinations were selected: Msel-CTG/
EcoRI-ACA (FAM); Msel-CTC/EcoRI-ACA (FAM);
Msel-CAC/EcoRI-ATG (VIC); Msel-CAG/EcoRI-AAG
(VIC); and Msel-CTC/EcoRI-AGC (NED). A total of 421
individuals was analyzed, 279 from D. confertifolia, 16
from D. andina, 104 from D. winteri var. chilensis, and 22
from D. winteri var. winteri (for details see Table 1).
Amplified fragments of DNA were run on an automated
sequencer (ABI 3130xl, Applied Biosystems, CA, USA).

Fragments were scored using the program GeneMarker
ver. 1.85 (SoftGenetics LLC, PA, USA). The range for
allele call was 150-510 base pairs. Samples with size
calibration below 90 % were manually adjusted. An auto-
matic panel editor was generated for each selective primer
combination (Curtin et al. 2007) and then manually mod-
ified. For analysis, the matrices generated for each primer
combination were combined into one matrix (Wooten and
Tolley-Jordan 2009). Ten percent of the total individuals
were replicated, the error rate being calculated as the ratio
of number of fragment differences/total number of com-
parisons (Bonin et al. 2004).

Nine nuclear microsatellites markers were selected and
isolated from D. confertifolia (Takayama et al. 2011) based
on repeatability and scoring suitability. A total of 281
individuals of D. confertifolia, 13 of D. andina, 101 of D.
winteri var. chilensis, and 22 of D. winteri var. winteri was
analyzed. For fluorescent labeling of PCR amplified frag-
ments, we used the 5'-tailed primer method (Boutin-
Ganache et al. 2001) following Takayama et al. (2011).
Different dyes (6-FAM, NED, PET, and VIC) for four
combinations of multiplex PCR amplification were used,
following a modified protocol of the Qiagen Multiplex
PCR Kit (Qiagen, Hilden, Germany). Four multiplex PCR
reactions were done as follows: AWUSA, AOH4B with
6-FAM, A3340, ATEAE with VIC, AWLO W, A9194,
AX48Q with NED, BDYVU, AOES3 with PET. Each
reaction was performed in a final volume of 3 pL con-
taining 0.2 pM of each reverse primer, 0.04 uM of each
forward primer, and 0.6 pM of fluorescent dye-labeled
primer. Touchdown thermal cycling programs were used as
follows: initial denaturation at 95 °C for 5 min, followed
by 20 cycles of denaturation at 95 °C for 30 s, annealing at
63 °C for 90 s (decreased 0.5 °C per cycle), and extension
at 72 °C for 60 s, plus 25 cycles of denaturation at 95 °C
for 30 s, annealing at 55 °C for 90 s, and extension at
72 °C for 60 s; a final extension step was performed at

60 °C for 30 min. The amplified fragments were run with a
size standard (GeneScan 600, Applied Biosystems, Foster
City, CA, USA) on an automated sequencer (ABI 3130x1).
GeneMarker ver. 1.85 (SoftGenetics LLC) was used for
scoring.

Data analysis

For AFLPs the program ARLEQUIN 3.5.1.2 (Excoffier
et al. 2005) was used for calculating the total number of
different phenotypes in each population and the average
gene diversity over loci (AGDOL; the probability that
two homologous band sites, randomly chosen, are dif-
ferent). The estimations of other genetic diversity
parameters by populations, i.e., percentage of poly-
morphic bands (PPB), total number of AFLP bands
(TNB), and Shannon Diversity Index (SDI) (Hg, = —X
[p; In(p;)] where p; is the frequency of the ith band in
the respective population based on all AFLP bands
recorded) were performed using FAMD ver. 1.25
(Schliiter and Harris 2006).

With respect to genetic divergence parameters and
population structure, the number of private bands (NPB)
was calculated with FAMD ver. 1.25 (Schliiter and Harris
2006), and the Rarity Index (RI) (Schonswetter and Tribsch
2005) was estimated with R-script AFLPdat (Ehrich 2006).
Pairwise Fgr were calculated according to Weir and
Cockerham (1984), and the probabilities of random
departure from zero for obtaining Fgr were calculated
using the exact test with 10,000 permutations in ARLE-
QUIN 3.5.1.2. (Excoffier et al. 2005). A NeighborNet algo-
rithm (Bryant and Moulton 2004), implemented by the
software SplitsTree4 ver. 4.10 (Huson and Bryant 2006),
was executed using a Nei-Li distance matrix calculated
from the original AFLP matrix. An analysis of molecular
variance (AMOVA) with ARLEQUIN 3.5.1.2 (Excoffier
et al. 2005) was implemented for estimating genetic dif-
ferentiation among and within populations (hierarchical
structuring). For calculation of probabilities, 1,023 per-
mutations were used, which reveals significance of the
variance components. For appraisement of population
structure (with a Bayesian clustering method), the program
STRUCTURE 2.3.3 (Falush et al. 2007; Hubisz et al. 2009,
Pritchard et al. 2000) was employed. To assign individuals
into K clusters, an admixture model with correlated allele
frequencies (Falush et al. 2003) was used. The number of
steps was 100,000, with 50,000 iterations, and 10 replicate
runs in each K from 1 to 10. The highest level of structure
was deduced from a posterior probability of the data for a
given K and AK value (Evanno et al. 2005). A Pearson
correlation was used to test correlation between values of
genetic diversity and genetic divergence, and a Mann—
Whitney U test was performed to compare means of
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independent samples for the previous parameters. In both
cases the program SPSS ver. 15.0 (©SPSS Inc.) was used.

For microsatellites the program GENEPOP 4.0 (Ray-
mond and Rousset 1995) was used to test linkage dis-
equilibrium (LD) and significant deviation from Hardy—
Weinberg equilibrium (HWE) between loci in each pop-
ulation (Markov chain method 10,000 dememorisation
steps, 1,000 batches, 500 iterations per batch). The fre-
quency of null allele in each marker was calculated fol-
lowing Brookfield (1996) using Micro-Checker 2.2.3 (van
Oosterhout et al. 2004). The genetic diversity parameters
for each species and population, allelic richness (Ag),
expected proportion of heterozygotes (Hg), number of
alleles per locus (N,), and inbreeding coefficient (Fis),
were calculated using FSTAT 2.9.3.2 (Goudet 1995).
GENALEX 6 (Peakall and Smouse 2006) was used to
estimate the genetic divergence parameters, number of
private alleles (Npa), and number of locally common
alleles (Npca). Allelic richness was calculated for popu-
lations that contained seven or more individuals using the
rarefaction method (Hurlbert 1971). The genetic rela-
tionships among populations were evaluated by con-
structing a neighbor-joining tree based on D, genetic
distance (Nei et al. 1983) using the program Populations
1.2.30 (Langella 1999). Pairwise Fgr, AMOVA,
STRUCTURE, and Pearson correlation were estimated in
the same way as with AFLP.

The direction of migration between island populations
of D. confertifolia was inferred by using microsatellite data
based on the log Bayes factor (LBF) as per the model
ranking method (Beerli and Palczewski 2010) using the
coalescent based MCMC method implemented in Migrate-
3 (Beerli and Felsenstein 1999, 2001). The LBF's based on
the Bézier approximation score and harmonic mean were
estimated using microsatellite data. We compared the null
model of no migration (M) to the models of unidirectional
migration from Alejandro Selkirk to Robinson Crusoe
Island (M) and vice versa (M,). In order to standardize
population sizes, the 16 populations of D. confertifolia in
Robinson Crusoe Island and 15 populations in Alejandro
Selkirk Island were pooled each and randomly sampled for
each replicate (50 individuals from each region). Runs
were carried out under a Brownian model multiple times
with varying parameter settings to achieve convergence,
and for the final MCMC parameters were one long chain
with 200,000 recorded steps and 100-step increment with a
burn-in of 10,000. Uniform priors (minimum, maximum,
and delta) were placed for both theta (0, 20, and 2) and
M (0, 20, and 2). Ten replicates of single long Markov
chains were implemented using different random number
seeds. The MIGRATE analysis was performed at the
University of Oslo Bioportal (https://www.bioportal.uio.
no/).
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Results
AFLPs

Among the species of Drimys, we found a total of 583
fragments, of which 574 are polymorphic (98.5 %,
Table 1). In D. confertifolia the total number of fragments
is 576 (100 % polymorphic bands), in D. andina 383
fragments (373 bands polymorphic, 97.4 %), and D. win-
teri 485 fragments (438 polymorphic, 90.3 %, Table 1).
With each pair of primers, the numbers of fragments in
each species (D. confertifolia/D. andina/D. winteri) are:
153/81/126/for primers Msel-CTG/EcoRI-ACA (FAM);
120/76/102 for Msel-CAC/EcoRI-ATG (VIC); 112/72/80
for Msel-CTC/EcoRI-ACA (FAM); 104/58/76 for Msel—
CAG/EcoRI-AAG (VIC); and 77/42/54 for Msel-CTC/
EcoRI-AGC (NED). All individuals had unique AFLP
phenotypes. The reproducibility of the bands was 95 %.

Microsatellites

All microsatellite markers, except for one marker AOES3,
were successfully genotyped in 281 individuals of D.
confertifolia, 123 of D. winteri, and 13 of D. andina. The
marker AOES3 resulted in no amplification in two popu-
lations of D. confertifolia, and several populations of D.
winteri and of D. andina. Hence, we used the remaining
eight markers for further population analyses. An exact test
for HWE across populations and loci showed 14 of 248 in
D. confertifolia, six of 80 in D. winteri, and one of eight in
D. andina deviating from HWE with a positive Fis,
(P < 0.05) after Bonferroni correction. The frequency of
null alleles across populations and loci was estimated using
Micro-Checker, resulting in the highest frequency of 0.188
(AWLOW), with an average frequency of 0.080 in all of the
eight markers. Significant LD was not found between any
pairwise combination of loci in all populations within each
species (P < 0.05) after Bonferroni correction.

Genetic diversity

The AFLP measures of genetic diversity in populations of
Drimys analyzed are shown in Table 1. The average esti-
mates of genetic diversity in D. confertifolia, from Rob-
inson Crusoe/Alejandro Selkirk Islands, are for percentage
of polymorphic bands (PPB) 66.8/58.8; for total number of
bands (TNB) 433.5/414.7; for Shannon Diversity Index
(SDI) 103.98/90.53; and for average genetic diversity over
loci (AGDOL) 0.24/0.22. All estimates reveal a similar
pattern and are highly correlated with » ranging from 0.897
to 0.956 (n =22, P <0.001). This pattern holds when
those correlations on the single islands were tested. Com-
parisons of genetic diversity between populations on the


https://www.bioportal.uio.no/
https://www.bioportal.uio.no/

J Plant Res (2015) 128:73-90

81

Table 2 Genetic diversity with AFLP and microsatellites for Drimys
confertifolia, D. winteri, and D. andina

Species AFLP Microsatellites
AGDOL Hg

D. confertifolia Robinson Crusoe Island  0.259 0.685

D. confertifolia Alejandro Selkirk Island 0.234 0.509

D. confertifolia (combined) 0.276 0.675

D. winteri 0.208 0.733

D. andina 0.203 0.501

AGDOL average gene diversity over loci, Hg expected proportion of
heterozygotes

northern side of Robinson Crusoe Island (1-7) with pop-
ulations on the southern side (9—16) show significant dif-
ferences in the parameters TNB, SDI, and AGDOL. In
Alejandro Selkirk Island, the northern populations (17, 18,
23) are not significantly different in all genetic diversity
parameters from the southern populations (28-31). Overall
the genetic diversity within populations is higher on Rob-
inson Crusoe Island (average SDI 103.98 £ 6.88) than on
Alejandro Selkirk Island (average SDI 90.53 £ 10.99).

For each of the species, the total genetic variation
(AGDOL) was 0.276 in D. confertifolia, 0.203 in D. an-
dina, and 0.208 in Drimys winteri. In D. confertifolia a
higher value was found on Robinson Crusoe Island (0.259)
compared to Alejandro Selkirk Island (0.234) (Table 2).

In microsatellites, the values of genetic diversity
parameters for all species of Drimys are shown in Table 1.
The average values in D. confertifolia from Robinson
Crusoe/Alejandro Selkirk Islands for number of alleles per
locus (NV4) are 4.89/3.73; for allelic richness (Ar) are 4.24/
3.30; and the expected proportion of heterozygotes (Hg)
are 0.62/0.47. All estimates are correlated; Hg was highly
correlated with Ny (r = 0.868) [n = 22, P = 0.000], and
AR (r = 0.634) [n = 22, P = 0.002]. When analyzing this
parameter by island, only the pair Ny and Hg is correlated
(r =0.810) [n =15, P =0.000] in Robinson Crusoe
Island; no correlations were found between these three
parameters in Alejandro Selkirk island. Positive Fig values
(P < 0.05) after Bonferroni correction were significant in
11 populations of D. confertifolia and in four populations
of D. winteri.

When dividing the populations of Robinson Crusoe
Island into northern (1-7) and southern (9-16) sections,
they show no significant difference. The same analysis
holds for Alejandro Selkirk Island, revealing no significant
differences between the parameters N4, Ag, and Hg, among
northern (17, 18, 23) and southern populations (28-31).

The genetic diversity (Hg) within species was 0.675 in
D. confertifolia, 0.733 in D. winteri, and 0.501 in D. andina
(Table 2). Calculating this value for D. confertifolia on
each of the two islands revealed 0.685 on Robinson Crusoe
Island and 0.509 on Alejandro Selkirk Island.

Genetic divergence

For AFLPs, the values of genetic divergence are shown in
Table 1. In Drimys confertifolia the number of private
bands (NPB) and rarity index (RI) in Robinson Crusoe/
Alejandro Selkirk Islands are 0.40/0.14 and 1.50/1.76
respectively. These values are not correlated, (r = 0.065)
[n = 22, P = 0.775]. The same lack of correlation occurs
when analyzing Robinson Crusoe and Alejandro Selkirk
Islands separately. Comparison between northern popula-
tions with southern populations on Robinson Crusoe Island
reveals significant differences only for the Rarity Index.
The same analysis in Alejandro Selkirk Island reveals no
significant differences in both measures of divergence.

Pairwise Fst values between D. confertifolia on the two
islands and continental D. andina and D. winteri reveal the
highest differentiation (Fgt = 0.357) between D. winteri
and D. confertifolia of Alejandro Selkirk island, and the
lowest between D. confertifolia from Robinson Crusoe and
Alejandro Selkirk (Fst = 0.186) (Table 3). The mean Fgr
value among populations within D. confertifolia was 0.141
and 0.212 in D. winteri. A high proportion of pairwise Fst
values were significant in D. confertifolia, and all values
were significant in D. winteri (Table S1, S2).

For microsatellites, the parameters for estimating
genetic divergence within Drimys species are shown in
Table 1. In D. confertifolia the number of private alleles
(Npa) and number of locally common alleles (N ca) in
Robinson Crusoe/Alejandro Selkirk Islands are 0.04/0.02
and 0.75/0.50, respectively. The differences between the

Table 3 Fgt values among Drimys confertifolia in Robinson Crusoe and Alejandro Selkirk Island, D. andina, and D. winteri

D. confertifolia (RC) D. confertifolia (AS) D. andina D. winteri
D. confertifolia (RC) 0.186 0.204 0.266
D. confertifolia (AS) 0.150 0.263 0.357
D. andina 0.245 0.283 0.203
D. winteri 0.060 0.101 0.179

Above diagonal are estimates from AFLP data, below diagonal from microsatellites

RC Robinson Crusoe Island, AS Alejandro Selkirk Island
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values of this parameter are not correlated (r = 0.361)
[n =22, P = 0.099]. The same tendency is seen when we
analyzed separately each of the islands. We also compare
the Nps between the two island populations of D. conf-
ertifolia. The Npa of Robinson Crusoe populations is 3.125
(£0.875), and that of Alejandro Selkirk is 0.75 (£0.366).
Geographical division between northern (17, 18, 23) and
southern populations (28-31) in Alejandro Selkirk Island
showed no significant differences. The same lack of
divergence between northern and southern populations also
occurs on Robinson Crusoe Island.

The highest values of Fgy between D. confertifolia in
Robinson Crusoe and Alejandro Selkirk Island and the
other species of Drimys correspond to the pair D. conf-
ertifolia ~ (Alejandro  Selkirk  island)-D.  andina
(Fst = 0.283), and the lowest to D. confertifolia (Robin-
son Crusoe)-D. winteri (Fst = 0.060) (Table 3). In
D. confertifolia the mean Fst value among populations was
0.109, and in D. winteri 0.139. The pairwise genetic dif-
ferentiation values were significant in all species under
study (Table S1, S2).

Genetic structure

Results of the analysis of molecular variance (AMOVA) at
different hierarchical levels in D. confertifolia are shown in
Table 4. A high percentage of variation was found within
populations, with values of 76 % for AFLPs and 50 % for
microsatellites. Among populations within the islands, the
values for AFLPs and microsatellites were low and 6 and
5 %, respectively, whereas a high percentage of variation
between Robinson Crusoe and Alejandro Selkirk Islands
was found to be 18 and 15 %, respectively.

The NeighbourNet tree based on AFLP data using all
individuals of D. confertifolia, D. andina, and D. winteri is
shown in Fig. 3a. A separation between species is observed
with D. confertifolia forming two groups, the first clearly
differentiated and corresponding to Alejandro Selkirk
Island, and the second to the populations of Robinson
Crusoe Island. No clear separation between populations is

visible, with only a weak divergence of populations 23, 30,
31 on Alejandro Selkirk Island and population 13 on
Robinson Crusoe Island. The cluster of D. winteri does not
show a separation between variety winteri and var. chil-
ensis. No geographical partitioning is observed in all
species.

The Neighbour-Joining tree using microsatellite data at
the population level is shown in Fig. 3b. Drimys conferti-
folia forms two groups, each restricted to a different island.
The populations from Alejandro Selkirk Island are linked
more closely to D. winteri than to the other populations on
Robinson Crusoe Island. No geographical division is found
in D. winteri, and no division between D. winteri var.
winteri and D. winteri var. chilensis is seen. Drimys andina
is connected to D. winteri.

Testing for genetically coherent groups in D. conferti-
folia using the Bayesian approach STRUCTURE 2.3.3
(Fig. 4), the group number K = 2 explained best the
groupings found by both AFLPs and microsatellites and
revealed a very low degree of admixture among the islands.
Analyzing each of the islands separately, K = 2 again best
explains the grouping for both molecular markers, how-
ever, with a high proportion of individuals showing strong
admixture.

Mantel tests between genetic differentiation (Fsr/(1 —
Fst1)) (Rousset 1997) and geographical distance did not
reveal any significant correlation for the D. confertifolia
populations. The tests for Robinson Crusoe Island provided
r* = 0.0344 and /> = 0.0036 for AFLP and microsatel-
lites, respectively. For Alejandro Selkirk the values were
r* = 0.0333 for AFLP and > = 0.0080 for microsatellites.

Results of the MIGRATE analyses (Table 5) showed
consistent results with smooth histograms of theta and M,
suggesting that the Markov chain had converged on the
stationary distribution. The both LBFs based on the Bézier
approximation score and the harmonic mean constantly
indicate that two models of migration (M, and M,) are
more likely than the null hypothesis of no gene flow (M)
between the two islands (Table 5). The LBF's are higher in
a unidirectional migration model from Robinson Crusoe to

Table 4 Summary of analyses of molecular variance (AMOVA) for AFLPs and microsatellites in Drimys confertifolia

Source of variation AFLPs Microsatellites
df SS Variance Total variance df SS Variance Total variance
components (%) components (%)
Between islands 1 1925.61 16.19 17.97 1 102.7 0.4 14.61
Among populations within 20 2,592.67 5.22 5.79 20 1192 0.2 5.09
island
Within populations 237 16,278.05 68.68 76.24 500 1,194.8 24 50.30

The total variance contributed by each component (%), and its associated significance (n = 1,023 permutations) are shown

df degrees of freedom, SS sum of squares
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Fig. 4 Genetic affinities from a
AFLP and microsatellite data

among populations of Drimys
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Table 5 Results of comparison of different migration models between the two islands for Drimys confertifolia

Model Bézier approximation score Harmonic mean Model rank
In (mL) LBF Model rank In (mL) LBF

MO: no migration —313,478 284,888 3 —24,451 21,324 3

MI1: migration from Alejandro Selkirk to Robinson Crusoe —29,489 899 2 —5,894 2,767

M2: migration from Robinson Crusoe to Alejandro Selkirk —28,590 0 1 -3,127 0 1

The model rank with 1 is the preferred model

In (mL) log marginal likelihoods, LBF log Bayes factor [=In (marginal likelihood of M0) —

Alejandro Selkirk Island (M) than the other model
involving arrival first to Alejandro Selkirk and then
migration to Robinson Crusoe Island (M;).

Discussion
Evolutionary and taxonomic relationships

Within the complex of Chilean species of Drimys, some
taxonomic changes have been suggested during past dec-
ades. Drimys confertifolia was early regarded as a variety
of D. winteri (Johow 1896; Reiche 1895; Skottsberg 1921),
but Smith (1943) later raised it to the rank of species.
Drimys andina was also earlier considered a variety of D.
winteri (Marticorena and Quezada 1985; Muioz 1980;
Smith 1943), but it, too, has been elevated to specific level
(Rodriguez and Quezada 1991). In the most recent revision
of the genus in Chile (Rodriguez and Quezada 2001), two
varieties of D. winteri have been recognized, var. winteri
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and var. chilensis, based on morphological, geographical
and ecological characteristics.

Our results from network and neighbor-joining tree
analyses using AFLPs and microsatellites (Fig. 3) incor-
porate new information about Chilean species of Drimys.
The populations of D. confertifolia on Alejandro Selkirk
Island form a clade with those of D. winteri, and although
our data for D. andina are minimal (one population), all
individuals of this species formed a single group, posi-
tioned within the complex of D. confertifolia. The same
trend was shown by Jara-Arancio et al. (2012) in studies
with seven leaf characters, where D. andina and D. conf-
ertifolia are not clearly separated from D. winteri. Phyto-
chemical characters, however, reveal the presence of
essential oils and flavonoids in D. andina that differ from
those found in D. winteri (Muiioz-Concha et al. 2004; Ruiz
et al. 2002). Furthermore, the habit of D. andina is a
compact shrub, rather than a large tree, and the arrange-
ment, shape, and margin of leaves also differ (Rodriguez
and Quezada 1991). Ruiz et al. (2008), using ITS markers,
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showed D. andina to be the most divergent species, similar
to the molecular results of Jara-Arancio et al. (2012).

At the variety level, Smith (1943) and Rodriguez and
Quezada (2001) used numbers of flowers, petals, and
ovules, together with geographical distribution, to distin-
guish the varieties of Drimys. Drimys winteri var. winteri is
restricted to the southern tip of Chile (Prov. Aysén until
Prov. Antarctica Chilena), whereas D. winteri var. chilensis
occurs through most of the country (North to South, i.e.,
Prov. Limari to Prov. Aysén). Our molecular results,
however, do not support these varietal concepts within
D. winteri (var. winteri and var. chilensis); the varieties are
neither clearly differentiated nor geographically separated
(Fig. 3). Ruiz et al. (2008) did not resolve relationships
between these two varieties. Jara-Arancio et al. (2012),
using RAPD data, showed three groups in D. winteri, but
these do not correlate with the varietal distinctions, and the
highest divergence (morphological and genetic) occurs
from the populations of the coastal refugia of Fray Jorge
and Talinay (Coquimbo region, Chile).

Regarding evolutionary relationships among the taxa of
Drimys of Chile, D. confertifolia has been shown, based
on cp DNA and ITS sequences (Marquinez et al. 2009),
to be more distinct from D. winteri and D. andina than
these two are from each other. With ITS and RAPDs each
separately, however, D. confertifolia appears to link more
closely with D. andina and not D. winteri (Jara-Arancio
et al. 2012; Ruiz et al. 2008). Earlier studies based on
morphology have uniformly concluded that the island
species derived from, and hence would be closest to D.
winteri (Bernardello et al. 2006; Rodriguez and Quezada
2001; Ruiz et al. 2002; Smith 1943). In part this view was
supported because at that time most workers were treating
D. andina as simply a variety of D. winteri (Mufioz 1980;
Marticorena and Quezada 1985; Rodriguez et al. 1983;
Smith 1943).

Within D. confertifolia, our molecular analyses reflect a
clear separation between the populations from Robinson
Crusoe and Alejandro Selkirk Islands by both markers
(Fig. 3a, b). From a taxonomic point of view, however, no
morphological differences have been detected between
populations on the two islands (Smith 1943). It appears that
after isolation on Alejandro Selkirk Island, these popula-
tions have began to diverge genetically, but differences in
morphology are not yet observable—perhaps because the
environment is not sufficiently different for directional
selection to be imposed on the phenotype in this species.

Migration routes to and within the Archipelago
In the case of Drimys of the Juan Fernandez Archipelago it

is assumed that the island populations have been derived
from continental South America (Chile), rather than the

reverse, for two reasons. First, the islands are geologically
much younger (1-4 myr) than the continent (Stuessy et al.
1984), which suggests a stronger likelihood of the species
originating on the continent, and dispersing to the islands.
Second, South America contains seven species of Drimys
(Smith 1943), suggesting a center of diversity of related
species within the genus, and follows the standard idea that
the greatest diversity is also frequently the center of origin
(Barthlott et al. 2005). While it is not impossible for the
reverse to be true (the islands as the ‘source’), it is less
likely, and thus, it is reasonable as a null hypothesis to
assume that the island species originated from out of the
continental complex.

Numerous models have been proposed for colonization
of oceanic islands. An intuitively obvious one is the
“progression rule” (Funk and Wagner 1995), whereby the
ancestral species is usually regarded as having arrived first
on the oldest island, followed by colonization of new
emerging islands as they become available. The ‘progres-
sion rule’, which was described in the introduction is cer-
tainly a reasonable biogeographic perspective, and many
studies have, in fact, supported this hypothesis (Funk and
Wagner 1995). Given the geology history of the Juan
Fernandez Archipelago, the progression rule would suggest
that the original colonizing population(s) of Drimys were
first established on Robinson Crusoe Island and later on
Alejandro Selkirk Island. However, given the significant
genetic differentiation between Drimys on the two islands,
one might infer a long time since colonization, perhaps
even to 1 million years, i.e., soon after the younger island
was formed.

This inference of mode of migration can be tested with
microsatellite data. Of the two possible migration models,
i.e., model 2, migration from Robinson Crusoe to Alejan-
dro Selkirk, and model 1, migration from Alejandro Selkirk
to Robinson Crusoe Island (Table 5), the MIGRATE ana-
lysis using microsatellite data support propagule arrival on
the older island (RC) and transfer from there to the younger
island (AS). The lower values of genetic diversity (within
populations and the island as a whole) in both AFLP and
microsatellite data from Alejandro Selkirk Island in com-
parison to those from Robinson Crusoe Island are in
accordance with this model 2 (Tables 1, 2). In addition,
populations of Alejandro Selkirk Island contain a very low
number of private alleles in contrast to Robinson Crusoe
Island, suggesting recent immigration of Alejandro Selkirk
populations. This pattern in the Juan Fernandez Archipel-
ago, i.e., migration from older to younger islands, is similar
to that found in other taxa on Pacific islands, e.g., in
Plantago (Plantaginaceae; Dunbar-Co et al. 2008), Met-
rosideros (Myrtaceae; Percy et al. 2008), or Schiedea
globosa (Caryophyllaceae; Wallace et al. 2009) in the
Hawaiian Islands.
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As for mode of dispersal, the fruits of Drimys are fleshy
berries, light violet to black at maturity, which might be
attractive to birds. The presence of Drimys in the Juan
Fernandez Archipelago, therefore, might have resulted by
dispersal from the continent by birds (zoochory), perhaps
by transporting fruits internally (Bernardello et al. 2006).
Annual production of seeds in D. winteri in the continent in
a forest of the Coastal Cordillera in Valdivia (Chile) has
been estimated by Donoso (1993) to range between
400,000-3,000,000 seeds per hectare, suggesting that there
would have been no scarcity of seeds in continental pro-
genitor populations. Although no specific bird migration
routes are known between southern South America and the
Juan Fernandez Archipelago (Dorst 1962), some waterfowl
from continental Chile have been recorded sporadically in
these islands (Weller 1980). Once in the archipelago, pre-
sumably first on Robinson Crusoe Island, bird dispersal
would again be implicated as a means of arriving on
Alejandro Selkirk Island. Long distance dispersal for D.
confertifolia is probably not a limitation, therefore, but
establishment seems to be a challenge. Studies of D.
confertifolia by Cuevas and Figueroa (2007) reveal seed
banks on Robinson Crusoe Island. However, they did not
observe any germination of seeds under greenhouse con-
ditions even after 9 months when soil from the Drimys
forest was used (Cuevas and Figueroa 2007). These authors
suggested the possibility of breaking seed dormancy by
passage through the digestive tract of the birds, but no
evidence exists to support this contention.

Genetic consequences of anagenetic speciation

Numerous factors influence levels of genetic variation
within and among populations on oceanic islands (Stuessy
et al. 2013). Here we consider three that in our judgment
best explain patterns of genetic variation within D. conf-
ertifolia. The first factor is the geography and age of the
island. Stuessy et al. (1998) have estimated a loss of sur-
face of approximately 95 % for Robinson Crusoe Island in
the last four million years, with only 28 % reduction for
Alejandro Selkirk during the past 1-2 million years. Oce-
anic islands are composed mainly of volcanic ash and lava,
which erode rapidly due to wind and water, especially
wave action. Islands are also continually subsiding on the
plates from which they originated. Over millions of years,
these factors combine to reduce the size of oceanic islands.
Loss of surface area would be accompanied by diminution
of types of habitats, and a compaction of the flora, resulting
in the potential for gene flow among populations. The
absence of geographical structure in genetic variation in D.
confertifolia in Robinson Crusoe Island (Fig. 3), therefore,
may reflect loss of habitats. Another possibility, however,
is that there never was reduction in gene flow, given that
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the species is likely wind pollinated (Bernardello et al.
2001), with possibly continuous gene flow during the his-
tory of the island. In the younger Alejandro Selkirk Island,
geographical partitioning of genetic diversity is also not
seen, but in this case it may be due to more recent arrival of
Drimys to the island, and hence, insufficient time for
genetic differentiation to have developed among popula-
tions. Multiple origins cannot be rejected based on our
molecular data, but the morphological unity within the
islands and the consistent differences in contrast with
continental species supports the concept that island popu-
lations developed from only a single introduction.

Biological characteristics can also influence levels of
genetic variation within and among populations of oceanic
islands. Drimys confertifolia has white-yellow, hermaph-
roditic flowers, and is protogynous, all of which suggest
insect pollination. The flowers are without nectar, however,
and no floral visitors have been detected (Anderson et al.
2001; Bernardello et al. 2001). There are, in fact, no known
insect pollinators documented for the Juan Fernandez
Islands (Anderson et al. 2001; Bernardello et al. 2001).
Consequently, these same authors have inferred a pollina-
tion system by wind. Investigations on D. granadensis
from the continent have shown it to have a generalist insect
pollination spectrum (Marquinez et al. 2009). If wind
pollination for Drimys in the islands is, in fact, correct, then
this characteristic would facilitate gene exchange among
individuals and populations. Another biological feature to
be considered is population size. For some reason, D.
confertifolia has larger populations and more individuals
on Robinson Crusoe Island than on Alejandro Selkirk
Island. Pollen profiles covering the Holocene on Alejandro
Selkirk Island (Haberle 2003) show little variation in the
abundance of D. confertifolia pollen indicating consistently
small populations in contrast to e.g., Coprosma and Per-
nettya. Pollen abundance of the latter two genera has
obviously reacted significantly to oscillations between dry
and wet climatic conditions (Haberle 2003). In total, Ricci
(1992) estimated approximately 1000 existing individuals
of D. confertifolia on Alejandro Selkirk, 20 % of the level
she estimated for Robinson Crusoe Island. The largest
population on Alejandro Selkirk Island from our observa-
tions and collections in 2011 was 19 individuals, compared
with Robinson Crusoe Island where we observed up to 200
plants per population. Vargas et al. (2010) estimated a
density of up to 60 trees’ha of D. confertifolia in the
Robinson Crusoe Island. If effective population size is
small, then genetic drift is obviously a factor. Also, long
generation times combined with small effective population
sizes would promote drift and prevent rapid build-up of
diversity.

A third factor, and one that we emphasize in this paper,
is mode of speciation. Arrival and establishment of
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individuals on an oceanic island will obviously occur with
only a few founding individuals (Nei et al. 1975), resulting
in a reduction of genetic diversity in the founding popu-
lation, i.e., a founder effect (Austerlitz et al. 2000; Caetano
et al. 2012). After establishment, the population slowly
increases in size and also presumably in genetic variation
as a result of mutation and recombination. Dispersal of
propagules to distinct habitats starts the process of splitting,
or cladogenesis, whereas dispersal to similar habitats does
not impose such stringent selection. The end result after
millions of years is speciation either by cladogenesis or
anagenesis (or, of course, also extinction). In cladogenesis,
the number of endemic species will increase, but genetic
variation within each will remain low. In anagenetic spe-
ciation, however, an ancestral lineage is transformed into a
single new species, and it will have accumulated levels of
genetic variation over generations that are similar to or
even exceed those of the progenitor species (Stuessy et al.
2006; Stuessy 2007).

As Drimys confertifolia is the only endemic species of
its genus in the Juan Fernandez Archipelago, and excluding
complex hypotheses involving extinction (Marquinez et al.
2009), the mode of speciation for this species must have
been anagenetic. D. confertifolia exhibits a level of genetic
variation similar to that in the parental species D. winteri
from the continent (Table 2), being slightly lower or higher
depending on the molecular marker used. The absence of
geographical structure of genetic variation in both Robin-
son Crusoe and Alejandro Selkirk Islands supports these
attributes for this type of speciation as hypothesized pre-
viously (Stuessy 2007). In the absence of adaptive radiation
in diverse habitats, populations disperse over the ecologi-
cally uniform island and accumulate genetic variation via
mutation and recombination. Over time, this leads to rel-
atively high levels of genetic variation within anageneti-
cally derived species.

Previous molecular studies in other endemic species that
have originated by anagenesis in oceanic islands have
revealed similar genetic patterns. Investigations by Pfosser
et al. (2006) on Dystaenia ibukiensis (Apiaceae) from
Japan, in comparison with the anagenetic derivative in
Ullung Island, D. takesimana, showed a higher genetic
diversity (AFLPs) in the endemic island species than in the
one from Japan. Takayama et al. (2011) showed a slightly
lower genetic diversity with nuclear microsatellites in the
anagenetically derived Acer okamotoanum in Ullung Island
in comparison with the progenitor A. mono. An AFLP
study in this same pair of species by Pfosser et al. (2006),
revealed a loss of alleles in A. okamotoanum in comparison
with the parental species. Yamada and Maki (2012)
showed in Weigela coraeensis var. fragans (Izu Island,
Japan), in comparison with the progenitor W. coraeensis
var. coraeensis, an incomplete anagenetic speciation

process and a lower level of genetic diversity in the variety
that occurs on the island. This is perhaps due to more
recent immigration and less time available for accumula-
tion of differentiating genetic variation. The other notable
component of anagenetic speciation is that no geographical
structure was observed in genetic variation among popu-
lations distributed over the island landscape. All indicators,
the low proportion of variation among populations within
the island (AMOVA: 5.79 %) (Table 4), the Mantel test
(no correlation between genetic and geographical distance),
and the patterns of the NeighbourNet are in line with the
lack of geographical structure in D. confertifolia (Fig. 3).
In addition, higher genetic variation within populations
resembles the patterns seen in Myrceugenia fernandeziana
and M. schulzei (Lopez-Sepulveda et al. 2013), both
anagenetically derived species also endemic to the Juan
Fernandez Archipelago.
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