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Abstract

Aim: Differentiation of island lineages from mainland relatives and radiation after
initial colonization are two important processes generating island diversity. Both of
these processes are influenced by colonization dynamics and contemporary connec-
tions between island species and their source populations. The classic island progres-
sion rule model, that is dispersal from mainland to older islands and subsequently
to younger islands, can be considered a null hypothesis, particularly for islands that
are geographically aligned perpendicular to the mainland coast with ages inversely
proportional to distance from the mainland. Alterations to this pattern have been re-
ported, particularly in archipelagos that are geographically closely adjacent to main-
land source populations. Here we aim to integrate genomic and environmental niche
data to infer the colonization history of a Canary endemic species and to understand
its current diversity patterns.

Location: Canary Islands.

Taxon: Lavatera acerifolia (Malvaceae).

Methods: We used high-throughput genotyping-by-sequencing (GBS) combined with
species distribution modelling (SDM) projected onto past conditions. Genetic struc-
ture (clustering methods), relatedness (coalescent and ML trees), nucleotide diver-
sity and differentiation (population genetics) were assessed based on SNPs obtained
from three alternative bioinformatics pipelines. The influence of environmental vari-
ables over time was assessed with a generalized linear model in which the response
variable was amount of heterozygous sites per individual.

Results: Four genetic groups were identified arranged along a longitudinal gradi-
ent, and the earliest diverging coincides with the older, and easternmost, islands
(Lanzarote and Fuerteventura). Genetic diversity is reduced in the westernmost is-
lands, which are more distant from the mainland, host few populations and yet appar-
ently offer more suitable habitats.

Main conclusions: The inferred colonization scenario generally fits the progression
rule model, but suggests a more complex pattern for the central islands. For the
westernmost islands, the contrast between high availability of suitable habitats and

reduced genetic diversity and number of populations suggests a colonization front
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1 | INTRODUCTION

Impressive amounts of empirical data have been gathered on is-
land biogeography during the last few decades (Patifio et al., 2017,
Whittaker, Fernandez-Palacios, Matthews, Borregaard, & Triantis,
2017). Past and contemporary relationships between mainland
and island lineages and colonization history play important roles
in determining current diversity patterns in islands, since they in-
fluence differentiation of island lineages from mainland relatives
and radiation within the islands. The colonization process—where,
when and how many times islands become colonized from main-
land source populations—sets the foundation for the evolution
of diversity patterns in island lineages (Diaz-Pérez, Sequeira,
Santos-Guerra, & Cataldn, 2008; Garcia-Olivares et al., 2017;
Givnish et al., 2008; Parent, Caccone, & Petren, 2008; Rumeu et
al., 2011). A step-wise colonization pattern from the oldest islands
to the youngest ones, following an ‘island progression rule’ (Juan,
Emerson, Oromi, & Hewitt, 2000; Wagner & Funk, 1995), is the
most classic model. This includes dispersal from the mainland to
older islands and subsequently to younger islands. For islands with
emerging ages that are inversely proportional to the distance from
the mainland, chronology adds to relative proximity to the source
areas. Accordingly, in archipelagos with these characteristics, such
as the Canary Islands (Canaries), the island progression model may
be considered a null hypothesis to test with empirical studies.
This model implies a decrease in genetic diversity within popu-
lations as the distance to mainland increases, due to successive
founder events and dispersal limitations from the source areas
(Garcia-Verdugo et al., 2015), although large effective population
sizes and deep coalescence can counteract such patterns (Pillon
et al., 2013). However, a number of studies have highlighted the
possibility of more complex scenarios than a linear progression,
involving recurrent island colonization or back-colonization and
local extinction. Understanding these possibilities is important
for accurate interpretations of evolutionary history as well as for
designing conservation policies (Caujapé-Castells, 2011; Garcia-
Verdugo, Caujapé-Castells, lllera, et al., 2019). Consequently, a
careful examination of the colonization scenario is needed even in
cases where the chronological and spatial considerations favour a
progression rule model.

The Canaries, composed of seven main islands that emerged

sequentially from east to west within the last 20 Ma (Van Den

moving at a slow pace, rather than local extinctions, as an explanation for the scarcity

of populations in those islands. Historical projections of SDM lend support to this

Canary Islands, colonization, genomics, genotyping-by-sequencing, polyploid, SDM

Bogaard, 2013), is, together with Hawaii (Wagner & Funk, 1995),
the most intensively studied ocean archipelago from an evolution-
ary perspective (e.g. Husemann, Deppermann, & Hochkirch, 2014;
Valtuena, Lopez, Alvarez, Rodriguez-Riafio, & Ortega-Olivencia,
2016). This study is focused on a Canary endemic, Lavatera aceri-
folia Cav. (Malvaceae), a shrub up to 5 m tall occurring in disturbed
halo-nitrophilous soils within the thermophilous forest vegetation,
frequently at the base of cliffs of all main islands except El Hierro
(Bramwell, Bramwell, Sdnchez-Pinto, & Croker, 1990). It is a hexa-
ploid species (2n = 44, 6%, Escobar, Schénswetter, Fuertes Aguilar,
Nieto Feliner, & Schneeweiss, 2009), as are its closest relatives in
the Malva alliance including its sister species, Lavatera maritima
(Devesa Alcaraz & Luque, 1986). Lavatera acerifolia is a suitable
system for investigating the colonization history of island lineages
since the framing elements are relatively simple for an archipelago
endemic and are specifically favourable for testing the linear pro-
gression rule. Suitable geological elements include the chronology
of the islands and their location perpendicular to the mainland,
with the distance of each island inversely proportional to its age
of emergence as well as proximity to the mainland—for example
as compared to Hawaii that is more than 3,600 km away from the
mainland. Other characteristics of note include the fact that the
sister species, L. maritima, exhibits its highest genetic diversity in
the region closest to the archipelago (south-west Morocco), and the
fact that its mericarps lack evident dispersal mechanisms, thus re-
ducing the likelihood of multiple colonization events (Villa-Machio,
Fernandez de Castro, Fuertes-Aguilar, & Nieto Feliner, 2018).
Genotyping-by-sequencing (GBS, Elshire et al., 2011) has be-
come a widely employed genomic technique in ecology and evo-
lution and has been useful in the study of island endemics (Curto,
Schachtler, Puppo, & Meimberg, 2018), as well as for evolutionary
studies in other polyploids (McAllister & Miller, 2016; Qi et al.,
2015; Tyler et al., 2016). Here we used GBS to study the popula-
tion structure and diversity of L. acerfolia, and integrate environ-
mental factors in reconstructing the colonization history of the
species. In addition, we constructed a species distribution model
(SDM) to aid in assessing dispersal histories. In previous SDM
studies of the closest two relatives to the study species, L. ma-
ritima and Navaea phoenicea, the main determinant of the SDM
model was slope, so that these plants are mainly found in steep
habitats (Gonzalez Ferndndez de Castro, 2016; Villa-Machio et al.,

2018). Since L. acerifolia grows in similar habitats, we hypothesized
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that slope also is a prominent determinant of its potential distri-
bution, notwithstanding the fact that islands represent highly
dynamic areas (Whittaker, Triantis, & Ladle, 2008) wherein sto-
chastic events such as landslides and eruptions can substantially
affect island topography and thus availability of suitable sites.
These considerations were also included in our SDM.

The overarching purpose of this study is to contribute to our
understanding of the past and contemporary connections between
island and mainland lineages in a model island archipelago. Our hy-
pothesis is that in a system for which both spatial and lineage-spe-
cific elements seem to be favourable for the classic progression rule
colonization model, we should be able to document it along with
potential processes—such as recurrent recolonization, back-coloni-
zation, Pleistocene extinction—that may have altered it, provided
that niche characteristics are accounted for. To achieve these goals
we: (a) estimated genetic structure and diversity patterns within
L. acerifolia across the archipelago, (b) inferred its island coloniza-
tion pathways and (c) explored the feasibility of specific scenarios
using SDM for the present, mid-Holocene (6 ka) and Last Glacial
Maximum (22 ka).

2 | MATERIALS AND METHODS
2.1 | Plant material and sampling

A total of 15 populations spanning the range of L. acerifolia in the
Canary lIslands were sampled. All populations were georeferenced
during fieldwork (Table 1), and leaves were collected and preserved
in silica gel. Fuerteventura and Lanzarote only hold one population
each, confined to abrupt slopes and consisting of 4 and c. 30 indi-
viduals respectively (Gangoso, Donéazar, Scholz, Palacios, & Hiraldo,
2006; Gil Gonzalez & Pefia Hernandez, 2018).

2.2 | Genotyping-by-sequencing

After a pilot study in which we surveyed several plastid regions
(matK, ndhF, psbA-trnH, trnD-trnT, trnG, trnL-trnF, trnS-trnG) as well
as the nuclear DNA ITS for Sanger sequences, without finding in-
formative variation, we decided to follow a genomic approach. GBS
data were generated for 28 individuals of L. acerifolia and one indi-
vidual of its sister species, L. maritima. Two individuals per popula-
tion were sampled except for Bajamar and Famara, each sampled
with one. Total DNA was extracted from leaves using DNeasy Plant
Minikit (QIAGEN Inc.) and concentrated using a precipitation proto-
col described in Sambrook, Fritsch, and Maniatis (1989). DNA sam-
ples were processed to obtain GBS libraries according to Elshire et al.
(2011). Paired-end (2 x 101 bp) lllumina sequencing was performed
on a HiSeq2000 platform at Centro Nacional de Anélisis Gendmico
(CRG-CNAG, Barcelona). Demultiplexed reads were visualized with
FastQC 0.11.5 (Andrews, 2010) for quality control, and edited and
filtered with TrimmomaTic 0.36 (Bolger, Lohse, & Usadel, 2014).
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2.3 | Bioinformatic analysis

To achieve reliable SNP calling despite difficulties related to par-
alogy, three different approaches were used: (a) de novo assem-
bly (Escudero, Eaton, Hahn, & Hipp, 2014; Mastretta-Yanes et al.,
2015), (b) assembly with a reduced reference sequence generated
from our own data, named as a mock reference (Melo, Bartaula,
& Hale, 2016) and (c) assembly using the closest available refer-
ence genome, Gossypium arboreum (GenBank accession number
GCA_000612285.2) (Li et al., 2014). All analyses were performed
using the cluster Trueno (SGAI-CSIC).

The de novo assembly was implemented in PyRAD (Eaton, 2014),
whereas the mock reference and the assembly with G. arboreum
were implemented in GBS-SNP-CROP (Melo et al., 2016), one of
the few pipelines designed to discover SNPs that consider polyploid
species both with and without a close-relative reference genome.
The presence of a hexaploid genome requires considering two im-
portant parameters to discriminate and filter paralogs: the depth
of sequence coverage used in SNP calling (Andrews, Good, Miller,
Luikart, & Hohenlohe, 2016) and the degree of variation detected
in the reads from the same loci, which could indicate a possible mix-
ture of paralogs (Eaton, 2014). Accordingly, in our filtering the search
was restricted to potential biallelic SNPs as detailed in Appendix S1:
Figure S1, Table S1 where the three workflows are described.

2.4 | Genetic structure analysis and relatedness

Here, we only show analyses of the SNP matrices obtained from
the mock reference filtering approach. Those based on the other
filtering pipelines are in the Supporting Information (Appendix S2:
Figures S2-S4). Population structure of L. acerifolia was inferred
using two Bayesian model-based genetic clustering approaches:
Bayesian Analysis of Population Structure (saps 6.0, Corander,
Cheng, Marttinen, Sirén, & Tang, 2013) and sTrucTure 2.3.4
(Pritchard, Stephens, & Donnelly, 2000). For the first approach,
three matrices were analysed (mock3, mock20x, mock50x, see
Appendix S1). In Baps, a mixture analysis was conducted to estimate
the number of genetically diverse populations, the maximum being
15. Then, an admixture analysis was carried out with a minimum
population size of 2, and the number of iterations for estimating the
admixture coefficient for the individuals was set to 100. The num-
ber of reference individuals from each population was 200, and 20
iterations were used for estimating the admixture coefficient for
the reference individuals. The three analysed matrices showed sim-
ilar results regarding population structure, but differed in the num-
ber of SNPs recovered. We estimated that an average read depth
of 20 is sufficient coverage for working with a polyploid genome
(Melo et al., 2016). Consequently, the mock20x matrix, constructed
with an average read depth of 20 and a maximum of three SNPs per
cluster, was selected for subsequent analyses.

The number of genetic groups was estimated in STRUCTURE under

an admixture model with allele frequencies correlated among
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TABLE 1 Origin of the populations of

Island Locality Code Colector Latitude Longitude g
Lavatera acerifolia sampled
Fuerteventura  Morro del Halconcillo  HAL S. Scholz, I. 28.35689 -13.926534
Villa
Gran Canaria Vecindad de Enfrente AGA G. Nieto, I. 28.082278 -15.671056
(Agaete) Villa
Gran Canaria Barranco Guiniguada GUIN G. Nieto, I. 28.066028 -15.462778
Villa
Gran Canaria Barranco de GUA G. Nieto, I. 27.93675 -15.511417
Guayadeque 1 Villa
Gran Canaria Barranco de GUA G. Nieto, I. 27.935972 -15.499028
Guayadeque 2 Villa
Gran Canaria Barranco de GUA G. Nieto, I. 27.933528 -15.476083
Guayadeque 3 Villa
Gran Canaria Hoya de Pineda HP G. Nieto, I. 28.113139 -15.639472
(Barranco Anzo) Villa
La Gomera Agulo AGU J. Fuertes, A. 28.184778 -17.190167
Gonzalez
La Palma Barranco Jorado TI) J. Fuertes, A. 28.703444 -17.960486
(Tijarafe) Gonzalez
Lanzarote Barranco Famara FAM Jose D. 29.21831 -13.47834
Naranjo
Tenerife Barranco de los INF J. Fuertes, A.  28.13375 -16.711583
Infiernos Gonzalez
Tenerife Masca MAS J. Fuertes, A. 28.298556 -16.841278
Gonzalez
Tenerife Barranco Guaria ACO J. Fuertes, A. 28.194889 -16.755806
(Acojeja) Gonzalez
Tenerife Guimar Gl J. Fuertes, A. 28.293833 -16.405819
Gonzélez
Tenerife Bajamar BAJ J. Fuertes, A. 28.552086 -16.340794
Gonzalez
Tenerife Chamorga CHA J. Fuertes, A. 28.578278 -16.140806
Gonzalez
Tenerife Punta de Teno TENO  J. Fuertes, A. 28.349081 -16.89486
(Buenavista) Gonzalez

populations. Each run consisted of 10° iterations with a burn-in pe-
riod of 10°. Ten replicates were carried out for each K value (from
1 to 16, the number of populations plus 1). The optimal partition
of the genetic dataset was estimated applying the Evanno crite-
rion (Evanno, Regnaut, & Goudet, 2005) implemented in Structure
Harvester (Earl, 2012) and the multiple replicates of each K were
combined in the online application CLUMPAK (http://clumpak.tau.
ac.il/). The overall distribution of genetic variation was also anal-
ysed without population genetics assumptions by a principal com-
ponent analysis (PCA) using the package ‘adegenet’ (Jombart &
Ahmed, 2011) in the R environment (R Core Team, 2015). In addi-
tion, to examine the effect of non-natural admixture, we replicated
the sTrRucTURE analysis without one individual from the Guiniguada
population, which had likely undergone introgression from culti-
vated accessions (Table 1; Figure 1). This population is located on
the edge of the Jardin Botanico Canario Viera y Clavijo, close to
living specimens from different origins which could have been the

source of introgression (J. Naranjo, JBCVC, comm. pers.).

To infer genetic relationships among populations, a species tree
was estimated using the SVDquartets method (Chifman & Kubatko,
2014) implemented in raup 4 (Swofford, 2002), including L. maritima
as the outgroup. This method infers the topology among randomly
sampled quartets of taxa under the coalescent model using SNPs.
All possible random quartets were sampled with 1,000 replicates
of nonparametric bootstrapping to measure uncertainty in the
relationships.

2.5 | Island genetic diversity estimates

Due to the low number of populations that inhabit some islands,
we grouped them from west to east into four groups: A (popula-
tions from La Palma and La Gomera), B (Tenerife), C (Gran Canaria)
and D (Fuerteventura and Lanzarote). Nucleotide diversity (z) within
groups was estimated with the ‘PopGenome’ package (Pfeifer,

Wittelsburger, Onsins, & Lercher, 2014) in the R environment.


http://clumpak.tau.ac.il/
http://clumpak.tau.ac.il/

VILLA-MACHIO ET AL. 5
Journal of

Differentiation between pairs of groups was assessed using the rho relative topoclimatic suitability and geological substrate age. The
statistic, an F; analogue that is independent of the ploidy level used proportion of heterozygous sites in each individual was calculated
for polyploids (Meirmans, Liu, & Van Tienderen, 2018). It was calcu- using ‘vcflib’ (Garrison, 2012). Relative topoclimatic suitability was
lated using GenoDive 2.0b23 (Meirmans & Van Tienderen, 2004). calculated as follows: the total area of the archipelago was divided

To assess the influence of environmental and geographical fac- applying Voronoi tessellation using population coordinates to define
tors on genetic diversity across the range of the species, a generalized the limits of each population. Relative suitability for each population
linear model (GLM) was performed in the R environment, in which was calculated as the ratio of suitable area with respect to the area
the response variable was proportion of heterozygous sites per in- of the Voronoi polygon delimiting that population. Several models
dividual and the predictor variables were distance to the mainland, of GLM were constructed with different combinations of predictor
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FIGURE 1 Analysis of 15 populations of Lavatera acerifolia based on 830 unlinked SNPs identified from a mock reference assembly. (a)
Bayesian clustering of populations performed using two algorithms, sTRUCTURE and BAPs. Samples are represented by rectangles where the
colour indicates the probability of each sample belonging to each of the genetic groups. Two groups (K = 2) is the optimal partition according
to sTrucTuRrE. The second most likely partition is K = 4, coinciding with the partition identified to saps. (b) SVDquartets tree constructed

using Lavatera maritima as an outgroup with terminals projected to their geographical location by dash lines colour-coded according to the
genetic groups identified by Baps and sTRUCTURE; bootstrap support values 275% are shown on the branches. The star marks a sample from
the Guiniguada population that likely was introgressed in cultivation. (c) Flower and habitat of Lavatera acerifolia from Guayadeque (Gran
Canaria). (d) Most likely colonization patterns for L. acerifolia (white arrows) based on the topology of a SVDquartets tree, Canary island
ontogeny and species distribution modelling. Alternative pathways supported by a ML tree based on concatenated SNPs are marked in grey.
AF, Africa; FV, Fuerteventura; GC, Gran Canaria; GO, La Gomera; HI, Hierro; LP, La Palma; LZ, Lanzarote; TF, Tenerife
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variables and the model with the lowest Akaike information criterion
(AIC) score was selected (‘MuMIn’ package in R; Barton, 2015).

2.6 | Species distribution model
2.6.1 | Development of bioclimatic variables

We developed a set of spatial climate layers at a 50-m resolution,
based on the network of meteorological stations of the archipel-
ago (data provided by AEMET, www.aemet.es) with 10 or more
years of climate records. For the monthly variables of minimum
and maximum temperature and precipitation, we developed a
stepwise generalized additive model (GAM) with altitude, north-
ness, latitude and longitude as predictor variables. Models were
selected based on AIC scores and then projected onto the whole
archipelago, including El Hierro. Residuals of each model in each
meteorological station were used to interpolate by kriging the map
of residuals for each variable. This interpolated layer was added to
the predicted value of the GAM model to obtain the final layers of
each monthly variable. The final dataset of monthly variables was
used to develop the bioclimatic variables described by Hijmans,
Cameron, Parra, Jones, and Jarvis (2005), using the ‘dismo’ pack-
age in R (Hijmans, Phillips, Leathwick, & Elith, 2015). We also as-
sessed two topographical predictors: slope and topographical
index (TPI), derived from the digital elevation model. We also de-
rived these climate variables for past conditions by using the cli-
mate anomalies developed for the MIROC model (Hasumi & Emori,
2004) for the mid-Holocene (6 ka) and Last Glacial Maximum
(22 ka). We downscaled the climate anomaly to a 50-m resolution
for the study area using the Delta method (Field, 2014).

2.6.2 | Model calibration

At 50-m working resolution, 34 presence cells were recorded in
total. We used biomod2 (Thuiller, Lafourcade, Engler, & Araujo,
2009) for which we developed five datasets containing presence
points and 200 randomly generated pseudoabsence cells, weighted
so as to contribute equally as presences.

To select topoclimatic predictor variables we conducted a cor-
relation analysis with the R package ‘ecospat’ (Di Cola et al., 2017),
which returned a value of eight predictor variables. To select those
eight variables, we first performed a PCA in which 11 predictors ob-
tained the highest scores along the first three axes. These were nine
bioclimatic variables plus TPI and slope. Finally, we conducted a hi-
erarchical partitioning approach (Chevan & Sutherland, 1991), as im-
plemented in the R package ‘hier.part’ (Walsh & Mac Nally, 2013), to
select the eight showing the highest independent contributions (TPI,
slope, biol: mean annual temperature, bioé: minimum temperature
of the coldest month, bio7: temperature annual range, bio8: mean
temperature of the wettest quarter, biol1: mean temperature of the

coldest quarter, and bio15: precipitation seasonality).

We used five algorithms for niche modelling: GLM and gradi-
ent boosting machines (GBM), multivariate adaptive regression
splines, artificial neural networks and random forest. For each of
the algorithms chosen, we conducted 10 runs of each presence-
pseudoabsence dataset. In each run, 85% of data was randomly
selected for calibration and the rest for model evaluation. To eval-
uate the models, we used TSS and ROC scores. Models with scores
over 0.8 for the two criteria were retained to build an ensemble
model based on the contribution of each individual model, which
was weighted according to the TSS score. Finally, this ensemble
model was projected to the past climate conditions developed for
the archipelago.

3 | RESULTS
3.1 | GBS output

Sequencing of 28 individuals of L. acerifolia from 15 populations
generated 25,201,642 identified reads. The results of each pipeline
using different parameters are shown in Appendix S1: Table S1.

The selected matrix from the de novo assembly (novo-c90m21)
produced 1,279 loci for the whole dataset (1,236-1,268 per sample)
including a total of 1,584 SNPs (453 unlinked), whereas the mock
reference pipeline (mock20x) generated 1,101 (880-1,067) biallelic
SNPs from 830 clusters. After applying the filters recommended for
hexaploid genomes, the assembly using the G. arboreum reference
genome resulted in only 164 SNPs recovered and this workflow was
abandoned. Searching for robustness, downstream analyses were
conducted on both novo-c90m21 and mock20x datasets (Appendix
S1: Table S1). We only present here those from the mock reference
pipeline (see Appendix S2).

3.2 | Genetic structure, diversity and relatedness

The PCA based on 1,101 SNPs revealed four distinct groups, east-
ern (E), central-eastern (CE), central-western (CW) and western
populations (W), distributed along a longitudinal geographical
gradient (Figure 2). The first two principal components explained
24.89% of the total genetic variance. The 830 unlinked SNPs in the
BAPs analysis identified the same four genetic clusters (Figure 1a)
with one individual (Guiniguada, CW) showing admixture from the
CE group. sTRUCTURE recognized two groups (E + CE vs. CW + W),
with populations from Acojeja, Teno, Bajamar, Guiniguada,
Guayadeque and Famara exhibiting admixture (Figure 1a). The
second most likely partition for strucTure, K = 4, identified the
same groups as BAps and the PCA, but with 11 of the 15 popula-
tions displaying admixture (Figure 1a).

The topology of the coalescent-based SVDquartets tree is con-
sistent with Baps and sTrucTure (Figure 1b). The eastern group (86%
BS) is sister to the remaining populations, which are split into two
clades of similar size. The first one includes the CE group (91% BS)
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sister to Guiniguada (without support). The second clade includes
the W group (100% BS) sister to two populations from the CW group
(Teno and Bajamar, 86% BS).

The current distribution of nucleotide diversity (z) for island
groups increased from La Palma and La Gomera (A; 0.067), to
Tenerife (B; 0.079) and Gran Canaria (C; 0.079), and then slightly de-
creased in Fuerteventura and Lanzarote (D; 0.071); when using the
de novo assembly the east-west decreasing pattern for z is clearer
(Appendix S2: Table S2). The rho statistic was maximum for the
easternmost—westernmost island group pair and its value ranged
from 0.084 (A-B pair; Table 2) to 0.415 (A-D pair; Table 2; see also
Appendix S2: Table S3).

The proportion of heterozygous sites ranged from 0.20 to
0.36 (Figure 3). For this analysis, we excluded the individuals from
Guiniguada. The GLM model showed that the proportion of het-
erozygous sites was negatively correlated with distance to the
mainland (estimated slope of the predictor = -5.10e-04 + 1.14e-
04 SD, p < .001) and was not related to the relative topographi-
cal suitability of the niche. The proportion of heterozygous sites
was significantly related to substrate age. However, the estimated
slope of the predictor (-1.74e-8 + 4.25e-09 SD, p < .001) was much
smaller than the one for distance to mainland, and was thus con-
sidered negligible.

3.3 | Species distribution modelling

More than 90% of the model runs (229 over 250) were retained for
the ensemble model (Appendix S3: Figure S5). TSS scores ranged
from 0.383 to 1 and ROC from 0.25 to 1. There were no signifi-
cant differences in any of the two scores, either between presence-
absence datasets or runs (F4,4s =1.445,p =.233).

4s
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TABLE 2 Rho pairwise values estimated for Lavatera acerifolia
employing SNPs extracted from GBS data using a mock reference
genome. Rho pairwise statistics were calculated for different
geographical group pairs including A (populations from La Palma
and La Gomera islands), B (populations from Tenerife island), C
(populations from Gran Canaria island) and D (Fuerteventura and
Lanzarote islands)

Geographical

groups A B © D

A 0.000 0.084 0.339 0.415
B 0.000 0.144 0.247
c 0.000 0.296
D 0.000

The ensemble model was explained mainly by slope with an in-
dependent contribution of 0.77 compared to TPI (0.076). Climatic
variables contributed less, ranging from 0.05 (mean temperature
of the coldest quarter; biol1) to 0.01 (annual temperature range;
bio7). The suitability threshold was 0.79 for ROC and 0.81 for
the TSS score. In the projection of the model assembled with the
TSS score, suitable areas in the eastern islands (Lanzarote and
Fuerteventura) are restricted to a few steep areas (Figure 4a).
In contrast, central and western islands (Gran Canaria, Tenerife,
La Palma, La Gomera and El Hierro) host a higher proportion of
suitable areas, mainly corresponding to ravines running across
wide altitudinal ranges. In Gran Canaria, suitability is higher in
the western part of the island, whereas in Tenerife it is concen-
trated in the north-eastern and north-western parts, which are
the oldest mountain massifs on the island, rather than in younger
central areas (Figure 4a). Suitability per island significantly in-
creased with distance to the continent (GAM, F1 440,685 = 19,660,

PC2 (8.04%)

_4s

0
PC1 (16.85%)

- Central Eastern populations

—— Central Western populations

—— Eastern populations
Western populations

FIGURE 2 Principal component analysis (PCA) of 28 samples of Lavatera acerifolia based on 1,101 SNPs generated through genotyping-
by-sequencing from a mock reference assembly. Scatter diagrams of the samples against the first two axes explaining 24.89% of variance.
Ellipses enclosing sample points constructed with 95% confidence, matching genetic groups discussed in the main text. Eastern group
includes populations from Famara and Halconcillo, central-eastern consists of Chamorga, Glimar, Agaete, Hoya Pineda and Guayadeque
populations, central-western contains Teno, Bajamar, Guiniguada populations and western group includes Tijarafe, Agulo, Infierno, Acojeja

and Masca populations
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p < .001). The relative suitable surface per island plotted against
distance to the continent (Appendix S3: Figure Séa) showed that
the potential area for L. acerifolia reached its maximum at the
central part of the archipelago, coinciding with the location of
Tenerife. Similarly, topoclimatic suitability showed a significant
relationship with age, peaking in geological units dating from the
Miocene period (GAM, F, ,,, = 41.24, p = 4.8 x e*°, Appendix S3:
Figures Sé6b and S7).

The projected suitability of the MIROC climate model to the
mid-Holocene and Last Glacial Maximum followed a similar spatial
pattern to the present (Figure 4b,c). Potential suitable areas in both
periods were found in the same regions and the altitudinal range of
these potential areas was also conserved over time. However, the to-

poclimatic suitability decreased with age in both temporal scenarios.

4 | DISCUSSION
The genetic structure and diversity patterns inferred for L. acerifo-
lia across the Canary archipelago based on GBS data, together with

phylogeographical reconstruction and the SDM projected to past

scenarios provide a window into the colonization history of the
species. Overall this history seems to fit the classic island progres-
sion rule scheme for oceanic islands (Whittaker et al., 2017). In the
Canaries this pattern involves initial dispersal to the eastern islands—
the closest to the mainland, Lanzarote and Fuerteventura—followed
by subsequent westward dispersal to the remaining islands (Juan et
al., 2000).

In L. acerifolia, differentiation between groups of islands is low, and
the highest values are found between the most distant groups, east-
ern versus western (Table 2). An overall decline in nucleotide diver-
sity (z, Appendix S2: Table S2) and proportion of heterozygous sites
(Figure 3) is detected as the distance from the mainland increases.
However, this trend for z is clearer when analysing the SNPs from
the de novo assembly than from the mock reference (Appendix S2:
Table S2). This pattern is consistent with island colonization following
a stepping-stone model, as reported for other Canary plant species
such as Phoenix canariensis (Saro, Gonzalez-Pérez, Garcia-Verdugo,
& Sosa, 2015) and Rumex bucephalophorus (Talavera, Navarro-
Sampedro, Ortiz, & Arista, 2013), as well as for other archipelagos,
particularly Hawaii (Croucher, Oxford, Lam, Mody, & Gillespie, 2012;
Fleischer, Mcintosh, & Tarr, 1998; Pillon et al., 2013).

FIGURE 4 Niche suitability for an ensemble species distribution model of Lavatera acerifolia constructed using five algorithms and seven
variables, based on the TSS evaluation score: (a) current climate conditions; (b) projection of the ensemble model for the mid-Holocene (6 ka)
climate conditions; (c) projection for the Last Glacial Maximum (22 ka). Values of niche suitability <0.5 are not coloured. Presence-absence

threshold is set up by the ensemble model in 0.65



VILLA-MACHIO ET AL. 9
Journal of

(a) Present

&,
(b) Mid-Holocene (6 ka)
”
¢
(c) Last Glacial Maximum (22 ka) -

Suitability
05 1.00



VILLA-MACHIO €T AL.

10 ournal o
>Lwicev-

As an alternative to the island progression rule model for L. acer-
ifolia, Garcia-Verdugo, Caujapé-Castells, lllera, et al. (2019) proposed
extinctions in the eastern islands during the Pleistocene followed by
recolonization events. Such extinctions and recolonizations, in prin-
ciple, may have been facilitated by the low topographical complex-
ity of Lanzarote and Fuerteventura, which offer few micro-refuges
except for the Famara and Morro del Halconcillo massifs (Reyes-
Betancort, Guerra, Guma, Humphries, & Carine, 2008). These mi-
cro-refuges coincide with the environmentally suitable areas for L.
acerifolia and with their presence in those islands (Figure 4; Appendix
S3: Figure S8). These two populations seem to have withstood de-
mographic decline. However, with only 4 (Morro del Halconcillo,
Fuerteventura) and c. 30 (Famara, Lanzarote) known individuals, the
two islands have greater nucleotide diversity than the western is-
lands, also represented by a small number of populations, or even
than the rest of the island groups, when the de novo assembly is
considered (Appendix S2: Table S2). Based on our data, the fact that
the earliest diverging populations form a genetic group (Figure 1b)
suggests that neither recolonizations from western islands nor extir-
pation of original populations has occurred. The highest nucleotide
diversity in Lanzarote-Fuerteventura (D, Appendix S2: Table S2) is
also consistent with non-extirpation. According to Garcia-Verdugo,
Caujapé-Castells, lllera, et al. (2019), persistence of eastern popu-
lations is more frequent in recently diverged groups (<0.8 Ma) like
Phoenix (Saro et al., 2015) and Rumex (Talavera et al., 2013). Since
Villa-Machio et al. (2018) inferred an early Pleistocene split of L.
acerifolia from its sister species, L. maritima, the persistence of old
populations in the eastern islands could be noteworthy. One caveat,
however, is the possibility that time of differentiation from the sister
species is not a good proxy for the time of colonization, as recently
pointed out in Garcia-Verdugo, Caujapé-Castells, and Sanmartin
(2019), although such a mismatch should be more pronounced in
other archipelagos that are farther from the mainland.

From a phylogenetic perspective, the SVDquartets tree, placing
the easternmost populations as the earliest diverging (Figure 1b,
Appendix S2: Figure S4), is consistent with this being the location
of original colonization from the mainland. The overall topology also
supports an east-west colonization pattern, albeit with some un-
certainties regarding a strict linear progression rule. The central is-
lands—the ones with the highest carrying capacity at present—seem
to provide signatures of a non-strictly linear scheme. Specifically,
two independent colonization events from Gran Canaria to Tenerife
and independent colonization of La Palma and Gomera from Tenerife
seem to have occurred. Furthermore, uncertainties about the role
played by the two large islands in the colonization of the archipelago
are also suggested by the topology of a ML tree based on concate-
nated SNPs, which is more asymmetric than that of the SVDquartets
tree (Figure S4). According to this topology, an early colonization of
Tenerife directly from the eastern islands could have occurred, fol-
lowed by dispersal from Tenerife to Gran Canaria and subsequent
dispersal in the opposite direction (Figure 1d). Also La Palma could
have been colonized from Gomera, not Tenerife. Still one additional

potentially intervening factor in these two islands is summarized by

the hypothesis of the Syngameon (Caujapé-Castells et al., 2017),
which posits that gene flow between populations (or in other groups
between congeneric species) has contributed to high levels of ge-
netic diversity and potential for colonization. This is compatible with
Tenerife and Gran Canaria housing a larger number of populations
and exhibiting high nucleotide diversity (Appendix S2: Table S2).

SDM projected onto past scenarios has caveats. In addition to the
implicit assumption that niche has not changed over time (Peterson,
Soberén, & Sanchez-Cordero, 1999), the recent time periods onto
which the model can be projected preclude covering a significant
part of the history of the species. In this study we have not pro-
jected our model to the last interglacial because the fine-scale data
used for the present time cannot be meaningfully projected to c.
130,000 Ma. Despite these limitations, SDM can still complement
the phylogeographical reconstruction inferred from the GBS data
and provide insights into the specifics of the colonization pattern.
First, projections of the model to the latest glacial period show stabil-
ity in areas with a suitable niche, even if they are smaller, suggesting
that L. acerifolia could have persisted within the same areas instead
of becoming extinct followed by recolonization from other islands.
A second finding based on the SDM is the importance of steeply
sloped habitats, at the base of which organic matter accumulates,
found in the SDM of L. acerifolia and previously in those of its closest
relatives N. phoenicea (Gonzélez Fernandez de Castro, 2016) and L.
maritima (Villa-Machio et al., 2018). A third finding concerning SDM
is that topoclimatic suitability is significantly related to geological
age, with peaks in Miocene areas, possibly because younger areas
corresponding to recent eruption events created topographically less
complex habitats that are unsuitable (Figure 4, Appendix S3: Figure
Sé). This is evident in southern La Palma, eastern Gran Canaria and
especially in Tenerife. Flat, senescent islands also reduce opportu-
nities for the occurrence of L. acerifolia, which thus is constrained
to remnant mountain enclaves in Lanzarote and Fuerteventura. In
contrast, topoclimatic suitability tends to increase towards the west-
ern and younger islands where, despite the availability of extensive
areas, only one population per island is known or, in the case of El
Hierro, none. Such a pattern is puzzling and may be indicative of the
existence of a colonization front taking place at a slow pace. Lack
of efficient dispersal mechanisms in L. acerifolia could require longer
time periods to achieve successful colonization of these western is-
lands (Arjona, Nogales, Heleno, & Vargas, 2018). However, the topo-
graphical dynamism due to volcanic activity in these younger islands
may have also contributed to the observed pattern.

Available genomic resources for already a considerable number
of organisms show that heterogeneous processes and signals can be
picked up when we sample genomes, thus compromising the recon-
struction of unified evolutionary histories (Bravo et al., 2018). Such
realization not only stresses the need for careful filtering of genomic
data but also for integrating independent evidence that can help sort
out those processes.

As shown here, environmental factors can help to filter and mod-
ulate hypotheses in island biogeography studies, for example in rec-

onciling dispersal capacity and probability of successful colonization.
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In the case of L. acerifolia, the combined use of GBS and SDM has al-
lowed us to unravel the relationships between mainland and island lin-
eages, which are central to understanding island biogeography (Patifio
etal., 2017). Our work also has posed new questions about the appar-
ent discrepancies between suitable areas in the westernmost islands
and their current populations. Thus, our study illustrates the diversity
of factors that influence colonization history, even in cases for which
geological and biological settings seem nearly optimal for matching an
island progression rule model. Finally, compared to studies in Hawaii
(Croucher et al., 2012; Fleischer et al., 1998), our results suggest that
association between island age and chronology of colonization is a
consistent pattern across oceanic archipelagos differing in funda-
mental spatial elements such as the closeness to mainland founding
populations. The veracity of this proposal will become more clear as
additional taxa become studied in this context.
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