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Abstract

Aim: Coastal plants are terrestrial organisms for which ocean surface currents often
act as long-distance dispersal vectors (thalassochorous species) favouring broad dis-
tributions and connecting distant populations. However, few studies have statisti-
cally assessed the role of currents in modulating gene flow and species distributions
of terrestrial organisms. Here we evaluate the hypothesis that some thalassochorous
plants exhibit population connectivity, presumably due to effective seed dispersal
driven by sea currents.

Location: Galapagos Islands (Ecuador).

Taxon: Salt bush (Cryptocarpus pyriformis Kunth), a Galdpagos native and locally wide-
spread coastal angiosperm.

Methods: Using 1806 SNPs obtained by ddRADseq, we evaluated the genetic struc-
ture and differentiation of the Galdpagos salt bush. To assess the role of sea currents
in modulating inter-population gene flow, four explicit hypotheses were tested using
reciprocal causal modelling and spatial eigenvector analysis: (a) isolation by sea resist-
ance, considering that only sea dispersal is possible; (b) isolation by sea and inland
resistance, considering that inland dispersal is also possible; (c) isolation by barrier,
considering the sea as an obstacle to seed dispersal; and (d) isolation by geographical
distance.

Results: Low differentiation and little genetic structure were detected among popula-
tions of C. pyriformis. Pairwise genetic distances between populations from different
islands were significantly correlated with cost distances calculated from sea-current
direction and speed. Nonetheless, inland dispersal also accounted for some gene
flow within each island.

Main conclusion: Extensive and frequent seed dispersal by sea has apparently fa-
voured strong inter-island genetic connectivity within Galapagos. A combination of
methods developed for terrestrial and marine domains (landscape and seascape ge-
netics) aids in understanding how landscape features modulate gene flow of coastal
plant species, as these terrestrial organisms are highly dependent on the sea for seed

dispersal.
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1 | INTRODUCTION

Oceans cover around 71% of the Earth surface, isolating landmasses
and hence the terrestrial organisms that occupy them. At the same
time, sea currents act as an essential vector for propagules of land
organisms, transporting them across long distances, connecting
inhabited landmasses and allowing colonization of oceanic islands
that emerge lifeless from the seafloor (Abe, 2006; Magnusson,
Magnusson, Olafsson, & Sigurdsson, 2014; Ridley, 1930). Plant spe-
cies specialized for sea dispersal are referred to as thalassochorous.
They are able to develop floating diaspores that survive a long time
in seawater, which favours their arrival and germination in new terri-
tories (van der Pijl, 1982; Ridley, 1930).

Thalassochorous plants wusually have wide distributions
(Miryeganeh, Takayama, Tateishi, & Kajita, 2014), which points
to the efficiency of the thalassochorous dispersal syndrome in
long-distance dispersal (hereafter LDD). Coastal plants, due to
their proximity to the sea, are salt tolerant and many of them de-
velop diaspores with corky or fibrous tissues, air chambers and
a diverse array of structures that help them float for long peri-
ods over the sea. This set of traits defines the thalassochorous
dispersal syndrome (Heleno & Vargas, 2015; van der Pijl, 1982;
Ridley, 1930). Darwin (1859) experimentally demonstrated the
ability of certain plant species to float for a long time and ger-
minate after immersion in salt water, which has been confirmed
by subsequent studies reporting a wide variety of coastal species
that are able to float for months in salt water and germinate af-
terwards (Esteves, Costa, Vargas, Freitas, & Heleno, 2015; Guja,
Merritt, & Dixon, 2010; Nakanishi, 1988). Such high dispersal
ability and salt tolerance of thalassochorous plants have favoured
the early colonization of oceanic islands (Abe, 2006; Magnusson
et al.,, 2014), the recolonization of disturbed areas and genetic
connectivity between distant populations by the exchange of di-
aspores (Cerén-Souza et al., 2015; Takayama, Tateishi, Murata, &
Kajita, 2008). In principle, gene flow between sea-dispersed plant
populations should be highly influenced by sea current properties,
such as directionality and speed, which should be major drivers in
shaping their population genetic structure (Gallaher, Callmander,
Buerki, Setsuko, & Keeley, 2017).

Understanding the effect of landscape features on gene flow
between populations of terrestrial organisms is one of the objec-
tives of landscape genetics (Manel & Holderegger, 2013). In contrast
to terrestrial organisms, marine organism gene flow is highly influ-
enced by seascape features. As a consequence, seascape genetics
was developed as a discipline closely related to landscape genetics
to cope with the particular biology of many marine organisms—that
is, wide distributions, high dispersibility and little genetic structure—

and physical properties of the ocean (Riginos & Liggins, 2013; Selkoe

et al., 2016). Coastal plant species are in an intermediate situation,
being terrestrial organisms that are mainly sea dispersed but capa-
ble of dispersal over land. Although many phylogeographical studies
suggest that ocean currents are responsible for the genetic structur-
ing patterns found (e.g. Gallaher et al., 2017; Miryeganeh et al., 2014;
Takayama et al., 2008), few studies have specifically addressed the
extent to which direction and speed of sea currents modulate gene
flow among coastal plant populations (e.g. see Hodel et al., 2018). A
combination of methods employed in landscape and seascape ge-
netics is the best option to address this issue.

Cryptocarpus pyriformis Kunth (Nyctaginaceae) —commonly
known as salt bush or monte salado - is distributed along the coasts of
Galapagos, mainland Ecuador and Peru (Wiggins & Porter, 1971). The
Galapagos archipelago, located in the Pacific Ocean about 1,000 km
west of mainland Ecuador, hosts many populations of salt bush, oc-
curring on all 13 largest islands (Jaramillo Diaz, Guézou, Mauchamp,
& Tye, 2018). The small flowers of C. pyriformis are mainly pollinated
by insects, with ants being the most frequent visitor of the plants in
the Galapagos (Traveset et al., 2013). Its fruits are small, pear-shaped
and have a corky consistency that helps them to float on salt water
(Y. Arjona and P. Vargas, pers. obs.). Galapagos finches feed on salt
bush fruits and intact seeds have been found in lava lizard droppings,
although no conclusive results have been reported regarding effec-
tive dispersal by vertebrates (Heleno et al., 2011; Heleno, Olesen,
Nogales, Vargas, & Traveset, 2013). There is thus evidence of a dis-
persal potential over land as well as dispersal by sea in this species.

In this study, we evaluate the hypothesis that coastal thalasso-
chorous species readily disperse by sea, which should be reflected
by evidence of gene flow corresponding to the direction and speed
of sea currents. With this aim we chose the widespread salt bush
(Cryptocarpus pyriformis) as a case study and evaluated its dispersal
across the Galdpagos archipelago. We formulated four explicit hy-
potheses that consider different scenarios that vary in importance
for inland and sea dispersal: (a) dispersal is largely mediated by sea
and modulated by direction and speed of sea currents, whereas in-
land dispersal does not contribute to inter-population connectivity
(isolation by sea resistance); (b) sea dispersal is the main driver of
inter-island connectivity, and inland dispersal also contributes to ge-
netic differentiation (isolation by inland and sea resistance); (c) the
sea acts as a barrier to dispersal, isolating populations from different
islands (isolation by barrier); and (d) isolation by geographical dis-
tance, with no effect of the context (island or sea; null hypothesis).
Publicly available data on ocean circulation and genetic data—from
hundreds of single nucleotide polymorphisms (SNPs) distributed
across the whole genome—were analysed under a landscape genetic
framework, to evaluate the role of sea current speed and direction
in inter-island genetic differentiation of the salt bush across the

Galapagos.
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2 | MATERIALS AND METHODS

2.1 | Sampling, DNA extraction, ddRAD library
preparation and SNP calling

A total of 231 samples were collected from 12 of the 13 largest is-
lands of the Galapagos (Baltra was excluded because of proximity to
Santa Cruz and its recent land bridge), where we selected from one
to five populations per island based on island size. Additionally, nine
individuals were sampled from four populations along the coast of
mainland Ecuador, to assess how divergent the Galapagos popula-
tions are from distant continental populations (Figure 1 and Table
S1.1). DNA was extracted from silica-gel-dried leaf samples using
DNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA, USA) and cleaned

following the phenol-chloroform protocol to eliminate salts and
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other compounds that may interfere in further steps of the process.
Double-digest restriction site associated DNA (ddRAD) libraries
were prepared following the protocol described by Mastretta-Yanes
et al. (2015), including 24 replicates. The ddRAD libraries were
single-end sequenced on two lanes of Illumina HiSeq 2,500 at the
Lausanne Genomic Technologies Facility.

Reads were demultiplexed and de novo assembled using ‘ip-
yrad’ v. 0.7.22 (Eaton, 2014). ‘Trimmomatic’ v. 0.36 (Bolger, Lohse,
& Usadel, 2014) was used to remove the adapters and quality-trim
the reads before the assembly. The ‘ipyrad’ clustering threshold
and minimum depth parameters were set to 0.93 and 10, respec-
tively, as they rendered a good balance between the error rate and
the number of SNPs recovered (Figure S2.1). The resultant SNP
matrix was filtered using ‘vcftools’ v. 0.1.15 (Danecek et al., 2011);
all sites with more than 70% and all individuals with more than 85%
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FIGURE 1 Galapagos archipelago and mean values of sea current speed and direction for the whole period analysed (1992-2018).
Arrows indicate direction, their length and width are proportional to the speed of the sea currents. Location of the Galapagos archipelago
is shown in the map (top right, mainland Ecuador in dark grey). Red dots indicate the position of Cryptocarpus pyriformis sample populations.
CO: continent; ES: Espanola; SC: San Cristébal; FL: Floreana; SF: Santa Fe; SX: Santa Cruz; PZ: Pinzén; SA: Santiago; IS: Isabela; FE:

Fernandina; GE: Genovesa; MA: Marchena; PT: Pinta
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of missing data were removed, and only biallelic sites were kept.
Additionally, custom scripts were employed to further modify ‘ip-
yrad’ output files to fit the input requirements of the software
employed when necessary. See Appendix S2 for further details
about ddRAD library preparation and bioinformatic processing of

the reads.

2.2 | Genetic diversity and population
genetic structure

Observed and expected heterozygosities (H,, H) and the inbreed-
ing coefficient (F) were calculated across loci per population using
‘GenAlEx’ (Peakall & Smouse, 2006, 2012). A Pearson's correlation
was performed between heterozygosity and island size to evaluate a
possible variation in genetic diversity based on different carrying ca-
pacities due to island size. Jost's D differentiation index (Jost, 2008),
multilocus fixation index G¢; (Nei & Chesser, 1983), Weir and
Cockerham's F¢; estimator—¢ (Weir & Cockerham, 1984)—across
loci and population, and pairwise 8 between populations, were es-
timated with the package ‘diveRsity’ (Keenan, Mcginnity, Cross,
Crozier, & Prodohl, 2013) for the r software (R Development Core
Team, 2017). Analyses of molecular variance (AMOVA; Excoffier,
Smouse, & Quattro, 1992) were performed to assess the proportion
of variation between islands and between populations within islands
using the r package ‘poppr’ (Kamvar, Tabima, & Griinwald, 2014).
To evaluate the degree to which genetic differentiation and genetic
diversity increase when including very distant populations, we re-
peated the analysis including continental samples.

A principal component analysis (PCA) and a discriminant analy-
sis of principal components (DAPC) were employed to explore the
genetic variation among sampled individuals and the existence of
genetically distinct groups of individuals. The groups assessed by
DAPC can either be given by the k-means algorithm or defined by
the user. We ran DAPC using both options, considering the 12 is-
lands and the continent as groups defined by the user (K = 13). The
number of principal components (PCs) retained in the analyses was
selected based on the optimization of the a-score to avoid over-fit-
ting the results. To perform PCA and DAPC we used the R pack-
age ‘adegenet’ (Jombart, Devillard, & Balloux, 2010). In addition, we
used ‘STRUCTURE’ v. 2.3.4 (Falush, Stephens, & Pritchard, 2003;
Pritchard, Stephens, & Donnelly, 2000) to assess population genetic
structure. We ran the admixture model assuming correlated allele
frequencies, with a lambda previously estimated as recommended
by the authors, from K = 1 to K = 13, 10 times with 2,000,000
MCMC iterations and 200,000 iterations burn-in. To assess which
value of K was statistically preferred we used two methods: (a) AK
(Evanno, Regnaut, & Goudet, 2005); and (b) MedMeaK, MaxMeaK,
MedMedK and MaxMedK (Puechmaille, 2016). These latter estima-
tors were calculated using different thresholds (0.5, 0.6, 0.7 and 0.8),
considering all the 23 Galapagos populations and the continent. The
graphical output from the ‘STRUCTURE’ results was created using
‘DISTRUCT’ v.1.1 (Rosenberg, 2004).

2.3 | Resistance due to ocean currents
within Galapagos

Resistance to seed dispersal due to ocean currents was esti-
mated using publicly available data from the U.S. Naval Research
Laboratory, specifically the HYCOM + NCODA Global 1/12° Analysis
(GLBuUO0.08) dataset (https://www.hycom.org/data/glbuOpt08). Data
for the working area (-92.5° and -88.25° east; -2° and 1.5° north)
were obtained via functions from the r package ‘HMMoce’ (Braun,
Galuardi, & Thorrold, 2018; https://github.com/cran/HMMoce/
blob/master/R/get.hycom.R). These data consisted of the eastward
and northward components of seawater velocity (m/s) at the ocean
surface for 4,771 days (measures taken every two days during the
period from 2 October 1992 to 20 November 2018, see Figure 1 for
a summary of these data). This extensive period of time was selected
to include annual and seasonal variations in climatic conditions and
ocean circulation, and because Cryptocarpus fruits are produced
throughout the year.

Anisotropic cost-distance matrices between sampling localities
were estimated based on the maximum connectivity within the pe-
riod covered by the data. Firstly, for each day, raw data were con-
verted into a raster layer from which the speed and direction of sea
currents were calculated. Then, the cost to passively move between
adjacent cells of the raster was calculated using the function flow.dis-
persion from the ‘rWind’ package (Fernandez-Lépez & Schliep, 2018),
modified to cope with missing data values corresponding to land-
masses. This function implements the algorithm proposed by Mufioz,
Felicisimo, Cabezas, Burgaz, and Martinez (2004), in which the cost
is directly proportional to the difference between the direction of
the movement trajectory towards the target cell and the direction of
the sea current, and inversely proportional to sea current speed. For
passive dispersal, movements against sea current flow are not per-
mitted—that is, those for which the difference between their bearing
and sea current direction is higher than 90° (see Fernandez-Lépez
& Schliep, 2018). After their computation, transition costs among
sea surface cells ranged between 0.1 and 32,004.9, with a mean of
310.7. Based on these costs, two resistance layers were calculated:
(a) considering only sea dispersal is possible (infinite cost assigned to
inland dispersal); and (b) that both inland and sea dispersal occur (a
resistance of 0.1 assigned to all land cells—this is the minimum cost
to move between adjacent cells assigned by the function, without
considering sea current speed). A third resistance layer was built to
account for the hypothesis of isolation due to barriers, where infinite
cost was assigned to sea dispersal and a cost of 0.1 to the transition
between adjacent land cells. With the transition costs between all
adjacent cells, least-cost paths between populations were calculated
using the ‘gdistance’ R package (van Etten, 2017). From the inverse
of these costs we obtained the connectivity between pairs of popu-
lations. This procedure yielded 4,771 connectivity matrices, one for
each day in the dataset, summarized into a single matrix per hypoth-
esis by taking the maximum value per population pair and direction
and converted them again into cost-distance values. To make this

asymmetric matrix symmetric (i.e. to have costs from A to B and
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from B to A summarized into a single distance A-B), we calculated
the mean value between the two connectivity values per popula-
tion pair. Independently, additional cost distance matrices were cal-
culated under each of the two resistance hypotheses for the rainy
season (from December to May) and the dry season (from April to
November) separately. Due to the proximity of Espafiola's popula-
tions ES1 and ES3, the estimated connectivity between them was in-
finite. To avoid this extreme value affecting the results, we removed

population ES3 for further analyses.

2.4 | lIsolation by resistance, barrier or
geographical distance

We proposed four alternative models that modulate gene flow be-
tween populations: (a) isolation by resistance due to ocean currents
with no overland dispersal possible (IBR1); (b) isolation by resistance
due to ocean currents and uniform low resistance in crossing land-
masses (IBR2); (c) isolation by barrier (IBB) with islands being isolated
due to the impossibility of crossing the sea barrier; and (d) isolation
by geographical distance (IBD). The net contribution of the hypoth-
esis components to the overall genetic variation was assessed using
Mantel and partial Mantel tests in a reciprocal causal modelling
framework and, independently, by decomposing the different dis-
tance matrices into eigenvector maps and using them as predictors
in redundancy analyses.

2.4.1 | Reciprocal causal modelling

Pairwise genetic distances were calculated as Fy/(1 - F¢;) using
‘Genepop’ 4.0 (Rousset, 2008) as recommended by Rousset (1997).
Geographical distances were calculated using the r package ‘raster’
(Hijmans, 2018) as the natural logarithm of the distance between
two points in the WGS ellipsoid to linearize the relationship with ge-
netic distances. Cost distances mediated by sea currents for the two
IBR and the IBB models were obtained as explained in the previous
section, and were also log-transformed. The correlations between
distance matrices were calculated using Mantel test (Mantel, 1967)
and partial Mantel test (Smouse, Long, & Sokal, 1986) using the
‘vegan’ R package (Oksanen et al., 2018). Partial Mantel statistics
(r,) were then compared under reciprocal causal modelling, which
reduces the high risk (reported for simple Mantel tests) of finding
spurious correlations when comparing highly correlated alternative
hypotheses (Cushman, Wasserman, Landguth, & Shirk, 2013). For a
pair of hypotheses (H1 and H2), the relative support of H1 is given by
the difference between r,, obtained from two partial Mantel tests:
(a) between genetic distances and H1, controlling for the effects of
H2; and (b) between genetic distances and H2, controlling for the
effects of H1 (i.e. H1|H2-H2|H1). If H1 is correct this difference is
positive, otherwise H2 is supported. After repeating this procedure
for all hypothesis pairs, a full matrix is obtained in which a hypoth-

esis is fully supported when all values in the column are positive and
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the values in the associated row are negative (see Appendix S3 for a
more detailed description of the method).

This analysis was repeated considering the rainy and dry season
separately, to evaluate the possibility of seasonal differences in con-
nectivity that may be masked when analysing the whole dataset. In
addition, to evaluate the effect of inter-annual variation due to the
El Nifo phenomenon on population connectivity, we estimated the
correlation between El Nifio Southern Oscillation Index (SOI) and
the Mantel statistic for the correlation between genetic and cost dis-

tances calculated for each month of the data period (Appendix S4).

2.4.2 | Spatial eigenfunction analysis

Spatial eigenfunction analysis was performed as an alternative
method to assess the relative contribution of geography and sea
currents to the spatial genetic variation. The main difference with
reciprocal causal modelling is the use of raw genetic data and re-
dundancy analysis, instead of the pairwise genetic differences and
Mantel tests that have lower statistical power (Legendre, Fortin,
& Borcard, 2015). The geographical distance matrix and the three
asymmetric cost distance matrices—from IBR1, IBR2 and IBB hypoth-
eses—were decomposed into eigenvector maps: (a) distance-based
Moran's eigenvector maps (lbMEM) were obtained by decomposing
pairwise Euclidean distances between populations (IBD hypothesis);
(b) Moran's eigenvector maps (MEM) were obtained from a spatial
weighting matrix built from a neighbourhood matrix where only pop-
ulations from the same island were considered neighbours, weighted
by the pairwise cost distances between neighbours (IBB hypothesis)
(Dray, Legendre, & Peres-Neto, 2006); and (c) asymmetric eigenvec-
tor maps (AEM) as the result of decomposing the directional spatial
process of sea flow (IBR1 and IBR2 hypotheses). Directional con-
nection diagrams were obtained from the sea-cost matrices built
under each resistance hypothesis. For each population pair, only
the direction that resulted in the highest connectivity between the
populations was selected, setting the opposite direction to zero. A
site-by-edge matrix was built based on the connection diagram and
all edges were weighted using the connectivity values previously
calculated with sea current speed and direction. Finally, AEMs were
obtained by decomposing the spatial weighted matrix (Blanchet,
Legendre, Maranger, Monti, & Pepin, 2011). All eigenvectors were
obtained using the r package ‘adespatial’ (Dray et al., 2020) and were
used as predictor variables in independent redundancy analyses
(RDA) for each hypothesis. RDA is a constrained ordination analysis,
which seeks the linear combination of the predictor variables that
best explains the variation of the multivariate response variable.
Allelic frequencies for each population were Hellinger-transformed
and decomposed by PCA. All the PCs that explain more than 5%
of the variation were employed as multivariate response variable in
RDAs. From saturated models built for each hypothesis, the eigen-
vectors that best explained the genetic variation were selected using
forward selection with 100,000 permutations. These significant var-

iables were combined into a full model. Partial RDAs and variation
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partitioning with 100,000 permutations were performed to evalu-
ate the relative contribution of the hypotheses tested. Redundancy
analyses and variation partitioning were performed using the ‘vegan’

R package (Oksanen et al., 2018).

3 | RESULTS

After processing the raw reads with ‘ipyrad’, 11,624 loci were ob-
tained. Of these, 7,176 were polymorphic, bearing a total of 23,085
SNPs. After removing replicated individuals and poorly sequenced
loci, and keeping only biallelic SNPs, there were finally 746 loci and
1,806 SNPs of 240 individuals with 40.46% missing data.

3.1 | Genetic diversity, differentiation and
population structure

Averaged values across loci and populations of Hg, He, Fg, Gg1, 6 and
Jost's D are shown in Table 1 and Table S1.2. No significant relation-
ship was found between heterozygosity and island size (H: r =.058,
p =.859; Hg: r =.231, p = .470). The northern population of Isabela
and that of Santa Fe presented the highest value of pairwise differ-
entiation (0 = 0.145 when including the continent; § = 0.128 within
Galapagos), whereas the minimum value was found between the
northern population of Isabela and the western population of Santa
Cruz ( = -0.172 when including the continent; 8 = -0.109 within
Galapagos) (Table 51.3). AMOVA results show a low percentage of
variance occurring between islands and between populations within
islands, both including (1.46% and 0.91%, respectively) and exclud-
ing samples from mainland Ecuador (0.96% and 2.63%, respectively)
(Table S1.4).

PCA results showed that none of all the possible combinations
of the 11 first principal components (variance explained: 28.38%)
grouped the individuals according to geography (Figures S5.1 and
S5.2). Neither DAPC nor ‘STRUCTURE’ results were in agreement
with the geographical distribution of the samples and no consen-
sus was found regarding which K-value represents the most plau-
sible number of clusters based on the genetic data (Figure 2a and
Figures $5.3-55.6). DAPC run with groups defined by the user—that
is, groups by islands and continent, K = 13—detected highly mixed

groups and a clearer genetic identity of individuals from the main-
land, Santa Fe and Fernandina (Figure 2b).

3.2 | Isolation by resistance, barrier or
geographical distance

Resistance by sea currents and low resistance to crossing landmasses
(IBR2) was preferred over the competing hypotheses in the recipro-
cal causal modelling framework based on the relative support values
of the matrix, with positive values in the IBR2 column and negative
values in the corresponding row (Figure 3a). Furthermore, Mantel
tests and some of the partial Mantel tests that include IBR2 and IBD
as predictor hypotheses of the genetic distances were statistically
significant (Figure 3b). These results did not change when analysing
the rainy (from December to May) and dry seasons (from June to
November) separately (Tables S1.5 and S51.6). Besides this, no sig-
nificant correlation was found between monthly El Nifio Southern
Oscillation index and monthly Mantel's r (r,) comparing genetic and
cost distances (IBR2), indicating a negligible effect of ocean current
oscillations due to El Nifio events (Figure S4.1). The isolation-by-dis-
tance (IBD) and isolation-by-resistance hypotheses (IBR1 and IBR2)
were highly correlated (IBR1 ~ IBR2: 1, = .498, p <.001; IBD ~ IBR1:
ry=-787,p <.001; IBD ~ IBR2: r\, =.757; p < .001).

Redundancy analyses performed with eigenvector maps as pre-
dictor variables also support IBR2 as the hypothesis that best ex-
plains the spatial genetic variability. Nine PCs retrieved from the
PCA of the Hellinger-transformed allele frequencies were used as
response variable in the RDAs. None of the dbMEM variables were
found to be significant (IBD hypothesis). Two MEM variables (MEM4
and MEM11) significantly explained 9.40% of genetic variability in-
cludedin the PCs (IBB hypothesis; R§ =.094; F=2.090; p=.040). Two
AEMs built under the IBR1 hypothesis (only sea dispersal permitted)
were significant (AEM2 and AEM14), explaining 10.54% of the re-
sponse variability (Rf =.105; F = 2.237; p = .003). Four AEMs built
under the IBR2 hypothesis (sea and inland dispersal) significantly
explained 19.47% of the genetic variance (AEM3, AEM10, AEM11,
AEM19; Ri =.194; F = 2.269; p = .003) and modelled a spatial ge-
netic structure strongly determined by the prevailing westward sea
currents (Figure 4). The full model that combines all significant ei-
genvectors explained 28.03% of the variance (R§ =.2803; F=2.022;
p =.003), but only two AEMs from the IBR2 hypothesis (AEM10 and

TABLE 1 Observed heterozygosity (H), expected heterozygosity (H) and inbreeding coefficient (Fs) across loci and populations of
Galapagos, mainland Ecuador and populations of Galdpagos and the continent considered together. Indices of fixation and differentiation are
also shown considering only Galdpagos populations and including the continental samples

Ho He
Galapagos 0.045 + 0.001 0.049 + 0.001
Continent 0.048 + 0.004 0.059 + 0.005
Galdpagos + Continent 0.044 +0.001 0.048 + 0.001

Fis F¢; estimator—6 Gor Jost's D
0.091 + 0.004 0.026 0.326 0.061
0.118 + 0.017

0.089 + 0.001 0.035 0.329 0.052

Note: All individuals from the continent were grouped into a single population. For calculation of Hy, He and F,¢, populations with N < 3 were not

considered (1S3).
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FIGURE 2 Results of the discriminant analysis of principal components (DAPC) for the genetic structure of Cryptocarpus pyriformis across
the sampled area (Galapagos and mainland Ecuador). Compoplots (bar graphs) show the genetic composition of each population and scatter

plots show how similar the established groups are. (a) K = 5 genetically similar groups established using the k-means algorithm. (b) Clusters
determined using populations a priori (K = 13)
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FIGURE 3 Reciprocal causal modelling results. (a) Hypothesis testing. The coefficient in each cell is the result of the difference between
Mantel's r (r,) of two partial Mantel tests: (i) effect of the focal hypothesis (column) partialling out the effect of an alternative hypothesis
(row), and (ii) effect of the alternative hypothesis partialling out the effect of the focal hypothesis (focallalternative - alternative|focal). The
colour gradient from blue to red varies according to the coefficient in the cell and indicates the relative support of the focal hypothesis. The
best supported hypothesis is IBR2, as all the coefficients in the IBR2 column are positive, and negative in the corresponding row. (b) Mantel's
r for simple Mantel tests (diagonal) and partial Mantel tests that evaluate the effect on the genetic differentiation of a focal hypothesis
(column) controlling for the effects of an alternative hypothesis (row). Statistically significant correlations (p < .05) are shown by *

AEM11) and MEM4 (IBB hypothesis) were found to be significant
(p < .05). Results of variation partitioning showed that the relative
contribution of the AEMs from the IBR2 hypothesis significantly
explained 16.86% of the genetic variation (p = .006), while the con-
tribution of IBB eigenvectors was not significant (p = .085) and ex-
plained 6.79% of the variance. The overlapping effect of both types
of variables was 2.61% and the residual variation 73.74%.

4 | DISCUSSION

Cryptocarpus pyriformis maintains high gene flow among its popula-
tions, which is revealed by low genetic differentiation and little ge-
netic structure, even when including continental populations. This
result agrees with the hypothesis of wide dispersal of C. pyriformis
through thalassochory, the species being highly admixed at archipel-
ago scale. Sea currents were found to be the main driver of genetic
differentiation between islands within the Galdpagos, and inland dis-
persal may have contributed to defining the spatial genetic pattern
found within islands.

4.1 | Thalassochorous species have high
dispersal ability

Plant diaspores adapted to sea dispersal are able to travel across long
distances, even thousands of kilometres (Cerén-Souza et al., 2015;
Miryeganeh et al., 2014; Nathan et al., 2008; Ridley, 1930; Takayama
et al., 2008). This high dispersal ability favours species arrival and

colonization of oceanic islands isolated amidst the ocean, con-
firmed by the fact that thalassochorous species are among the first
pioneer plants on newly emerged islands (Abe, 2006; Magnusson
et al., 2014; Thornton, 1997). Thalassochorous species are usually
widely distributed across oceanic archipelagos (Arjona, Nogales,
Heleno, & Vargas, 2018; Vargas et al., 2014) and high inter-island
gene flow has been reported for some of them, such as Calophyllum
inophyllum (Hanaoka et al., 2014) and Terminalia catappa (Setsuko
et al., 2017) in the Bonin Islands, and Pandanus tectorius in Hawai'i
(Gallaher et al., 2017). In accordance with the high dispersal ability
reported for thalassochorous species, the salt bush has been able
to colonize Galapagos from the continent (about 1,000 km away),
possibly several times independently. The species has spread across
all the 13 largest islands of the archipelago and populations maintain

high genetic connectivity.

4.2 | Oceanic currents as dispersal vector

The high dispersal ability of thalassochorous plants has led many
authors to consider them as panmictic species for which no dif-
ferentiation is expected, considering the ocean as barrier-free
for these species (Carlquist, 1967; Nathan et al., 2008; Paulay
& Meyer, 2002). However, genetic studies have shown that this
statement is not ubiquitous, as some level of genetic structur-
ing has been found in sea-dispersed plants, not only mediated
by land barriers but because of sea current properties, in par-
ticular current speed and direction (Ceron-Souza et al., 2015;
Gallaher et al., 2017; Guo et al., 2016; Hanaoka et al., 2014; Hodel
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that combines resistance by maritime and terrestrial dispersal (IBR2)
was consistently selected by both reciprocal causal modelling and
redundancy analysis. Finches and lizards that consume salt bush
fruits might act as potential inland dispersers of this species (Heleno
et al.,, 2011, 2013). However, analysis of genetic data mainly from
the nuclear genome prevents distinguishing between the seed and
pollen flow contributions to such short-distance gene flow. Indeed,
insect-mediated pollen dispersal has been proposed to explain the
connectivity found across the Panama Isthmus between popula-
tions of Hibiscus tiliaceus (Takayama et al., 2008) and Ipomoea pes-
caprae (Miryeganeh et al., 2014). Cryptocarpus pyriformis is abundant
in coastal xeric areas of the archipelago. This pattern favours short
inland pollen dispersal by insects and birds, both effective polli-
nators of the species (Hervias-Parejo & Traveset, 2018; Olesen
et al., 2018). The respective contribution of pollen versus seed dis-

persal in explaining within-islands isolation by distance remains an
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total variation explained shown in brackets) of the canonical
ordination of the four significant asymmetric eigenvector maps
(AEM variables—arrows) built under the hypothesis that considers
together maritime and terrestrial dispersal (IBR2), and the 23
Galapagos populations (dots coloured according to geographical
position—see map-legend). Island abbreviations: GE = Genovesa,
MA = Marchena, PT = Pinta, SF = Santa Fe, SX = Santa Cruz,
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et al.,, 2018; Miryeganeh et al., 2014; Ngeve, Van der Stocken,
Menemenlis, Koedam, & Triest, 2016; Wee et al., 2014). Despite
the importance of sea currents in long-distance dispersal, few
studies have statistically assessed their role in genetic differentia-
tion and distribution of terrestrial organisms. Nevertheless, sev-
eral authors (Fajardo et al., 2019; Harvey, 1994) have evaluated the
relationship between sea currents and species distributions, and
also, for instance, the relationship between sea currents and gene
flow of Caribbean lizards (Calsbeek & Smith, 2003) and mangroves
(Hodel et al., 2018). All of these found a significant contribution
of sea currents to the distribution and genetic patterns. In agree-
ment with these studies, genetic differentiation of the Galdpagos
salt bush populations is correlated to direction and speed of sea
currents, as shown by reciprocal causal modelling and redundancy
analysis results. This is as expected for a sea-dispersed species.
In addition, geographical and genetic distances were revealed to
be significantly correlated by Mantel test (Figure 3b), as cost-dis-
tances increase not only with the resistance to dispersal driven by
oceanic currents, but geographical distance as well. Similar results
were found in mangroves by Hodel et al. (2018).

In addition to sea dispersal, our results indicate that inland gene

flow is likely at work for this coastal species, as only the hypothesis

4.3 | Quaternary climatic and sea-level changes
affected coastal plant populations

Historical geological changes—such as the emergence and subsid-
ence of oceanic islands (e.g. Christie et al., 1992)—together with
climatic and sea-level changes might have altered oceanic cur-
rents (Gillespie et al., 2012). In addition, coastal habitats are ex-
pected to have suffered frequent disturbance due to past climate
changes and variation in sea level, causing successive episodes of
flooding, drought and other extreme meteorological events, pos-
sibly leading to local extinctions (Kudoh, Shimamura, Takayama, &
Whigham, 2006; Ngeve et al., 2016) and further recolonizations (Ali
& Aitchison, 2014). Such metapopulation dynamics have probably
been dramatically catalysed by active volcanism, which has trans-
formed the landscape of many of the Galapagos Islands for more
than two million years since their emergence (Geist, Snell, Snell,
Goddard, & Kurz, 2014). Volcanism and sea-level changes may have
had an impact on the demographic history of coastal plant species,
likely causing profound changes in their effective population sizes
through time. As a consequence, historical processes are expected
to have left an imprint on the gene flow detected among populations
of the Galapagos salt bush, almost ruling out the possibility of finding
any stronger relationship with the current ocean circulation (Hodel
et al., 2018). In addition to the weak genetic structure found for the
Galdpagos populations in this study, the low heterozygosity and its
lack of relationship with island size could indicate a recent coloniza-
tion or recolonization of the archipelago, or at least that the popula-
tions underwent similar demographic processes in the recent past.
Further avenues for research are opened to investigate the demo-
graphic history of the Galapagos salt bush and the clues it provides
regarding the geological history of the archipelago.

Although some open questions remain, our study highlights the
usefulness of combining methods developed under a joint landscape

and seascape genetic framework, to statistically assess how the
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surrounding environment modulates gene flow between popula-

tions of coastal plants.
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