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Resumen

Resumen

Antecedentes

La dispersión es una fase esencial en el ciclo de vida de las plantas, pues permite que estos

organismos sésiles amplíen su distribución, colonicen nuevos territorios y que poblaciones

alejadas se mantengan conectadas mediante el intercambio de diásporas (unidad de

dispersión) (Howe & Smallwood, 1982; Nathan & MullerLandau, 2000). Para favorecer

su dispersión, muchas plantas han desarrollado estructuras especializadas en ciertos

vectores de dispersión (responsables del transporte de diásporas), como por ejemplo, alas

que favorecen la dispersión por viento, ganchos para favorecer la adhesión al pelo o

plumas de animales vertebrados y tejidos corchosos que permiten la flotación de las

diásporas. El conjunto de estructuras especializadas de las diásporas se denomina síndrome

de dispersión (van der Pijl, 1982).

La colonización de islas oceánicas, territorios aislados desde su emergencia sin vida

desde el fondo marino, ha intrigado a científicos durante siglos. Tradicionalmente se

respondía a la pregunta de cómo las plantas llegan a las islas haciendo valoraciones

especulativas sobre el modo de dispersión según el tipo de síndrome de la diáspora en

cuestión (Darwin, 1859; Ridley, 1930; Carlquist, 1967; Porter, 1976; Bramwell, 1985),

interpretación que no podía ser contrastada pues es prácticamente imposible recopilar

datos observacionales sobre este fenómeno. Además, los procesos de dispersión a larga

distancia, necesarios para sobrepasar la barrera que impone el mar y poder colonizar las

islas, son procesos complejos, difíciles de estudiar y en cierto grado estocásticos (Higgins

et al., 2003; Nathan et al., 2008; Nogales et al., 2012). Para llegar a comprender estos

procesos de dispersión a larga distancia es necesario un cambio de perspectiva, dejando a

un lado la cuestión de cómo llegan las plantas a las islas y estudiando los factores que
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pueden estar implicados en estos procesos; es decir, empleando aproximaciones más

objetivas que permitan formular hipótesis contrastables mediante el método científico

(Gillespie et al., 2012; Vargas et al., 2012). Una de estas aproximaciones consiste en el

estudio de los síndromes de dispersión a larga distancia, aquellos asociados con vectores

que pueden transportar las diásporas a grandes distancias, como el viento (síndrome

anemócoro), el mar (síndrome talasócoro) y los animales (síndromes endo y epizoócoros)

(Vargas et al., 2012). En concreto, esta aproximación ha sido empleada repetidas veces

para evaluar el papel de los síndromes de dispersión en la dispersión de especies de

distintos archipiélagos oceánicos (Vargas et al., 2014; Heleno & Vargas, 2015).

La dispersión a larga distancia es un proceso especialmente importante en territorios

fragmentados, ya que el intercambio de diásporas entre poblaciones distantes de plantas

evita que estas poblaciones desaparezcan debido a un empobrecimiento genético (Bacles et

al., 2006). Los archipiélagos oceánicos pueden considerarse como un territorio

naturalmente fragmentado y, por tanto, la dispersión de semillas entre islas es un proceso

importante para el mantenimiento de la flora insular. Por esta razón y para estudiar los

procesos de dispersión entre islas, hemos elegido los archipiélagos oceánicos como

escenario de los estudios desarrollados en la presente tesis. En concreto, nuestro interés se

ha centrado en el papel de los síndromes de dispersión en los procesos de dispersión de

plantas entre islas. Estudios previos han mostrado que plantas de frutos carnosos

(endozoócoras) han tenido ciertas ventajas a la hora de colonizar un mayor número de islas

y de mantener un elevado flujo génico entre poblaciones de distintas islas, lo que sugiere

una alta capacidad de dispersión de estas especies (GarcíaVerdugo et al., 2014; Heleno &

Vargas, 2015). Además, también se han observado distribuciones amplias en especies

especializadas a dispersarse por mar (talasócoras) dentro de archipiélagos oceánicos

(Vargas et al., 2014), así como altas tasas de flujo génico entre islas, todo ello como
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Resumen

consecuencia de una probablemente alta capacidad de dispersión por el mar de estas

plantas (Hanaoka et al., 2014; Setsuko et al., 2017; Gallaher et al., 2017). Sin embargo, un

estudio más detallado, en más archipiélagos, con una metodología explícita y común, y

aproximando el problema de manera interdisciplinar, es todavía necesario para extraer

conclusiones respecto al papel de los síndromes de dispersión en la dispersión entre islas.

Objetivos

Este proyecto de tesis doctoral se enmarca en una nueva línea de investigación que supone

un cambio de paradigma, en el cual se abandona la deducción especulativa de una

dispersión concreta de semillas responsables de la distribución de las especies para

plantear un enfoque más evolutivo en el que se cuantifica el éxito de conjuntos de

caracteres evolutivos de la diáspora (síndromes) que hayan podido favorecer la dispersión

a larga distancia. El principal objetivo de la presente memoria doctoral es, por tanto,

evaluar el papel de los síndromes de dispersión a larga distancia en la dispersión entre islas

dentro de archipiélagos oceánicos. La hipótesis central contempla que los síndromes de

dispersión a larga distancia confieren una mayor capacidad de dispersión a aquellas plantas

que los poseen y, por tanto, ventajas para dispersarse entre islas, favoreciendo así que estas

plantas colonicen mayor número de islas y mantengan elevadas tasas de flujo génico entre

poblaciones de distintas islas. Para contrastar esta hipótesis se establecen tres objetivos

específicos: 1) evaluar la relación entre los síndromes de dispersión a larga distancia y el

número de islas que ocupan las especies nativas de las floras de tres archipiélagos

oceánicos: Canarias, Azores y Galápagos (capítulo 1); 2) determinar la tasa de flujo génico

entre islas en tres especies nativas de Galápagos con síndromes de dispersión distintos, la

endozoócora Lantana peduncularis (capítulo 2), la talasócora Cryptocarpus pyriformis

(capítulo 3) y la no especializada en la dispersión a larga distancia Waltheria ovata

(capítulo 4); y 3) comparar los resultados genéticos de las tres especies de Galápagos e
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interpretarlos en función de sus distintas historias demográficas, determinando parámetros

tales como tiempo colonización del archipiélago, cambios en el tamaño poblacional y tasas

de migración con el continente (capítulo 4).

Metodología

Metodológicamente, esta tesis se puede dividir en dos grandes bloques, en función de la

aproximación empleada para evaluar la hipótesis principal.

Aproximación florística (capítulo 1). Para evaluar la relación entre los síndromes de

dispersión y la distribución de las especies nativas de Canarias, se categorizaron primero

todas las especies de la zona baja del archipiélago – nótese que así minimizamos en parte

el filtro ecológico al seleccionar el hábitat común a todas las islas— en cinco grupos en

función de las características de sus diásporas (endozoócoras, epizoócoras, talasócoras,

anemócoras y sin especialización) basándose en bibliografía, en material de herbario y

material fresco recolectado en el campo. Posteriormente, modelos lineales generalizados

(GzLM) fueron empleados para relacionar estos síndromes con la distribución de las

especies obtenida de la Lista de especies silvestres de Canarias (Acebes Ginovés et al.,

2010), en los que además se incluyeron otros factores que han podido influir en la

distribución de las especies como la geodinámica histórica del archipiélago, tiempo de

colonización o criterio de selección de especies. Las significaciones estadísticas de estos

modelos fueron recalculadas mediante métodos de aleatorización. Los datos de Azores y

Galápagos fueron obtenidos a partir de publicaciones previas (Vargas et al., 2014; Heleno

& Vargas, 2015) y reanalizados usando la misma metodología empleada para la flora de

Canarias.

Aproximación genética (capítulos 2, 3 y 4). Marcadores plastidiales y nucleares

fueron empleados para analizar la estructura genética de las tres especies de Galápagos.
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Además, herramientas propias de la genética del paisaje fueron empleadas para detectar la

presencia de barreras o corredores entre islas (capítulo 2) y para determinar el papel del

mar como vector de dispersión de la especies talasócora (capítulo 3). Además, métodos

computacionales de aproximación bayesiana (ABC, del inglés Approximate Bayesian

Computation) fueron empleados para evaluar las historias demográficas de las especies y

estimar parámetros como tiempo de colonización, cambios en tamaños poblacionales y

tasa de migración.

Resultados

En el capítulo 1 se constató que los síndromes de dispersión por animales (endo y

epizoócoro) y por mar (talasócoro) estaban significativamente relacionados con

distribuciones más amplias de las especies canarias. Además, esta señal se mantenía al

incluir otros factores como los procesos geodinámicos históricos del archipiélago, el

tiempo de colonización y el criterio de selección de las especies. Sin embargo, no se

detectaron relaciones significativas entre los síndromes de dispersión a larga distancia y la

distribución de las especies nativas de los archipiélagos de Azores y Galápagos. A pesar de

esto, se encontraron resultados comunes entre los tres archipiélagos: i) alta proporción de

especies sin especialización para la dispersión a larga distancia; ii) estas plantas sin

especializaciones tienen cierta tendencia a ocupar un menor número de islas; iii) las

plantas anemócoras generalmente presentaron distribuciones más restringidas que especies

con otros síndromes de dispersión; y iv) las especies endozoócoras tendieron a presentar

distribuciones más amplias que otras especies en Azores y Canarias.

En cuanto a los resultados genéticos, se apreciaron estructuras genéticas robustas

relacionadas con la geografía del archipiélago de Galápagos en la especies endozoócora

Lantana peduncularis y la no especializada Waltheria ovata. Por el contrario, una débil
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estructura y diferenciación genética entre poblaciones de distintas islas se detectó en el

caso de la especie talasócora Cryptocarpus pyriformis. En términos de flujo génico entre

islas, la mayor tasa se detectó en la especie talasócora, seguida de la especie sin

especialización y, finalmente, la especie endozoócora presentó la menor tasa de flujo

génico entre islas. No obstante, los resultados genéticos obtenidos a partir del análisis del

ADN plastidial, indican que tanto en la especie de frutos carnosos como en la especie no

especializada se han dado eventos recurrentes de dispersión de semillas entre islas. En

cuanto a los parámetros demográficos estimados, la especie endozoócora parece haber sido

la primera de las tres en colonizar el archipiélago. La mayor tasa de migración con el

continente fue detectada en la especies talasócora (alto potencial de dispersión), además de

una reducción reciente del tamaño de la población de Galápagos. Por el contrario, se

detectó aumentos en los tamaños poblacionales en Galápagos de las especies endozoócora

y no especializada, consecuencia probable de un efecto fundador.

Conclusiones

1. Las especializaciones de las diásporas a la dispersión por animales (síndromes endo y

epizoócoro) y por mar (síndrome talasócoro) han favorecido la dispersión de plantas entre

islas de Canarias. Esta conclusión se basa en que estos síndromes están asociados con

amplias distribuciones de las especies, resultado que se mantiene al incluir otros factores

como los procesos geodinámicos históricos del archipiélago, el tiempo de colonización, el

criterio de selección de las especies y relaciones filogenéticas entre especies, que han

podido afectar a los resultados obtenidos y a la distribución de las plantas.

2. En Azores y Galápagos el síndrome de dispersión ha sido poco determinante en la

distribución de las especies. No obstante, se han encontrado similitudes entre los

resultados de estos dos archipiélagos y Canarias: (1) alta proporción de especies sin
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síndrome de dispersión a larga distancia; (2) estas especies, junto con las anemócoras,

tienden a ocupar un menor número de islas; y (3) las especies endozoócoras tienden a

ocupar un alto número de islas (sólo en Canarias y Azores).

3. Un moderado flujo génico entre las islas de Galápagos fue detectado en la especies

endozoócora Lantana peduncularis. Esto, junto con resultados similares encontrados en

otras especies endozoócoras insulares, indica que la contribución de los frutos carnosos no

es suficiente para favorecer una dispersión frecuente entre islas.

4. La especie talasócora Cryptocarpus pyriformis presentó un alto flujo génico entre

poblaciones de las distintas islas de Galápagos, sugiriendo una elevada capacidad de

dispersión, detectada también en otras especies de dispersión por mar.

5. Los vectores de dispersión son actores importantes en la dispersión de plantas entre

islas, pues sus distintas capacidades para transportar las diásporas a largas distancias

concuerdan con los patrones genéticos detectados para L. peduncularis (flujo génico

moderado y dispersores con capacidad limitada para moverse entre islas – lagartos

principalmente) y C. pyriformis (alto flujo génico y las corrientes marinas como dispersor).

6. Eventos recurrentes de dispersión de semillas entre las islas de Galápagos fueron

detectados para Waltheria ovata, no especializada para la dispersión a larga distancia.

Además, la estructura genética de su población, fuertemente influida por la distancia

geográfica entre poblaciones, indica un flujo génico (por semillas y polen) limitado a

poblaciones (e islas) cercanas.

7. La especie talasócora (C. pyriformis) presenta la mayor capacidad de dispersión,

mientras que la especie endozoócora (L. peduncularis) y la no especializada (W. ovata)

presentaron una capacidad de dispersión limitada.
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8. Los síndromes de dispersión parecen tener una contribución limitada a la hora de

determinar la dispersión de plantas entre islas, lo que evidencia que otros factores están

implicados en estos procesos complejos.
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General Introduction

Background

Seed dispersal

Plant seed dispersal is a crucial phase in plant life cycle, as it is the main mobile stage that

enables sessile organisms to spread across the territory (Nathan & MullerLandau, 2000).

In this process, the diaspore is the part of the plant that is dispersed (Howe & Smallwood,

1982), which in most of the cases is a seed or a fruit containing seeds. Several advantages

have been hypothesized to justify seed dispersal: 1) to escape from parent vicinity with

high densitydependent mortality by intraspecific competence between seedlings, higher

risk of predation and pathogen disease spread (escape hypothesis); 2) to colonize new

habitats (colonization hypothesis); and 3) to colonize suitable microsites for establishment

(directed dispersal hypothesis) (Howe & Smallwood, 1982; Wenny, 2001). In any case,

dispersal is an important process that modulates plant distribution, population and

community dynamics by influencing plant recruitment and colonization of new territories.

Consequent gene flow by seeds that carry biparental genetic DNA influences genetic

structure and connectivity of populations (Nathan & MullerLandau, 2000; Traveset et al.,

2014). However, plants depend on external factors to disperse, except for autochorous

plants that disperse seeds by tissue release or movements of the seed container (van der

Pijl, 1982). Selective pressure on diaspora effectiveness includes development of

morphological structures adapted to particular dispersal vectors. Sets of specializations of

the plant diaspores are known as dispersal syndromes (van der Pijl, 1982). Prediction of

dispersal distance of any species relies on both the specialization of the diaspores and the

vector that carries the seeds, which shape the specific seed dispersal kernel – i.e. a

probability density function of the distance the diaspores can reach with respect to a

common source (Willson, 1993; Nathan & MullerLandau, 2000). The dispersal kernel

usually is leptokurtic and positive skew, i.e. it has fat tail that indicates that few seeds are
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able to reach long distances (Nathan & MullerLandau, 2000). Although longdistance

dispersal (LDD) is rare, this process determines the arrival of colonizing propagules in

remote territories and influences species distributions, as well as genetically connects

distant plant populations (Carlquist, 1981; Nathan, 2006). Particularly, LDD is critical for

the colonization of oceanic islands, as these isolated territories amidst the ocean were

never connected to continental landmasses and therefore species can only colonize them

when overcoming long stretches of sea via LDD (MacArthur & Wilson, 1967; Gillespie &

Clage 2009; Gillespie et al., 2012). Spatiotemporal delimitation of a fragmented territory

such as an oceanic archipelago of multiple islands offers an ideal framework to study LDD

processes in a biogeographical context (Vargas et al., 2012).

Long distance dispersal and oceanic islands

Colonization of new territories is a twostage process defined by the arrival of organisms

and the establishment of viable populations (MacArthur & Wilson, 1967). As mentioned

above, the colonization of oceanic islands requires a critical, first stage of LDD. However,

the low frequency of diaspore arrival to islands makes this LDD process virtually

impossible to be observed (Higgins et al., 2003; Nathan, 2006; Vargas, 2007), and thus

difficult to study. Traditionally, how plants arrived into islands was directly speculated

from the morphological traits of diaspores, e.g. plant species with winged diaspores were

assumed to have been transported by wind. This is why the arrival of diaspores with no

specialization (unspecialized) that succeeded on islands had to be explained by alternative

modes of transport such as adhesion to bird feet in mud, dispersal by wind of small seeds,

rafting, and dispersal by granivorous birds (Darwin, 1859; Ridley, 1930; Carlquist, 1967;

Porter, 1976; Bramwell, 1985), revealing a rather speculative nature of this traditional

approach. By contrast, in recent times the stochasticity associated with LDD has been

highlighted as well as the difficulty of study this complex process in which nonstandard
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means of dispersal – those non associated with the dispersal syndrome of the plant (sensu

Higgins et al. 2003) – apparently play an important role (Higgins et al. 2003; Nathan

2008; Nogales et al. 2012). To face the challenge of studying LDD, approaches towards

the understanding of LDD mechanisms and adaptations associated with dispersal have

been proposed as they lead to the formulation of testable hypotheses (Gillespie et al.,

2012; Vargas et al., 2012). Indeed, the comparison of plant dispersal syndromes between

island floras and source floras have revealed a relative success of species with barbs and

hooks (epizoochorous) in colonizing New Zealand from Tasmania (Jordan, 2001), as well

as species with floating diaspores (thalassochorous) in colonizing the Azores from Europe

(Heleno & Vargas, 2015). In a withinarchipelago context, fleshyfruited (endozoochorous)

plants have been reported to have wider distributions in Azores (Heleno & Vargas, 2015),

while thalassochorous plants were the most successful in spreading across the Galápagos

(Vargas et al., 2014) and Pacific islands (Ridley, 1930).

Seed dispersal is paramount in connecting and maintaining plant populations,

especially in fragmented landscapes (Bacles et al., 2006). Oceanic archipelagos are an

extreme example of a naturally fragmented landscape, where islands are patches of

suitable habitat immersed in a matrix of nonsuitable habitat (sea). Thus, interisland seed

dispersal is paramount in connecting and maintaining plant populations from different

islands; otherwise extinction or differentiation into different species is expected. For this

reason, oceanic archipelagos are ideal spatiotemporal frameworks to evaluate the

efficiency of LDD syndromes in connecting isolated patches under the hypothesis that

LDD dispersal syndromes may favour interisland plant dispersal. Hence, the working

hypothesis is that species with LDD syndromes have wider distributions (number of

islands where present) than unspecialized species (Vargas et al., 2014; Heleno & Vargas,

2015). In addition, it is expected that species with LDD syndrome disperse more
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recurrently between islands, favouring the exchange of genetic material between

populations from different islands, thus a high interisland gene flow is expected.

Genetic tools to assess interisland genetic connectivity

Genetics give the opportunity of not only to trace connectivity between insular populations

but also to quantify number of dispersal events that are responsible for current

distributions of species (Vargas et al. 2015).

Genetic tools

Gene flow and population structure are evaluated using different molecular markers that

follow a mainly neutral evolution, i.e. most of their nucleotide changes are due to random

genetic drift that follow neutral selection. Nevertheless, the nature and mutation rates of

the molecular markers selected strongly influence results and hence the conclusions to be

drawn. Firstly, we have to distinguish between organelle – in plants, plastid DNA is more

reliable than mitochondrial DNA– and nuclear markers. One the one hand, plastid DNA is

maternally inherited in most angiosperms (dispersed only by seeds) and has a low

mutation rate, being often highly conserved (Petit & Vendramin, 2007). Thus, the use of

plastid markers helps reconstruction of the colonization history of the species and the

detection of historical seed flow between populations (Petit & Vendramin, 2007; Hamrick

& Trapnell, 2011). On the other hand, nuclear markers are biparentally inherited and

dispersed by pollen and seeds, experiencing higher levels of gene flow than maternally

inherited organelle DNA (Petit & Vendramin, 2007). Single sequence repeats (SSRs, also

known as microsatellites) and single nucleotide polymorphisms (SNPs) from the nuclear

genome usually have medium to high mutation rates and, for that reason, are widely used

to estimate evolutionary processes after dispersal and establishment of a species: genetic
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structure, differentiation and demographic processes of plant populations (Schlötterer,

2004; Guichoux et al., 2011; Fischer et al., 2017). Microsatellites have been the most

popular set of marker for population genetic studies for long time (Guichoux et al., 2011),

because higher variability and allelic richness provide more information than an equivalent

number of SNPs (Lozier, 2014), albeit suffer from high levels of homoplasy. However, the

advent and decreasing cost of highthroughput sequencing technologies have led to an

increase of population genetic studies that rely on the use of hundreds and thousands of

SNPs, especially focused on nonmodel organisms (e.g. MastrettaYanes et al., 2014;

Owens et al., 2016; Klimova et al., 2018). This huge amount of information is useful to

detect medium to longterm population history, since SNP mutation rate is lower than

microsatellites and hence they are likely to suffer lower homoplasy levels (Schlötterer,

2004; Hodel et al., 2017). Combining the use of nuclear markers with mediumhigh

mutation rates and plastid markers of low mutation rates help drawing further conclusions

about the colonization and demographic processes of the species (e.g. see GarcíaVerdugo

et al., 2010; Rumeu et al., 2014; Mairal et al., 2015).

Demographic history of species

Understanding the demographic history of the species may help to interpret the genetic

patterns found and hence the dispersal ability of the species and floras. Particularly in

oceanic archipelagos, number of colonization events and time of colonization influence the

degree of genetic differentiation and the probability to spread across the archipelago. For

instance, phylogenetic and phylogeographic results indicated high genetic diversity in the

Galápagos Croton scouleri, which was associated with multiple colonization events

because of presence of unrelated lineages (Rumeu et al., 2016). As another example, the

Galápagos endemic Galvezia leucantha showed weak genetic structure, which was

interpreted as the result of a relatively recent colonization of the archipelago and posterior
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interisland gene flow – despite being unspecialized for LDD (Guzmán et al., 2017). In

addition, changes in population sizes, such as bottlenecks and recent expansions as

consequence of founder events or extinctionrecolonization processes, influence genetic

diversity and genetic differentiation as well (Waters et al., 2013). Processes of extinction

recolonization and recent expansion have been reported, for example, in mangrove species

as a consequence of climatic and sealevel changes during the Quaternary (Nettel & Dodd,

2007; Pil et al., 2011; SandovalCastro et al., 2014; CerónSouza et al., 2015; Guo et al.,

2016). Population genetic tools are additionally useful to disentangle the evolutionary and

demographic history of the species. In particular, Approximate Bayesian Computation

(ABC) is a useful approach to evaluate complex demographic scenarios, selecting the most

plausible scenario based on the observed data, and estimating demographic parameters

such as diversification time, migration rate and changes in population sizes (Csilléry et al.,

2010).

Additional factors affecting plant dispersal and establishment on oceanic islands

Clarifying the effect of LDD syndromes on plant distributions and interisland gene flow is

intrinsically challenging, as there are many potential drivers that take part in the

colonization of oceanic islands (Patiño et al., 2017). Age, size and isolation of the island

directly influence the probability of arrival and establishment of species (MacArthur &

Wilson, 1967; Whittaker et al., 2008). In addition, volcanism, erosion and changes in sea

level during glacial and interglacial periods have shaped oceanic islands since emergence,

affecting species diversity, creating dispersal barriers and promoting extinction

recolonization processes (Mairal et al., 2015; Guo et al., 2016; Weigelt et al., 2016).

Indeed, palaeogeographical changes in oceanic archipelagos may confound the effects of

LDD. This is the case of some islands that have been joined in the past, where plants could

have spread across them by short distance dispersal instead of LDD over sea barriers.
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Establishment is also affected by the availability of suitable habitat or microhabitat and by

biological interactions (facilitation, competition) between different species and between

individuals of the same species (Waters et al., 2013). Finally, human activities should also

be taken into account, as it has deeply modified natural distributions of species worldwide.

It is thus important to consider these factors to better understand the relevance of LDD

syndromes in interisland colonization.

Study case

The role of LDD syndromes in interisland dispersal was evaluated in the present thesis

following two approaches: floristic and genetic analyses.

Floristic approach

Floristic analyses were performed to assess the relationship between dispersal syndromes

and species distributions. These analyses are not as accurate as genetic analyses; however,

they include a large number of species (whole floras), which make a solid inference for all

type of plants. For this aim, we selected three oceanic archipelagos: the Canary Islands, the

Azores and the Galápagos.

The Canary Islands is a volcanic archipelago located in the Atlantic Ocean, 96 km

off Northwest Africa. It is the most ancient archipelago of the three selected (max. age ca.

20 Ma; Whittaker & FernándezPalacios, 2007), and is made up of nine islands larger than

10 km2 (Fig. 1). The Canary Islands is diverse in ecosystems and species, harbouring 1

333 native angiosperm species of which about 40% are endemic (Acebes Ginovés et al.,

2010).
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The Azores archipelago is located at 1 356 km west of continental Europe, in the

Atlantic Ocean (Fig. 1). It comprises nine volcanic islands whose maximum age is 8.12

Ma (Azevedo & Ferreira, 2006). All islands share similar habitats characterized by an

oceanic climate with high humidity and mild temperatures. Azores harbours 148

spermatophyte native species of which about 30% are endemic (Schaefer et al., 2011).

The Galápagos archipelago is located on the Equator in the Pacific Ocean, about 1

000 km off continental Ecuador (Fig. 1). It is the youngest archipelago of the three, whose

oldest emerged rocks are around 4 Ma (Geist et al. 2014). Galápagos comprises 13 islands

larger than 10 km2 and numerous islets, which harbour around 500 native angiosperms of

which about 50% are endemic (Jaramillo Díaz et al., 2018).

Figure 1. Location of the three oceanic archipelagos studied in the present thesis. The worldmap image was
designed by Layerace / Freepik.
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Genetic approach

The genetic approach gives a more accurate picture of the colonization process. In turn,

representative species have to be chosen given the complexity of this type of analyses. To

evaluate the influence of LDD syndromes in interisland gene flow, three native species

from the Galápagos were selected. All of them are well distributed in all (or almost) the 13

large islands and are abundant in the xeric lowland habitat of the archipelago, but have

different LDD syndromes. Another common characteristic of the three species is that

insects are their main pollinators and thus it was assumed that differences in interisland

gene flow are caused mostly by differences in seed dispersal.

The endemic Galápagos lantana (Lantana peduncularis Andersson) belongs to the

Neotropical tribe Lantaneae of the family Verbenaceae (LuIrving & Olmstead, 2013). L.

peduncularis is a dioecious shrub with white tubular flowers that produce whitish

drupaceous fruits (endozoochorous) (Fig. 2A, B). A wide variety of insects, mostly

butterflies (Fig. 2C), pollinate this species including some birds (Traveset et al., 2013,

2015; CarriónTacuri et al., 2014). Drupaceous fruits of L. peduncularis are mainly

dispersed by lava lizards but are also consumed and dispersed by mockingbirds (Heleno et

al. 2011; Nogales et al. 2016).

Cryptocarpus pyriformis Kunth – commonly known as saltbush or monte salado –

is distributed along the coasts of Galápagos, mainland Ecuador and Peru (Wiggins &

Porter, 1971), occurring in sandy and rocky coasts. C. pyriformis is the only species of the

genus, which is included in the tribe Boldoeae together with Boldoa Cav. Ex Lagasca (23

species) and Salpianthus Humb. & Bonpl. (1 species) (Bittrich & Kühn, 1993; Douglas &

Spellenberg, 2010). C. pyriformis is a muchbranched shrub with stems of several meters,

generally scandent. Its small whitish to greenish flowers are clustered together in panicles

and are mainly pollinated by insects and finches, although ants are the most frequent
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visitor recorded in the Galápagos (Traveset et al., 2013). Fruits are small, pearshaped and

have a corky consistency that helps float on saltwater (pers. obs.; thalassochorous) (Fig.

2DF).

Waltheria ovata Cav. is a perennial shrub of the subfamily Byttnerioideae, family

Sterculiaceae and order Malvales. Waltheria comprises 55 species distributed mainly in the

neotropics (Alverson et al., 1999; Whitlock et al., 2001; Richardson et al., 2015). W. ovata

is highly variable in leaf size and shape, which are alternate and simple. The small and

yellow flowers are clustered in axillary and terminal glomerules and produce oneseeded

dry fruits (Wiggins & Porter, 1971). Insects are the main pollinators of W. ovata in

Galápagos, including an introduced wasp (Polystes versicolors), the endemic lepidoptera

Agraulis vanillae and the endemic carpenter bee (Xylocopa darwini) as main floral visitors

(Traveset et al., 2013). In addition, few generalist bird species have been reported as

effective pollinators of this species, although their floral visits are low compared with

those of insects (HervíasParejo & Traveset, 2018). By contrast, nothing is known about

seed dispersal of W. ovata. The absence of morphological specialization to dispersal of

seeds and fruits led to its classification as unspecialized by Vargas et al. (2012, 2014), but

actual means of dispersal are totally unknown (Fig. C). Specifically, to our knowledge, no

previous studies of seed dispersal have reported the presence of undamaged seeds of W.

ovata in droppings or pellets of Galapagos vertebrates (Heleno et al., 2011, 2013; Nogales

et al., 2016; Traveset et al., 2016).
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Figure 2. Galápagos species studied in this thesis. A) Lantana peduncularis. B) Fleshy fruits of L.
peduncularis. C) Flowers of L. peduncularis are mainly pollinated by lepidoptera, in the picture Urbanus
gallapagensis. D) Cryptocarpus pyriformis. E) Fruits of C. pyriformis with corky consistency and only one
seed. F) Frequently, ants visit C. pyriformis flowers, in the image Monomorium floricola c.f.. G) Waltheria
ovata. H) Flowers of W. ovata are mainly pollinated by insects, in the image the carpenter bee Xylocopa
darwini and I) Danaus gillippus. Photos taken by the members of the Galápagos field work team (Ruben
Heleno, Pablo Vargas, Manuel Nogales, Beatriz Rumeu, Beatriz Guzmán, Anna Traveset and Yurena Arjona).
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Hypothesis, objectives and thesis structure

Certain advantages have been attributed to LDD syndromes regarding islandflora

distributions and interisland gene flow (e.g. GarcíaVerdugo et al., 2014; Vargas et al.,

2014; Heleno & Vargas, 2015), but a strong conclusion at this respect has not been reached

yet. In the present thesis dissertation we evaluate the role of LDD syndromes in inter

island dispersal. Our working hypothesis is that species with LDD syndromes have

advantage in interisland dispersal and hence they will show wider distributions and higher

geneflow rates than LDDunspecialized species. To test this hypothesis, floristic and

genetic analyses are employed. Particularly, we address the following objectives: i) to

evaluate the relationship of LDD syndromes and species distribution of whole floras of

three oceanic archipelagos (Vargas et al., 2014; Heleno & Vargas, 2015); ii) to analyse

genetic structure, population differentiation and gene flow using three species of

Galapagos representing three of the LDD syndrome categories (endozoochorous,

thalassochorous and unspecialized); and iii) to contrast the results between the three

species considering demographic histories of each species (colonization time, migration

rate with the continent and changes in population size).

This thesis dissertation is structured in four chapters to address the objectives above

mentioned.

 Chapter 1. This first chapter is linked to the first objective of the thesis (floristic

analysis). We test whether LDD syndromes have favoured wider species distribution

across the Canary Islands. For this aim, generalized linear models (GLM) are employed

and their significances are recalculated by randomization tests. In addition, the

geodynamics of the archipelago and the colonization time of the species are considered as

factors that could have influenced interisland dispersal. Using the same methodology, data

from Galápagos lowland flora (Vargas et al., 2014) and from Azores flora (Heleno &
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Vargas, 2015) are reanalysed.

 Chapter 2. This chapter is the first to address the second objective of the thesis, i. e.

population genetics of the endozoochorous Galápagos endemic Lantana peduncularis. A

combination of nuclear and plastid DNA sequences obtained using nextgeneration and

Sanger sequencing, respectively, are used to estimate genetic structure, differentiation and

gene flow across Galápagos populations. In addition, a literature review of genetic insular

studies worldwide is performed searching for common patterns of interisland dispersal of

endozoochorous species.

 Chapter 3. The second objective of the thesis dissertation is addressed in this chapter by

evaluating population genetics and gene flow of the thalassochorous Cryptocarpus

pyriformis across the Galápagos. In addition to population genetic analyses, the cost of

interisland dispersal imposed by sea current direction and speed is calculated and further

compared with genetic differentiation between populations. A significant relationship

between seacost and genetic distances is expected if sea currents are indeed the main

dispersal vector of this species connecting islands.

 Chapter 4. This chapter addresses the second objective by evaluating the population

genetics and gene flow of the LDDunspecialized Waltheria ovata across the Galápagos. In

addition, chapter 4 addresses the third objective of the thesis by comparing the results of

the genetic analyses for the three Galápagos species chosen (the endozoochorous L.

peduncularis, the thalassochorous C. pyriformis and the unspecialized W. ovata). Finally,

alternative demographic scenarios and the estimation of demographic parameters such as

colonization time, migration rate and changes in population size are performed within an

ABC framework. Information of demographic history of the species will help to interpret

and to better compare the genetic results of the three species in order to draw conclusions

about their dispersal ability.
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Abstract

Oceanic islands emerge lifeless from the seafloor and are separated from continents by

long stretches of sea. Consequently, all their species had to overcome this stringent

dispersal filter, making these islands ideal systems to study the biogeographic implications

of longdistance dispersal (LDD). It has long been established that the capacity of plants to

reach new islands is determined by specific traits of their diaspores, historically called

dispersal syndromes. However, recent work has questioned to what extent such dispersal

related traits effectively influence plant distribution between islands. Here we evaluated

whether plants bearing dispersal syndromes related to LDD – i.e. anemochorous

(structures that favour wind dispersal), thalassochorous (sea dispersal), endozoochorous

(internal animal dispersal) and epizoochorous (external animal dispersal) syndromes –

occupy a greater number of islands than those with unspecialized diaspores by virtue of

their increased dispersal ability. We focused on the native flora of the lowland xeric

communities of the Canary Islands (531 species) and on the archipelago distribution of the

species. We controlled for several key factors likely to affect the role of LDD syndromes in

interisland colonization, namely: island geodynamic history, colonization time and

phylogenetic relationships among species. In addition, we reanalysed data from Azores

and Galápagos floras obtained from recent publications. Our results clearly show that

species bearing LDD syndromes have a wider distribution than species with unspecialized

diaspores. In particular, species with endozoochorous, epizoochorous and thalassochorous

diaspore traits have significantly wider distributions across the Canary archipelago than

species with unspecialized and anemochorous diaspores. All these findings offer strong

support for a greater importance of LDD syndromes on shaping interisland plant

distribution in the Canary Islands than in other archipelagos, such as Galápagos and

Azores.





Longdistance dispersal syndromes matter: diaspore–trait effect on shaping plant distribution across the Canary
Islands and reanalysis of data from Azores and Galápagos

41

Introduction

Colonization of new territories is a twostage process defined by the arrival of organisms

and the establishment of viable populations (MacArthur and Wilson 1967). Dispersal of

organisms, particularly longdistance dispersal (LDD), is recognized as a key process that

determines the arrival of colonizing propagules in remote territories and influences the

composition of biological communities and species distribution (Carlquist 1981, Nathan

2006). This process is particularly critical for the colonization of oceanic islands – i.e.

those that were never connected to continental landmasses (Gillespie and Clage 2009), and

that therefore can only be colonized by species that successfully overcome long stretches

of sea via LDD (MacArthur and Wilson 1967, Gillespie et al. 2012). For this reason,

oceanic islands offer an ideal framework to study LDD processes in a biogeographical

context (Vargas et al. 2012).

How plants reach these territories amidst the ocean has historically intrigued

scientists (Darwin 1859, Ridley 1930). However, the low frequency of diaspore arrival

makes this LDD process virtually impossible to observe (Higgins et al. 2003, Nathan

2006, Vargas 2007), hindering conclusions on the effectiveness of the different

mechanisms involved in the dispersal of pr2opagules to islands (Vargas et al. 2012).

Indirect evidence is provided by dispersal syndromes (van der Pijl, 1982), i.e.

morphological traits of the diaspores that are related to the dispersal ability of plants and

are therefore likely affecting their distribution (Ridley 1930, Higgins et al. 2003). Among

all dispersal traits, only those associated with wind (anemochory), sea (thalassochory) and

animal dispersal (endo and epizoochory) could favour plant LDD to oceanic islands

(Carlquist 1967). These morphological specializations related to particular dispersal

vectors are known as LDD syndromes (Vargas et al. 2012). Traditionally, the dispersal

vectors responsible for seed movements were directly inferred from the morphological
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traits of the diaspores, e.g. plant species with winged diaspores were assumed to have been

transported long distances by wind. Those means of dispersal that match with the dispersal

syndromes borne by the plant are known as standard means of dispersal (sensu Higgins et

al. 2003). Nevertheless, recent studies have revealed that many plants with unspecialized

diaspores have also successfully colonized remote territories (Vargas et al. 2014; Heleno

and Vargas 2015), suggesting that nonstandard means of dispersal play an important role

in LDD (Higgins et al. 2003, Nogales et al. 2012). Due to the difficulty in making reliable

inferences regarding the actual means of plant dispersal, a more objective approach to

address LDD processes in colonization of oceanic islands is to assess whether species with

particular dispersal syndromes have been favoured in the formation of insular floras (see

Vargas et al. 2012, Heleno and Vargas 2015). Leaving aside speculations about how plants

reached islands, this new approach allows a probabilistic evaluation of the importance of

the different LDD syndromes for island colonization.

In order to study the relationship between plant traits and their dispersal ability, most

studies have focused on the colonization of archipelagos from the continental source floras

(Jordan 2001, Vargas et al. 2012, Heleno and Vargas 2015). In this work we adopted a

different approach, evaluating the colonization of different islands within a single

archipelago, which can also provide valuable information regarding the effectiveness of

LDD strategies (Vargas et al. 2014, Heleno and Vargas 2015). Although the distances are

generally shorter than between continents and archipelagos, dispersal between islands is

also considered LDD since diaspores have to cross significant sea barriers (Nathan 2006).

Few studies addressed this intraarchipelago approach at the flora level, and primarily

suggested only a very weak effect of the dispersal syndrome on plant distribution, contrary

to what was expected. Among them, Vargas et al. (2014) detected only a small

improvement on the colonization ability of thalassochorous plants in Galápagos over
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plants with any other dispersal syndromes, and Heleno and Vargas (2015) detected only a

small advantage for endozoochorous diaspores in the Azores. In both archipelagos, plants

with the other LDD syndromes did not seem to have any direct benefit regarding their

colonization ability. It is thus still difficult to generalize the importance of dispersal traits

for islands colonization, and the question remains as whether LDD syndromes affect plant

distribution in other archipelagos.

The Canary Islands (NE Atlantic Ocean) is an ancient volcanic archipelago (max.

age ca. 20 Ma; Whittaker and FernándezPalacios 2007). This archipelago is made up of

nine islands larger than 10 km2, and harbours 1333 native angiosperm species, mostly of

Mediterranean origin. Several studies, albeit including single species, have focused on

interisland movements and colonization in the Canaries (e.g. GarcíaVerdugo et al. 2010;

FernándezMazuecos and Vargas 2011), but an overall analysis for the assemblage of the

whole flora is still lacking. Clarifying the effect of LDD syndromes on plant distribution is

intrinsically challenging, as there are many potential drivers that shape plant distribution

patterns. This is particularly true in an ancient archipelago like the Canaries, where plant

species ages are very heterogeneous. For example, the endemic Anagyris latifolia,

diverged from its continental sister species ca. 8.20 Ma ago (OrtegaOlivencia et al. 2009),

while the endemic Cistus horrens diverged much more recently, ca. 0.29 Ma ago (Guzmán

and Vargas 2010). This implies that, regardless of their dispersal potential, both species

have had remarkably different timewindows and therefore, opportunities to colonize other

islands within the archipelago. Geological changes are another important factor where

alterations in sea level (eustasy) and erosion shaped the Canaries since their formation

(Weigelt et al. 2016). Specifically, Fuerteventura, Lanzarote, La Graciosa, Alegranza and

some islets were temporarily joined into the large palaeoisland called ‘Mahan’ during the

Last Glacial Maximum (ca. 20 000 years ago; Rijsdijk et al. 2014). The presence of some
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plant species on these islands could therefore be the result of shortdistance dispersal on

land rather than LDD. It is thus vital to consider such factors to better understand the

relevance of LDD syndromes in interisland colonization. The wellknown geological

dates of individual island emergence and the numerous studies on the Canarian flora make

this Atlantic archipelago an ideal scenario for a research on interisland colonization.

In this paper, we test whether LDD syndromes have favoured wider plant species

distributions across the Canary Islands, thus assessing the importance of diaspore traits in

interisland colonization within the archipelago (e.g. Vargas et al. 2014; Heleno and Vargas

2015). Importantly, we improved previous methodology by explicitly considering the

geodynamics of the archipelago and the arrival time of plant species. As a consequence,

we also reanalysed data from Galápagos lowland flora (Vargas et al. 2014) and from

Azores flora (Heleno and Vargas 2015). Our working hypothesis is that angiosperm

species with LDD syndromes (i.e. anemochorous, thalassochorous, endozoochorous and

epizoochorous) have broader distributions, i.e. are present on more islands, than

unspecialized plant species (Ridley 1930; van der Pijl 1982). Specifically, we address the

following questions: 1) Are species bearing LDD syndromes represented on more islands

than plants with unspecialized diaspores? 2) Which, if any, of the syndromes related to

LDD were more successful in interisland colonization? 3) Do the results vary when

considering other factors that influence plant species distributions, such as the geodynamic

history of the archipelago and species colonization time?
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Material and methods

Our study was based on the following assumptions:

1) Once species arrived in the archipelago they had the same opportunity for interisland

colonization as those originated within the archipelago (see Heleno and Vargas

2015).

2) All species had a single origin as long as there is no phylogenetic or

phylogeographical evidence for multiple colonizations of the same species. When

more than one lineage originated by different colonization events were detected for a

single species, we considered them as statistically independent observations (see

Vargas et al. 2012, Heleno and Vargas 2015).

3) Endemic species have been in the archipelago for longer than nonendemic species

(enough time for the accumulation of sufficient genetic changes for them be

considered separate species; see Vargas et al. 2012).

The Canarian flora

The Canary Islands are located in the Atlantic Ocean between 2729o N and 1318oW, 96

km off northwest Africa. Seven main islands (Lanzarote, Fuerteventura, Gran Canaria,

Tenerife, La Gomera, El Hierro and La Palma), two smaller islands (>10 km2, La Graciosa

and Alegranza) and several islets constitute this oceanic archipelago, whose oldest exposed

rock emerged ca. 20 Ma ago (Whittaker and FernándezPalacios 2007). The angiosperm

flora comprises 1333 native species, about 40% of which are endemic (Acebes Ginovés et

al. 2010). Acebes Ginovés et al. (2010) classified the native species into three groups

expressing different degrees of their nativestatus certainty: ‘certain natives’ (including all

endemics), ‘likely natives’ and ‘suspected natives’. We analysed two groups: one including
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only certainnatives and the other formed by certain and likelynatives. Species

classifications depend on the floristic knowledge at a particular point in time; advances in

this knowledge will thus introduce changes in the number of species as well as in their

native status, so floristic lists should be used with caution (Schaefer et al. 2011). Indeed,

more recent genetic data and phylogeographical reconstructions clearly support a native

status for some Canarian plants such as Cistus monspeliensis (FernándezMazuecos and

Vargas 2011) that were considered ‘likely natives’ (Acebes Ginovés et al. 2010). The aim

of using different lists in our study was to assess the impact of the accuracy level on the

nativestatus criteria in the analysis of diaspore syndrome and species distributions (see

Vargas et al. 2012). In order to assure that species distribution is determined by the arrival

of diaspores rather than by the lack of suitable habitat available for recruitment, we only

considered plant species occurring in the lowland xeric shrub communities, a habitat that

can be found on all the islands studied (del Arco Aguilar 2006). Additionally, after

reviewing the literature looking for evidence of multiple origins of these species we found

that only Scrophularia arguta underwent at least three colonization events (Valtueña et al.

2016). Consequently, three independent lineages of S. arguta were included in the datasets

as if they were independent species. As a result, we separately analysed 389 (hereafter

‘certainnative’ dataset) and 533 (hereafter ‘certainandlikelynative’ dataset) lowland

plant species.

Dispersal syndrome assignment

Species were categorized according to diaspore morphological traits related to LDD. We

considered diaspores with structures that favour wind dispersal (wings, pappus) as having

anemochorous traits; structures for floatability and survival in sea water (corky tissues, air

chambers) as thalassochorous traits; fleshy and nutritive tissues attracting animal ingestion

and dispersal as endozoochorous traits; and external animal dispersal structures (hooks,
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sticky substances) as epizoochorous traits (Vargas et al. 2012, 2014, Heleno and Vargas

2015). All the remaining species whose diaspores have no evident specialization towards

LDD were classified as ‘unspecialized’. This category includes plant species with

syndromes limited to short distance dispersal, such as myrmecochory, autochory, as well

as species without specific structures associated with dispersal, independent of their

diaspore size (Heleno and Vargas 2015). Minute seeds were considered part of the

unspecialized group unless they had morphological features directly related to LDD.

Baseline information used for syndrome assignation was retrieved from plant and diaspore

descriptions from published floras (e.g. Tutin et al. 1980, Castroviejo 19862012,

Bramwell and Bramwell 2001), from the direct study of herbarium specimens and personal

experimentation. This information was further crosschecked and complemented with

information available from online databases (D3 [Hintze et al. 2013], SID [Royal Botanic

Garden Kew 2015], Global Plants [JSTOR 2014]). For a detailed guide of syndrome

categorization see Appendix S1 in Heleno and Vargas (2015).

After syndrome assignment we found 17 and 27 species with more than one LDD

syndrome (diplochorous species sensu Vargas et al. 2015) in certainnative and certain

andlikelynative datasets, respectively. These species represent only about 5% of the total

in each case and were excluded from our analysis for simplicity. Finally, the total number

of species considered was 372 in the certainnative dataset and 506 in the certainand

likelynative dataset (Table 1).

Species distribution

The distribution of each species was estimated by the number of islands where the plant

was found. In order to evaluate the potential effect of the geodynamic history of the

archipelago, each species distribution was calculated in two ways, one based in the number
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of current islands occupied – those larger than 10 km2 (maximum of nine islands) – and

the other based on the number of palaeoislands occupied (maximum of six palaeoislands)

(Fig. 1). Plant species distributions were obtained from the literature (Acebes Ginovés et

al. 2010 for the seven main islands; Kunkel 1971 for Alegranza and La Graciosa).

Table 1. Number of Canary plant species bearing diaspores with different LDD syndromes analysed in this
study (see main text). Proportions of endemic species included in each category are shown in brackets.

*Lowland species (see main text).

Figure 1. (A) The Canaries nowadays, formed by nine islands of more than 10 km2. (B) The Canaries at the
Last Glacial Maximum (six palaeoislands). Adapted by permission from Macmillan Publishers Ltd: Nature
(Weigelt et al., 2016), copyright (2016).
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Time since colonization

Two approaches were used to assess the effect of timesincecolonization in the analyses:

1) species divergence time extracted from the literature; 2) the endemic status of each

species as a proxy for the time that it has been present in the Canaries. For the first

approach, we reviewed published timecalibrated phylogenies of Canarian lowland species

and selected those species for which a divergence time from its sister taxon or group was

available. All poorly resolved phylogenies were discarded, leaving a subset of 29 dated

lowland species (Table S1 in supporting information). For the second approach, we

analysed the two species datasets considering the endemic status of each species as a proxy

for the time they have been on the island, under the assumption that endemic species tend

to have arrived earlier than nonendemic species.

Galápagos and Azorean floras

Data of the Azorean native flora and the Galápagos lowland native flora were obtained

from Heleno and Vargas (2015) and Vargas et al. (2014), respectively. Syndromes were

already assigned to each species based on diaspore morphology, following the same

methodology described above. When it was necessary, improvements in the LDD

syndrome assignment were introduced based on new evidences found on recent

publications (e.g. Esteves et al. 2015) and personal observation. Species distribution in

Galápagos was updated following the last version of the angiosperm checklist (Jaramillo

Díaz et al. 2018) and personal observation during yearly field trips. Moreover, besides the

distribution based on current islands larger than 10 km2 (13 in Galápagos and 9 in Azores),

distribution based on palaeoislands was for the first time taken into account in the

analyses. In Galápagos, Santa Cruz, Santa Fe, Isabela, Fernandina, Pinzón and Santiago

are known as the ‘core’ islands because the seabed that separates them is not deeper than
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200 m and it was exposed several times during glacial periods in the last million years (Ali

and Aitchison 2014). For that reason, a maximum of 7 Galápagos palaeoislands was

considered in the analyses. In Azores, only the islands of Faial and Pico were temporally

united during glacial periods forming the island of Laurinsula (Rijsdijk et al. 2014), thus a

maximum of 8 palaeoislands was considered for this archipelago.

Statistical analyses

The effect of LDD syndromes on plant distribution was evaluated using Generalized

Linear Models (GzLM). Two sets of models were fitted, for both of them the response

variable was species distribution. However, the predictor variable was either a twolevel

categorical variable (with an LDD syndrome or not) or a fivelevel categorical variable

defined by the morphological structures of the diaspore (endozoochorous, epizoochorous,

anemochorous, thalassochorous, and unspecialized diaspores). The two models were run

several times with some modifications to address the different factors, namely:

1. Geodynamic history (current islands vs. palaeoislands). The two models were run

twice, each time considering distribution (response variable) as the number of

current islands or palaeoislands.

2. Native status effect (certainnative vs. certainandlikelynative datasets), using either

of the two Canarian datasets.

3. Time effect (1) – only for the Canary Islands. The models were repeated using a

subset of species whose divergence time was obtained from the literature. A second

predictor variable was included in the model; it was a twolevel factor that groups

the species into ‘recent’ (those that diverged during the Pleistocene, < 2.6 Ma) and

‘old’ species (that diverged before the Pleistocene, > 2.6 Ma). The interaction of the
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two predictor variables was also considered. The aim was to test if older species are

present on more islands than more recent ones and if this distribution is related to the

species dispersal syndrome.

4. Time effect (2). For this approach we included a second predictor variable

‘endemicity’ in the models, a categorical variable with two levels: endemic and non

endemic native, as proxies for ancient and recent colonization respectively. The

interaction of the two predictor variables was also considered.

A Poisson distribution was used to deal with count data (number of islands) and

whenever necessary overdispersion in our models was corrected using the quasiPoisson

distribution for the error term. When an overall syndrome effect was found, pairwise

comparison tests (Tukey test) were performed to detect the differing interisland

distributions of each dispersal syndrome. Because our data did not properly satisfy the

canonical assumptions of GzLM, we recalculated all P values based on a randomization

method where the response variable was resampled randomly from the original dataset to

rerun all models. This procedure was repeated 100,000 times to produce a distribution of

nullmodel (random) outcomes. We then compared the results of the model run with the

observed data to the nullmodel frequency distribution, to determine the probability that

these results were obtained by chance. The advantage of using a randomization method is

that it creates its own frequency distribution, eliminating the assumptions of normality and

homocedasticity (Manly 1991).

Finally, although each species was considered as a working unit, some of them

belong to the same colonizing lineage that diversified in the archipelago, so not all the

observations are independent. To test the influence of the phylogenetic relationship in the

results we repeated the analyses including only singlespecies lineages. All analyses were

performed and represented using packages car (Fox and Weisberg 2011), lsmeans (Lenth
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2016), multcomp (Hothorn et al. 2008), RVAideMemoire (Hervé 2016) and ggplot2

(Wickham 2009) in R v. 3.2.3 (R Core Team).

Results

Dispersal syndrome effect on species distributions

Plants with any of the LDD syndromes have significantly wider distributions across the

Canary Islands than those with unspecialized diaspores (χ2 = 11.39, df = 1, P < 0.001; Fig.

2A). We detected significant differences in the number of islands (i.e. interisland

distribution) occupied by plants bearing different dispersal syndromes; specifically, plants

with epizoochorous, endozoochorous and thalassochorous traits have significantly broader

distributions than species with unspecialized or anemochorous diaspores (Fig. 2B and

Table S2 in supporting information).

Incorporating geodynamics: nine current islands vs. six palaeoislands

Models that considered plant distribution as the number of palaeoislands where species

are present gave similar results to those using the number of current islands. Species

bearing a LDD syndrome are present on more palaeoislands than unspecialized species (χ2

= 10.06, df = 1, P = 0.002). Similarly, multiple comparison tests based on the distribution

of plants across the six palaeoislands also showed that endozoochorous, epizoochorous

and thalassochorous species have wider distributions than those with anemochorous and

unspecialized diaspores (Table S2 in supporting information).

Incorporating the effect of species native status certainty

The overall syndrome effect in plant distribution did not differ when considering either
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only the certainnative plant species, or both all certain (372 species) and likelynative

(134 species) species altogether. In both analyses, plants with endozoochorous,

epizoochorous and thalassochorous traits had broader distributions than those with

anemochorous and unspecialized diaspores (Table S2 in supporting information).

Figure 2. Mean distribution (number of current islands) of certainnative lowland species of the Canary
Islands. (A) Distribution of species with and without LDD syndromes. The three asterisks indicate a
statistically significant difference between groups (α = 0.001). (B) Distribution of species with
anemochorous (ANE), endozoochorous (END), epizoochorous (EPI), thalassochorous (THA) and
unspecialized (UNS) diaspores. Letters indicate the results of the posthoc comparison. Those groups with
statistically supported differences (at α = 0.05) are shown with different letters. Error bars indicate the
standard error of the mean.

Incorporating colonization time

A review of the literature yielded divergence times for 29 lowland species (Table S1 in

supporting information), most of them endemic. Despite the reduced statistical power due

to the small sample size, this data showed that older species (> 2.6 Ma) tend to occupy a

larger number of islands than more recent species. Furthermore, we again detected that

species with LDD syndromes have broader distributions than unspecialized species (Table

2A). Nevertheless, no significant interaction was detected between the age and the

presence or absence of LDD syndromes (χ2 = 0.03, df = 1, P = 0.875) and hence it was not

considered in the model for further analyses.
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Table 2. Summary of multiple comparison Tukey posthoc tests performed with the models that consider the
influence of the following factors on the role of LDD syndromes in shaping plant distribution across the
Canary Islands (measure as mean number of current islands occupied): (A) divergence time of a subset of 29
species obtained from the literature; (B) endemic status as a proxy of colonization time; and (C) phylogenetic
relationships among species considering a singlespecies lineage subset of the certainnative dataset. Only
the main effects of the predictor variables were considered. P values were recalculated using randomization
tests. The comparisons with significant differences at α = 0.05 are highlighted in bold. END =
endozoochorous, EPI = epizoochorous, ANE = anemochorous, THA = thalassochorous syndrome, UNS =
unspecialized.

Results considering plant endemicity status as a proxy of species colonization time

showed that plant distribution across the Canary Islands differed significantly between

endemic and nonendemic plant species (Table 2B). In this case, endemic species show
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narrower geographic distributions than nonendemics (2.42 ± 1.95 vs. 4.99 ± 2.32 islands,

respectively). LDD syndromes significantly influenced plant distribution as well;

particularly, endozoochorous, epizoochorous and thalassochorous species have a broader

distribution than unspecialized and anemochorous plants (Table 2B). Nevertheless, the

analyses considering palaeoislands and certainandlikelynative dataset revealed that

only the endozoochorous and epizoochorous plants had wider distributions in most of the

cases (Table S3 in supporting information). The interaction of both predictor variables

(‘syndrome’ and ‘endemicity’) was not significant (χ2 = 4.45, df = 4, P = 0.349) and hence

it was not considered in the model for further analyses.

Independence of each observation: singlespecies lineages

The analyses considering only monotypic lineages (n = 132) gave quite similar results.

Endozoochorous and epizoochorous syndromes favour a broader plant distribution than

unspecialized and anemochorous syndromes in all the cases (Table S4 in supporting

information). Thalassochorous plants have wider distributions than unspecialized and

anemochorous species only when we considered the number of current islands as the

response variable for the model and excluded likelynative species (Table 2C).

Reanalyses of Galápagos and Azorean data

Plants with LDD syndromes tend to occur in more islands than unspecialized species in

both archipelagos, but this result was not statistically supported neither in Galápagos nor in

Azores (F = 2.453, d.f. = 1, P = 0.119; F = 0.859, d.f. = 1, P = 0.364; respectively; Fig. 3A

and C). Furthermore, none of the four LDD syndromes significantly favour species wide

distribution in any of both archipelagos (Galápagos: F = 1.337, d.f. = 4, P = 0.252; Azores:

F = 1.303, d.f. = 4, P = 0.258). However, endozoochorous plants in Azores tend to occur in
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Figure 3. Mean distribution (number of current islands) of native species from Azores and Galápagos. (A)
Distribution of Azorean species with and without LDD syndromes. (B) Distribution of Azorean species with
anemochorous (ANE), endozoochorous (END), epizoochorous (EPI), thalassochorous (THA) and
unspecialized (UNS) diaspores. (C) Distribution of lowland native species of Galápagos based on the
presence/absence of any LDD syndrome. (D) Distribution of the Galápagos lowland native species classified
based on their longdistance dispersal syndrome. Letters in (B) and (D) indicate the results of the posthoc
comparison. Those groups with statistically supported differences (at α = 0.05) are shown with different
letters. Error bars indicate the standard error of the mean.

more islands than the rest of the species; and anemochorous and unspecialized species tend

to have narrower distributions in both archipelagos (except for epizoochorous species in

Azores; Fig. 3B and D).

These results did not notably change when considering palaeoislands instead of

current islands in accounting for species distribution. The inclusion of the second

predictor, plant endemicity, did not render any statistically supported result either (see

Table S5 in supporting information). Due to the unfruitful results we did not repeated the

analyses considering only singlespecies lineages in neither of the two archipelagos.
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Discussion

Our analyses consistently revealed that Canary angiosperms bearing diaspores with traits

related to endozoochory, epizoochory and thalassochory are more widely distributed

among the islands of the archipelago than plant species with anemochorous or

unspecialized diaspores. This result was not affected on considering the geodynamic

history of the archipelago, or an expanded list that includes species whose native status is

not completely certain (likelynatives). When using phylogenies to assess species

relationships on the one hand, and endemicity data as a proxy of species time in the

archipelago, on the other hand, the presence of animal dispersal syndromes continued to be

significantly associated with broader distributions.

Importance of dispersal syndromes for LDD

Birds are frequently considered the main vector for transporting seeds to oceanic islands,

either internally after ingestion, or externally adhered to their feet, feathers and beaks

(Ridley 1930, Viana et al. 2016). This is coherent with our finding that plant species with

endozoochorous and epizoochorous syndromes have been favoured in interisland

dispersal across the Canary archipelago (Fig. 2B). The importance of the endozoochorous

syndrome in promoting the colonization of the Canaries by plants was already stressed by

Bramwell (1985). Indeed, phylogenetic studies confirm that fleshyfruited plants have

been particularly successful in multiple colonization events from the continents to

Macaronesia (see Vargas 2007). Further examples show the role of endozoochorous traits

favouring interisland colonization within the Canaries (Olea, GarcíaVerdugo et al. 2010)

and Azores (Picconia, Ferreira et al. 2011; Juniperus, Rumeu et al. 2011a). These results
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are consistent with a recent metaanalysis in which fleshy fruits appear to have been

related with wide interisland distributions in several oceanic archipelagos (García

Verdugo et al. 2014). In comparison, the role of epizoochorous syndromes in favouring

island colonization has been addressed less frequently (Sorensen 1986, Aoyama et al.

2012, Vazačová and Münzbergová 2014). Nevertheless, it has been shown that species

without any specialization toward animal dispersal can also be effectively transported by

them; this phenomenon is considered a nonstandard mean of dispersal (Higgins et al.

2003, Nogales et al. 2012, Heleno et al. 2013b, a). Some examples of this are the transport

of small seeds in mud attached on birds’ feet (Darwin 1859, Ridley 1930), and the

ingestion of unspecialized diaspores by granivorous birds (Heleno et al. 2011).

Independently of the actual mean of plant dispersal, our results confirmed that species

bearing diaspores with specializations promoting animal dispersal – i.e. fleshy pulp, bright

colours and adhesion structures such as hooks or barbs – have had a clear and consistent

advantage over unspecialized species in interisland colonization.

Plant species with seadispersal specializations tend to be associated with coastal

habitats, and are often considered as important pioneers species in island colonization

(Ridley 1930, Magnússon et al. 2014). Although sea currents can occasionally transport

diaspores regardless of their specialization (e.g. in a raft), those able to float and survive

long seawater immersion have clear advantages in colonizing oceanic islands (Higgins et

al. 2003, Heleno and Vargas 2015). Significant interisland colonization of the Canaries by

plants with thalassochorous traits is supported by our results. Some Canary Island native

species show an important potential for sea dispersal not only within but also between

archipelagos as suggested by Romeiras et al. (2016) for Amaranthaceae species.
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Wind has also been considered an important vector carrying propagules to remote

archipelagos (Ridley 1930, Muñoz et al. 2004). However, Carlquist (1974) found that

anemochorous traits have little importance in explaining species arrival from the continent

to Hawai’i. Indeed, the geographical and genetic isolation of island populations has been

hypothesized to promote evolution towards loss of structures aiding aerial transport (e.g.

pappus or plumose hairs) and larger diaspore sizes, and therefore a more limited dispersal

ability (Carlquist 1974, Cody and Overton 1996, Kavanagh and Burns 2014). This may

explain the significantly limited distribution of anemochorous species found in the present

study (Fig. 2B). In contrast, Vazačová and Münzbergová (2014) found that certain species

were better dispersed by wind to the youngest and westernmost island of the Canaries (El

Hierro), although they found no relationship between dispersal traits and overall species

distribution across the Canary Islands. Further research confirming the poor dispersal

ability of anemochorous plants and disentangling the causes behind their limited

distribution is necessary.

Interisland colonization patterns in different archipelagos

Quantitative assessments of the importance of LDD syndromes on the distribution of

island floras have been previously performed for the Galápagos (Vargas et al. 2014) and

the Azores (Heleno and Vargas 2015). Here we reanalysed the updated data used by these

authors following the same methodology applied to the Canary Island lowland flora – i.e.

use of randomization test to obtain more accurate P values and consideration of

archipelago geodynamic and endemic status of the species as factors that may influence

species distribution. In contrast to the conclusions of both studies, our results did not show

that having LDD syndrome influence plant distribution in any of the archipelagos.

Nevertheless, we could find some common patterns looking at the results of the three

archipelagos altogether: (i) a high proportion of unspecialized species is found in all the
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archipelagos (Canaries 57%, Galápagos 48% and Azores 55%) and tend to have more

restricted distributions than species with LDD syndromes; (ii) among plants with

specialized diaspores, anemochorous species have narrower distributions (although

significant results have been found only in the Canary Islands); and (iii) endozoochorous

species have broader distributions than those without this syndrome in the Canaries and

the Azores. In addition, and in contrast to what Vargas et al. (2014) reported, our results

did not support that thalassochorous species have wider distributions compared to

endozoochorous and epizoochorous species in Galápagos. This highlights the importance

of comparing results obtained using the same methodology and we encourage using it to

analyse the flora of other oceanic archipelagos.

Divergent results regarding the importance of LDD syndromes between archipelagos

can be expected based on the archipelagospecific characteristics, such as age, area and

isolation, different biotic interactions, and evolutionary histories. Nevertheless, the high

percentage of unspecialized species found within each of these three archipelagos clearly

points to the importance of nonstandard dispersal events in current plant distribution

(Nogales et al. 2012, Heleno and Vargas 2015).

Additional factors affecting species distributions

Species distributions are the result of ecological and evolutionary processes (Vellend and

Orrock 2009). Speciation, extinction, island isolation, biotic interactions, island area,

habitat suitability, human influence and time since arrival are some of the main factors that

determine plant diversity and distribution within archipelagos (Patiño et al. 2017).

Disentangling the importance of diaspore dispersal syndromes from among all these

drivers remains an important challenge. Here, we performed several analyses in order to

begin to elucidate the effects of some of these factors, namely habitat suitability (selecting
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a common habitat present on all islands), human influence (using only native species),

time (considering species divergence times and comparing endemic vs. nonendemic

species), and the potential influence of phylogenetic relationships among species (single

species lineage analysis).

Species arrival time is likely an important factor influencing plant distribution. Our

analyses of the 29 dated species resulted in wider distributions for older than more recent

species (Table 2A). However, the analyses of the whole dataset showed that endemic

species (that are assumed to be old) have narrower distributions than nonendemic species

(assumed to be the result of recent colonizations) (Table 2B). These apparently

contradictory results may be the consequence of factors other than the arrival time

conditioning the endemic status of the species. Lack of LDD ability of the species

favouring a genetic exchange between distant populations is one potential factor. In fact,

anemochorous and unspecialized species – species with overall narrower distributions –

were more numerous among endemic than nonendemic species (95% vs. 66%,

respectively). Interestingly, regarding endemic species, some of the most diverse plant

genera in the archipelago are anemochorous or unspecialized, such as Sonchus (Kim et al.

1996), Echium (GarciaMaroto et al. 2009), Lotus (Allan et al. 2004), Argyranthemum

(FranciscoOrtega et al. 1997), Aeonium (Mort et al. 2002) and Sideritis (Barber et al.

2002). In contrast, most of the widespread endozoochorous endemic species belong to

singlespecies lineages (e.g. Plocama pendula, Bosea yervamora and Dracunculus

canariensis). In the light of our results, the different number of endemic species among

lineages can also be explained by considering that species with lower dispersal abilities –

i.e. anemochorous and unspecialized species – have limited distributions and are more

prone to speciation than more successful species in interisland colonization. Undoubtedly,

further phylogenetic and phylogeographical research will continue to shed light on the
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interplay between dispersal ability and speciation (CarvajalEndara et al. 2017).

Nevertheless our results already suggest a significant effect of LDD syndromes on plant

distribution in the Canary Islands, regardless of the colonization time, endemicity and

phylogenetic relationships of the species.

Concluding remarks

Our analysis of plant distribution and LDD syndromes suggests that diaspore traits,

particularly those facilitating animal internal (endozoochory), animal external

(epizoochory) and sea current dispersal (thalassochory) have played a historical role in

promoting interisland colonization across the Canary Islands. This effect remained

significant even when controlling for other important factors that potentially affect plant

distribution, such as past geodynamic processes in the archipelago, uncertainty in the

species’ native status, colonization time and phylogenetic relationships. Importantly, the

Canaries show a much stronger and statistically supported signal for the role of LDD

syndromes than that found for the Azores and Galápagos. On the other hand, the narrower

distribution pattern of anemochorous species is consistent between the three archipelagos.

Although other biotic and abiotic conditions are involved in the colonization process, these

findings highlight the potential importance of diaspore specializations in LDD scenarios

such as interislands dispersal. This encourages careful consideration of the multiple

factors involved in the success of LDD, including dispersal syndromes of plant species

which have been somewhat neglected in the recent literature.
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Table S1. Continued

Table S2. Summary information of the multiplecomparison Tukey’s tests exploring the differences in plant
distribution within the Canaries according to LDD syndromes obtained from different models and certain
native and likelynative datasets separately. P values were recalculated using a randomization method.
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Table S3. Summary information of the multiple comparison Tukey posthoc tests exploring the differences
in plant distribution considering the presence/absence of particular LDD syndromes and the endemicity
status of the Canarian species. The results shown were obtained from models differing in the response
variable (number of current islands or number of palaeoislands) and with certainnative and likelynative
datasets separately. P values were recalculated using a randomization method. END = endozoochorous, EPI
= epizoochorous, ANE = anemochorous, THA = thalassochorous syndrome, UNS = unspecialized.
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Table S4. Summary information of the multiple comparison Tukey posthoc tests using a subset of single
species lineages (Canaries). The two models (with number of current islands and palaeoislands as the
response variable in each of the models) were run with a subset of lineages from the certainnative and
likelynative datasets. P values were recalculated using a randomization method. END = endozoochorous,
EPI = epizoochorous, ANE = anemochorous, THA = thalassochorous syndrome, UNS = unspecialized.
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Table S5. Omnibus test (Wald test) results for each of the models considered in the reanalyses of Galápagos
and Azorean data. P values were recalculated using a randomization method.
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Abstract

Fleshy fruits display adaptations towards animal dispersal (endozoochory). Although

endozoochory attracts great scientific interest, the role of fleshy diaspores in interisland

dispersal within oceanic archipelagos is still poorly understood. In this paper we examine

whether endozoochorous species have high dispersal ability in an oceanic archipelago

setting, although some potential dispersers might show restricted distributions to one or a

few islands. To test this hypothesis, we used the Galápagos endemic Lantana peduncularis

Andersson, widespread across the archipelago (13 islands). Molecular markers from the

plastid genome (haplotypes) informed us of a single colonization event from the continent.

Analysis of genomewide nucleotide polymorphisms (SNPs obtained by ddRADseq)

showed a moderate differentiation among populations from different islands and strong

barriers to gene flow between islands or groups of islands, which are thus associated with a

strong genetic structure across the archipelago. This result contrasts with the findings of

most fleshyfruited plant studies reviewed for oceanic archipelagos worldwide. Only

another three widespread fleshyfruited plants from the Canaries and Galápagos showed

strong genetic structure and moderate to high interisland genetic differentiation, probably

due to limited betweenislands movements of potential dispersers. We conclude that fleshy

fruits per se are not necessarily associated with a high dispersal rate among islands within

oceanic archipelagos, and advocate a more thorough assessment of interisland movements

by putative dispersers, as well as of other biotic and abiotic factors that may influence

interisland gene flow in endozoochorous plant species.
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Introduction

Fleshy tissues of plant diaspores (hereafter fleshy fruits) are nutritious plant structures

containing seeds that are often dispersed by animals after ingestion (Ridley, 1930; van der

Pijl, 1982). This plantanimal interaction is called endozoochory and is considered

beneficial for the plant, since: i) animal gut treatment may enhance seed germination; ii)

diaspores are dispersed away from the mother plant and seedling survival should improve

with increased parental distance, according to the JanzenCornell hypothesis; iii) plants are

dispersed across long distances thus promoting the colonization of new territories; and iv)

animals tend to deposit the ingested seeds in suitable microhabitats (Carlo & Aukema,

2005; Cavallero, Aizen, & Raffaele, 2012; Howe & Smallwood, 1982; Wenny, 2001;

Wenny & Levey, 1998). The complexity of this dispersal process has been subject to

numerous scientific studies during the last two centuries. Indeed, a quick search in Web of

Science databases using the key words ‘dispers* AND endozoo*’ renders a total of 395

publications (February 2019). Most of the studies found are focused on specific plant

disperser interactions and on the role of particular animals as dispersers (89%). In contrast,

few publications address the topic from the plant perspective, and even fewer studies deal

with the success of the seed dispersal process and the resulting gene flow between

populations (e.g. Malo & Suárez, 1995; Theim, Shirk, & Givnish, 2014). This animal

oriented bias is surprising when considering the importance of effective seed dispersal in

connecting and maintaining plant populations (Bacles, Lowe, & Ennos, 2006). Most of

these papers support a crucial role of birds in seed dispersal. Indeed, the ability of

frugivorous birds to connect different populations of the same species is especially

important in fragmented landscapes (GonzálezVaro, Carvalho, Arroyo, & Jordano, 2017),

where animals dispersing plant diaspores keep isolated patches connected more efficiently

than other dispersal vectors (Damschen et al., 2008; Montoya, Zavala, Rodríguez, &

Purves, 2008).
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Oceanic archipelagos, naturally fragmented landscapes with land patches (islands)

immersed in a matrix of nonsuitable habitat (sea), are ideal scenarios to evaluate the

efficiency of endozoochory in connecting isolated patches. Birds have traditionally been

considered one of the main vectors that carry seeds to oceanic archipelagos (Bramwell,

1985; Porter, 1976; Ridley, 1930), due to their ability to transport viable seeds over long

distances (e.g. Viana, Gangoso, Bouten, & Figuerola, 2016). Nevertheless, longdistance

dispersal (LDD) events are rare and strongly influenced by stochasticity, making this

process difficult to observe and thus to study (Nathan, 2006). Indirect approaches, like the

study of LDD syndromes – i.e. morphological specializations of plant diaspores towards

dispersal by vectors able to carry them across long distances (wind, water, animals) – have

been proposed to elaborate testable hypotheses about the importance of different factors

driving LDD and, specifically, interisland dispersal (see Arjona, Nogales, Heleno, &

Vargas, 2018). It is expected that species with LDD syndromes have advantages over

plants nonspecialized towards LDD for interisland dispersal. Indeed, it has been reported

that endozoochorous species have wider distributions (number of islands) in the Canary

Islands and the Azores than plants nonspecialized towards LDD (Arjona et al., 2018;

Heleno & Vargas, 2015). In contrast, this finding was not supported for the Galápagos

flora, suggesting that factors other than LDD syndromes may play an important role in

determining plant distribution (Vargas et al., 2014). However, the absence of plants on

islands does not mean that the species are not able to disperse and maintain a continuous

gene flow among populations of the colonized islands. Further evidence is thus needed to

reach any conclusion about the role of fleshy fruits in interisland dispersal.

Genetic studies assessing diversification and interisland gene flow of plant species

provide stronger evidence of the effectiveness of fleshy fruits in connecting populations

among islands within oceanic archipelagos. In fact, it has been reported that fleshyfruited
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lineages generally undergo little diversification within archipelagos, presumably because

continuous gene flow between islands counteracts islandisolation effects, promoting

genetic drift (GarcíaVerdugo, Baldwin, Fay, & CaujapéCastells, 2014). However, several

population genetics studies of endozoochorous species do not support this conclusion,

revealing a strong population differentiation and hence a low interisland gene flow (e.g.

Moura, Silva, & CaujapéCastells, 2013; Rumeu, Vargas, JaénMolina, Nogales, &

CaujapéCastells, 2014). After a bibliographic review, eighteen published papers that

address differentiation and genetic structure of twenty endozoochorous species distributed

in oceanic archipelagos were found; reporting from high to low levels of interisland gene

flow. This a priori contradictory evidence could be influenced by several factors: i) around

50% of the studied species are endangered, with reduced and fragmented populations,

which could diminish interisland connectivity despite the potential dispersal advantages

of fleshy diaspores; and ii) the main dispersers of some plant species have limited dispersal

capacities (e.g. lizards, some birds) and they may have strongly influenced interisland

gene exchange, masking the potential effect of occasional dispersers with higher dispersal

ability. Besides, most of the studies (around 70%) were performed in Macaronesian

archipelagos (Canary Islands, Azores), whereas Pacific archipelagos have been poorly

studied. The scarce knowledge about interisland plant connectivity across Pacific

archipelagos is intriguing, especially considering the scientific interest in ecological and

evolutionary questions in wellknown archipelagos such as Hawai’i and Galápagos.

The Galápagos Islands form a volcanic archipelago located in the Pacific Ocean

about 1,000 km off continental Ecuador. Its 13 largest islands (> 10 km2) harbour around

500 native angiosperm species, about 16% of which are endozoochorous (Vargas et al.,

2012). One of them is the endemic Galápagos lantana (Lantana peduncularis Andersson),

which is widely distributed across all the largest islands of the archipelago. A wide variety
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of insects, mostly butterflies, pollinate this species and some birds visit its flowers

(CarriónTacuri et al., 2014; Traveset et al. 2013, 2015). Its drupaceous fruits are mainly

dispersed by lava lizards but are also consumed and potentially dispersed by various bird

species (Heleno et al. 2011; Nogales et al. 2016). The Galápagos lantana is an ideal case

study to evaluate the role of fleshy fruits in favouring interisland plant dispersal, because

this plant: i) has fleshy fruits; ii) has a wide inter and intraisland distribution that

indicates low habitat specificity and thus a distribution not strongly limited by habitat

availability, and at the same time, it is evidence for effective interisland dispersal events;

and iv) as an animalpollinated and animaldispersed species it is expected that seed flow

predominates over a limited pollen flow (Brown et al., 2016; GarcíaVerdugo, Forrest,

Fay, & Vargas, 2010; Petit et al., 2005). This latter factor allows conclusions to be

extracted from interisland seed movements inferred from genetic analyses when using

paternally and maternallyinherited markers.

Gene flow between plant populations can be measured using organelle (typically

plastid) and nuclear genomes. On the one hand, plastid DNA has low substitution rates,

resulting in highly conserved sequences that are maternally inherited in most angiosperms

(Petit & Vendramin, 2007). Thus, the use of plastid markers aids in reconstructing the

colonization history of maternal lineages, which is mediated by seed movements (Hamrick

& Trapnell, 2011; Petit & Vendramin, 2007); in addition their lower effective population

size compared to the nucleus will drive quicker fixation of mutations through drift and

selection. On the other hand, nuclear markers are biparentally inherited, are dispersed by

pollen and seeds and show wider variation than organelle DNA, which make nuclear DNA

variation a reliable tool to trace gene flow (Petit & Vendramin, 2007). In this study we

used a combination of nuclear and plastid markers to address the hypothesis that

endozoochorous species have high dispersal abilities that promote continuous gene flow
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among islands across the archipelago. Specifically, we address the following objectives

considering the Galápagos lantana as a case study: 1) estimation of the genetic

differentiation among populations and islands and the genetic structure across the

archipelago at different time scales; 2) detection of barriers to gene flow; and 3)

description of general patterns based on interisland differentiation and gene flow in

fleshyfruited species across the oceanic archipelagos worldwide.

Material and Methods

Study species and sampling

Lantana peduncularis (Verbenaceae) is a dioecious shrub with white tubular flowers that

produce whitish drupaceous fruits. This species is endemic to the Galápagos, where it

mainly occurs in the dry lowlands of all the 13 larger islands (Jaramillo Díaz, Guézou,

Mauchamp, & Tye, 2018; Wiggins & Porter, 1971). Due to its wide distribution, the

Galápagos lantana is classified as of Least Concern by the IUCN (Tye & Siemens, 2014).

During three years (2013, 2014 and 2015), samples were collected from 1 to 5 sampling

localities on 11 of the larger islands, depending upon island size (Table 1). At each

sampling locality, we collected fresh leaves, typically from 10 individuals, which were

then silicadried.

DNA extraction and sequencing

DNA was isolated from the silicadried material using DNeasy Plant Mini Kit (Qiagen,

Inc., Valencia, CA, USA). Afterwards, the DNA was cleaned following the phenol

chloroform protocol to eliminate salts and other compounds that may interfere in further

steps.
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Sequencing of plastid DNA regions

To look into DNA polymorphisms we performed a pilot study with 16 samples (13

samples per island) in which we amplified 21 of the most variable regions described for

angiosperms (see Table S1 in Supporting Information for details). We found that rpl32

trnL and trnQrps16 spacers (Shaw, Lickey, Schilling, & Small, 2007) were consistently

amplified and variable for this species across samples. An extended sampling of five

individuals per population was used to amplify and sequence these two regions when

possible (Table 1 and Table S2 in Supporting Information). The intergenic spacers rpl32

Table 1. Lantana peduncularis sampled populations and number of individuals used to build ddRADseq

libraries, and amplify and sequence the plastid intergenic spacer regions trnQrps16 and rpl32trnL. The

values in parentheses are the number of replicates used to adjust the bioinformatics parameters of filtering

and SNP calling used to build the ddRADseq libraries (see main text).
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trnL and trnQrps16 were amplified using standard primers under the following PCR

conditions: 95 ºC for 2 min, followed by 30 cycles of 94 ºC for 1 min, 56 ºC for 1 min, 72

ºC for 1 min, followed by 72 ºC for 10 min. PCR products were sequenced by Macrogen

Co. (Korea). Forward primer rpl32F was used for sequencing the rpl32trnL region,

whereas trnQrps16 region was sequenced using a forward custom primer specifically

design for L. peduncularis (5’ – TGA TCA AGT TCC ATA TCC TAC – 3’) and the

standard reverse primer rps16x1. Regions rpl32trnL and trnQrps16 of L. montevidensis,

L. fucata, L. trifolia and L. canescens were obtained from GenBank (LuIrving &

Olmstead, 2013; see accession numbers in Table S3 in Supporting Information) and were

used as outgroup sequences. Sequences were edited and assembled if necessary using

Geneious 9.0.2 and they were aligned and manually adjusted using MAFFT v7.308. All

sequences have been deposited in GenBank (see accession numbers in Tables S2 in

Supporting Information).

Preparation of ddRAD libraries

Genomic DNA was used to prepare doubledigest RAD (ddRAD) libraries following

MastrettaYanes et al. (2015). Seventeen replicates intra and interplate were included in

the process to optimize de novo assembly and control for PCR and sequencing errors

(MastrettaYanes et al., 2015). In brief, 6 μL of eluted DNA 1020 ng/μL was digested

with enzymes SbfI and MseI for 4 hours. Afterwards, DNA fragments were ligated with

P1/P2 adapters. Both adapters contain the recognition sites for the PCR primers; in

addition, P1 adapters contain a particular 48 bp sequence that allows individual

identification (barcode). We cleaned the product of the restrictionligation reaction with

0.8X AMPure XP beads (BeckmanCoulter, Brea, CA, USA) and conducted PCR

amplifications using Q5® HighFidelity DNA polymerase (New England Biolabs,

Ipswich, MA, USA) for 25 cycles. The primers used for the PCR contain the recognition
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sites for Illumina sequencing primers and another 6 bp particular sequence (Illumina

index). Three different indices were used (index 1, 2 and 7). After assessing the quality of

the amplification in an agarose gel, the 213 samples (see Table 1 and Table S2 in

Supporting Information), each with a unique combination barcodeindex, were pooled

together in equimolar concentration and cleaned with 1X AMPure XP beads. After

checking the fragment profile of the pooled sample with Fragment Analyzer (Advanced

Analytical Technologies, Inc.) we selected fragments with sizes between 280 and 330 bp

using the BluePippin size selection technology (Sage Science, Beverly, USA). Finally,

libraries were sequenced on two lanes of Illumina HiSeq 2500 using the singleend

protocol at the Lausanne Genomic Technologies Facility.

Data analysis

Plastid sequence analysis

The alignments of the trnQrps16 and rpl32trnL regions were concatenated in a single

matrix. Genealogical relationships among haplotypes were inferred using a statistical

parsimony algorithm for construction of haplotype networks (Posada & Crandall 2001).

This algorithm was implemented in TCS 1.21 (Clement, Posada, & Crandall, 2000) to infer

relationships based on nucleotide substitutions. The maximum number of differences

resulting from single substitutions among haplotypes was calculated with 95% confidence

limits, treating gaps as missing data. For this network, plastid sequences of L.

montevidensis, L. trifolia, L. fucata and L. canescens were included as outgroups.

Bioinformatic processing of ddRAD libraries and genotyping

Sequences were demultiplexed using ipyrad v. 0.7.22 (Eaton, 2014) according to their

individual combination indexbarcode. Afterwards, sequences were qualitytrimmed and
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the adapters removed using Trimmomatic v. 0.36 (Bolger, Lohse, & Usadel, 2014) with

default settings, except for the accuracy of the match between any adapter sequence and a

read (simpleClipThreshold) that was set to 7. Strict quality filtering and de novo

assemblage of the reads were performed using ipyrad v. 0.7.22 with a clustering threshold

of 0.93 and a minimum coverage of 10. These chosen parameters optimized the recovery

of SNPs while controlling for the error rate in our samples, as shown in a preliminary

study using replicates (see Fig. S1 in Supporting Information) following recommendations

by MastrettaYanes et al. (2015). The rest of the parameters required by ipyrad were left at

default values. Vcftools v.0.1.15 (Danecek et al., 2011) was used to keep only biallelic

sites, to remove all sites with more than 70% missing data and to detect poorly sequenced

individuals (> 85% of missing data), which were also removed and not considered for the

analyses. Finally, one SNP per locus was selected and kept in a structureformat file using

custom scripts. The filtered vcf file (with all the SNPs retained per locus) and the

structureformat file (with only one SNP per locus) were used in subsequent analyses and

further modified to fit the input requirements of the software.

Genomewide SNP analyses: ploidy, genetic diversity, genetic structure and isolation by

distance

Accurate genotyping and reliable allelic frequency estimates are paramount in population

genetic studies. This is why previous knowledge of the ploidy level of the study organism

is needed. Due to the restrictions on cultivating Galápagos plant species outside the

archipelago for cytological studies, together with the absence of reference material of

known ploidy, we decided to use an indirect method to estimate ploidy based on the

heterozygosity levels and allelic ratios calculated from the thousands of biallelic SNPs

obtained from ddRAD analyses (Gompert & Mock, 2017). In brief, this method estimates

the allelic proportions using a Bayesian model from the number of sequence reads of the
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nonreference allele in each heterozygous SNP. To infer the cytotype, a principal

component analysis (PCA) reduces the number of original variables (six: heterozygosity,

and the five allelic proportions considered: 1:3, 1:2, 1:1, 2:1 and 3:1), and a kmeans

clustering and discriminant analysis (DA) assigns individuals to groups. This method is

implemented in the R program (R Devlopment Core Team, 2017) by the gbs2ploidy

package (Gompert & Mock, 2017) that we used with the allele count data for heterozygous

SNPs obtained from the final vcf file, as input. The analysis was run using three

independent chains of 100,000 MCMC iterations, 10,000 iterations burnin with a

sampling interval of 100 iterations each.

Indices of genetic fixation and differentiation between populations were calculated

using R package diveRsity (Keenan, Mcginnity, Cross, Crozier, & Prodöhl, 2013). In

particular, the multilocus fixation index GST (Nei & Chesser, 1983), the Weir and

Cockerham’s FST estimator – θ (Weir & Cockerham, 1984) – and the Jost’s D

differentiation index (Jost, 2008) were calculated. These indices were calculated twice: 1)

considering all the populations, i.e. 22 populations (one sampling location on Isabela was

excluded because only one individual was sampled there); and 2) grouping all populations

from the same island and considering them as the same population, i.e. a total of 11

populations/islands. Overall indices – across loci and population – and a pairwise θ

measure were reported. Besides this, an analysis of molecular variance (AMOVA;

Excoffier, Smouse, & Quattro, 1992) was performed using the R package poppr (Kamvar,

Tabima, & Grünwald, 2014) to assess the proportion of variation that occurs between

islands and between populations within islands. Significance of the AMOVA statistics was

tested by 999 permutations with the R package ade4 (Dray & Dufour, 2007).

To assess the genetic structure of L. peduncularis in Galápagos we firstly used a

principal component analysis to explore the genetic variation among sampled individuals
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without considering any underlying model or assumption. Afterwards, a discriminant

analysis of principal components (DAPC) was used to identify clusters that group

genetically similar individuals. A DAPC is basically a PCA that reduces the variability into

a few principal components followed by discriminant functions that optimize the variance

between groups, while minimizing differences within groups. For both analyses we used

the adegenet R package (Jombart, Devillard, & Balloux, 2010).

We also estimated the number of genetic clusters using STRUCTURE v.2.3.4

(Falush, Stephens, & Pritchard, 2003; Pritchard, Stephens, & Donnelly, 2000).

STRUCTURE implements a Bayesian modelbased method that probabilistically assigns

individuals to K clusters, where K is the number of groups (populations) specified a priori,

maximizing the attainment of HardyWeinberg and linkage equilibrium within each

genetic cluster. We run the admixture model assuming correlated allele frequencies in

STRUCTURE, with a lambda previously estimated as recommended by the authors, from

K=1 to K=12 (number of islands + 1), 10 times with 500,000 MCMC iterations and

250,000 iterations burnin. We used the approach described by Evanno et al. (2005) to

evaluate which values of K better explain the data. The graphical output from the

STRUCTURE results was created using DISTRUCT v.1.1 (Rosenberg, 2004).

Nevertheless, several studies have shown that Bayesian clustering methods are

unsuitable to describe population structure due to isolation by distance (IBD) (Aurelle &

Ledoux, 2013; Frantz, Cellina, Krier, Schley, & Burke, 2009; Safner, Miller, McRae,

Fortin, & Manel, 2011). To test for IBD we used Genepop 4.0 (Rousset, 2008). This

program computes pairwise FST based on the θ estimator of Weir & Cockerham (1984)

and relates genetic distance with geographical distance. As Rousset (1997) recommends,

we considered pairwise FST/(1FST) as genetic distance and the logarithm of the

geographical distance. We tested the significance of the relationship between both distance
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matrices using a Mantel test with 1,000,000 permutations implemented in Genepop. We

also performed a Mantel correlogram to examine the local spatial structure of the genetic

data. Distance between individuals was divided into different distance classes, for which

the degree of autocorrelation of individual pairwise genetic distances (Rousset’s â,

calculated in Genepop) was estimated using the normalized Mantel statistic (rM). This

analysis was performed with 999 permutations using the EcoGenetics (Roser et al., 2017)

R package.

Finally, we estimated the presence of effective corridors and barriers in the landscape

that could explain the pattern of genetic variance observed using EEMS (Petkova,

Novembre, & Stephens, 2015). EEMS uses a steppingstone model and circuit theory to

estimate the exchange of migrants between subpopulations (demes), adjusting the

migration rate by the genetic dissimilarities observed in the data. The estimates are then

interpolated across the landscape to produce an effective migration surface that shows

barriers – where the genetic dissimilarities are higher than expected under a strict model of

isolation by distance – and corridors – where the genetic dissimilarities are lower than

expected. Three different grids were chosen to perform the analyses: 300, 500 and 800

demes. Preliminary runs were made to adjust the parameter values to achieve a 20%–30%

acceptance of the proposals for most of the parameters, as recommended in the manual.

For each grid five independent chains were run, each with different random seeds to assess

for convergence. Each EEMS analysis was run for 20,000,000 MCMC iterations, with a

burnin of 1,000,000, and sampling every 9,999 iterations. We plotted the averaged results

and checked for chain convergence using the R package rEEMSplot (Petkova et al., 2015).
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Results

Plastid haplotype analysis

The length of trnQrps16 region was 1,344 bp and rpl32trnL was 487 bp. Nevertheless,

the number of DNA polymorphisms was very low. Each region showed one substitution

and the combined analysis yielded three substitutionbased haplotypes (Table S4 in

Supporting Information).

The TCS analysis resulted in a network where the Galápagos haplotypes are

connected through haplotype A and do not present any loops. The four outgroup species

conform another network with no loops connected to the Galápagos haplotype A by L.

montevidensis, which is two mutational steps away from the haplotype A (Fig. 1A).

Haplotype A is the most frequent (81% of individuals) and has the widest distribution

across the archipelago, occurring on all the islands except Santiago (Fig. 1B). It can also

be considered the most ancestral haplotype in the Galápagos, based on: i) its internal

position in the network with the highest number of connections (two with the other

Galápagos haplotypes); ii) its highest frequency and wide distribution (10 islands); and iii)

its closest relationship to the continental haplotypes (two mutational steps) (Posada &

Crandall, 2001).

Genomewide SNP analyses

Processing the raw reads obtained from the sequencer with ipyrad for the 196 individuals

sampled retrieved 12,216 loci, of which 7,090 were polymorphic. After removing all

poorly sequenced loci and individuals (loci with more than 70% missing data and

individuals with more than 85% missing data), we kept 794 polymorphic loci containing

2,950 SNPs for 190 individuals. This filtered data set had 32.33% missing data.



Chapter 2

92

Figure 1. Haplotypes obtained from twospacer plastid regions, trnQrps16 and rpl32trnL. A) Haplotype
network obtained with TCS that shows the three haplotypes detected and their relationship with the four
Lantana species used as outgroups. B) Distribution of the haplotypes in the Galápagos Islands.

Ploidy

Allelic proportions varied across individuals, but the pattern most frequently observed was

that most of the SNPs have 1:1 allelic proportions. After applying PCA, the first principal

component (PC1) loading for 1:1 allelic proportion was markedly different from the

loadings for the rest of the variables, which separates the diploid from the poliploid

cytotypes. The DA assigned each individual to one of the two different groups identified

by kmeans with a given probability (mean maximum assignment probability = 0.92, sd =

0.12). These groups correspond to diploid and polyploid cytotypes. Only 61.58% of the

individuals were assigned to one of each group with a probability >0.95, rising to 72.63%

if we considered a probability threshold of 0.90. Among the individuals with high

assignment probability, most individuals were classified as diploid (70.94% with a

probability >0.95 and 71.01% with >0.90). Based on these results we considered the

species as diploid for further analyses.
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Genetic fixation and differentiation

The fixation indices calculated were higher when considering all 22 populations (GST =

0.379; θ = 0.154), than when considering the islands as populations (GST = 0.257; θ =

0.143). The same occurs with Jost’s D (D = 0.045 and D = 0.019, respectively). Regarding

pairwise metrics, the maximum differentiation values were found between the Española

and Pinta populations when considering the 11 islands as populations (θ = 0.275), and

between Santiago and Española considering all 22 populations (θ = 0.343). The minimum

values were found between Fernandina and Isabela (θ = 0.007), and between the Española

populations (θ = 0.081), respectively. The AMOVA showed that populations from

different islands were significantly differentiated, with 14.2% of the total genetic variation

occurring among islands, 4.16% among populations within islands and 81.07% within

populations (ΦST = 0.189, P = 0.001; ΦSC = 0.049, P = 0.001; ΦCT = 0.148, P = 0.001).

Genetic structure

Most of the analyses show that populations from different islands tend to group into three

genetically similar groups: i) southeastern, ii) centralwestern, and iii) northern islands.

PCA results showed this separation when plotting PC1 and PC2 (Fig. 2A). These two

principal components had the highest eigenvalues, although altogether not exceeding

9.05% of the variance explained (PC1: 5.06%; PC2: 3.99%). Examining the results of each

possible combination of the first seven principal components (variance explained:

18.97%), we saw that PC2 identifies Genovesa island and PC3 Floreana island as

separated entities, although close to the northern and southeastern island groups,

respectively (see the different PCA plots in Fig. S2 in Supporting Information). DAPC

results show that the value of K with the lowest Bayesian Information Criterion (BIC) was

three (see Fig. S3 in Supporting Information). These three welldefined clusters correspond
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to the southeastern (San Cristóbal, Española, Floreana and Santa Fe), centralwestern

(Santa Cruz, Santiago, Isabela and Fernandina) and northern (Genovesa, Marchena and

Pinta) groups of islands mentioned before, as seen in Fig. 2B and C.

Figure 2. Results of the PCA and DAPC analyses. A) Plot of the two first principal components (PCs) of the
PCA. PC1 is plotted on the x axis and explains 5.06% of the total genetic variance, and PC2 is represented
on the y axis and explains 3.99% of the variance. B) Scatterplot for K = 3, value of K that got the lowest BIC
value detected in the analysis (see main text). C) DAPC compoplot, i.e. barplot graph that represents the
membership probability of each individual belonging to each of the three clusters detected by DAPC. South
eastern islands: SC (San Cristóbal), ES (Española), FL (Floreana), SF (Santa Fe); centralwestern islands: SX
(Santa Cruz), SA (Santiago), IS (Isabela), FE (Fernandina); northern islands: GE (Genovesa), MA
(Marchena), PT (Pinta).

STRUCTURE results suggest that three clusters maximize ∆K (see plots of L(K),

L’(K), |L’’(K)| and ∆K for each K value in Fig. S4 in Supporting Information). In

agreement with PCA and DAPC results, these three clusters contain populations from: i)

San Cristóbal, Española, Floreana, Santa Fe; ii) Santa Cruz, Santiago, Isabela, Fernandina;

and iii) Genovesa, Marchena and Pinta islands. Within the first cluster, San Cristóbal has

the highest admixture proportion with the centralwestern (9.2% of estimated membership)

and northern clusters (1.6%). Santa Cruz has the highest admixture proportion within the
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second cluster, showing 8.9% of estimated membership to the southeastern and 3.6% to

the northern cluster. Finally, within the northern cluster, Marchena shows the highest

admixture with the centraleastern cluster (4.1%) and Genovesa with the southeastern

(7.5%) (Figs. 3A and B). The STRUCTURE clustering results for the rest of K values are

shown in Fig. S5 in Supporting Information.

Figure 3. STRUCTURE results for K = 3. A) Summary plot representing the probability membership of each
individual belonging to the three clusters detected by the program. B) Distribution of the three genetic
clusters in the archipelago. SC: San Cristóbal, ES: Española, FL: Floreana, SF: Santa Fe, SX: Santa Cruz,
SA: Santiago, IS: Isabela, FE: Fernandina, GE: Genovesa, MA: Marchena, PT: Pinta.

Isolation by distance and effective migration

The genetic distances (FST/(1FST)) exhibited a significant relationship with the log

transformed geographical distances between populations (r = 0.384, P < 0.001), pointing

out that L. peduncularis population structure is significantly determined by geography.

Indeed, the spatial autocorrelation was significant and positive for distances up to 97 km,

with the highest correlation (rM = 0.255) between pairs of individuals within 016 km.

This indicates that individuals separated by distances up to 97 km are more related than
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they would be at random. For distances between 113 and 210 km a significant negative

autocorrelation was found, showing that at these distances individuals are genetically

dissimilar (Fig. 4).

Figure 4. Mantel correlogram representing the spatial
autocorrelation of the individual pairwise genetic data for
different geographical distance classes. Significant
autocorrelations (α = 0.05) are represented by filled
squares.

The effective migration surface estimated by EEMS shows regions with gene flow

higher than expected and lower than expected according to a strict pattern of IBD (Fig. 5).

Indeed, the EEMS model fitted the data better than a strict IBD model (see Fig. S6 in

Supporting Information). The strongest barriers to gene flow were detected between: 1)

Santa Cruz and Floreana (continuing alongside the east coast of Santa Cruz, i.e. between

Santa Cruz and Santa Fe); 2) Santiago and Isabela; and 3) to the southeast of Pinta and

Marchena, when considering the averaged results of all EEMS analyses. A weaker barrier

partially isolates Genovesa from the rest of the Galápagos, however it resulted significant

only when a 500deme grid was employed. Some corridors were in turn identified as

connecting different islands like Isabela and Fernandina, the southeast of Santa Cruz and

Isabela, and San Cristóbal and Santa Fe (Fig. 4A). However, these corridors were

statistically not as well supported as the barriers (see Fig. S7 in Supporting Information).

EEMS also detected the highest rates of genetic diversity in the southeast (San Cristóbal,

Santa Fe, Española and Floreana), northnortheast (Marchena and Genovesa) and Isabela.

In contrast, very low genetic diversity estimates were recovered for Santiago (Fig. 5B).
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Discussion

Analysis of plastid and nuclear data from the Galápagos endemic L. peduncularis showed

a moderatestrong differentiation between populations and islands and a marked genetic

structure. This finding does not support the hypothesis of endozoochorous species having

high dispersal abilities that promote continuous gene flow among islands, since strong

barriers to gene flow were detected.

Gene flow and genetic structure at spatiotemporal scales

The plastid DNA haplotype network revealed a likely single origin of the Galápagos

lantana from the continent. It is noteworthy that Isabela is the island with the highest

haplotype diversity and one of the westernmost and youngest (0.50.8 Myr; Geist, Snell,

Snell, Goddard, & Kurz, 2014) in the archipelago, followed by Marchena and Genovesa in

the north, suggesting that these islands could have been the first to be colonized. The same

pattern has also been described in other Galápagos organisms, such as the carpenter bee

(Xylocopa darwini; Vargas, Rumeu, Heleno, Traveset, & Nogales, 2015), the Galápagos

Figure 5. EEMS results obtained for Lantana peduncularis in Galápagos. A) Estimated effective migration
surface that highlights areas where the gene flow or effective migration (m) is higher than expected (blue)
and lower than expected (orange), considering a strict isolationbydistance model. B) Estimated effective
diversity (q) surface, considering differences between individuals within demes. Blue indicates higher than
average diversity and orange, lower than average diversity. These results are the consensus of 15 runs with a
different number of demes every 5 repetitions (300, 500 and 800 demes).
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hawk (Buteo galapagoensis; Bollmer, Kimball, Whiteman, Sarasola, & Parker, 2006) and

the yellow warbler (Dendroica petechia aureola; Chaves, Parker, & Smith, 2012).

However, it is contrary to what the progression rule predicts, i.e. a gradual colonization of

volcanic archipelagos following the emergence age of the islands (Funk & Wagner, 1995),

in Galápagos from east to west. In any case, the low variability found among the plastid

regions surveyed, together with the uncertainty of how recent events (extinction,

recolonization) could have influenced the signal detected, highlight the necessity to

interpret this with caution.

The analysis of nuclear data (SNPs) provides reliable results to describe a strong

genetic structure for L. peduncularis due to effective barriers that limit gene flow between

islands or groups of islands. We found on the one hand high gene flow within and between

some islands (e.g. Fernandina and Isabela) and on the other, low gene flow between other

islands (e.g. Santa Fe and Santa Cruz), reflecting an overall moderate gene flow. The

strongest barriers were those isolating the most distant islands and groups of islands, i.e.

Floreana and Española in the southeast, and Genovesa and PintaMarchena in the north,

as well as markedly dissimilar individuals genetically speaking were found separated by

long distances (> 113 km). This is in agreement with one of the precepts of island

biogeography, i.e. distance to the closest land patch determines the degree of isolation of

an island (MacArthur & Wilson, 1967). Nevertheless, we found it harder to explain the

barrier between Santa Fe and Santa Cruz and the stronger connectivity of Santa Fe with

the more distant island of San Cristóbal. This was unexpected because only about 17 km

separates Santa Fe from Santa Cruz and the two islands may have been connected,

together with Santiago, Pinzón, Isabela and Fernandina – (all these are known as the ‘core’

islands) due to changes in sea level between glacial and interglacial periods (Ali &

Aitchison, 2014). Ali and Aitchison (2014) proposed a scenario of limited dispersal that
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predicts the formation of new species (in this case differentiated populations) on peripheral

islands within the ‘core’ that could match the case of the Santa Fe population.

Contrastingly, the close genetic connectivity found between the Santa Fe and San Cristóbal

populations suggests effective interisland dispersal events. Close genetic relationships

between Santa Fe and other old islands like San Cristóbal and Española were found at

interspecific and intraspecific levels in other organisms. This is the case of the leaftoed

geckos (Phyllodactylus, TorresCarvajal, Barnes, PozoAndrade, Tapia, & Nicholls, 2014),

the giant tortoise (Chelonoidis, Poulakakis, Russello, Geist, & Caccone, 2012) and the

Galápagos marine iguana (Amblyrhynchus cristatus, McLeod et al. 2015). Additional

biotic and abiotic factors not analysed here should be considered, such as the prevailing

southeast direction of the trade winds and currents, habitat availability, species

interactions, and stochastic processes, to better understand the gene flow patterns detected

and the demographic history of the Galápagos lantana.

Endozoochorous plants: are they more able to cross interisland sea barriers?

Endozoochorous plants have been traditionally associated with high colonization potential,

that make them more suitable to reach and spread across oceanic archipelagos (e.g. Ridley,

1930; Porter, 1976; Bramwell, 1985). Indeed, within archipelago, a metaanalysis

performed with genetic data of plants from Hawai’i, the Canaries and Galápagos reported

that fleshyfruited plants usually show weak population structures, likely due to a

continuous gene flow between islands (GarcíaVerdugo et al., 2014). This is the case of

some birddispersed trees located in the Azores and Canary archipelagos, such as

Juniperus brevifolia (Bettencourt et al., 2015), Juniperus turbinata (Jiménez, Sánchez

Gómez, Cánovas, Hensen, & Aouissat, 2017), Picconia azorica (Lopes et al., 2014),

Prunus azorica (Moreira et al., 2013), Myrica/Morella faya (GonzálezPérez, Sosa,

Rivero, GonzálezGonzález, & Naranjo, 2009), Olea europaea subsp. guanchica (García
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Verdugo et al., 2010) and Ilex canariensis (Sosa, GonzálezGonzález, GonzálezPérez, &

Pérez de Paz, 2013). The few documented cases of fleshyfruited plants with low gene

flow between islands in these Atlantic archipelagos are generally of endangered trees with

reduced and fragmented populations, such as Viburnum treleasei (Moura, Silva, &

CaujapéCastells, 2013), J. cedrus (Rumeu et al., 2014) and Sambucus palmensis (Sosa,

GonzálezPérez, Moreno, & Clarke, 2010). A similar pattern has been described for Pacific

archipelagos, where endangered plants usually display low interisland gene flow

(Touchardia latifolia, endemic Hawaiian shrub with small populations; Loeffler &

Morden, 2003), while nonendangered species tend to display higher interisland gene flow

(Fatsia oligocarpella, Chiang et al., 2014; and Elaeocarpus photiniifolia from the Bonin

Islands, Sugai et al., 2013). Based on all these studies we can hypothesize that the high

dispersal ability of fleshyfruited species contributes to high gene exchange among

populations and islands, unless the populations are strongly fragmented and small in size

(low number of individuals). Nevertheless, the present study and three other cases of

fleshyfruited perennial herbs question this hypothesis of extensive gene flow: the endemic

Canarina canariensis in the Canaries (Mairal et al., 2015) and two Galápagos endemics,

Solanum cheesmaniae (Pailles et al., 2017) and Lycium minimum (Levin, Keyes, & Miller,

2015). Despite these widely distributed species having fruit traits that could favour their

interisland dispersal by birds, gene flow among islands is limited. This reveals that the

development of fleshy tissues does not guarantee a high connectivity and gene exchange

between islands.

Ecological factors involved in limited gene flow among L. peduncularis populations

The a priori surprising result of moderate differentiation and strong genetic structure for a

widely distributed fleshyfruited species can be better understood on considering the

ecological data. Lantana peduncularis is mainly insectpollinated and vertebratedispersed
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(Heleno et al. 2011; Traveset et al. 2013). Animalpollinated and animaldispersed species

typically show limited pollen dispersal, and seed flow predominates over pollen flow

(Brown et al., 2016; GarcíaVerdugo et al., 2010; Petit et al., 2005). For this reason, we

frame the discussion under the assumption that gene flow mediated by seed dispersal is the

main force shaping the genetic structure of L. peduncularis, particularly between the

Galápagos Islands (Nathan & MullerLandau, 2000).

Lava lizards (Microlophus) act as the main dispersers of L. peduncularis, given the

high number of intact seeds found in their droppings (Heleno et al. 2011; Nogales et al.

2016). In addition, lava lizards provide the greatest effectiveness for seed dispersal of L.

peduncularis considering the number of seeds dispersed and the percentage that germinate

after dispersal (Nogales et al., 2017). Indeed, lizards are important frugivores and seed

dispersers, not only in the Galápagos, but also other island ecosystems (GonzálezCastro,

CalviñoCancela, & Nogales, 2015; Heleno, Olesen, Nogales, Vargas, & Traveset, 2013;

Nogales et al., 2017; Olesen & Valido, 2003). To a lesser extent, mockingbirds (Mimus

parvulus) and land iguanas (Conolophus subcristatus) have also been observed to move

intact seeds of the Galápagos lantana (Nogales et al. 2016; Traveset et al. 2016). In any

case, its dispersers have limited movements between islands (see Benavides, Baum, Snell,

Snell, & Sites, 2009; Nietlisbach et al., 2013), which may explain the genetic pattern

found in the present study. Interestingly, the other three nonendangered fleshyfruited

species with low gene flow found in the literature are also dispersed by animals with

limited movements: Canarina canariensis is dispersed mainly by Canarian lizards

(Rodríguez, Nogales, Rumeu, & Rodríguez, 2008), Solanum cheesmaniae is dispersed by

tortoises and likely by rats in the Galápagos (Heleno et al., 2011; Rick & Bowman, 1961),

and mockingbirds and lava lizards are likely the main dispersers of the Galápagos endemic

Lycium minimum (Levin et al., 2015). We interpret the limited ability of these dispersers to
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cross the sea barrier to be one of the most likely causes of the low interisland gene flow

found for L. peduncularis and all the previously mentioned fleshyfruited species.

Dispersal by lizards – and mockingbirds and iguanas to a lesser extent – may explain

the high genetic similarity between individuals in a range of 1620 km within islands,

except on Isabela where populations are further apart. However, lower interisland genetic

connectivity would be expected if only these dispersers were responsible for gene

exchange among L. peduncularis populations. Therefore, past or presentday unknown

dispersers and additional factors may have also played a role in determining the observed

genetic structure across the archipelago, with high gene flow between some island

populations and strongly limited gene flow between others. Secondary seed dispersal or

diplochory – i.e. plant dispersal in several sequential steps by different vectors – may

increase the dispersal distance reached by only one vector (Higgins, Nathan, & Cain, 2003;

Vander Wall & Longland, 2004). This phenomenon has been described as a potentially

important driver of interisland dispersal, especially by raptors feeding on lizards and small

birds that have previously fed on fruits themselves (Nogales, Heleno, Traveset, & Vargas,

2012). This phenomenon has been well studied in the Canary Islands (see Padilla,

GonzálezCastro, & Nogales, 2012), but has also been suggested as a mechanism for inter

island colonization in the Galápagos, as some owl pellets have been found to contain

remains of rodents in rodentfree islands, as well as seeds and finch remains (Grant, Smith,

Grant, Abbott, & Abbott, 1975; Heleno et al., 2011). Besides, as mentioned previously,

other factors such as the age of island emergence, volcanic episodes, changes in sea level,

prevailing winds and oceanic currents, and factors determining species establishment (e.g.

habitat availability, inter and intraspecific interactions), may have influenced historical

and ongoing gene flow among L. peduncularis populations and deserve further study (e.g.

see Ali & Aitchison, 2014; Chaves et al., 2012; Mairal et al., 2015; Rumeu et al., 2011).
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Conclusion

Endozoochorous plants may have advantages in overtaking the sea barriers that separate

islands within any archipelago. However, the development of fleshy tissues is not the only

condition that promotes a high dispersal rate among islands. This conclusion confirms

previous findings on other fleshyfruited species such as Solanum cheesmaniae and

Lycium minimum in the Galápagos (Levin et al., 2015; Pailles et al., 2017) and Canarina

canariensis in the Canaries (Mairal et al., 2015). Some Galápagos flying animals also

exemplify this paradox, showing a strong pattern of isolation among islands despite their

high dispersal potential. Such is the case of the carpenter bee Xylocopa darwini (Vargas et

al., 2015) and the Galápagos hawk Buteo galapagoensis (Bollmer et al., 2006). Ecological

information, such as the main seed dispersers of the plant and their intrinsic dispersal

abilities, sheds light on the gene flow patterns detected between islands. Both abiotic

(prevalent sea and wind currents, volcanic episodes, habitat availability) and biotic factors

(inter and intraspecific interactions) affecting dispersal and establishment should also be

taken into account to fully understand the true role of fleshy fruits in interisland dispersal.
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Supporting Information

Table S1. Sampled Lantana peduncularis populations and used to build ddRADseq libraries. Number of
individuals collected per population and number of replicates used to adjust the bioinformatics parameters of
filtering and SNP calling (see main text) are also shown.
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Table S3. Samples of Lantana peduncularis sequenced for trnQrps16, rpl32trnL intergenic spacer regions.
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Table S3. Continued.
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Table S3. Continued.

Table S4. Lantana species used as outgroup for the haplotype network built with concatenated rpl32trnL
and trnQrps16 intergenic spacers. The GenBank accession numbers are shown.

Table S5. Substitutionbased haplotypes yielded by the combined analysis of trnQrps16 (1 344 bp) and
rpl32trnL (487 bp) intergenic regions indicating the variable sites.
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Figure S1. Plots showing the effect of different values for the clustering threshold (c) and minimum
coverage (d) ipyrad parameters on 17 replicate pairs. (A) Total number of SNPs sequenced. (B) Proportion of
informative sites, i.e. proportion of SNPs sequenced and identical in each pair. (C) Error rate, considered as
the proportion of SNPs that differed between replicates (likely due to PCR or sequencing errors). (D) Locus
drop rate, proportion of SNPs not sequenced in one of the samples of the pair. (E) Total error rate, proportion
of SNPs affected by allele drop and by PCR or sequencing errors.
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Figure S2.
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Figure S2.
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Figure S2.
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Figure S2. PCA plots. Combination of the seven principal components (PCs) with the greatest variance. The
last plot shows the cumulative variance of all the principal components rendered by the analysis (in red the
variance of the first seven PCs).
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Figure S3. Value of the Bayesian Information
Criterion (BIC) versus the different numbers of
clusters assessed by DAPC (see main text). The
minimum value of BIC indicates the statistically
optimal number of clusters that explains the genetic
variation contained in the data.

Figure S4. Plots of L(K), L’(K) and |L’’(K)| resulting after applying Evanno’s methods to assess the
statistically optimal value of K between those tested by STRUCTURE.
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Figure S5. STRUCTURE plots for K values from 2 to 12. Each plot represents the probability membership
of each individual to belong to each of the clusters detected. SC: San Cristóbal, ES: Española, FL: Floreana,
SF: Santa Fe, SX: Santa Cruz, SA: Santiago, IS: Isabela, FE: Fernandina, GE: Genovesa, MA: Marchena,
PT: Pinta.
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Figure S6. Goodnes of fit of the EEMS (AB)
and strict isolationby distance (C) models. A)
Observed vs. fitted genetic dissimilarities
between demes; B) observed vs. fitted genetic
dissimilarities within demes; the strong linear
relationship observed in both scatter plots
indicates that the EEMS model fits the data
well. C) Observed genetic dissimilarities
between demes vs. geographic distance. A
pattern of isolation by distance is observed in
the data, but this model does not fit the data as
well as the EEMS model.

Figure S7. EEMS plot showing areas with effective migration rates significantly higher/lower than the
average. Posterior probabilities Pr{m > 0 | D} higher than 90 % are highlighted in blue (corridors) and
posterior probabilities Pr{m < 0 | D} higher than 90 % are highlighted in orange (barriers).
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Abstract

Coastal plants are terrestrial organisms expected to be specialized to sea dispersal, as they

usually have morphological structures that favour floatability and survival after seawater

exposure (thalassochorous dispersal syndrome). The sea acts as a longdistance dispersal

vector for thalassochorous plants, favouring wide distributions and connecting distant

populations. However, few studies have statistically assessed the role of sea currents in

modulating gene flow and species distribution of terrestrial organisms. In this paper we

evaluate the hypothesis that thalassochorous plants have high ability to diaspore dispersal

by sea resulting in high interisland gene flow modulated by direction and speed of sea

currents. To address this question we chose a characteristic coastal plant (Cryptocarpus

pyriformis Kunth) as a case study, which is the only coastal species distributed across the

13 Galápagos islands. The genetic structure and differentiation of this species were

evaluated by the analysis of 1,806 SNPs obtained by ddRADseq. Oceanic current speed

and direction data over 26 years (19922018) were used to compute pairwise cost distances

to evaluate population connectivity by sea. Three hypotheses were tested in a reciprocal

causal modeling framework to assess which factors are modulating gene flow between

populations: 1) isolation by sea resistance, considering that only dispersal by sea is

possible; 2) isolation by sea and inland resistant, considering that inland dispersal is also

possible; and 3) isolation by geographical distance. Low differentiation and no genetic

structure were detected between populations of C. pyriformis. This result reflects high

gene flow within a single island, between Galápagos islands, and with the continent, which

suggest high dispersal ability of this Cryptocarpus. Interisland gene flow appear to be

essentially mediated by sea currents because significant relationship was found between

genetic and cost distances due to sea direction and speed. In addition to sea dispersal, our

results agree with certain inland dispersal to account for gene flow within a single island.
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This study highlights the utility of using methods of the terrestrial and marine domains

(landscape and seascape genetics) to evaluate the role of the sea in modulating gene flow

of coastal plant species.
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Introduction

Oceans cover around 71% of the Earth surface (Pidwirny, 2006) isolating landmasses and

hence terrestrial organisms that live in them. At the same time, sea currents act as an

important vector for land organisms, transporting them across long distances, connecting

inhabited landmasses and allowing colonization of oceanic islands that emerge lifeless

from the seafloor (Abe, 2006; Magnússon, Magnússon, Ólafsson, & Sigurdsson, 2014;

Ridley, 1930). Rafts form by macrophytes or vegetal debris drifting along big rivers may

transport a variety of terrestrial organisms, such as vertebrates, arthropods, mollusks,

annelids, and plant diaspores to distant territories, even across open ocean (Achaval,

González, Meneghel, & Melgarejo, 1979; Ridley, 1930; Schiesari et al., 2003). But this is

not the only mechanism to disperse across the seawater barrier. Indeed, some plant species

are specialized on sea dispersal, whose diaspores are able to float and survive long time on

seawater, properties that favour the arrival and germination of these diaspores into new

territories (Ridley, 1930; van der Pijl, 1982).

Thalassochorous plants – those specialized to sea dispersal (Rappé, 1984) – usually

have wide distributions (Miryeganeh, Takayama, Tateishi, & Kajita, 2014), which

indicates the effectiveness of the thalassochorous dispersal syndrome in longdistance

dispersal (LDD). Indeed, comparing the flora of Europe and the Azores, Heleno & Vargas

(2015) detected a higher proportion of thalassochorous species in the flora of the

archipelago, reinforcing the idea of the advantages of seadispersalspecialized plants in

LDD. Coastal plants, due to the proximity of the sea, are salt tolerant and many of them

develop diaspores with corky or fibrous tissues, air chambers and any structure that help to

float long time on seawater (Heleno & Vargas, 2015; Ridley, 1930). Darwin (1859)

experimentally showed the ability of certain plant species to float during long time and

germinate after immersion in saltwater, suggesting that coastal species have advantages to
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be successfully dispersed by sea. This idea is supported by subsequent studies that reported

that a wide variety of coastal species are able to float for months in saltwater and

germinate afterwards (Esteves, Costa, Vargas, Freitas, & Heleno, 2015; Guja, Merritt, &

Dixon, 2010; Lesko & Walker, 1969; Nakanishi, 1988; Stephens, 1966). Besides, coastal

areas are prone to frequent disturbance due to climatic and sealevel changes, and thus a

high extintionrecolonization rate is expected in coastal plant populations (Kudoh,

Shimamura, Takayama, & Whigham, 2006). Therefore, the high dispersal ability of

thalassochorous plants favours a high genetic exchange between distant populations, the

recolonization of disturbed areas and new colonization of oceanic islands, being between

the plant pioneers in recently emerged islands (Abe, 2006; CerónSouza et al., 2015;

Magnússon et al., 2014; Takayama, Tateishi, Murata, & Kajita, 2008). However, sea

current properties, such as directionality and speed, is expected to play an important role in

modulating gene flow between seadispersed plant populations and hence in shaping their

population genetic structure (Gallaher, Callmander, Buerki, Setsuko, & Keeley, 2017).

Understanding the effect of landscape features over gene flow between

individuals/populations of terrestrial organisms is one of the objectives of landscape

genetics (Manel & Holderegger, 2013). In contrast with terrestrial organisms, marine

organisms’ gene flow is highly influenced by seascape features. As a consequence,

seascape genetics was developed as discipline closely related to landscape genetics to cope

with the particular biology of marine organisms – i.e. wide distributions, high

dispersability and low genetic structure – and physical properties of the ocean (Riginos &

Liggins, 2013; Selkoe et al., 2016). Coastal plant species, as terrestrial organisms mainly

dispersed by sea, are in an intermediate situation. Although many phylogeographic studies

suggest that ocean currents are responsible for the patterns found (e.g. Gallaher et al.,

2017; Miryeganeh et al., 2014; Takayama et al., 2008), few studies have specifically
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addressed the extent to which sea properties modulate gene flow between coastal plant

populations (e.g. see Hodel et al., 2018). A combination of methods employed in landscape

and seascape genetics is the best option to address this question.

Cryptocarpus pyriformis Kunth – commonly known as salt bush or monte salado –

is distributed along the coasts of Galápagos, mainland Ecuador and Peru (Wiggins &

Porter, 1971). The Galápagos archipelago is located in the Pacific Ocean about 1,000 km

west of mainland Ecuador and the salt bush is widely distributed across it, occurring in all

13 largest islands (Jaramillo Díaz, Guézou, Mauchamp, & Tye, 2018). C. pyriformis small

flowers are mainly pollinated by insects, being ants the most frequent visitor recorded in

the Galápagos (Traveset et al., 2013). Its fruits are small, pearshaped and have a corky

consistency that helps float on saltwater (pers. obs.). Galápagos finches feed on salt bush

fruits and intact seeds have been found in lava lizards droppings, although no conclusive

results have been reported about effective dispersal by vertebrates (Heleno et al., 2011;

Heleno, Olesen, Nogales, Vargas, & Traveset, 2013). This, together with the wide

distribution of the plant across the archipelago and the limited insectmediated pollen

dispersal, suggest a main role of seed dispersal by sea in determining interisland gene

flow within Galápagos. In this archipelago, Harvey (1994) already detected a significant

correlation between the prevailing northwest Humboldt Current and plant density

gradients, suggesting major influence of this sea current in interisland plant dispersal.

Moreover, Vargas et al. (2014) detected that thalassochorous species are distributed in

more islands of the Galápagos archipelago than plants with other dispersal syndromes.

Hence, a strong interisland connectivity between C. pyriformis populations mediated by

sea currents is a plausible hypothesis for Galápagos.

In this paper we evaluate the hypothesis that thalassochorous species have high

ability to disperse by sea and thus their gene flow would be modulated by direction and
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speed of sea currents. To address this question we chose Cryptocarpus pyriformis within

Galápagos as case study as wide distributed thalassochorous species. We expect that

contemporary sea currents strongly influence gene flow between populations due to: 1)

high dispersal ability is expected for this thalassochorous coastal plant, and 2) a strong

signal of contemporary gene flow is expected due to extreme sealevel changes occurred

during glacial and interglacial periods that could notably reduce coastal plant populations

in the archipelago (Ali & Aitchison, 2014; Fig. 1). However, the possibility of inland

dispersal should not be discarded for terrestrial plants; evidence of fruit consumption by

finches and seeds in lizard droppings support this idea for C. pyriformis. Two hypotheses

were thus proposed to evaluate the influence of sea currents modulating gene flow: i)

dispersal is only mediated by sea and inland dispersal is not effective; and ii) dispersal

between islands is mediated by sea but inland dispersal is also possible. A third simpler

hypothesis of isolation by distance, which proposes that geographic distance strongly

influences gene flow between populations, was also proposed for hypotheses testing.

Methods developed under a landscape genetic frame were used to jointly analyzed genetic

data – from hundreds of single nucleotide polymorphisms (SNPs) dispersed across the

whole genome – and publicly available ocean current data to evaluate the effect of sea

current speed and direction in interisland gene flow of the salt bush across Galápagos.

Specifically, the objectives of the present study are: 1) evaluate the genetic diversity of

Galápagos populations and compare it with continental populations, a low genetic

diversity in the archipelago will indicate a recent colonization or extinctionrecolonization

events; 2) assess the genetic differentiation and population structure of the Galápagos and

continental C. pyriformis; and 3) determine the influence of sea currents in the genetic

differentiation detected between Galápagos populations.
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Material and Methods

Study species and sampling

Cryptocarpus pyriformis is a shrub with stems much branched, generally scandent, of

several meters long. Its small whitish to greenish flowers are clustered in panicles and its

fruits are achenes enclosed in the persistent perianth, which is pearshaped and about 1.5

mm long (Wiggings & Porter, 1971). C. pyriformis is the only species of the genus which

is included in the tribe Boldoeae with the genera Boldoa Cav. Ex Lagasca (23 species)

and Salpianthus Humb. & Bonpl. (1 species) (Bittrich & Kühn, 1993; Douglas &

Spellenberg, 2010). However, to our knowledge no molecular phylogeny includes

Cryptocarpus to date. The salt bush is distributed in the largest Galápagos islands (> 10

Figure 1. Geography and palaeogeography reconstructions for the Last Glacial Maximum (c. 20 ka) and for
c. 630 ka based on Ali & Aitchison (2014). Red dots indicate sampled populations of Cryptocarpus
pyriformis. Minimum and maximum estimated age of emergence of each island is also shown (Geist et al.,
2014). Figure modified from Ali & Aitchison (2014).
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Figure 2. Galápagos archipelago and mean values of sea current speed and direction for the whole period
analyzed (19922018). Blue colour gradation indicates sea current speed, from low values close to zero
(white) to high values (dark blue). Little arrows indicate the mean direction of the sea currents. Red dots
indicate the position of the sampled populations.

km2) and along the coasts of mainland Ecuador and Peru (Jaramillo Díaz et al., 2018;

Wiggins & Porter, 1971), living in sandy and rocky coasts (pers. obs.). During three years

(2013, 2014 and 2015) samples were collected from 12 of the 13 largest islands (we

excluded Baltra because its proximity to Santa Cruz and recent land bridge). From one to

five populations per island were chosen based on island size (Fig. 2, Table 1). Leaf

samples of ten individuals per population were typically collected and dried in silica gel.

Additionally, nine individuals were sampled from four populations along the coast of

mainland Ecuador (Table 1).
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Table 1. Populations of Cryptocarpus pyriformis sampled in mainland Ecuador and Galápagos Islands. For
each population, the number of individuals used to build ddRADseq libraries and the number of replicates
used to adjust parameters during the bioinformatics process (in parentheses) are also showed. Longitude
(Long) and latitude (Lat) of each population are given in decimal degrees.

DNA extraction and preparation of ddRAD libraries

DNA was extracted from the silicageldried leaf samples using Dneasy Plant Mini Kit

(Qiagen, Inc., Valencia, CA, USA). The resultant DNA solution was cleaned following the

phenolchloroform protocol to eliminate salts and other compounds that may interfere in

further steps of the process.
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Doubledigest restriction site associated DNA (ddRAD) libraries were prepared

using the genomic DNA and following the protocol described by MastrettaYanes et al.

(2015). To optimize the bioinformatic processing of the sequenced fragments minimizing

possible errors, 24 replicates intra and interplate were included in the process (as

recommend MastrettaYanes et al., 2015). In brief, 6 μL of eluted DNA 1020 ng/μL was

digested with enzymes SbfI and MseI for 4 hours. Afterwards, the DNA fragments were

ligated with P1/P2 adapters. Both adapters contain the recognition sites for the PCR

primers; in addition, P1 adapters contain a particular 48 bp sequence that allows

individual identification (barcode). We cleaned the product of the restrictionligation

reaction with 0.8X AMPure XP beads (BeckmanCoulter, Brea, CA, USA) and we

conducted PCR amplifications using Q5® HighFidelity DNA polymerase (New England

Biolabs, Ipswich, MA, USA) for 25 cycles. The primers used for the PCR contain the

recognition sites for Illumina sequencing primers and another 6 bp particular sequence

(Illumina index). Three Illumina indexes were used (index 4, 6 and 12). After assessing the

quality of the amplification in an agarose gel, the 264 samples (see Table 1), each one with

a unique combination barcodeindex, were pooled together in equimolar concentration and

cleaned with 1X AMPure XP beads. After checking the fragment profile of the pooled

sample with Fragment Analyzer (Advanced Analytical Technologies, Inc.) we selected

fragments of size between 280 and 330 bp using the BluePippin (Sage Science, Beverly,

USA) size selection technology. Finally, libraries were sequenced on two lanes of Illumina

HiSeq 2500 using singleend protocol, at the Lausanne Genomic Technologies Facility.

Bioinformatic processes of ddRAD libraries and genotyping

Sequences were demultiplexed according to their individual combination indexbarcode

using ipyrad v. 0.7.22 (Eaton, 2014). Afterwards, Trimmomatic v. 0.36 (Bolger, Lohse, &

Usadel, 2014) was used to remove the adapters and qualitytrim the reads using default
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settings of the software, except for the simpleClipThreshold parameter – accuracy of the

match between adapter sequences and reads – that was set to 7. Reads were filtered using

the strict quality filtering option and were de novo assembled using ipyrad with a

clustering threshold of 0.93 and a minimum coverage of 10; the rest of parameters were

left at default values. The clustering threshold and minimum depth parameters may

significantly affect the number of SNPs recovered and the error rate, so both parameters

were selected after a preliminary study using replicates as recommended by Mastretta

Yanes et al. (2015). This preliminary study consisted in processing all reads of the replicate

pairs using ipyrad with different combination of clustering threshold (0.90, 0.93 and 0.96)

and minimum coverage (6 and 10) parameters. A clustering threshold of 0.93 and a

minimum coverage of 10 resulted in a good balance between the number of SNPs

recovered and the error rate (see Fig. S1 in Supporting information). The resultant SNP

matrix (vcf file) was filtered using vcftools v.0.1.15 (Danecek et al., 2011); all sites with

more than 70 % of missing data were removed, as well as all individuals with more than

85 % of missing data, and only biallelic sites were kept. Finally, a custom script was used

to randomly select one SNP per locus and kept in a structureformat file. The filtered vcf

file (with all the SNPs retained per locus) and the structureformat file (with only one SNP

per locus) were used in subsequent analyses and further modified to fit the input

requirements of the software employed.

Data analyses

Genetic diversity and population genetic structure

Observed and expected heterozigosities (HO, HE) and the inbreeding coefficient (FIS) were

calculated across loci per population using GenAlex (Peakall & Smouse, 2006, 2012). The

package diveRsity (Keenan, Mcginnity, Cross, Crozier, & Prodöhl, 2013) for the R
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software (R Devlopment Core Team, 2017) was used to calculate the multilocus fixation

index GST (Nei & Chesser, 1983), the Weir and Cockerham’s FST estimator – θ (Weir &

Cockerham, 1984) – and the Jost’s D differentiation index (Jost, 2008) across loci and

population. Pairwise θ was also calculated between populations. All these indices were

estimated twice: 1) considering all populations (i.e. 23 populations from Galápagos and all

individuals from mainland Ecuador considered together as part of the same population),

and 2) excluding populations from the continent. Analyses of molecular variance

(AMOVA; Excoffier, Smouse, & Quattro, 1992) were also performed – including and

excluding continental individuals – to assess the proportion of variation that occurs

between islands (the continent was treated as another “island”, i.e. variation between 13

groups: 12 islands and the continent) and between populations within islands. AMOVAs

were performed using the R package poppr (Kamvar, Tabima, & Grünwald, 2014).

A principal component analysis (PCA) was used to explore the genetic variation

among sampled individuals. A discriminant analysis of principal components (DAPC) was

used to further explore the existence of genetically distinct groups of individuals. A DAPC

first reduces the overall variability using a PCA followed by discriminant functions that

optimize the variance between groups while minimizing differences within groups. The

groups assessed by DAPC can be either given by the kmeans algorithm or defined by the

user. We run the analysis using both options considering as groups defined by the user the

12 islands and the continent. To perform PCA and DAPC we used the R package adegenet

(Jombart et al., 2010).

In addition, we used STRUCTURE v.2.3.4 (Falush, Stephens, & Pritchard, 2003;

Pritchard, Stephens, & Donnelly, 2000) to assess population structure. STRUCTURE is a

Bayesian modelbased method that probabilistically assigns individuals to K clusters – a

priori specified – maximizing the achievement of HardyWeinberg and linkage equilibrium
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within each genetic cluster. We run the admixture model assuming correlated allele

frequencies in STRUCTURE, 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 burnin. To assess which value of K is statistically preferred we used two

methods: 1) ΔK (Evanno, Regnaut, & Goudet, 2005); and 2) MedMeaK, MaxMeaK,

MedMedK and MaxMedK (Puechmaille, 2016). These latter estimators were calculated

using different thresholds (0.5, 0.6, 0.7 and 0.8) and considering all the 23 Galápagos

populations and the continent. The graphical output from the STRUCTURE results was

created using DISTRUCT v.1.1 (Rosenberg, 2004).

Resistance due to ocean currents within the Galápagos

To calculate resistance to seed dispersal due to ocean currents we used publicly available

data from the U. S. Naval Research Laboratory, specifically the HYCOM + NCODA

Global 1/12º Analysis (GLBu0.08) dataset (https://www.hycom.org/data/glbu0pt08). To

download these data we modified the function get.hycom from the R package HMMoce

(Braun, Galuardi, & Thorrold, 2018) hosted in the GitHub repository

(https://github.com/cran/HMMoce/blob/master/R/get.hycom.R). First we established the

boundaries of the working area (92.5º and 88.25º east; 2º and 1.5º north). For this area,

we downloaded the eastward (u) and northward (v) components of seawater velocity at the

ocean surface for one day every two days during the period from the 2nd October 1992 to

the 20th November 2018, i.e. 4771 days (it should have been 4773, but we got an error

downloading data for two of these days). This wide period of time was selected to include

annual and seasonal variations in climatic conditions and ocean circulation that could have

influenced connectivity (sea mean direction and speed for the whole period in Fig. 2).

Cryptocarpus fruits are produced throughout the year (pers. obs.). For each day, data were

converted into raster layers from which the speed and direction of the sea currents were
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calculated and used as input for the calculation of the cost distance matrix. To calculate the

cost to passively move between two cells of the raster we used the function flow.dispersion

from the rWind package (FernándezLópez & Schliep, 2018) modified to cope with

missing data values corresponding to landmasses. In brief, this function implements the

algorithm proposed by Muñoz et al. (2004) and Felicísimo et al. (2008) 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 it is inversely proportional

to sea current speed. For passive dispersal, movements against sea direction are not

allowed (see FernándezLópez & Schliep, 2018). Two resistance layers were calculated: 1)

considering that Cryptocarpus could not be able to disperse inland – only sea dispersal is

possible – we gave a value of infinite cost to all land cells in the raster; and 2) considering

possible both inland and across sea dispersal, we gave a low value of resistance (0.1) to all

land cells. Once we got the cost to move between all pairs of cells included in the study

area we calculated the leastcost paths between populations using the gdistance R package

(van Etten, 2017); from the inverse of these costs we obtained the connectivity between

pairs of populations – populations were moved to the closest sea cell when necessary for

calculation purposes. From all 4771 connectivity values, we chose the maximum

connectivity per population pair and direction – i.e. directionality of the sea currents makes

that connectivity values from A to B are different than from B to A – and reconverted them

again into costdistance values. To make this asymmetric matrix symmetric, we calculated

the mean value between the two connectivity values per population pair (mean between

connectivity values from A to B and from B to A).

Isolation by distance vs isolation by resistance

We proposed three models that modulate gene flow between populations: 1) isolation by

distance (IBD); 2) isolation by resistance due to ocean currents together with inland
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extremely high resistance (IBR1, only dispersal by sea is possible); and 3) isolation by

resistance due to ocean currents considering low resistance in crossing landmasses (IBR2,

dispersal by sea and possibility to disperse across landmasses as well). Pairwise genetic

distances were calculated as FST/(1FST) using Genepop 4.0 (Rousset, 2008) as recommend

Rousset (1997). Geographic distances were calculated as the natural logarithm of the

distance between two points in the WGS ellipsoid using the R package raster (Hijmans,

2018). Cost distances mediated by sea current in the first and second IBR models were

obtained as explained in the previous section and transformed using the natural logarithm

to linearize the relationship with the genetic distance.

The correlation 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). However, Mantel tests have been criticized due to its high

risk of spurious correlation when trying to discern between correlated hypotheses

(Cushman & Landguth, 2010). As a consequence, we decided to use reciprocal causal

modeling (Cushman, Wasserman, Landguth, & Shirk, 2013) to identify which hypothesis

is best supported relative to the others, as this Mantelbased method allows to discern

between highly correlated hypotheses and shows a lower type I error – rejection of a true

null hypothesis – (Cushman et al., 2013).

Reciprocal causal modeling is based on partial Mantel test and the evaluation of the

support of the alternative genetic hypotheses (IBD, IBR1, and IBR2) is based on the partial

Mantel statistic (rM) rather than the Pvalue. First, a partial Mantel test is performed

between genetic distances (G) and a first hypothesis (e.g. IBR1) controlling for the effect

of a second hypothesis (e.g. IBD), i.e. G ~ IBR1|IBD. A second partial Mantel test is

performed between the genetic distances and the second hypothesis, partialling out the first

hypothesis, i.e. G ~ IBD|IBR1. The relative support of the first hypothesis, in the example
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IBR1, is given by the difference between the partial Mantel r of both partial Mantel tests,

i.e. IBR1|IBD – IBD|IBR1. If the hypothesis of IBR1 is correct, then IBR1|IBD –

IBD|IBR1 should be positive; otherwise the IBD hypothesis is supported. A full matrix that

contains the differences of partial Mantel correlations between all possible hypothesis

comparisons was calculated. A hypothesis is fully supported when all values in the column

associated with it are positive and all values in the associated row are negative (Cushman

et al., 2013; MorenteLópez et al., 2018; RuizGonzalez, Cushman, Madeira, Randi, &

GómezMoliner, 2015).

Results

After processing the raw reads with ipyrad we obtained 11,624 loci of which 7,176 were

polymorphic bearing a total of 23,085 SNPs. After removing replicated individuals and

poorly sequenced loci, and keeping only biallelic SNPs, we finally got 746 loci and 1,806

SNPs of 240 individuals with a 40.46 % of missing data.

Genetic diversity, genetic differentiation and molecular variance

The overall mean across loci and population of observed heterozigosity was 0.044, ranging

from 0.018 (Santa Fe) to 0.056 (Pinta). The expected heterozygosity overall mean was

0.048, ranging from 0.032 (Fernandina) to 0.059 (mainland Ecuador). Populations with

low number of individuals (IS3, SA2 and SX3) were not taken into account. FIS overall

mean was 0.089, ranging from 0.134 (Española) to 0.181 (mainland Ecuador) (Table S1

in supporting information).

When considering all 24 populations (Galápagos and continent), the global fixation

indices calculated were: GST = 0.329 and θ = 0.035; and Jost’s differentiation index D =
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0.052. Regarding the pairwise θ, the maximum value was detected between the northern

population of Isabela Island and Santa Fe’s population (θ = 0.128) and the minimum value

was found between the northern population of Isabela and the western population of Santa

Cruz Island (θ = 0.109). After excluding individuals from the continent the values of the

fixation and differentiation indices did not substantially change: GST = 0.326 and θ =

0.026; and Jost’s D = 0.061; and the minimum and maximum θ were found between the

same populations as in the previous analysis (max. θ = 0.145; min. θ = 0.172) (see Table

S1 in Supplementary Information). The AMOVA results including the continent showed a

1.48 % of the variance occurring between “islands”, 2.56 % between populations within

“islands” and 95.96 % within populations with Pvalues of 0.017, 0.002 and 0.001,

respectively (ΦST = 0.015; ΦSC = 0.026; ΦCT = 0.040). Excluding individuals from

mainland Ecuador, the AMOVA results showed a 0.96 % of variance between the islands

of Galápagos (P = 0.001), 2.63 % between populations (P = 0.001) and the highest

variance within populations (96.41 %, P = 0.001; ΦST = 0.010; ΦSC = 0.027; ΦCT = 0.036).

Genetic structure

PCA results showed that none of all possible combinations of the 11 first principal

components (variance explained: 28.38 %) grouped the individuals according to

geography (see Fig. S2 in Supporting information).

DAPC showed the lowest values of the Bayesian Information Criterion (BIC) for

values of K between three and seven, which represent the most plausible numbers of

clusters based on the genetic data. However, none of these arrangements made sense

considering island and population distribution, although at higher values of K (57)

individuals from the continent and from some islands like Santa Fe, Fernandina and

Genovesa showed a slightly differentiated identity from the rest of the individuals (Fig. 3A
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and Figs. S3, S4 in Supporting information). When performed the DAPC with groups

defined by the user – i.e. groups by “islands” – we found high mixed groups and a clearer

genetic identity of individuals from the continent, Santa Fe and Fernandina islands

although these islands and the continent had some individuals likely migrants from other

groups as well (Fig. 3B).

Figure 3. DAPC results. A) K = 5 genetically similar groups established using the kmeans algorithm. B)
DAPC with groups defined by the user. In this case individuals are grouped by “island” (considering the
continent as another “island”), i.e. K = 13. CO: continent; ES: Española; SC: San Cristóbal; FL: Floreana;
SF: Santa Fe; SX: Santa Cruz; PZ: Pinzón; SA: Santiago; IS: Isabela; FE: Fernandina; GE: Genovesa; MA:
Marchena; PT: Pinta.
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STRUCTURE results resemble DAPC results, i.e. high admixture between clusters

and no biological sense of the clusters found (Fig. S5 in Supporting information). Methods

determining the statistically optimal K showed different results. On the one hand, ΔK got

its maximum value at K = 12, followed by K = 5 (Fig. S6A in Supporting information). On

the other hand, Puechmaille’s estimators also differed in their values, decreasing with

higher thresholds (Fig. S6B in Supporting information). In any case, values of

Puechmaille’s estimators based on the mean (MaxMeaK and MedMeaK) were generally

lower than those of the estimators based on the median (MaxMedK and MedMedK) which

are less influenced by the presence of migrants (Puechmaille, 2006).

Isolation by distance vs isolation by resistance

IBR2 (resistance by sea currents and low resistance to cross landmasses) was preferred

over the competing hypotheses in the reciprocal causal modeling framework based on the

relative support values of the matrix, with positive values in the column associated with

the IBR2 hypothesis and negative values in the corresponding row (Table 2A). Besides,

the Mantel test that correlates the cost distances (IBR2) and genetic pairwise distances and

the partial Mantel test that controls by the effects of the hypothesis IBR1 (resistance by sea

currents, high resistance for inland dispersal) are both significant (Table 2B). The simple

Mantel test that correlates geographical and genetic pairwise distances (IBD) and the

partial Mantel test controlling for the effects of IBR1 were statistically significant as well

(Table 2B). These results did not change when analyzing separately the rainy (from

December to May) and the dry season (from June to November) (Table S2 in Supporting

Information). Besides, no significant correlation was found between monthly El Niño

Southern Oscillation index and monthly Mantel’s r between genetic and cost distances

(IBR2), indicating a nonremarkable effect of the ocean current oscillations due to El Niño

events (Fig. S7 in Supporting information). The three hypotheses (IBD, IBR1 and IBR2)
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were highly correlated (IBR1~IBR2: rM = 0.498, Pvalue < 0.001; IBD~IBR1: rM = 0.787,

Pvalue < 0.001; IBD~IBR2: rM = 0.757; Pvalue < 0.001).

Table 2. (A) Reciprocal causal modeling matrix and (B) results of the partial and simple Mantel tests of the
three competing hypotheses that try to explain the genetic differentiation obtained between populations:
isolation by distance (IBD), isolation by resistance considering only dispersal by sea (IBR1) and isolation by
resistance considering both dispersal by sea and inland dispersal (IBR2).

(A) Focal models are in columns, alternative models in rows. (B) Diagonal values correspond to Mantel statistics (rM) of
simple Mantel tests; the nondiagonal values are rM of the partial Mantel test of genetic distance and the focal hypothesis
(column) controlling by the effects of an alternative hypothesis (row). Bold values represent significant correlations (*P
value < 0.05; **Pvalue < 0.01). Geographic distance: distance between two points of the WGS ellipsoid. Sea cost
distance 1: distance of the leastcost path between populations considering the cost due to sea current speed and
direction; crossing landmasses have infinite cost. Sea cost distance 2: distance of the leastcost path between populations
considering the cost due to sea current speed and direction; crossing landmasses have a minimum cost of 0.1.

Discussion

Cryptocarpus pyriformis maintains high gene flow between populations, which is revealed

by low genetic differentiation and lack of genetic structure. This result fits into the

hypothesis of high dispersability for C. pyriformis, and thus successful dispersal of a

thalassochorous species. Moreover, we found a significant relationship between pairwise

genetic differentiation and cost distances due to sea current direction and speed within

Galápagos. In addition to sea dispersal, inland dispersal of C. pyriformis is suggested by

our results, as the IBR2 hypothesis received greater support over IBR1 and IBD

hypotheses.
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Thalassochorous species have high dispersal ability

Plant diaspores adapted to sea dispersal are able to travel across long distances even of

thousands kilometers (Nathan et al., 2008; Ridley, 1930). In the words of Carlquist (1967)

“these plants [plants with capability for seawater flotation] are possibly the only ones

which can be said to have a definitive adaptation for longdistance dispersal”. Indeed,

transoceanic dispersal is supported for several pantropical thalassochorous species, such as

Ipomoea pescaprae (Miryeganeh et al., 2014), Hibiscus tiliaceus (Takayama et al., 2008),

Rhizophora mangle and Avicennia germinans (CerónSouza et al., 2015). This high

dispersal ability favours arrival and colonization of oceanic islands isolated amidst the

ocean, and thus thalassochorous species are between the first pioneer plants in newly

emerged islands (Abe, 2006; Magnússon et al., 2014; Thornton, 1997). Evidence for

successful salt bush dispersal was already known because this nonendemic species has not

only been able to colonize Galápagos from the continent (about 1000 km apart), but also to

spread across all the 13 large islands of the archipelago. Dispersal potential together with

broad habitat needs (sandy and rocky coasts) for establishment are proposed as essential

factors for successful colonization. Indeed, C. pyriformis sea dispersal has been so

successful that genetic connectivity between populations reach high values as revealed by

low genetic differentiation. The success of thalassochorous species colonizing, spreading

and maintaining a high interisland connectivity within oceanic archipelagos has already

been reported in several studies using floristic and genetic approaches. Vargas et al. (2014)

and Arjona et al. (2018) reported wide distributions for thalassochorous species across the

archipelagos of Galápagos and the Canary Islands. High interisland gene flow has also

been shown in Calophyllum inophyllum (Hanaoka et al. 2014) and Terminalia catappa

(Setsuko et al., 2017), two thalassochorous coastal plants of the Bonin Islands. In addition,

Pandanus tectorius within Hawaiian islands similarly showed high gene flow between
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populations resulting in genetically homogeneous populations interpreted as signs of

panmixia by Gallaher et al. (2017).

The high dispersal ability of thalassochorous plants have led to many authors to consider

them as panmictic species for which no differentiation is expected, considering the ocean

as barrier free for these species (Carlquist, 1967; Nathan et al., 2008; Paulay & Meyer,

2002; Whittaker, 1992). However, genetic studies have shown that this statement is not

true, finding certain genetic structure on seadispersed plants and not only due to land

barriers (CerónSouza et al., 2015; Gallaher et al., 2017; Guo et al., 2016; Hanaoka et al.,

2014; Hodel et al., 2018; Miryeganeh et al., 2014; Ngeve, Van der Stocken, Menemenlis,

Koedam, & Triest, 2016; Wee et al., 2014). In the present study, although low genetic

differentiation and high genetic exchange was detected, this was not homogeneous

between all populations. Santa Fe and Fernandina populations are the most genetically

isolated within Galápagos, showing the highest genetic differentiation in the pairwise θ

matrix and in the clustering analyses. This result reveals a nonrandom pattern of gene

flow. Directionality and speed of ocean currents can facilitate or impede gene flow, acting

as corridors or barriers that influence the genetic structure of the species (CerónSouza et

al., 2015; Gallaher et al., 2017; Guo et al., 2016; Hanaoka et al., 2014; Ngeve et al., 2016;

Takayama et al., 2008; Wee et al., 2014).

Oceanic currents as a dispersal vector

Most phylogeographic studies performed in thalassochorous species propose oceanic

currents as the main dispersal vector, as sea current circulation agrees with the genetic

pattern found (CerónSouza et al., 2015; Gallaher et al., 2017; Guo et al., 2016; Hanaoka

et al., 2014; Ngeve et al., 2016; Takayama et al., 2008; Wee et al., 2014). However, few

studies statistically assess the role of sea currents in genetic differentiation and distribution
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of terrestrial organisms. In relation to sea currents modulating plant distribution, a

statistically significant relationship between plant density gradients and the direction of

main sea currents within Galápagos was reported by Harvey (1994). Fajardo et al. (in

press) detected that sea current patterns are significantly correlated with the distribution of

35 out of 37 thalassochorous Galápagos native plants, which offer a convincing

explanation of the connection between Galápagos and South American floras. About the

role of sea currents modulating gene flow of terrestrial organisms, a significant

relationship between ocean currents and pairwise genetic differentiation was also found

between Caribbean populations of red and white mangroves (Rhizophora mangle and

Laguncularia racemosa) (Hodel et al., 2018) and between populations of Caribbean

lizards (Calsbeek & Smith, 2003). To the best of our knowledge, these studies together

with our results are the only ones statistically assessing the role of oceanic currents as

dispersal vector for terrestrial organisms. Indeed, the present study found similar results

that those reported by Hodel et al. (2018) for Caribbean mangroves, i.e. a significant

relationship between costdistances due to sea currents and genetic differentiation, and a

significant relationship between geographical and genetic distances as well. It makes sense

that costdistances increase not only by the resistance to dispersal offered by oceanic

currents direction and speed, but with geographical distance, being both variables highly

correlated. One of the main concerns about the employment of Mantel and partial Mantel

tests – methods broadly used when working with distance matrices – is the high risk of

finding spurious correlations (Cushman & Landguth, 2010; Legendre & Fortin, 2010),

which we circumvented using reciprocal causal modeling (Cushman et al., 2013). Thus,

we confidently report here the effect of sea current direction and speed modulating inter

island gene flow of the Galápagos salt bush, in addition to the high correlation found with

geographical distance.
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The most supported hypothesis (IBR2) suggests that, in addition to sea dispersal,

inland gene flow is likely for this coastal species. Evidence of finches and lizards

consuming salt bush’s fruits has been reported (Heleno et al., 2011; Heleno et al., 2013).

Moreover, Cryptocarpus pyriformis is abundant in coastal and xeric areas of the

archipelago approaching populations and thus favouring short inland pollen dispersal by

insects but also by birds. Birds are less frequent visitors than insects, but they have been

reported as effective pollinators of the Galápagos salt bush promoting xenogamous crosses

(HervíasParejo & Traveset, 2018; Olesen et al., 2018); thus inland pollen dispersal of C.

pyriformis is a plausible hypothesis. Indeed, insectmediated pollen dispersal have been

proposed to explain the connectivity found across the Panama Isthmus between

populations of Hibiscus tiliaceus (Takayama et al., 2008) and Ipomoea pescaprae

(Miryeganeh et al., 2014). In any case, further study is needed to disentangling the effect

of pollen and seed dispersal.

Quaternary climatic and sealevel changes affected coastal plant populations

Historical geological changes – such as the emergence and subsidence of oceanic islands

(e.g. see Christie et al., 1992) –, together with climatic and sealevel changes, would have

altered oceanic currents (Gillespie et al., 2012). In addition, coastal habitats are expected

to suffer frequent disturbance due to past and future climate changes and variation in sea

level, causing successive episodes of inundation and drought and the increased intensity of

extreme meteorological events (Barbier et al., 2011; Kudoh et al., 2006; Ngeve et al.,

2016). This would have left an imprint on the gene flow detected between coastal plant

populations, hindering a higher relationship with the current ocean circulation (Hodel et

al., 2018). The Galápagos coastline notably changed during successive glacial and

interglacial periods connecting and disconnecting the centralwestern islands (Ali &

Aitchison, 2014, Fig. 1). In addition, active volcanism has been changing the landscape of
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some islands for more than two million years since emergence and recent volcanism have

been registered in several islands (Geist, Snell, Snell, Goddard, & Kurz, 2014; White,

McBirney, & Duncan, 1993). At the light of the geological and sealevel changes

experienced in the archipelago, past episodes of extinctionrecolonization are likely for C.

pyriformis populations, as it has been reported for several mangroves species as a

consequence of climatic and sealevel changes during the Quaternary (CerónSouza et al.,

2015; Guo et al., 2016; Nettel & Dodd, 2007; Pil et al., 2011; SandovalCastro et al.,

2014). Thus, current Galápagos populations of salt bush are expected to be relatively

young and hence gene flow is modulated predominantly by Holocene rather than by

historical sea currents. However, this hypothesis cannot be confirmed by our results and a

detailed study of the demographic history of the species is needed.

Limitations of the study and future avenues

Colonization is a twostage process involving dispersal and establishment. In this paper we

evaluated the role of sea current in seed dispersal of the salt bush, but some other

additional factors are involved in the colonization process. Biotic (biological interactions)

and abiotic (island area, coastline length, island age, microhabitat suitability) factors are

critical during the colonization process, influencing the probability of arrival and

establishment in an island (Hodel et al., 2018; Whittaker, Triantis, & Ladle, 2008). In

addition, autoecological characteristics such as fruit and seed set of the plant in question

determine the number of available diaspores for colonization. At this respect, the high

number of flowers and fruits found all year round may palliate the variable production of

fruits with fully developed seeds of Cryptocarpus pyriformis (pers. obs.). The complexity

of the colonization process, in which other factors other than sea currents are involved,

may explain the low but significant correlation value detected between genetic and sea

cost distances (Selkoe et al., 2016).



Chapter 3

154

The assumption of limited pollen flow in animalpollinated species with high seed

dispersal ability is supported in the literature (Brown et al., 2016; GarcíaVerdugo, Forrest,

Fay, & Vargas, 2010; Petit et al., 2005). However, a separate study of organelle and nuclear

DNA may shed light into the differential contribution of pollen and seed dispersal in the

gene flow detected between C. pyriformis populations (Petit et al., 2005). Plastid DNA is

usually maternally inherited in angiosperms, and hence allows tracing seed movements;

while nuclear DNA is biparentally inherited, and thus transmitted through pollen and seeds

(Petit & Vendramin, 2007). At this respect, a pilot study using 14 samples from

populations across the whole sampled area was performed using Sangersequencing

technique to evaluate the variability of 22 of the most variable plastid regions documented

in angiosperms (results not shown). The low variability found in this preliminary study

(only one substitution exclusive to a single sample) may be indicative of a recent

colonization of the species, but preventing from further analyses. Sequencing the whole

plastid DNA of C. pyriformis would be a better option as it would render the appropriate

resolution for the comparison with the predominant nuclear variability obtained in this

study from thousands of SNPs and evaluate the contribution of pollen vs. seed flow, as

recommended by Hodel et al. (2018).

Unraveling the demographic history of C. pyriformis, together with an extensive

sampling in the continent that allow a proper comparison with the archipelago populations,

may provide insight into the gene flow pattern detected. Moreover, a proper phylogenetic

and phylogeographic study for the species are needed to understand the species evolution

and disentangling the colonization process of the Galápagos as it may provide the number

and age of colonizations. All this could help separate historical migration and more recent

gene flow, giving a deeper understanding on the effect of current ocean circulation on

recent gene flow.
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Concluding remarks

Plants specialized in sea dispersal have high dispersal ability and are able to have wide

distributions and maintain high gene flow between distant populations. This assertion is

supported by the results obtained for Cryptocarpus pyriformis in the present study.

Furthermore, the high interpopulation gene flow detected is statistically significantly

modulated by sea currents speed and direction within Galápagos. These properties of the

sea have a notable variation between years, months and even between days and most of

this variation has been confidently included in the large set of ocean data used in this study

(26 years). In addition, the possibility of inland dispersal is herein proposed for C.

pyriformis, pointing out the need of further studies about the biology and ecology of this

species.

This study highlights the utility of employing a combination of methods developed

under landscape and seascape genetic frames to statistically assess how gene flow is

modulated by the surrounding environment, in which the sea is a predominant element of

the matrix where coastal species populations are immersed.
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Supporting information

Figure S1. Plots showing the effect of different values for the clustering threshold (c) and minimum
coverage (d) ipyrad parameters on 24 replicate pairs. (A) Total number of SNPs sequenced. (B) Proportion of
informative sites, i.e. proportion of SNPs sequenced without errors in each pair. (C) Error rate, considered as
the proportion of SNPs that differed between replicates (likely due to PCR or sequencing errors). (D) Locus
drop rate, proportion of SNPs not sequenced in one of the samples of the pair. (E) Total error rate, proportion
of SNPs affected by allele drop and by PCR or sequencing errors.
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Figure S2.
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Figure S2.
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Figure S2.
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Figure S2.
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Figure S2. PCA plots. Plots show all possible combinations of the first eleven principal components (PCs).
Individuals from different islands and from the continent are drawn in different colors. CO: continent; ES:
Española; SC: San Cristóbal; FL: Floreana; SF: Santa Fe; SX: Santa Cruz; PZ: Pinzón; SA: Santiago; IS:
Isabela; FE: Fernandina; GE: Genovesa; MA: Marchena; PT: Pinta. The last plot shows the cumulative
variance of all principal components detected in the analysis, in red are shown the eleven first PCs.
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Figure S3.



Figure S3.
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Figure S3. DAPC results for values of K from 3 to 7. The scatter plots show how distant the groups made by
the kmeans algorithm are. The plots on the right are compoplots that show the individual assignment to each
of the clusters detected in each case; samples are ordered by population (see Table 1 in main text). CO:
continent; SC: San Cristóbal; ES: Española; FL: Floreana; SF: Santa Fe; SX: Santa Cruz; PZ: Pinzón; SA:
Santiago; IS: Isabela; FE: Fernandina; GE: Genovesa; MA: Marchena; PT: Pinta.

Figure S4. Bayesian Information Criterion (BIC)
estimated for every K in DAPC. Low values of BIC
indicate statistically better arrangement of the
individuals. In this case, K = 2 – 7 show relatively
similar values of BIC.
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Figure S5. STRUCTURE results for all K values assessed between K = 2 and K = 13.
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Figure S6. Statistically optimal K estimated by the Evanno’s and Puechmaille’s methods from
STRUCTURE results. A) Evanno’s ΔK. B) Puechmaille estimators MedMeaK, MaxMeaK, MedMedK and
MaxMedK calculated using different threshold values.



Chapter 3

174

Table S2. Data from the rainy Galápagos season (from December to May) (A) Reciprocal causal modeling
matrix and (B) results of the partial and simple Mantel tests of the three competing hypotheses that try to
explain the genetic differentiation obtained between populations: isolation by distance (IBD), isolation by
resistance considering only dispersal by sea (IBR1) and isolation by resistance considering both dispersal by
sea and inland dispersal (IBR2).

(A) Focal models are in columns, alternative models in rows. (B) Diagonal values correspond to Mantel statistics (rM) of
simple Mantel tests; the nondiagonal values are rM of the partial Mantel test of genetic distance and the focal hypothesis
(column) controlling by the effects of an alternative hypothesis (row). Bold values represent significant correlations (P
value < 0.05); *Pvalue < 0.05, **Pvalue < 0.01. Geographic distance: distance between two points of the WGS
ellipsoid. Sea cost distance 1: distance of the leastcost path between populations considering the cost due to sea current
speed and direction; crossing landmasses have infinite cost. Sea cost distance 2: distance of the leastcost path between
populations considering the cost due to sea current speed and direction; crossing landmasses have a minimum cost of 0.1.

Table S3. Data from the dry Galápagos season (from June to November) (A) Reciprocal causal modeling
matrix and (B) results of the partial and simple Mantel tests of the three competing hypotheses that try to
explain the genetic differentiation obtained between populations: isolation by distance (IBD), isolation by
resistance considering only dispersal by sea (IBR1) and isolation by resistance considering both dispersal by
sea and inland dispersal (IBR2).

See Table S2 footnote.
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Figure S7. Relationship between El Niño Southern Oscillation Index (SOI) and Mantel’s statistic (rM) of the
correlation between genetic and cost distances (IBR2, see main text). A value per month was obtained from
October 1992 to November 2018. Pearson’s correlation value and its corresponding P value are shown in
the figure. The SOI is a measure of the large scale fluctuations in air pressure between the western and
eastern tropical Pacific during El Niño and La Niña events. Data were downloaded from NOAA website
(https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/).
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Abstract

In previous chapters we have shown a generalized high seed dispersal ability of

thalassochorous species and a wide variability in dispersal ability of endozoozhorous

species of oceanic archipelagos. However, the hypothesis that longdistance dispersal

(LDD) syndromes favour plant interisland dispersal could not be discarded neither

confirmed without the assessment of interisland gene flow of LDDunspecialized species.

In this chapter we evaluate the genetic diversity, population structure and diversification of

the unspecialized Waltheria ovata, a Galápagos native plant that, like the Galápagos

species studied in the two previous chapters, is widely distributed across the archipelago

(11 islands). If the hypothesis were true, we would expect a strong population structure

and differentiation for W. ovata as the result of a limited gene flow between populations. A

combination of plastid (three variable intergenic spacers) and nuclear (SNPs distributed

across the whole genome – ddRADseq) DNA was employed and analyzed. The results

obtained were compared with the results of the endozoochorous Lantana peduncularis and

the thalassochorous Cryptocarpus pyriformis obtained in previous chapters. However, the

genetic differences detected between these three unrelated species could be due to different

demographic histories (different colonization time, migration rate with continental

populations and changes in population size). Different demographic scenarios were

compared and their parameters estimated using Approximate Bayesian Computation

(ABC). The results showed higher haplotype diversity for W. ovata than for L.

peduncularis, both species with shared haplotypes between islands indicating recurrent

events of interisland seed dispersal. In addition, both species showed a clear genetic

structure strongly influenced by geography as the result of the analysis of mainly nuclear

SNPs; however W.ovata populations were less differentiated than those of L. peduncularis.

The heteromorphic mating system of W. ovata together with its pollination by a wider
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variety of pollinators, including several birds, could have favoured a higher pollen flow

between populations of W. ovata, explaining the latter result. However, we could not

establish differences in seed dispersal ability of these two species based on our results. By

contrast, the thalassochorous C. pyriformis have the highest seed dispersal ability between

the three Galápagos species. This agrees with ABC results, which estimated the highest

migration rate with continental population for this species. In addition, a recent

colonization of the archipelago together with a reduction of population size in the

Galápagos in recent times, indicate the sensitivity of this coastal species to changes in sea

and other frequent disturbances in coastal areas, and thus its capability to recolonize

affected territories. Although with these results we cannot confidently accept the

hypothesis formulated, we showed that at least the thalassochorous syndrome favours high

gene flow between islands and even with the continent. In addition, demographic history

of the species provides valuable information to interpret and compare the genetic patterns

found for unrelated species.
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Introduction

Plant specializations to longdistance dispersal (LDD) may have favoured colonization of

isolated territories and thus active gene flow between populations in fragmented

landscapes like oceanic archipelagos. As plant diaspores lack the ability of active

movement, the final result of the dispersal process is highly dependent on external factors,

particularly dispersal vectors. Indeed, we reported high interisland gene flow for the

thalassochorous Cryptocarpus pyriformis (chapter 3), which was expected due to a clear

specialization to float and survive in saltwater together with sea currents as dispersal

vector. Successful longdistance seed dispersal by sea currents has also been shown for

other thalassochorous species (e.g. Takayama et al., 2008; Miryeganeh et al., 2014).

Unexpectedly, the endozoochorous Lantana peduncularis showed a strong population

structure across Galápagos, which is better explained by strong isolation (chapter 2) as a

consequence of limited seed dispersal by lava lizards and mockingbirds. A wide range of

results have been found in interisland gene flow of endozoochorous species that parallels

animals movements with seeds in their guts from limited (e.g. lizards) to longdistances (e.

g. migratory birds). These results indicate that seed dispersal is a complex process that

depends on many factors, thus dispersal syndromes alone cannot fully explain the

distribution and connectivity of plant species. In addition, composition of whole island

floras informs about a high percentage of plants unspecialized to LDD (hereafter UNS)

that successfully colonized remote territories. Indeed, estimates of the colonizers of island

floras show high percentage of UNS ancestors: 36 % of the ancestors of the current

Galápagos flora was classified as UNS (Vargas et al., 2012), 62.8 % in the Azores (Heleno

& Vargas, 2015), and 47.4 % in the Canary Islands (Arjona et al., unpublished), suggesting

that stochasticity may also play a nonnegligible role in LDD (Higgins et al., 2003; Nathan

et al., 2008; Nogales et al., 2012). Since Darwin, scholars have tried to explain how these
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UNS diaspores arrived on oceanic islands, speculating with diverse ways of transport like

adhesion to bird feet in mud, dispersal by wind of small seeds, rafting and dispersal by

granivorous birds (Darwin, 1859; Ridley, 1930; Carlquist, 1967; Porter, 1976; Bramwell,

1985). Nevertheless, nobody has witnessed how plants historically arrived to islands,

which make change the paradigm in dispersal of plants from how actually plants were

dispersed to whether evolutionary traits of plants have been determinant in colonization

(Gillespie et al., 2012; Vargas et al., 2012). Studies assessing the role of LDD syndromes

in interisland dispersal have reported heterogeneous results (e.g. see GarcíaVerdugo et

al., 2014; Vargas et al., 2014; Vazačová & Münzbergová, 2014; Heleno & Vargas, 2015;

chapter 1 of this thesis) and have recognized the complexity of the LDD process.

However, some of them found that UNS plants tend to have restricted distributions in

different oceanic archipelagos and are prone to suffer higher diversification rates,

suggesting a limited interisland dispersal of these species (Heleno & Vargas, 2015;

chapter 1 of this thesis). Interestingly, examples of wide distributed UNS plants question

the hypothesis of poor LDD of UNS species within oceanic archipelagos. Waltheria ovata

Cav. (Sterculiaceae), producing oneseeded dry fruits, is distributed in xeric areas of Peru,

mainland Ecuador and Galápagos, where occurs in 11 of the 13 largest islands of the

archipelago (Wiggins & Porter, 1971; Saunders, 1993; Jaramillo et al., 2018). Due to its

lack of specialization towards LDD and wide distribution within Galápagos we found this

species as an ideal case study to contrast interisland gene flow and dispersal ability with

the two previously studied species, the endozoochorous Lantana peduncularis and the

thalassochorous Cryptocarpus pyriformis.

Every species has its own evolutionary and demographic history that determines its

genetic diversity and structure. For instance, the number of colonization events across

islands and the time of colonization are directly related to the degree of genetic
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differentiation, the longer a lineage is isolated in the archipelago the higher divergence

with the source continental population is expected. On the contrary, a recurrent exchange

of migrants with the continent may blur genetic differentiation (Gillespie et al., 2012).

Moreover, changes in population size, like bottlenecks or founder effects followed by

recent population expansions, strongly influence genetic diversity and genetic

differentiation (Waters et al., 2013). Thus, unraveling the demographic history of the

species is paramount to understand their genetic structure and to make inferences about

their dispersal abilities. Approximate Bayesian Computation (ABC) is a useful approach to

evaluate complex demographic scenarios, selecting the most plausible scenario based on

the observed data, and estimating demographic parameters such as diversification time,

migration rate and changes in population sizes (Csilléry et al., 2010). This approach

approximates the calculation of the exact likelihood – difficult to compute for complex

models – by using simulated data and summary statistics.

Single nucleotide polymorphisms (SNPs) are widely used to estimate genetic

diversity, structure and differentiation, and to infer demographic processes of plant

populations (Schlötterer, 2004; Guichoux et al., 2011; Fischer et al., 2017). Particularly,

the advent and decreasing in cost of highthroughput sequencing technology have led to an

increase of population genetic studies – especially focused on nonmodel organisms – that

rely on the use of hundreds and thousands of SNPs (e.g. MastrettaYanes et al., 2014;

Owens et al., 2016; Klimova et al., 2018). The most popular methods to detect

polymorphisms across the whole genome are restrictionsite associated DNA sequencing

(RADseq), which allows processing a high number of samples at a relatively low cost and

detects hundreds to thousands SNPs without the needed of prior genomic information of

any species (Andrews et al. 2016). RADseq techniques have in common the use of

restriction enzymes that produce a great amount of genetic information, but high number
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of missing data as well (Andrews et al., 2016; Huang & Knowles, 2016). Some of these

missing data are inherent to the technique, as mutations within enzymerecognition sites

cause the loss of certain alleles (allele dropout) that become null alleles for certain

individuals. If a null allele contains a SNP, allele dropout may cause genotyping errors,

recognizing heterozygous individuals for the null alleles as homozygous (Andrews et al.,

2016). Other sources of missing data are the amplification and sequencing steps when

building up RAD libraries, as different loci from different individuals may be differentially

amplified and sequenced by chance (Andrews et al., 2016; Huang & Knowles, 2016).

Finally, bioinformatic postprocessing of the sequenced library may introduce additional

missing data into the final dataset. Nevertheless, it has been reported that a strict removal

of loci with missing data within a RADseq dataset is not a good strategy as the most

informative loci are discarded (Huang & Knowles, 2016), thus a certain amount of missing

data is inherent to RADseq datasets.

In this chapter we evaluate the hypothesis that LDD syndromes favour interisland

genetic connectivity of plant populations by comparing the population genetic results of

three wide distributed Galápagos species with different LDD syndromes: the

endozoochorous L. peduncularis, the thalassochorous C. pyriformis and the unspecialized

W. ovata. Our working hypothesis is that W. ovata will show low interisland gene flow

indicated by strong genetic structure as the result of poor dispersal abilities, and thus

strong genetic isolation. For that aim we used a combination of plastid markers –

maternally inherited in most angiosperms (Petit & Vendramin, 2007) – sequenced using

traditional Sanger techniques, and predominantly nuclear markers (biparentally inherited)

obtained by doubledigest RADseq (ddRADseq). As the three species are pollinated

mainly by insects, it was assumed that differences in interisland gene flow will be caused

primarily by differences in seed dispersal. Additionally, we evaluate different demographic

histories and estimated demographic parameters, such as divergence time with the
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continental population, migration rate and changes in population sizes, for each species

using ABC. To simulate ddRADseq data under each of the demographic scenarios, we

developed a pipeline to get simulated data that mimics the observed data, including

simulation of allele dropout and extra sources of missing data. Particularly, the objectives

of this chapter are: 1) to estimate the genetic diversity and structure of W. ovata across the

Galápagos islands; 2) to compare the results of W. ovata with those of the endozoochorous

L. peduncularis and the thalassochorous C. pyriformis; and 3) to evaluate different

demographic scenarios and estimate divergence times, migration rates and changes in

population sizes for Galápagos species.

Material and Methods

Study species, sampling and DNA extraction

Waltheria ovata Cav. is a perennial shrub of the family Sterculiaceae, order Malvales. The

genus Waltheria comprises 55 species within the neotropical subfamily Byttnerioideae

(Alverson et al., 1999; Whitlock et al., 2001; Richardson et al., 2015). W. ovata is highly

variable in size and leaf shape, with yellow flowers clustered in axillary and terminal

gomerules producing oneseeded dry fruits (Wiggins & Porter, 1971). Insects are the main

pollinators of W. ovata in Galápagos, being an introduced wasp (Polystes versicolors), the

endemic lepidoptera Agraulis vanillae and the endemic carpenter bee (Xylocopa darwini)

main floral visitors (Traveset et al., 2013). In addition, few generalist bird species have

been reported as effective pollinators of this species, although their floral visits are low

compared with those of insects (HervíasParejo & Traveset, 2018). Lack of morphological

specialization to dispersal of seeds and fruits led to its categorization as ‘unspecialized’ by

Vargas et al. (2012, 2014), but actual means of dispersal are unknown.



Chapter 4

186

In Galápagos, W. ovata is distributed in 11 of the 13 islands larger than 10 km2, and

absent from Pinzón and Baltra (Jaramillo Díaz et al., 2018). During three years (2013,

2014 and 2015) 213 samples were collected from all the 11 islands and between one and

four localities per island based on island size. We typically collected fresh leaves from 10

individuals per locality from the archipelago and 6 individuals from two points located in

mainland Ecuador (Table 1 and Table S1 in Supporting information). All fresh leaves

collected were dried in silica gel. For L. peduncularis and C. pyriformis we used the

samples employed in previous chapters and five additional samples from mainland

Ecuador of Lantana sp., which was morphologically very similar to L. peduncularis.

Table 1. Number of individuals sampled and used for ddRADseq libraries preparation (number of replicates
in parentheses) and amplification of plastid sequences for each of the studied species.
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Some authors cite L. peduncularis in the coast of the region of Manabí (Cerón &

Montalvo, 1998; Montalvo et al., 2011), in the area where we sampled the continental

Lantana, but no further taxonomic or phylogenetic study has been performed to confirm

this taxonomic treatment.

DNA was isolated from the dry leaves using DNeasy Plant Mini Kit (Qiagen, Inc.,

Valencia, CA, USA). Afterwards, the DNA was cleaned following the phenolchloroform

protocol to eliminate salts and other compounds that may interfere in further steps in the

protocol.

Plastid regions

Amplification and Sanger sequencing

Between 24 and 21 of the most variable plastid regions described in angiosperms were

amplified and sequenced in a pilot study for a subset of samples of the three species (Table

S2 in Supporting information). For W. ovata, three variable noncoding regions were

consistently amplified: the intergenic spacers rpl14rpl16, rpl32trnL (Shaw et al., 2007)

and ycf6FpsbMR (Shaw et al., 2005). Another three variable regions were found in L.

peduncularis: the intergenic spacers rpl32trnL, trnQrps16 (Shaw et al., 2007) and trnS

trnR (DumolinLapegue et al., 1997; Grivet et al., 2001). By contrast, extremely low

variability was found in C. pyriformis plastid regions and we decided not to go further with

the analysis of the plastid DNA of this species. For the other two species, we extended the

study of the plastid variable regions to 5 individuals per population (see Table S1for W.

ovata samples in Supporting information and Table S3 in Supporting information of

chapter 2 for L. peduncularis). The primers and PCR conditions used to amplify each

region for each species are shown in Table 2. PCR products were sequenced by the Sanger

technique (Macrogen Co., Korea). The sequencing of ycf6FpsbMR of W. ovata was
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conducted using the ycf6F forward primer; primer rpl36 was used to sequence rpl14rpl36

region; and forward and reverse primers were both used to sequence rpl32trnL intergenic

region. In the case of L. peduncularis, forward primers rpl32F and LpSF were used to

sequence rpl32trnL and trnStrnR regions, respectively; whereas trnQrps16 region was

sequenced using a forward custom primer specifically design for L. peduncularis (5’ –

TGA TCA AGT TCC ATA TCC TAC – 3’) and the standard reverse primer rps16x1.

Sequences were edited and assembled if necessary using Geneious 9.0.2 and they were

aligned and manually adjusted using MAFFT v7.308 implemented in the cited software.

Table 2. Amplification primers and PCR conditions used to amplify the variable intergenic plastid regions
found in Waltheria ovata (A) and Lantana peduncularis (B).

Haplotype network

For each species, the alignments of the three plastid regions were concatenated in a single

matrix. Genealogical relationships among haplotypes were inferred using a statistical

parsimony algorithm for construction of haplotype networks (Posada & Crandall 2001).

This algorithm was implemented in TCS 1.21 (Clement et al., 2000) to infer relationships

based only on nucleotide substitutions. The maximum number of differences resulting

from single substitutions among haplotypes was calculated with 95% confidence limits

and treating gaps as missing data.
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Doubledigest RADseq data

ddRAD library preparation

Doubledigest RAD libraries were prepared using W. ovata genomic DNA following the

same protocol with the same digestion and ligation conditions described in previous

chapters (chapters 2 and 3). Seventeen replicates intra and interplate (three 96well

microplates were used) were included to minimize errors optimizing de novo assembly of

the reads (MastrettaYanes et al., 2015). Every sample was ligated with a particular

combination barcodeIllumina index. The combination of 80 short barcode sequences and

three Illumina indexes (Illumina indexes 1, 2 and 7) allowed pooling together all 236

samples (219 individuals and 17 replicates) and building the ddRAD library, which was

sequenced on two lanes of Illumina HiSeq 2500 using singleend protocol, at the Lausanne

Genomic Technologies Facility.

Bioinformatic filtering, assembly and genotyping

Reads were demultiplexed based on their unique barcodeIllumina index combination

using ipyrad v. 0.7.22 (Eaton, 2014). Afterwards, reads were qualitytrimmed and adapters

were removed using Trimmomatic v. 0.36 (Bolger et al., 2014) with default settings,

except for the parameter that determines the accuracy of the match between any adapter

sequence and a read (simpleClipThreshold) that was set to 7. A strict filtering and de novo

assembly of the reads was performed using ipyrad with a clustering threshold of 0.93 and a

minimum read depth of 10. These parameters were chosen after evaluate the error rate and

number of SNPs recovered after analyzing the results of running ipyrad with all possible

combination of clustering threshold values of 0.90, 0.93 and 0.96 and minimum read depth

of 6 and 10 with the seventeen replicate pairs (Fig. S1 in Supporting information). The

remaining parameters of ipyrad were left at default values. Vcftools v.0.1.15 (Danecek et
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al., 2011) was employed to keep only biallelic SNPs and to remove poor sequenced

individuals (> 85 % missing data) and loci (> 70 % missing data). Final vcf files kept all

individals and SNPs that passed all filtering steps, while custom scripts were used to select

one SNP per locus and keep them in a structureformat file. Both files were used in

subsequent analyses and further modified to fit the input requirements of the software.

Genetic diversity, differentiation, population structure and isolationbydistance

To estimate genetic diversity, differentiation and population structure of W. ovata

populations the same procedure as used in previous chapters for L. peduncularis and C.

pyriformis was employed. In brief, observed and expected heterozygosities (HO and HE)

and the inbreeding coefficient (FIS) were calculated across loci per population using

GenAlex (Peakall & Smouse, 2006, 2012). Jost’s D differentiation index (Jost, 2008), GST

(Nei & Chesser, 1983) and Weir and Cockerham’s FST estimator – θ (Weir & Cockerham,

1984) – across loci and population, together with pairwise θ between populations, were

calculated using the R package diveRsity (Keenan et al., 2013; R Devlopment Core Team,

2017). Analyses of molecular variance (AMOVA; Excoffier et al., 1992) were performed

using the R package poppr (Kamvar et al., 2014) to evaluate the percentage of variation

occurring between islands and between populations within islands. All these analyses were

performed twice, with and without continental samples. When continental samples were

included, these were grouped into a single population.

A principal component analysis (PCA) was used to explore the genetic variation

among sampled individuals. A discriminant analysis of principal components (DAPC) was

used to further explore the existence of genetically distinct groups of individuals. Both

analyses were performed with the R package adegenet (Jombart et al., 2010).

The bayesian modelbased software STRUCTURE v.2.3.4 (Pritchard et al., 2000;
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Falush et al., 2003) was employed to probabilistically assign individuals into a priori

specified K clusters and assess population structure. The admixture model with correlated

allele frequencies was run with a lambda of 0.23 and K from 1 to 13, 10 times along

1,000,000 MCMC iterations and 500,000 iterations burnin. ΔK (Evanno et al., 2005) was

estimated to assess which value of K was statistically preferred. The graphical output from

the STRUCTURE results was created using DISTRUCT v.1.1 (Rosenberg, 2004).

Isolation by distance (IBD) was evaluated in the three species and the slope of the

regression between pairwise FST/(1FST) and the logarithm of the geographic distance was

compared. This slope is inversely proportional to dispersal distance following

b=1/(4πDσ2), where σ2 is the variance of the dispersal distance and D is the population

density (Rousset, 1997). The three plant species are abundant within Galápagos and only

slight differences may be expected regarding population density. Regression slopes will

hence shed light into the different dispersal abilities of the species. The significance of the

relationship between genetic and geographic distances was assessed with a Mantel test

with 1,000,000 permutations. IBD analyses were performed with Genepop 4.0 (Rousset,

2008).

Testing different demographic scenarios

ABC analyses were conducted to make inferences about the demographic history of

continental and Galápagos populations, grouping them into two differentiated populations

(GAL and CONT). Four demographic scenarios were proposed and evaluated for the three

species (Fig. 1): i) constant size and strict isolation model (CnstI); ii) constant size and

isolation with migration model (CnstM); iii) change in population size after divergence

and strict isolation model (ChI); iv) change in population size after divergence and

isolation with migration model (ChM). All models consider an ancestral population that
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diverged at a certain point in the past into two daughter populations (CONT and GAL) of

constant size over time (CnstI and CnstM models) or that experienced a change in

population size at a certain point after divergence (ChI and ChM models). Isolation by

migration models consider a constant and symmetric migrant exchange per generation

between both derived populations after divergence, while no migration is considered in

strict isolation models. Under these scenarios ddRADseq data were simulated.

Figure 1. Demographic models evaluated. All models have the same structure, an ancestral population that
diverged at certain time in the past (τdiv) into two daughter populations (CONT and GAL). The first two
models consider constant population sizes over time (CnstI and CnstM), while the other two models consider
a population change of the daughter population at a certain time in the past (θGAL1  θGAL0 at τGAL1; θCONT1  
θCONT0 at τCONT1; in models ChI and ChM). In addition models CnstM and ChM consider a constant and
symmetric migration rate between CONT and GAL populations (M), while CnstI and ChI consider strict
isolation of the population, i.e. no migration. Different parameters – explained in Table 3 – characterize each
model (θANC, θGAL1, θGAL0, θCONT1, θCONT0, τdiv, τGAL1, τCONT1 and M).

Data simulation

The coalescent simulator ms (Hudson, 2002) was used to simulate data under the

demographic models specified above, assuming an infinitesite mutation model. For each

species the number of loci simulated was the number of loci recovered in the ipyrad output

file .alleles.loci, i.e. 8,191, 13,295 and 11,852 loci for W. ovata, L. peduncularis and C.

pyriformis, respectively; and the number of samples per species were those shown in Table

1 multiplied by two (assuming diploidy). The value of the parameters required for each

model was randomly chosen in each simulation from specified priors (Table 3). Most
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parameters required by ms are scaled by the effective population size of a reference

population that for us was GAL (NGAL). After ms simulation, allele dropout due to

mutations in the restriction recognition site was simulated using custom awk scripts. First,

we calculated the position of each simulated SNP based on the locus lengths from the

ipyrad output file .alleles.loci of the observed data. Afterwards, for each locus with

mutations within the first 12 bp – which represents the sum of the restrictioncutsite

lengths of both restriction enzymes used to generate ddRADseq data – we firstly selected a

pattern repeated in more than two simulated samples (alleles) and deleted all samples

without that pattern. When only one of the two alleles of an individual was removed by

allele dropout simulation, the second allele was doubled generating a false homozygote.

The number of individuals recovered per locus and population after allele dropout

simulation was recorded in an additional file to keep track of missing data. However,

missing data in any ddRADseq dataset are additionally produced by diverse causes during

the process of building the libraries, especially during the PCR and sequencing steps

(Andrews et al., 2016; Hudson & Knowles, 2016). We considered that these ‘extra’

missing data were randomly produced across all loci and hence we created an awk script to

add them into our simulated data by comparing locus by locus the observed and simulated

datasets. When the simulated locus had more samples per population than the observed

locus, the excess of samples in the simulated dataset was deleted. If the simulated dataset

had more loci than the observed dataset, the script went back to the beginning of the

observed dataset and continued comparing locus by locus the population sizes. Finally,

after a filtering step we kept the simulated loci that had data for > 30 % of individuals and

at least two individuals per population, mimicking the final filtering step employed in the

observed dataset (Fig. 2). For each demographic model, 10,000 simulations were run and

around a 30 % of them did not pass the filtering step and were discarded.
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Figure 2. Workflow used to simulate ddRADseq data.
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Summary statistics and observed data

The information contained in simulated and observed datasets was summarized in 31

summary statistics calculated by the pipeline mscalc (Roux et al., 2016), to which we

added number of loci and proportion of missing data for each dataset (Table S3 in

Supporting information). As observed data we used the final vcfformat file with the

filtered ddRADseq data obtained as described above. To use mscalc with the observed

data, we needed to transform the vcf file according to the input requirements of the

pipeline – i.e. a main data file in ms format and an additional file containing length and

population sample sizes per locus – making use of custom scripts. The summary statistics

calculated for each simulated dataset, together with the parameters used in each

simulation, were compiled in a reference table, which is the base for any ABC method.

Table 3. Parameters and priors employed in simulations under the proposed demographic models (CnstI:
constant size and strict isolation model; CnstM: constant size and isolation with migration model; ChI: size
change and strict isolation model; ChM: size change and isolation with migration model).

Galápagos population was used as the reference population and its parameters were used to scale the rest of parameters.
N: effective population size; μ: mutation rate per generation; t: time in years; m: proportion of population made of
migrants from other populations.
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Model choice and parameter estimation using random forest

Random forest (RF) is a machinelearning algorithm recently proposed by Pudlo et al.

(2016) and Raynal et al. (2017) to select between complex models and estimate their

parameters within an ABC framework. Compared with other ABC algorithms, RF notably

decreases computation time and reduces the number of simulated datasets needed to make

a reliable model choice and parameter estimation, making feasible the use of large datasets

(Pudlo et al., 2016; Raynal et al., 2017). Furthermore, the choice of summary statistics,

which is crucial for other ABC algorithms, is not an important matter for RF as it is

unsensitive to noninformative and noisy summary statistics (Csilléry et al., 2010; Pudlo et

al., 2016; Raynal et al., 2017). Thus, the RF algorithm was used in the present study for

model choice and parameter estimation using the R package abcrf (Marin et al., 2017).

Model choice by RF uses a classification and regression trees (CART) algorithm to

select the best model based on the observed summary statistics and estimate its posterior

probability. With a random subset of simulations and a subset of summary statistics, the

algorithm grows a tree whose terminals offer a classification of the models according to

the summary statistics selected. Hundreds to thousands trees are grown with different

subsets of simulations and summary statistics. The simulations not used for the tree growth

(outofbag simulations) are used to estimate the outofbag error rate of the classification.

The forest is then used to select a model based on the observed summary statistics. In a

second step, the posterior probability of the selected model is then estimated (Pudlo et al.,

2016). In this study we performed three comparisons of the demographic models

proposed: 1) all four models were compared (CnstM vs. CnstI vs. ChM vs. ChI); 2)

isolationwithmigration models were grouped together and compared against strict

isolation models (CnstM & ChM vs. CnstI & ChI); and 3) models of constant population

sizes were compared against models that consider population size change (CnstI & CnstM
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vs. ChI & ChM). Each time 1,000 trees were grown. However, as none of the models or

group of models got a posterior probability > 0.9, meaning that none of them was highly

supported, the parameter estimation was performed by merging all reference tables from

the four models. Those parameters absent in some of the models were set at certain values:

the migration parameter was set to zero in all models of strict isolation; θGAL1 and θCONT1

were set equal to θGAL0 and θCONT0, respectively in those models of constant population

sizes; and τGAL1 and τCONT1 were estimated using only simulations under ChI and ChM

models. In total, the reference table compiled the results of 40,000 simulations (except for

the estimation of τGAL1 and τCONT1, whose reference table had 20,000 entries), of which

between 32 and 35 % were discarded in the last filtering step because of their high amount

of missing data. Parameters were estimated using a regression RF that follows a similar

procedure to that described above (Raynal et al., 2017); for each of them 1,000 trees were

grown. All summary statistics were used in the analyses and the size of their subset (ntry)

and the size of the bootstrap subsample of simulations (Nboot) used to build each tree were

left at default values. Finally, estimated parameters were transformed to obtain effective

population sizes of both populations at present and before a potential size change, time of

divergence in years and proportion of populations made of migrants from the other

population. For that, a generation time of 2.2 years was considered for W. ovata, 1.6 years

for L. peduncularis, and 2.4 years for C. pyriformis; all of them are the average of

generation times found in the literature for other species of the same families of the studied

species (Verdú, 2002; Sharma et al., 2005). A mutation rate of 7x109 was considered

(Lynch, 2016).
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Results

Plastid haplotype networks

Waltheria ovata. The alignment of rpl14rpl16 intergenic spacer had a length of 744

bp and showed three substitutions; rpl32trnL alignment had a length of 1,358 bp and six

positions with nucleotide substitutions; and ycf6FpsbMR alignment had a length of 476

bp and two substitutions (Table 4A). In total, eleven substitutions of the concatenated

alignment rendered ten haplotypes. The haplotype network showed that the unique

haplotype found in the continent was separated by the Galápagos haplotypes by four

mutational steps, while within the archipelago high diversity of haplotypes (nine

haplotypes) was found (Fig. 3A). Haplotype C is the most frequent and widespread across

the archipelago (76.2 % of individuals, 11 islands). This is considered the ancestral

haplotype of the Galápagos network because it has a central position in the network, the

highest number of connections and direct connection with the lineage of the continental

haplotype A (see Posada & Crandall, 2001).

Lantana peduncularis. Results of the alignments of trnQrps16 and rpl32trnL

intergenic spacers were reported in chapter 2. We herein included five continental samples

and found one substitution in the trnStrnR region, which resulted in a single continental

haplotype (Table 4B). Hence, the consideration of haplotype A as the most ancestral

haplotype of the archipelago is further supported because direct connection with the

continental haplotype D. However, it is noticeable the close genetic relationship between

continental haplotype D and Galápagos haplotype A, as they have a single mutational step

difference (Fig. 3B).

Cryptocarpus pyriformis. Between the 22 plastid regions assessed in the pilot study

(see Table S2 in Supporting information) only one was variable and consistently amplified
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across the samples evaluated of this species. In addition, this variation was due to a single

substitution found in one of the samples. This extremely poor variability found prevented

us to go further with the analysis of the plastid DNA of this species.

Table 4. Substitutions found in the three variable intergenic spacers of the plastid DNA of (A) Waltheria
ovata and (B) Lantana peduncularis.

† The inversion detected in rpl32trnL (positions 16341637) was coded as a simple based (G → T).

Figure 3. Plastid haplotype network and haplotype distribution within Galápagos and the mainland Ecuador.
(A) Results of Waltheria ovata. (B) Results of Lantana peduncularis.



Chapter 4

200

ddRADseq data

After processing the reads and filtering poorly sequenced individuals and loci, we got

2,158 SNPs in 602 loci for the 219 individuals of W. ovata; 2,960 SNPs in 716 loci for 194

individuals of Lantana; and 1,806 SNPs in 746 loci for 240 individuals of C. pyriformis.

Missing data percentages in each data set was of 38.31 %, 37.55 % and 40.46 %,

respectively.

Genetic diversity, differentiation and population structure

Results of genetic diversity and indices of genetic fixation and differentiation of the three

species are shown in Table 5, considering only Galápagos populations (Table 5A) and

including continental samples (Table 5B). Regarding AMOVAs results we found that,

although most of the variation occurs within populations, the highest percentage of

betweenisland variability within Galápagos was found in L. peduncularis, followed by W.

ovata and C. pyriformis, which showed a nonsignificant percentage of the variance

between islands (Table 6A). This pattern was repeated when including the continent, but

with increased values of variance percentages (Table 6B).

Table 5. Diversity and differentiation between populations of the three Galápagos species without (A) and
with (B) continental individuals (all continental individuals were considered within the same population).
These values were calculated across loci and populations.

All individuals from the continent were grouped into a single population. All populations with only one individual
sampled were removed from the analysis (IS5 for L. peduncularis; FE2 for W. ovata). For calculation of HO, HE and FIS
populations with N < 3 were not considered (L. peduncularis: SC2, ES1, ES3; C. pyriformis: IS3).
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About population structure of the species when considering the continent, PCA

results showed that Galápagos populations and continental samples are considerably

different in W. ovata and L. peduncularis, while no differences were found for continental

and Galápagos samples of C. pyriformis (Fig. 4). This pattern of differentiation was shown

by DAPC and STRUCTURE results as well, were K = 2 generally grouped continental and

Galápagos samples of W. ovata and L. peduncularis in different clusters, while continental

samples of C. pyriformis were included in genetic clusters together with Galápagos

samples for values of K < 6 (Fig. 5 and Fig S5 in Supporting information of chapter 3).

Within the archipelago, K = 3 had low BIC value in DAPC and maximized STRUCTURE

Evanno’s ∆K in W. ovata (Figs. S2 and S3 in Supporting information). These three clusters

divide the archipelago in: 1) eastern islands of San Cristóbal, Española and Santa Fe, 2)

centralwestern islands of Floreana, Santa Cruz, Santiago, Isabela and Fernandina, and 3)

northern islands of Marchena, Genovesa and Pinta; although high admixture was detected

in Marchena by STRUCTURE (Fig. 5A; Fig. S4A in Supporting information). Similar

results were reported for L. peduncularis in which K = 3 reported the same genetic clusters

with the exception of Floreana that was part of the eastern cluster (Fig. 5B; Fig. S4B in

Supporting information). A generally lower admixture between clusters was detected in L.

peduncularis compared to W. ovata. No clear population structure was found for C.

pyriformis (Fig. 5C; Fig. S4C in Supporting information).

Table 6. AMOVA results for each studied species considering (A) only the Galápagos archipelago; and (B)
including the continent in the analysis.

*Pvalue < 0.05; **Pvalue < 0.01; ***Pvalue < 0.001
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A significant pattern of isolation by distance was found in the three species within

Galápagos, with noticeable differences in the regression slope values. L. peduncularis

showed the steepest slope (b = 0.084), followed by W. ovata (b = 0.031) and C. pyriformis

(b = 0.007), which is interpreted as a consequence of species dispersal ability, from the

lowest to the highest dispersal distances (assuming similar population densities for the

three species).

Figure 4. PCA results in which the genetic distance between the continental population (in black with the
letters CO) and the Galápagos populations (in colors, each color corresponds with a particular island). The
results for the three species are shown: A) Waltheria ovata; B) Lantana peduncularis; C) Cryptocarpus
pyriformis.

Figure 5. STRUCTURE results for the three species: A) Waltheria ovata; B) Lantana peduncularis; C)
Cryptocarpus pyriformis. The graphs at the top show the genetic structure for K = 2 including continental
samples for each species. The graphs at the bottom show the genetic structure within Galápagos (excluding
the continent) for K = 3.



Genomic tools challenge the canonical hypothesis of longdistance dispersal: comparison of
three Galápagos species

203

Demographic model choice and parameter estimation with ABC

Model choice using random forest failed to detect a single best model with a posterior

probability higher than 0.9. The model that considers a population size change and

isolation with migration of the populations (ChM) got the highest posterior probability in

all species when comparing all models; as well as migration models and models

accounting for a change in population sizes got higher probabilities when comparing

models with and without migration, and models with and without population size change,

respectively (Table 7). However, as none of the models reached a posterior probability >

0.9, parameter estimation was performed using all simulations under all demographic

models in combination. After the final filtering step a total of 25,908 simulations were kept

for W. ovata; 25,212 for L. peduncularis; and 27,340 for C. pyriformis, considering all

models simultaneously. All parameters were estimated for each of the three species (Table

8; see Table S4 in Supporting information for untransformed parameters). Although wide

95 % credibility intervals were obtained for all parameters, denoting the necessity of a

higher number of simulations, our ABC results indicate that L. peduncularis could have

arrived earlier in the Galápagos, followed by the potentially more recent colonizers W.

ovata, and C. pyriformis. Regarding changes in Galápagos population size, a potential

increase in size appear to have occurred in W. ovata and L. peduncularis populations in

recent times, while reduction in size could have occurred in C. pyriformis population.

About the migration rate indicating a potential connectivity between continental and

Galápagos populations, the highest estimated value was obtained in C. pyriformis,

followed by L. peduncularis and W. ovata, both with similar low migration rates with the

continent.
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Table 7. Random forest model choice. Posterior probabilities (PP) and outofbag errors (OOB error) of the
preferred model are shown for each of the three comparisons performed: 1) comparison between all the four
demographic models proposed (CnstI vs. CnstM vs. ChI vs. ChM); 2) models with migration against models
without migration (CnstMChM vs. CnstIChI); and 3) models with population size change against models of
constant population sizes (CnstICnstM vs. ChIChM).

Table 8. Estimated parameters from all models in combination. Those parameters absent in some models
were set at certain values (see main text). N: effective population size; t: time in years; m: proportion of
population made of migrants from other populations; GAL0: Galápagos population at present; CONT0:
continental populations at present; GAL1: Galápagos population before the population size change; CONT1:
continental population before the population size change.

Discussion

Waltheria ovata a LDD unspecialized plant successful across Galápagos

Waltheria ovata successfully colonized the Galápagos archipielago, including 11 of the 13

largest islands despite lack of LDD syndrome. Genetic results from the analysis of plastid

DNA show a single colonization event from the continent followed by an early spread

across the archipelago and further diversification within islands. The high diversity of



Genomic tools challenge the canonical hypothesis of longdistance dispersal: comparison of
three Galápagos species

205

haplotypes found, mostly in the easternmost islands, may indicate an ancient occurrence

and differentiation of W. ovata starting in the eastern and most ancient islands (San

Cristóbal, Española) of the archipelago. This pattern in which older islands are the first to

be colonized and constitute the diversification center of the archipelago has also been

reported for other Galápagos species, such as Bulimulus snails (Parent & Crespi, 2006),

mockingbirds (Nietlisbach et al., 2013), lava lizards (Benavides et al., 2009), land tortoises

(Poulakakis et al., 2012), leaftoeded geckos (TorresCarvajal et al., 2014), Lycium

minimum (Levin et al., 2015) and Galápagos caterpillar hunter beetles (Hendrickx et al.,

2015). The question remains whether ancestry of Galápagos biota is found in the eastern

most islands because island age or proximity to the continent.

Around 56 % of the haplotypes detected, all of them derived from the ancestral

haplotype, are restricted to a single island, which indicate local differentiation not followed

by dispersal. A similar haplotype diversity with a common ancestral haplotype that further

diversified leading to a nonnegligible amount of singleisland haplotypes (60 %) has been

reported for Cistus monspelliensis, a widespread UNS species in the Canary Islands

(FernándezMazuecos & Vargas, 2011). The presence of singleisland haplotypes could be

explained by: 1) their recent origin could be the cause that these haplotypes have not had

enough time to colonize other islands; or 2) the colonization of alreadycolonized islands

could fail as a consequence of intraspecific competence with early lineages (see Rumeu et

al., 2011; Waters et al., 2013).

The analyses of ddRADseq data – mainly from the nuclear genome – support the

main result of isolation of Galápagos Waltheria populations from the continent, although

provide an additional genetic pattern. Within Galápagos, a clear genetic structure was

found, but with some islands like Marchena harbouring highly admixtured individuals.

This result indicates recurrent gene flow between islands with a strong geographical
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dependence, which makes connect nearby islands. The significant isolation by distance

detected within the archipelago suggests a limited (or unsuccessful) longdistance seed and

pollen dispersal. Unlike W. ovata, nuclear DNA analyses of other UNS species from

oceanic archipelagos, such as the Galápagos endemic Scalesia affinis (Nielsen, 2004) and

Canarian Anagyris latifolia (GonzálezPérez et al., 2009), showed strong interisland

differentiation that agrees with the hypothesis of poor LDD ability of UNS species.

Similarly to W. ovata results, Galvezia leucantha is a Galápagos species with numerous

seeds per capsule (UNS) that show a poor geographical clustering in which populations

from different although nearby islands grouped together (Guzmán et al., 2017). Such

connectivity pattern was explained by the existence of land bridges that connected

Galápagos core islands during glacial periods (Ali & Aitchison, 2014) and by the activity

of insect pollinators favouring interisland pollen flow. They are plausible reasons to

explain the Galápagos Waltheria genetic structure as well. W. ovata is distylous, i.e. the

species has two flower morphs and every plant one of them, which often implies intra

morph incompatibility and selfincompatibility (Saunders, 1993). However, in Galápagos

the percentage of intramorph pollination and selfing resulting in fully developed seeds is

higher than in the continent, indicating a leaky heteromorphic incompatibility system in

the archipelago (Bramow et al., 2013). Nonetheless, W. ovata still maintains and important

degree of outcrossing (Bramow et al., 2013; HervíasParejo & Traveset, 2018) being

pollinated by a wide variety of insects and birds (Traveset et al., 2013, 2015). Pollen flow

mediated by some of these pollinators between nearby islands could explain the moderate

genetic differentiation found in W. ovata.

Genetic structure and demographic history of the three Galápagos species

Strong differences were found between population genetic results of the three Galápagos

species. Diversity found in plastid DNA was higher in W. ovata, followed by L.



Genomic tools challenge the canonical hypothesis of longdistance dispersal: comparison of
three Galápagos species

207

peduncularis and then notably lower in C. pyriformis. Considering that higher genetic

diversity reflects an older presence of any species in an archipelago, this result could

indicate considerable differences in colonization times, and thus W. ovata may be the

species arriving earlier in Galápagos. Based on our results, both L. peduncularis and W.

ovata colonized the archipelago from the continent in a single event and extended fast

across most islands (the ancestral haplotype in all islands) with further diversification. In

addition, both species presented shared haplotypes between some of the islands that

indicate recurrent seed LDD events. By contrast, the results of ddRADseq analyses

showed higher differentiation and a stronger genetic structure in L. peduncularis than in W.

ovata populations. Irrespective of arrival times, the canonical hypothesis of lower dispersal

of unspecialized species such as W. ovata than dispersal of specialized species such as the

endozoochorous L. peduncularis is not supported by our data. Indeed, W. ovata has weaker

genetic structure and thus higher interisland connectivity than L. peduncularis. By

contrast, the absence of genetic structure across the Galápagos of the thalassochorous C.

pyriformis supports the hypothesis of high dispersal ability of this LDDspecialized

species by sea while assuming a more limited pollen flow by insects. Differences in

dispersal ability between the Galápagos endozoochorous L. peduncularis and the

unspecialized W. ovata were expected analyzing plastid and nuclear DNA, like it was

found between two endozoochorous species, Canarina canariensis from the Canaries and

Juniperus brevifolia from Azores. Plastid haplotypes revealed recurrent interisland seed

dispersal of J. brevifolia across Azores (shared haplotypes between islands and some of

them with wide distributions) due to the high dispersal ability attributed to this species

with multiseeded fleshy cones dispersed mainly by birds (Rumeu et al., 2011). In

addition, a high pollen flow mediated by wind may have contributed to the nonsignificant

interisland differentiation shown by nuclear microsatellite analyses of this species

(Bettencourt et al., 2015). By contrast, the restricted distribution of plastid haplotypes of
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the Canarian C.canariensis revealed comparatively less effective seed dispersal, which

could be attributed to the main role of lizards as dispersers. Moreover, pollination of this

species by birds – less effective than wind promoting longdistance pollen flow–

contributes to explain the strong structure across the archipelago found for this species

when analyzing nuclear markers (Mairal et al., 2015). In the case of Waltheria and

Lantana, the absence of concluding results about distinct seed dispersal ability indicates

the influence of additional factors in modulating interisland gene flow. Both species

mainly depend on xenogamous crosses to produce large seed sets and vigorous seeds

(McMullen, 1987; CarriónTacuri et al., 2014; HervíasParejo & Traveset, 2018).

Nevertheless, the heteromorphic mating system of W. ovata (distyly) favouring crosses

between plants with compatible floral morphs that could be separated by long distances –

for instance, Schofield (1989) described in certain islands only one of the two kinds of

flower morphs –, together with the wider variety of bird and insect that pollinate W. ovata

flowers, could have favoured a higher pollen flow even between islands. However, further

studies are needed to confirm this point.

Demographic history add a valuable information to understand genetic differences

between species

The results obtained from evaluate the demographic history of the species using ABC

showed that Galápagos and continental populations diverged at different times for the

three species considered. C. pyriformis likely was the last species in colonize the

archipelago, that agrees with the close relationship found with the continent and the poor

variability found in its plastid DNA. In addition, the high sea dispersal ability of the

species might have further favoured the connection between Galápagos and continental

populations, as this species got the highest migration rate of the three species. Contrary to

our hypothesis based on the plastid DNA variability, ABC results showed that L.
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peduncularis colonized Galápagos earlier than W. ovata. Assuming a similar mutation rate

for both species and similar probabilities of establishment due to their broad habitat

requirements, we considered two hypothesis that could explain this result: 1) after a rapid

spread across the archipelago seed dispersal could have been more limited for W. ovata

isolating maternal lineages and hence favouring plastid haplotype differentiation, while

high pollen flow between populations could have prevented high differentiation of nuclear

DNA; 2) Galápagos populations of W. ovata could have been the result of multiple

colonization events from the continent as it was reported for Croton scouleri, an UNS and

widespread species from Galápagos with high morphological and plastid haplotype

diversity within the archipelago (Rumeu et al., 2016), similar to what was found for W.

ovata (Schofield, 1989). Finally, another ABC result worthy to comment is that

Cryptocarpus Galápagos populations possibly suffered a reduction in population size in

recent times. This result agrees with the sensitivity of coastal species to disturbances,

which are frequent in coastal ecosystems (Barbier et al., 2011). Galápagos coastline was

notably modified due to recurrent changes in sea levels during glacial and interglacial

periods (Ali & Aitchison, 2014), that affected coastal plant population and could promote

extinction and recolonization processes (Kudoh et al., 2006). In any case, these

interpretations of the ABC results are rather speculative and should be taken with caution,

as the credibility intervals resulted in parameter estimation are extremely wide. This,

together with the impossibility of confidently select a demographic scenario over the

others, indicates the need to increase the number of simulations and formulate new

demographic models based on the genetic results and recent publications about the species

under study. For example, models that consider asymmetric migration between Galápagos

and the continent could be more realistic due to prevailing wind and oceanic current

direction (see Fajardo et al., in press); considering scenarios of multiple colonization

events from the continent could fit better with the genetic variability found (Rumeu et al.,
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2016); and a more realistic scenario of progressive population expansion and contraction

can be evaluated by skyline plot analysis within ABC framework (Navascués et al., 2017).

Our study of the demographic histories of these species will follow this direction in the

near future.

Conclusion

Waltheria ovata showed recurrent and successful seed dispersal events, as this species is

distributed in nearly all large islands of Galápagos and several plastid haplotypes are

shared between islands. Moreover, results from ddRADseq data showed a low to moderate

interisland differentiation, strongly influenced by geographical distance, although it was

not possible to discern between the roles of seed and pollen flows. About the dispersal

ability of the three Galápagos species studied, Cryptocarpus pyriformis – the

thalassochorous species – showed the highest interisland gene flow likely due to its

highest dispersal ability. In contrast, our results did not support higher dispersal ability for

the endozoochorous and hence LDDspecialized L. peduncularis compared with the

unspecialized W. ovata.

The workflow proposed to simulate ddRADseq data within an ABC framework

worked correctly and the simulated datasets obtained were used to estimate demographic

parameters. Although further analyses are needed, the results obtained reinforce the

interpretation of C. pyriformis as the species with the highest dispersal ability, but do not

give new insight about which of the UNS and endozoochorous species have the highest

dispersal ability.

LDD is a complex process in which different factors are involved, being LDD

syndromes only one of them. With the results obtained we cannot discard neither accept

the hypothesis of diaspore syndromes favouring LDD of plants within oceanic
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archipelagos. However, intrinsic characteristics of the diaspores are undoubtedly important

influencing plant dispersal ability as we have seen in the thalassochorous species, but

failed in the endozoochorous species. However, external factors may overcome the

advantages of these specializations towards dispersal as could have happened by the fact

that the endozoochorous plant dispersers have only limited movement capacity.
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Supporting information

Table S1. Samples of Waltheria ovata employed for ddRAD library preparation. A subset of these samples
were used to amplify and sequence the plastid intergenic spacer rpl14rpl16, rpl32trnL and ycf6FpsbMR.
Coordinates in decimal degrees are shown for each individual sampled.
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Table S1. Continued.
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Table S1. Continued.
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Table S1. Continued.
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Table S1. Continued.
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Figure S1. Plots showing the effect of different values for the clustering threshold (c) and minimum
coverage (d) ipyrad parameters on 17 replicate pairs. In order from left to right and from top to bottom: 1)
Error rate, considered as the proportion of SNPs that differed between replicates (likely due to PCR or
sequencing errors). 2)Total number of SNPs sequenced. 3) Locus drop rate, proportion of SNPs not
sequenced in one of the samples of the pair. 4) Total error rate, proportion of SNPs affected by allele drop
and by PCR or sequencing errors. And 5) proportion of informative sites, i.e. proportion of SNPs sequenced
and identical in each pair.
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Table S3. Summary statistics (SS) calculated by the pipeline mscalc (extracted from Roux et al., 2016).
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Figure S2. Value of the Bayesian Information
Criterion (BIC) versus the different numbers of
clusters assessed by DAPC within Galápagos (see
main text). The minimum value of BIC indicates
the statistically optimal number of clusters that
explains the genetic variation contained in the
data.

Figure S3. Statistically optimal K estimated by
the Evanno’s method (estimation of ΔK) from
STRUCTURE results within Galápagos.

Table S4. Untransformed parameters estimated by ABC random forest showing the expected value and the
extreme values within the 95 % credibility interval.
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Figure S4. DAPC results for the three species analysed when K = 3 (only Galápagos samples). The scatter

plots (left) show how distant the three groups made by the kmeans algorithm are. The plots on the right are

compoplots that show the individual assignment to each of the clusters detected in each case; samples are

ordered by population (see Table 1 in main text). SC: San Cristóbal; ES: Española; FL: Floreana; SF: Santa

Fe; SX: Santa Cruz; PZ: Pinzón; SA: Santiago; IS: Isabela; FE: Fernandina; GE: Genovesa; MA: Marchena;

PT: Pinta.
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Longdistance dispersal (LDD) of diaspores is a complex process in which non

standard mechanisms, together with stochasticity, play an important role in colonization of

remote territories (Higgins et al., 2003; Nathan, 2006; Nogales et al. 2012). To understand

this process – critical not only in the colonization of remote islands, but in the composition

of biological communities and species distribution and in the connectivity of distant

populations as well – indirect approaches based on current species distributions are needed

to formulate testable hypotheses (see Gillespie et al., 2012; Vargas et al., 2012). In this

thesis dissertation we evaluated the role of LDD syndromes in plant LDD, which has

specifically been focused on interisland plant dispersal within oceanic archipelagos. As a

tenet historically proposed, we formulated the hypothesis that plants with LDD syndromes

have advantage in interisland dispersal and thus they have wider distributions and

maintain higher interisland gene flow among populations than LDDunspecialized

species. Floristic and genetic analyses have been employed to test the hypothesis, which

showed heterogeneous results regarding the importance of LDD syndromes in interisland

plant dispersal.

LDD syndromes of insular floras is vaguely associated with interisland species

distributions

Our analyses consistently revealed that Canary angiosperms bearing diaspores with traits

related to endozoochory, epizoochory and thalassochory are more widely distributed

among the islands of the archipelago than plant species with anemochorous and

unspecialized diaspores. However, our results of reanalysing data of the Galápagos (Vargas

et al., 2014) and Azores (Heleno & Vargas 2015) floras failed to further support

statistically significant differences between either island distributions of plants and

different LDD syndromes or species with and without LDD syndrome (chapter 1).
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Nevertheless, some common patterns between the three archipelagos were found: (1) high

proportion of unspecialized species in all the archipelagos (Canaries: 57%, Galápagos:

48% and Azores: 55%) that tend to have more restricted distributions within each

archipelago than species with LDD syndromes, although it was significant only for the

Canarian flora; (2) among plants with specialized diaspores, anemochorous species have

narrower distributions (although significant results have been found only in the Canary

Islands); and (3) endozoochorous species have broader distributions than those without

this syndrome in the Canaries and the Azores, but not in the Galápagos.

These results revealed a relative importance of LDD syndromes in interisland

dispersal and colonization. Nevertheless, the high percentage of unspecialized species

found within each of the three archipelagos analysed, some of them with wide

distributions, clearly points to the importance of nonstandard dispersal events in current

plant distribution (Vargas et al., 2012; Nogales et al., 2012): The same is true when

comparing LDD syndromes of the flora of a whole continent (Europe) and a target

archipelago (Azores) (see Heleno & Vargas, 2015). Likewise, characteristics inherent to

the floristic analyses herein performed may hinder the detection of the actual importance

of LDD syndromes in plant interisland dispersal. As floristic datasets are based on current

presence on islands, shortfall of floristic approaches is expected because the impossibility

to detect failure of island arrival or failure of establishment despite multiple dispersal

events.

LDD syndromes explain part of interisland gene flow

Genetic analyses were performed to evaluate interisland gene flow in species with

different LDD syndromes. A minimal number of recurrent dispersal events to any island

could be successfully inferred using genetic markers and hence the dispersal ability of the
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species. The floristic analyses failed to detect any relationship between the LDD

syndromes and the distribution of Cryptocarpus pyriformis (thalassochorous), Lantana

peduncularis (endozoochorous) and Waltheria ovata (unspecialized), all of them wide

distributed across the Galápagos. However, genetic analyses revealed differences in gene

flow rates between them.

The thalassochorous C. pyriformis showed the lowest genetic differentiation between

populations, even from distant islands, which indicates high interisland gene flow (chapter

3). The success of thalassochorous species in colonizing, spreading and maintaining a high

interisland connectivity within oceanic archipelagos has already been reported in several

studies and for several plant species (Hanaoka et al., 2014; Setsuko et al., 2017; Gallaher

et al., 2017). Indeed, transoceanic dispersal is supported for several pantropical

thalassochorous species, such as Ipomoea pescaprae (Miryeganeh et al., 2014), Hibiscus

tiliaceus (Takayama et al., 2008), Rhizophora mangle and Avicennia germinans (Cerón

Souza et al., 2015), which reveal a generalized high dispersal ability of thalassochorous

species. By contrast and contrary to expectations, the endozoochorous L. peduncularis

showed a strong genetic structure due to effective barriers that limit gene flow between

islands and groups of islands (chapter 2). A less clear genetic structure was found for W.

ovata within Galápagos, with higher admixture between genetic clusters (chapter 4). This

result indicates a limited gene flow between islands for both species but a stronger

limitation for L. peduncularis. In addition, the significant isolation by distance detected

using spatial analyses –again stronger in L. peduncularis (chapter 4) than in W. ovata–

reinforce the idea of limited gene flow for both species in such a way that nearby islands

are more closely connected than distant islands. These results were obtained by the

analysis of mainly nuclear (RADseq) data and hence it was not possible to discern between

pollen and seed flow contributions. In contrast, the analysis of plastid DNA (maternally



234

inherited) rendered a lower level of genetic diversity, albeit haplotype sharing between

islands indicates recurrent seed dispersal events in both species. Based on plastid results,

we cannot support a higher dispersal ability for the endozoochorous L. peduncularis

compared with the unspecialized W. ovata.

Additional factors involved in LDD

LDD is a complex process affected by several factors, of which diaspore dispersal

syndromes has been studied in this thesis dissertation in detail. Nevertheless, we are aware

of the effect of additional factors that may contribute even more to the colonization pattern

we observe.

Island geography, changes in sea level and volcanism over time

Island area, coastline length, island age and distance from other landmasses influence the

probability of arrival (and posterior establishment) of any organism on any island

(MacArthur & Wilson, 1967; Whittaker et al., 2008; Hodel et al., 2018). However, these

characteristics change over time. Sealevel changes during the Quaternary have strongly

influenced the geography of oceanic archipelagos (Weigelt et al., 2016). In the Canary

Islands, Fuerteventura, Lanzarote, La Graciosa, Alegranza and some islets were

temporarily united into the large palaeoisland called ‘Mahan’ during the Last Glacial

Maximum (ca. 20,000 years ago; Rijsdijk et al., 2014). In the Azores, the islands of Faial

and Pico were temporally joined together during glacial periods forming the island of

‘Laurinsula’ (Rijsdijk et al. 2014). In Galápagos, Santa Cruz, Santa Fe, Isabela,

Fernandina, Pinzón and Santiago are known as the ‘core’ islands because land bridges

connected them several times during glacial periods in the last million years (Ali &

Aitchison, 2014). This process did not only favour the union of islands nowadays isolated,
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but reduced the distance between islands as well. Needless to say that sealevel changes

could have affected interisland plant dispersal. When reducing the number of islands to

palaeoislands the results of the floristic analyses did not change (see chapter 1). However,

these historical changes could have had a stronger imprint in gene flow patterns, favouring

higher gene flow (by seed and pollen) when distances between islands were shorter and

land bridges connected some of the islands (Guzmán et al., 2017). Of the three species

studied, the most affected was likely C. pyriformis because this species occurs along the

coast and the Galápagos coastline notably changed during successive glacial and

interglacial periods (Ali & Aitchison, 2014; see Fig. 1 in chapter 3). Indeed, coastal

habitats are expected to suffer frequent disturbances due to past and future climate changes

and variation in sea level, causing successive episodes of inundation and drought and the

increased intensity of extreme meteorological events, which promote extinction

recolonization processes and hence affect genetic diversity and population structure of the

species (Barbier et al., 2011; Kudoh et al., 2006; Ngeve et al., 2016). The low

differentiation between populations, together with the extremely low variability found in

plastid DNA of C. pyriformis (chapters 3 and 4), suggest recent colonization, followed by

high dispersal ability of this species.

In addition to changes in sea level during the Quaternary, active volcanism was

frequent during the period of emergence of volcanic islands, particularly in early stages.

These volcanic episodes could have ‘sterilized’ part of island surfaces, isolating existing

populations and favouring posterior recolonization (e.g. see Mairal et al., 2015). Although,

intraisland barriers to gene flow were not directly detected, the occurrence of a high

number of haplotypes on single islands in the Galápagos W. ovata may reflect effective

intraisland isolation of the populations. Moreover, low haplotype diversity of L.

peduncularis may reflect processes of extinction and recolonization given that this species
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was inferred to be one of the early colonists. In any case, further studies are necessary to

confirm these hypotheses.

Interpreting the role of dispersal vectors

Plant diaspores lack the capacity of active movement and hence depend on external

vectors that transport them long distances from their mother plant. During this thesis

dissertation we have stressed that evolution of angiosperm diaspores has favoured

dispersal by specific vectors. However, seeds can also be transported by vectors different

from those to which they are best suited (nonstandard dispersal), meaning that the actual

vector of colonization cannot be inferred based on diaspore traits alone. In other words,

dispersal mediated by vectors that transport seeds irrespective to morphological

adaptations (e.g. fleshy fruits transported on vegetal rafts by sea) may have also played an

important role in LDD (Higgins et al., 2003; Nogales et al., 2012; chapter 1). However, the

hypothesis initially formulated – plant species with LDD syndromes are favoured in inter

island dispersal and thus have wide distributions and high interisland gene flow –

implicitly assumes that the vectors to which diaspores are adapted confer benefits in inter

island dispersal. In other words, it is expected that the contribution of standard means of

dispersal will exceed that of nonstandard means across islands. Indeed, we found a

significant relationship between cost distances imposed by sea current speed and direction

and genetic differentiation between populations of the Galápagos Cryptocarpus pyriformis,

reinforcing the idea that sea is the main dispersal vector for this thalassochorous species

(chapter 3). In addition, the genetic pattern found for Lantana peduncularis, with high

differentiation between populations of distant islands, partially agrees with the short

distance dispersal favoured by the main dispersers reported for this species, i. e. lava

lizards and, to a lesser extent, mockingbirds and land iguanas (Heleno et al., 2011;

Nogales et al., 2016; Traveset et al., 2016) (chapter 2). By contrast, nothing is known
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about the dispersal of the LDDunspecialized Waltheria ovata, although effective and

recurrent seed dispersal events among islands have occurred based on floristic and genetic

data. Despite the influence of standard dispersal vectors reported for the thalassochorous

and endozoochorous species, we need to bear in mind that other current or past vectors

may have played important roles in seed dispersal of these species. Genetic differentiation

between populations of C. pyriformis is better explained when considering inland dispersal

in addition to sea interisland dispersal. Furthermore, stronger island isolation may be

expected if lizards, mockingbirds, and land iguanas were the only dispersers of L.

peduncularis seeds.

Demographic history of the species

Colonization time of the archipelago, changes in population size and migration rate

between archipelago and continental populations leave a strong imprint in the genetic

structure of the species (Gillespie et al., 2012; Waters et al., 2013). In this thesis

dissertation we evaluated the influence of the demographic history of the species by

including a temporal scale since plant arrival into the Canary Islands using timecalibrated

phylogenies (chapter 1) and estimating demographic parameters for each of the Galápagos

species whose genetic patterns were assessed (chapter 4). Although the time of

colonization was available for only a few Canarian species, we found that earlier colonists

have wider distributions than more recent species (chapter 1), which was interpreted as

longer time to spread across the archipelago. In addition, ABC (Approximate Bayesian

Computation) results suggested that L. peduncularis was the first of the three Galápagos

species studied to arrive on the archipelago followed by W. ovata and C. pyriformis, which

colonized the archipelago in more recent times (chapter 4). This result agrees with the

degree of genetic differentiation found between populations of the three species, higher for
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L. peduncularis, followed by W. ovata and the lowest values recovered for C. pyriformis

populations (ddRADseq data).

Increase in population size was found for L. peduncularis and W. ovata Galápagos

populations, which is interpreted as the expected outcome after a founder effect in which

only a reduced number of colonists arrived on the archipelago (chapter 4). By contrast, a

reduction in population size was detected for the thalassochorous C. pyriformis, which

agrees with the susceptibility of coastal habitats to suffer dramatic changes and

disturbances (sea level changes, climate changes, extreme meteorological events) and

hence the susceptibility of coastal species to become reduced or extinct. In addition, the

highest migration rate between continental and Galápagos populations was found for C.

pyriformis, which is in agreement with the high dispersal ability for this species mediated

by sea currents because they connects continental coasts of mainland EcuadorPerú with

the Galápagos archipelago (Fajardo et al., in press).

Additional factors

Additional biotic and abiotic factors have to be considered, such as habitat availability,

species interactions, human activities and intrinsic characteristics of the species, as they

may influence interisland dispersal and further establishment of the species in oceanic

islands.

To rule out human effect from the floristic analyses performed in chapter 1, we

selected only native species to work with. Although this criterion does not completely

exclude human interisland transportation of native plant species, the checklist of the

Canarian flora (Acebes Ginovés et al., 2010) employed in the first chapter identifies cases

of native plants that appear on island as a consequence of human introduction (when it is

known). About the human influence in the results of the genetic analyses of the three
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Galápagos species, we considered that it may be low. The first permanent human

settlements occurred in the XIX century and since then the number of plants and other

organisms introduced by humans, intentionally or not, increased exponentially, as well as

human population (Mauchamp, 1997). Most of the plant species have been introduced

because of agricultural, medical and ornamental interest. To the best of our knowledge, the

three native Galápagos species studied in this thesis have neither agricultural, nor medical

nor ornamental uses, and thus a frequent interisland dispersal by humans can be

discarded. In addition, only four islands are nowadays inhabited (San Cristóbal, Santa

Cruz, Isabela and Floreana) and connected by regular boat lines; some of the other island

can be visited but only limited areas and under strict quarantine measures. The limited

number of islands and areas were human activities are frequent together with the genetic

patterns of the three species studied, made us interpret a negligible human influence in the

distribution and interisland gene flow of our three species.

Intrinsic characteristics of the species influence as well the probability of dispersal

between islands. For instance, the three Galápagos species produce a higher number of

fruits with seeds and these with higher germination rates as a result of xenogamous crosses

(McMullen, 1987; CarriónTacuri et al., 2014; HervíasParejo & Traveset, 2018). Of them,

W. ovata may have the stronger mechanism to promote outcrossing, as it have distyly (two

flower morphs with opposite proportions of stigma and anther lengths) that limits selfing

and crosses between plants with the same flower morph (Saunders, 1993). Moreover, the

fluctuating abundance of insect and bird pollinators, the speciesspecific cost of producing

fruits, the number of individual within populations, etc., influence fruit and seed sets of the

species and hence the number of diaspores available for interisland dispersal.
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Limitations of the study and future perspectives

Colonization is a twostage process defined by the arrival of organisms and the

establishment of viable populations (MacArthur & Wilson, 1967). Apart from the

challenge of arrival to a new island, once in the new place the new individual has to deal

with factors that condition successful establishment such as inter and intraspecific

competitions (biotic factors) and availability of suitable habitats (abiotic factors).

However, in this thesis study we focused on plant dispersal based on data of current

distribution (chapter 1) and samples from particular populations (chapters 2, 3 and 4), i.e.

we based our study on data of successful colonizations, although with no consideration of

factors determining a successful establishment. Further studies are intended to evaluate

factors affecting species establishment. For instance, the assessment of the proportion of

suitable habitats colonized for each species may add information about the establishment

stage and hence shed light into dispersal limitations.

Modern molecular techniques were herein employed and genetic analyses performed

based on thousands of singlenucleotide polymorphisms distributed throughout the

genome (mainly from the nuclear genome). However, we could not discern between seed

and pollen contribution in gene flow detected with these markers. Because mainly insects

and some generalist birds pollinate the three Galápagos species studied here, we assume

that the differences detected in genetic structure were primarily due to differences in seed

dispersal. Nevertheless, we discussed in chapter 4 that the different community of

pollinators, particularly the widest variety of birds that pollinate W. ovata flowers, could

promote higher pollen flow in this species compared to L. peduncularis. In addition, we

also discussed the possibility that the inland genetic exchange detected in C. pyriformis

could be the consequence of pollen dispersal at short distances between nearby coastal

populations (chapter 3). In any case, further studies using highthroughput technology to
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sequence the whole plastid genome will render an appropriate resolution to compare seed

and pollen flows (Hodel et al. 2018). In addition, phylogeographic analyses using the

whole plastid genome may help to understand the colonization history of the species.

Finally, ABC analyses of demographic histories of species need new models to be

formulated considering the genetic patterns found in this thesis and recently published

studies. For example, the use of skyline plot analysis that considers subsequent changes in

population sizes over time may better infer the complex demographic scenario that occurs

in nature, such as progressive population expansion and contraction (Navascués et al.,

2017). Models that consider asymmetric migration from the continent to the Galápagos

will better reflect the direction of the prevailing winds and sea currents (Fajardo et al.,

2019). In addition, higher number of simulations is needed to increase the accuracy of

demographic parameter estimations.

Conclusions

1. Diaspore specializations appear to have favoured animal (endo and epizoochorous

syndromes) and sea dispersal (thalassochorous syndrome) given the wide distributions

of 531 native species across the Canary Islands. This colonization effect remained

significant even when controlling for other factors that potentially affect plant

distribution, such as past archipelago geodynamics, uncertainty in the species’ native

status, colonization time and phylogenetic relationships.

2. Azorean and Galápagos plant distributions are not significantly associated with

LDD syndromes. Nevertheless, common results have been found between the

Canaries and these two archipelagos: (1) high proportion of unspecialized species in

all the archipelagos; (2) narrower distributions of anemochorous and LDD
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unspecialized species; and (3) broader distributions of endozoochorous species within

Azores and the Canaries but not in Galápagos.

3. The strong genetic structure of the endozoochorous Lantana peduncularis within

Galápagos may reflect a moderate interisland gene flow. This, together with similar

results reported in other fleshyfruited plant species, indicates that the contribution of

fleshy tissues is not enough to promote a high colonization rate among islands.

4. The thalassochorous Cryptocarpus pyriformis showed a weak genetic structure and

low population differentiation within the Galápagos, suggesting a high interisland

gene flow by seeds. This high dispersal ability is a common pattern reported in

thalassochorous species.

5. The dispersal vector plays an important role in the genetic patterns found for the

endozoochorous L. peduncularis and the thalassochorous C. pyriformis. The limited

interisland movements of L. peduncularis dispersers agrees with the limited gene

flow found for this species. Cost distances imposed by sea are significantly associated

with genetic distances between populations of C. pyriformis, suggesting a main role of

the sea currents in interisland seed dispersal.

6. Recurrent interisland seed dispersal was particularly found for the LDD

unspecialized Waltheria ovata. Furthermore, a strong genetic structure appears to be

strongly influenced by geographic distance and thus an overall limited gene flow (by

seeds and pollen).

7. The thalassochorous C. pyriformis showed the highest colonization success, while

gene flow of the endozoochorous L. peduncularis and the unspecialized W. ovata

showed similar levels of success.
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8. In a nutshell, the contribution of dispersal syndromes appears to be relevant to

account for current distribution of species and populations. However, our floristic and

genetic approaches reveal a lower level of significance of LDD syndromes, which

make us advocate for additional factors that have to be considered in any study of

dispersal and colonization of plants.
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