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“Science in its beginnings was due to men who were in love with the world. They perceived the 
beauty of the stars and the sea, of the winds and the mountains. Because they loved them their 
thoughts dwelt upon them, and they wished to understand them more intimately than a mere 

outward contemplation made possible”  

Bertrand Russell 
The Scientific Outlook 
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Abstract

Exploring the ecological and evolutionary processes that shape species is at the heart of 

evolutionary ecology. Phenotypic variation influences a species’ interactions with its 

environment, comes under direct selection, and has numerous ecological effects. 

Analysing the nature of intraspecific variation and local adaptation, and gaining a better 

understanding of how they are formed and maintained by eco-evolutionary dynamics, is 

key in predicting and elucidating the response of populations and ecosystems to 

environmental change. This thesis sets outs our search for evidence of local adaptation in 

Cakile maritima Scop., the European Sea Rocket. Our central aims were to establish 

whether local adaptation is a feature of the system and whether environmental 

conditions might be driving adaptation in Sea Rocket. We quantified and analysed 

variation in fruit and seed traits relating to dispersal and establishment, floral traits, and 

leaf morphology between populations across Great Britain and the Baltic, and explored 

the patterns of this variation in an environmental context. Analysis of bioclimatic 

variables revealed patterns of environmental heterogeneity between our sample 

populations and across the native range, highlighting gradients in temperature variables 

and annual precipitation from west to east across this subregion. Significant between-

population variation was observed in fruit and seed traits, with fruits and seeds becoming 

lighter and smaller with a move eastwards across the region of study which correlated 

with changes in bioclimatic variables and a gradient in seawater salinity. Significant 

variation in the timing of flowering and petal colour was also observed; plants flowered 

earlier and after producing a greater number of leaves, and petal colour became darker, 

towards the east. Finally, significant between-population variation was found in leaf 

morphology, with a gradient from shorter, more entire leaves in the west to elongated 

and highly lobed leaves in the east of the region of study. The relationship between leaf 

shape and environmental variables suggested that variation in precipitation and 

temperatures could be shaping the observed gradient in leaf shape in Sea Rocket. Our 

findings suggest that local adaptation is likely a feature of this system and that spatial 

heterogeneity of environment may be shaping adaptations to local conditions. This 

research greatly improves the understanding of intraspecific variation in Cakile maritima 

and provides new insights into trait-environment relationships. Our research highlights 

that Sea Rocket merits further development as a model species, and lays the groundwork 

for future studies using this species to deepen our knowledge of the ecological and 

evolutionary processes that shape species. 
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Chapter One

Introduction

For centuries, people have been inspired to unravel the complexities and diversity of 

nature. The patterns and intricacies of species’ characteristics have fascinated countless 

ecologists and evolutionary biologists (van Humboldt and Bonpland, 1807), especially 

since Darwin first proposed that adaptation played a central role in evolution (Darwin, 

1859). Understanding the ecological and evolutionary processes that shape a species’ 

phenotype is at the heart of evolutionary ecology.  

Intraspecific variation is central to ecological and evolutionary processes, being both the  

outcome and the basis on which these forces work. Phenotypes are the point at which a 

species interacts with its environment, come under direction selection, and have multiple 

ecological effects which influence ecological dynamics (Bolnick et al., 2011; Hendry et al., 

2011). Therefore, one of the main aims in evolutionary ecology is to understand why 

natural populations display phenotypic variation, and to understand the implications of 

this variation (Hendry et al., 2011; Mimura et al., 2017). 

A myriad of selective forces act on a lineage throughout its history, shaping the strategies 

of species (of course within the constraints of what it is possible to evolve), and creating 

the patterns we see in nature today (Cousens et al., 2008). Species can occur over large 

geographic distributions, and across space and over time, populations are exposed to a 

range of contrasting environmental conditions (Becker et al., 2008). The environmental 

challenges facing populations at different locations across a range may therefore be 

considerable, but a species might thrive or grow well in environmental conditions that 

are wide-ranging due to phenotypic plasticity and/or local adaptation (Joshi et al., 2001). 

The patterns of variation seen across a species range may therefore be a result of 

phenotypic plasticity, which can be described as the ability of one genotype to produce 

different phenotypes in different environments (Forsmann, 2015). By contrast, it may be 

due to a combination of several evolutionary forces including selection, gene flow, and 

drift, and can lead to genetically determined local adaptation, that is the evolution of 

traits which in local conditions confer advantages. These forces are dependent upon 

variation in selective pressures caused by a spatially heterogeneous environment 

(Kawecki and Ebert, 2004; Blanquart et al., 2013). The magnitude of environmental 
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heterogeneity is thought to be influential in determining how phenotypic diversity is 

maintained (Bergelson and Roux, 2010). Adaptation to local environments relies on the 

balance between strength of selection between populations and levels of gene flow which 

can weaken local adaptation (Becker et al., 2008). However, local adaptation can be 

enhanced through an increase in genetic diversity within populations mediated by 

between-population dispersal and gene flow. Increased genetic variation lifts the 

constraints to adaptation by increasing the potential to respond to selection (Leimu and 

Fischer, 2008). Recent studies on clinal variation have also demonstrated that local 

adaptations occur and are maintained during high gene flow because of the actions of 

strong selection (Campitelli and Stinchcombe, 2013).  

Understanding species' responses to their abiotic environments and which variables 

might be key drivers of adaptation are central question in evolutionary ecology 

(Macdonald et al., 2018). Recent research has shown that intraspecific variation in species 

may play a more important role in the response to environmental factors than previously 

thought (Bolnick et al., 2011). Within-species gradients in important traits are often 

considered as evidence for adaptation to local environments, especially where they occur 

alongside environmental gradients (Bergelson and Roux, 2010). Therefore, analysing the 

variation found within a species and its relationship to environmental conditions is of 

great importance when it comes to understanding the forces that shape a species (Albert 

et al., 2010; Kichenin et al., 2013). 

Traditionally evolutionary process were thought to play out over longer timescales like 

millennia, with ecological dynamics occurring over the short term. However research 

over the last few decades has demonstrated that ecological dynamics can shape 

evolutionary change such as adaptation over contemporary time scales (Kinnison et al., 

2007; Hendry, 2019). Additionally, the feedback between the evolution of traits and the 

ecology of populations may also be critical in shaping diversity, trait variation and 

ecosystem function (Post and Palkovacs, 2009).  

Analysing the nature of intraspecific variation and local adaptation, and gaining a better 

understanding of how they are formed and maintained by eco-evolutionary dynamics, is 

key in predicting and elucidating the response of populations and ecosystems to 

environmental change (Bolnick et al., 2011; Des Roches et al., 2018). It also allows a 

better appreciation of the consequences of biodiversity loss and species survival in face of 
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climate change, and its incorporation in management plans can therefore greatly inform 

conservation efforts (Hendry et al., 2011; Hoffman and Sgro, 2011; Kinnison et al., 2011; 

Hargreaves and Eckert 2014;). 

Plants are excellent and valuable systems which provide great opportunities to answer 

questions in evolutionary ecology. A great swathe of research in many plant species has 

been conducted to analyse patterns of variation in important plant traits thought to 

influence fitness, including flowering traits, such a phenology, morphology, and mating 

system (Rausher, 2008; Austen et al., 2017; Koch, 2019), morpho-physiological traits 

including leaf shape (Campitelli and Stinchcombe, 2013; Ferris et al., 2015), and dispersal 

and establishment related traits, such as fruit and seed characteristics and germination 

time (Cousens et al., 2008; Rubio de Casas et al., 2015), and to help to unravel the balance 

of forces that drive this diversity and shape adaptations to local environments (Leimu 

and Fischer, 2008; Anderson et al., 2011, Sork, 2018). 

Many wild plant systems, including Arabidopsis, Mimulus, Capsella, and Boechera, have been 

harnessed as model systems particular well-suited to answering how evolutionary and 

ecological forces shape phenotypic and genotypic variation in natural population and how 

environmental heterogeneity shapes ecologically important adaptive traits (Wu et al., 

2008; Anderson et al., 2011; Rushworth et al., 2011; Zuellig et al., 2014; Koch 2019). What 

makes these systems so effective is that they are typically species that are rich in 

ecologically and evolutionarily interesting traits and show ample variation in these traits, 

have wide geographic distributions, populations can be studied in the field but 

individuals are amenable to growing in laboratory or glasshouse conditions, and that they 

suited to genetic and genomic research, or are closely related to species that already have 

comprehensive genomic resources (Hintz et al., 2006; Wu et al., 2008). 

As well as studying these systems in their natural environments, variation in plant traits 

can be studied by growing plants from different populations together in one common 

environment, often referred to as a common garden experiment (de Villemereuil et al., 

2016). The common garden is an important tool for evolutionary ecologists, and there is 

a long history of studies that have used common garden experiments to quantify 

variation in numerous important plant traits by growing seeds from populations across a 

species range together (Turesson, 1922; Cheplick, 2015). This experimental set up can 

help to remove the potentially confounding effects of different natural environments and 
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phenotypic plasticity, test for signals of adaptation to local environments, and investigate 

whether trait variation has a genetic basis the genetic basis of traits of interest (de 

Villemereuil et al., 2016; Mimura et al., 2017). Reciprocal transplant experiments, that is 

replicating common garden experiments in several locations of differing conditions, are 

designed to test local adaptation by confirming the advantages of individuals in their 

home environment, and whilst they improve understanding of genotype by environment 

interactions, they are often logistically challenging (de Villemereuil et al., 2016). 

Obtaining environmental data for populations used in common garden experiments has 

greatly aided the interpretation of the patterns of variation observed,  thereby helping to 

increase our understanding of the relationship between traits and environmental 

variation, the implications of plant adaptations, and species potential responses to 

environmental and climatic change  (Albert et al., 2010; Cheplick, 2015; de Villemereuil et 

al., 2016). 

The genus Cakile ((Brassicaceae) is thought to possesses many of the interesting features 

that make a system useful for understanding how ecological and evolutionary forces 

shape species. This thesis focuses in depth on one member of the genus, Cakile maritima 

Scop., the European Sea Rocket, and its potential to be a valuable system in which to 

explore evolutionary ecology questions.  
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The European Sea Rocket, Cakile maritima 

Sea Rocket (Cakile maritima) is an annual plant, a pioneer species of sand dune habitats 

which is predominantly found on the strandline and foredunes of beaches, growing on 

both sandy and pebbly substrates (Davy et al., 2006; Fig. 1). In its native range, C.maritima 

can be found from as far south as 30° on the eastern shores of the Mediterranean in Israel 

and Egypt, through the Mediterranean, out onto the Atlantic coasts of Morocco, and 

northwards in Spain and France, around the British Isles, on into the Baltic, and up to 60° 

along Norwegian coasts which represents it most northerly distribution (Davy et al., 

2006). It is considered to have a linear distribution along coastlines, and surveys have 

suggested that it is readily found on beaches throughout Europe (Davy et al., 2006). The 

species was also introduced to Argentina, Brazil and Australia via ship ballast, and now 

thrives in its non-native ranges and is considered an invasion species in Australia 

(Rodman, 1986; Cordazzo, 2006; Cousens et al., 2013). 

Sea Rocket is considered to be the closest salt-tolerant or halophytic relative of the 

important Brassica crop species (Beilstein et al., 2008). Germination occurs in the spring 

and is thought to coincide with the arrival of rains that wash salts through the sand 

substrate, reducing salinity level thereby enabling seeds to germinate (Davy et al., 2006; 

Gul et al., 2012). The main growing season is centred around the summer months when 

flowering takes place. Fruit begin to mature in late August and early September, ready for 

dispersal in the Autumn, in conjunction with the onset of winter storms (Davy et al., 

2006; Maun, 2009). As a self-incompatible species, out crossing, normally insect-

mediated, enables successful pollination (Hiscock and Dickinson, 1993).   

Sea Rocket produces dimorphic fruits, where two different fruit segments are formed 

instead of one usual silique (Davy et al., 2006). Whilst the lower or proximal segment 

normally remains attached to and is buried with the parent plant, the upper or distal 

segment, which dehisces from the lower segment, is dispersed by onshore winds or by 

tides (Davy et al, 2006; Hall et al., 2011). 
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Variation in fruit and leaf morphology has been observed in the field across native and 

non-native ranges (Ball, 1964; Davy et al., 2006; Cousens et al., 2013). Across the native 

range, several subspecies have been proposed based on their morphological and 

molecular characteristics including subsp. euxina (of the Black Sea), subsp. maritima (of 

the Mediterranean), subsp. integrifolia (of Atlantic and North Sea), and subsp. baltica (of 

the Baltic) (Davy et al., 2006; Westberg, 2005; Willis, 2013). 

Having information on the ecology of a species and its life-history characteristics is an 

extremely useful foundation for exploring intraspecific variation in plant traits. It can 

help us to understand why any variation observed may confer advantages to a plant under 

certain environmental conditions. Beyond improving our understanding of Sea Rocket, 

this system might have the potential to answer broader questions on the evolutionary 

and ecological forces shaping species. 

Fruit, seeds, and dormancy characteristics all play important roles in plants dispersal and 

establishment, consequently influencing fitness and potentially coming under selection 

(Donohue et al., 2005; Cousens et al., 2008). In general, dispersal traits within a species 

have been shown to be highly variable and influenced by ecological and environmental 

gradients (Hargreaves and Eckert, 2014). Variation in dispersal and establishment-related 

traits could be considered to be adaptive  (Rubio de Casas et al., 2012), therefore a system 

that potentially displays variation in such traits could help further understanding of 

ecological and evolutionary forces that shape adaptations in fruit and seed traits.  

Considerable variation in flowering traits is seen in species that are widespread 

geographically, and within and among population variation in flowering phenology for 

example is significant and has been observed in many species (Huang et al., 2012). 

Environmental variation has also been shown to correlate with clines in several floral 

characteristics including petal colour (Rausher, 2008). It is widely accepted that there are 

major fitness consequences to floral traits given their importance to successful 

reproduction, and there is strong evidence to show that floral trait variation appears to be 

adaptive(Huang et al. 2012; Austen et al., 2017). Investigating whether Cakile maritima 

exhibits variation in floral traits not only helps us better appreciate the species itself, but 

could aide our understanding of the maintenance and implications of potential floral trait 

adaptations in general.  
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As the key location of photosynthesis, leaves play a major role in the physiological 

processes of a plant, and thus impact plant fitness (Vogel, 1970; Ferris et al., 2015). There 

is a close relationship between climate and leaf morphology, and in order to optimise 

physiological processes, morphological adaptations are expected to occur in response to 

variations in environment (Chitwood and Sinha, 2006; Hopkins et al., 2008). Clines in 

leaf shape along environmental gradients have been studied in many elegant plant 

systems in order to better understand how natural selection maintains variation within a 

species (Wyatt et al., 1981; Bright and Rausher, 2008; Campitelli and Stinchcombe, 

2013). Interesting and variable leaf traits in Cakile maritima could enable it to be a useful 

system in which to investigate how selective agents shape  leaf morphology.  

Environmental heterogeneity can be an important contributing factor shaping variation in 

species, potentially leading to variation in selective pressures across a species range. 

Therefore, it is important to understand how environmental conditions might vary across 

this systems’ range. As previously explained, the extent of the native and non-native 

ranges are vast, and even the native range spreads right across the coastlines of Europe; 

however interesting and potentially pertinent environmental features are apparent even 

in sub regions of the native range, for instance, Great Britain to the Baltic.    

Coastal dynamics are thought be an important factor in Sea Rocket’s population 

dynamics, and there are several ways in which the coastlines are our region of study 

Great Britain to the Baltic vary. Great Britain’s coastline is comprised of diverse dynamic 

habitats that are often ephemeral. Around 17000ha of the coastline is classified as dunes 

which are widely distributed (Jones et al., 2011; Mossman et al., 2015). The direction of 

prevailing winds and the strength of wave action are highly influential factors in shaping 

sandy beaches and dune system around this coast (Pontee, 2011). This harsh habitat also 

appears to be under threat; increased erosion and reduction in sediment availability have 

contributed to the estimated 17% decrease in dune area between 1945 and 2010 

(Mossman et al., 2015), and in the past 20 years extreme wave heights across the North 

Western Atlantic extreme wave heights have significantly increased (Scott et al., 2016).  

The Baltic Sea area is considered to be a special environment, due to its geographic 

position and the climate, physical and hydrographical drives that create it, and consists of 

around 8000km of coastline. The Baltic as we know it today, was first formed around 

8000 years ago. In contrast to coastlines of Great Britain and the North Sea, where tidal 
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amplitudes of 4m can be seen, the Baltic has a micro tidal system, with an average tidal 

amplitude of 2-5cm. A large scale salinity gradient stretches from the Skagerrak, at the 

start of the Baltic Sea Area, all the way inwards to the Bothnian Sea of the Baltic proper, 

where the water is considered brackish. Due to its semi-enclosed nature, temperature 

and salinity drive water circulation, rather than winds, however strong winds can 

increase sea levels, leading to storm surges, and the Baltic is considered to be a highly 

dynamic ecosystem (Snoeijs-Leijonmalm et al., 2017). Whilst there are some clear 

distinctions between Great Baltic and the Baltic in terms of coastal dynamics, gradients in 

environmental conditions are considered to exist on a larger scale across the region as a 

whole, including in climatic variables.  

This spatially heterogenous environment that appears to exist across this range of Cakile 

maritima around Great Britain and the Baltic, and the observations of some variation in 

phenotypes, could make it a useful system for further exploring the balance of forces that 

shape adaptation to local environments. Studying a smaller sub region of the native range 

of Sea Rocket around Great Britain and the Baltic in this research is also practical, given 

the logistics of identifying and sampling suitable collections during the time available for 

study. 
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Thesis aims

We set out to establish whether local adaptation is a potential feature of this system. 

Because variation is both necessary for, and an outcome of, adaptation, in order to 

understand whether local adaptation exists in this system, we need to investigate the 

extent and patterns of phenotypic variation in Sea Rocket. If local adaptation features in 

this system, we would expect to find evidence of intraspecific variation in numerous 

traits that influence plant life history and survival.  

To this end, we will assess and quantify variation in traits relating to dispersal and 

establishment, flowering, and leaf morphology in a common garden experiment. A 

common garden approach will enable us to reveal if there is a genetic component to trait 

variation. Seeds from populations around Great Britain and the Baltic will be grown in 

glasshouse common gardens, and we would expect to observe patterns of variation in the 

common garden experiment if variation is not caused by plasticity alone. 

Given the influence of heterogeneity of environment on shaping intraspecific variation, 

and that we might reasonably expect variation in environmental conditions and therefore 

variation in selective pressures over Sea Rocket’s range, we also set out to establish 

whether environmental conditions might be driving local adaptation in Cakile maritima. If 

evolutionary and ecological forces are acting upon this species to enable adaptation to 

local environments, we would expect to see an association between patterns of 

intraspecific variation and environmental variables.  

In order to test this hypothesis and better understand the potential implications of 

phenotypic variation in Sea Rocket, we will 1) explore the patterns of environmental 

variation across sampling locations in Great Britain and the Baltic whilst placing them in 

the wider context of the Sea Rocket’s native range in Europe and global distribution, and 

2) explore the relationship between environmental variables and variation in traits 

relating to dispersal and establishment, flowering, and leaf morphology.  

Exploring whether local adaptation might be a feature of this system is important given 

the harsh, dynamic foredune habitat Sea Rocket inhabits, and in light of its close 

relationship to other Brassicaceae species, including important crops species and the 

model plant Arabidopsis thaliana. Understanding phenotypic variation and potential 
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adaptations that might enable Sea Rocket to exist in challenging environments, not only 

allows us to better appreciate this species, but deepens our knowledge of the ecological 

and evolutionary processes shaping species, and is crucial for understanding useful 

features that allow species to cope with and respond to environmental change.  

Overview of chapters

Chapter 2 assesses the patterns of variation in environmental variables between the 24 

locations where Sea Rocket was sampled, placing them in context of the potential global 

distribution based on climate variables, and of the environmental space occupied by 

known populations throughout the native range. This analysis provides environmental 

variables to be used in further chapters to aid our understanding of trait-environment 

relationships in Cakile maritima.  

Chapters 3, 4, and 5 each focus on intraspecific variation in different important plants 

traits, and analyses their relationship to environmental variation. Chapter 3 addresses 

variation in traits relating to plant dispersal and establishment, namely fruit mass, seed 

mass, and germination. Chapter 4 focuses on floral traits, specifically, variation in 

flowering time and floral colour polymorphisms. Finally, chapter 5 looks at variation in 

leaf morphology.  

Written observations and photographs from fieldwork around the Baltic and Great Britain 

are presented as an appendix to the main research chapters of this thesis, as much has 

been gained in this endeavour from observing natural populations of Sea Rocket. Whilst 

they have not formed datasets in this instance, I feel it is important to share these 

observations in case they may further the enquiries of other researchers. Additionally, 

information on preliminary genetic studies carried out in Cakile maritima during this 

doctorate is presented in Appendix II.  
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Sampling the study region 

In order to carry out this research, seed collections had to be made from populations 

around Great Britain and the Baltic. Fieldwork was undertaken across the Baltic and 

Great Britain in 2015 and 2016 respectively, in order to collect mature fruits and to 

observe this species in its natural environment. Locations of the populations sampled are 

given in Table 1, and are presented in the form of a map in figure 2. 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Chapter Two

Exploring spatial patterns of environmental variation across the 

range of Cakile maritima

Introduction

The principle that local adaptation of populations can be driven by climate is one of the 

main tenets of ecology and evolutionary biology (Turesson, 1930). Plant species are often 

characterised by large distributions. Consequently, they can be found growing over large 

environmental gradients (Becker et al., 2008). Spatial variability in the environment, for 

example, variation in soil conditions or climate, is considered to shape how a species 

adapts to a specific habit (Joshi et al., 2001). Climate can act at multiple levels and scales, 

affecting, for example, a plant species’ geographic distribution, phenotypic appearance, 

and genetic composition (Apsinwall et al., 2013; Riordan et al., 2016). Phenotypic 

variation within a species is known to be shaped by both history and climate (Stebbins, 

1950; Riordan et al., 2016), with common ancestry, phenotypic plasticity, and local 

adaptation (or combinations of all of these factors) resulting in populations from similar 

climates sharing phenotypes (Riordan et al., 2016).  

Climatic and environmental conditions are often observed to change with latitude, 

longitude, and altitude. For example, it is a general principle that season length and 

temperature decrease towards the pole (De Frenne et al., 2013). It has also been widely 

shown that temperature is one of the most important drivers of an organism’s 

distribution, physiology, and fitness. Because of these apparent correlations, 

measurements such as latitude and longitude have frequently been used as proxies for 

understanding why traits may vary both between and within species (Stinchcombe et al., 

2005; Samis et al., 2012). However, local factors can be influential at smaller spatial 

scales, and clines can mask this variability (DeFrenne et al., 2013).  

The magnitude or extent of environmental heterogeneity is thought to be influential in 

determining how phenotypic diversity is maintained (Bergelson and Roux, 2010), and the 

environment has been shown to be influential in shaping intraspecific variation (Albert et 
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al., 2010). Insights into a species adaptation to climate can be gained from studying the 

relationship between climatic variation and patterns of intraspecific in numerous traits 

including, morphology and growth. This is also vital information for understanding how 

a species might respond in future climates (Aspinwall et al., 2013; Meng et al,. 2017). In 

order to further our understanding of plant adaptations, it is therefore important to 

obtain environmental data and analyse geographic variation in environment conditions 

between populations to accompany investigations into intraspecific variation in plant 

traits (Becker et al., 2008; Albert et al., 2010).  

Geo-referenced localities (that is, accurate latitude and longitude coordinates) and 

climate data are needed in order to build a picture of the variation in environmental 

conditions between populations (Wagner et al., 2018). Species distribution models 

(SDMs), which are underpinned ecologically by the relationship between species and 

environment, use such data and have been used for many years to relate species 

distributions to environmental variation and model predicted distributions (Syphard and 

Franklin, 2010; Booth et al., 2014). The majority of studies into species distribution 

modelling and trait-environment relationships have utilised climate data from the 

WorldClim database (Hijmans et al., 2005), and 19 bioclimatic (bioclim) variables derived 

from these measurements (Wagner et al., 2018). Principle component analysis of all 

bioclimatic variables has been suggested as a useful methodology when knowledge of 

species ecology is somewhat limited (Dupin et al., 2011; Kriticos et al., 2014), followed by 

Principle Component Analysis to summarise the patterns of the original dataset into a 

reduced number of linear combinations (Dupin et al., 2011; Kriticos et al., 2014; Males, 

2018). An alternative method when ecology is known is to identify a subset of 

bioclimatic variables more biologically relevant to the species. Using these more relevant 

variables, and including other environmental factors aside from climate variables thought 

to shape the species ecology, can be used to improve accuracy of models and provide 

more nuanced understanding of trait-environment relationship (Kriticos et al., 2014; 

Gardner et al., 2019). Principle component analysis has also been widely used to visualise 

the climate space or niche occupied by populations of a species, and outputs from 

analysis can be mapped to give insights into the spatial patterns of environmental 

heterogeneity across a species distribution, thus aiding the understanding of evolutionary 

questions, such as whether environmental conditions might be driving trait variation and 

local adaptation (Beaumont et al., 2014) 
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Sea Rocket (Cakile maritima) is widely distributed around the world; it is native across 

Europe, where it spread from the Mediterranean up along the Atlantic coasts and into the 

Baltic, and is now also found and thrives in Australasia and South America following 

human-mediated introductions (Davy et al., 2006). Over such a vast range, it is likely that 

spatial variation in environmental conditions, both bioclimatic variables and coastal 

factors, would exist. Understanding potential distributions of Cakile maritima based on 

predicted suitable environments, and investigating the environmental space occupied by 

known populations, is vital for in order to better understand the environment-trait 

relationships in this species.  

This thesis focuses on populations of Sea Rocket found around Great Britain and the 

Baltic, and plants from these 24 locations form the basis of investigations into trait 

variation in the following three chapters of this thesis. This chapter seeks to better 

understand the patterns of environmental variation between these populations, in the 

wider context of the native range in Europe and whilst also considering non-native 

populations around the world. To better understand the species distribution, we firstly 

examined the potential suitable global distribution using species distribution modelling. 

Secondly we used principle component analysis of environmental variables, both 

bioclimatic variables and coastal factors, to examine the climate space occupied by known 

populations of Sea Rocket, asking following questions; 1) do populations differ in the 

environmental conditions they experience?, 2) what are the bioclimatic patterns that 

characterise these locations and are there regional patterns?, 3) for our 24 thesis 

populations, is there are correlation between geographic position of these locations and 

bioclimatic variables?  

Gaining a better understanding of environmental heterogeneity, and therefore potential 

variation in selective pressures, across a species range, is vital for establishing whether 

environmental conditions might be driving local adaptation. If evolutionary and 

ecological forces are acting upon this species to enable adaptation to local environments, 

we would expect to see an association between patterns of intraspecific variation and 

environmental variables. Therefore the results of this chapter will be instrumental in 

further analyses in this thesis assessing the relationship between plant trait variation and 

variation in environmental conditions. More broadly assessing the extent of 

environmental gradients experienced by Sea Rocket across its range may also help 

suggest whether it might be a useful system for answering eco-evolutionary questions.  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Materials and Methods

All analyses were carried out in the RStudio version 1.1.453 (RStudio Team, 2016), 

running R version 3.5.1 (R Core Team, 2018). The following additional R packages were 

used in the analysis and visualisation of data: sf (Pebesma, 2018), sp (Pebesma, 2018b), 

raster (Hijmans et al., 2017), factoextra (Kasambra and Mundt, 2017), ggplot2 

(Wickham, 2016), cowplot (Wilke, 2018), and Wallace (Kass et al., 2018). 

Species distribution modelling 

We modelled the global distribution of Cakile maritima using occurrence datasets and 

environmental predictor variables, in order to understanding how the species might 

respond to environmental conditions and show suitable areas for Sea Rocket to grow. 

Modelling was carried out using the Wallace package and interactive platform (Kass et al., 

2018).  

Georeferenced occurence records for Cakile maritima were obtained from the GBIF 

database. Maximum occurrences was set at 2000, and records were returned, with 

duplicates or those without georeferencing removed from modelling. To reduce spatial 

bias, potentially caused by clustered points due to sampling bias and which could lead to 

inflated spatial autocorrelation in environmental modelling, spatial thinning using a 

50km thinning distance was used to make sure all occurrence points were a defined 

distance from each other. Environmental variable values at a resolution of 2.5arcmin were 

extracted for occurrence points from the WorldClim database. A bounding box with 8 

degree buffer was used to select the background extent for the study region as we were 

assessing potential global distribution. 10,000 background sample points were obtained 

for the model from the environmental data. Occurrences were partitioned using spatial 

blocking with a block k-fold (k=4). Spatial partitioning with k-fold, as opposed to 

random partitioning, was used as groups may not be spatially independent, and this 

method makes the model to predict to regions that are distant from those that were used 

to train the model. A BIOCLIM presence-only method was used to build the model. 

Whilst BIOCLIM is one of the relatively simpler methods available, and more complex 

analysis with Maxent modelling, or including species trait information can increase 

accuracy and performance of SDMs (Syphard and Franklin, 2010; Garzon et al., 2019), 

presence-only data methods have been shown to be effective for modelling species’ 

distributions for many species (Elith et al., 2006; Booth et al., 2014). 
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Environmental data 

Alongside the 24 Sea Rocket population locations from Great Britain and the Baltic 

referenced throughout this thesis and used in the common garden experiments, we 

expanded our sample dataset by randomly choosing 72 occurrence records of Cakile 

maritima from European native range, 23 occurrence records from the non-native range in 

South America (6 records) and Australasia (17 records) (Fig.1; Table 1); records were 

extracted from GBIF (https://www.gbif.org/species/3048831) using the Wallace package 

in R (Kass et al., 2018).  
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Bioclimatic layers, at a resolution of 2.5 minutes of a degree, were downloaded from the 

Bioclim database (Hijmans et al., 2005). An R script using the raster package (Hijmans et 

al., 2017) was written to automatically retrieve a value for each of the 19 bioclimatic 

variables for each location in our expanded dataset. Descriptions of the 19 bioclimatic 

variables and their corresponding abbreviations are give in Table 2. 
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Sea water salinity and tidal amplitude values were also obtained for each location in the 

native range. A netCDF(.nc) file of annual average salinity measurements at 1° resolution 

was downloaded from the World Ocean Atlas 2013 v2, made available by NOAA National 

Centres for Environmental Information: https://www.nodc.noaa.gov/cgi-bin/OC5/

woa13/woa13.pl. This file was loaded into R using the raster package (Hijmans et al., 

2017), to create a map of sea water salinity over the region of study, and an approximate 

salinity level was determined for each location (Fig.2). Tidal amplitude (m) approximate 

values for each were determined for each location through data extraction from the 

European Environment Agency Mean Tidal Amplitude database map, available at: 

https://www.eea.europa.eu/data-and-maps/figures/mean-tidal-amplitude#tab-based-on-

data. Tidal amplitude values for locations in Norway were obtained from Moe et al., 2003, 

and from Medvedev et al., 2016 for locations on the Black Sea (Fig.3). Unfortunately sea 

salinity and tidal amplitude data, which are potentially relevant factors in the dispersal 

and establishment of Sea Rocket were not available for Australasian and South American 

locations, and therefore these environmental variables were not included in this analysis.  

Additionally, annual mean radiation data (w/m2) (bio20) were downloaded via raster 

from the Climond dataset, and whilst data were extracted, unfortunately values were not 

available for 30% of the dataset and therefore this variable could not be used in analyses.  
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Data analysis 

First PCA method

Because bioclimatic variables are reportedly highly correlated, instead of running iterative 

correlations and eliminating bioclimatic variables in a stepwise manner, a Principle 

Component Analysis (PCA) was performed on the 19 bioclimatic variables in order to 

generate new predictors (principle components) and reduce the dimensionality of the 

climate data.  

There are concerns that using all 19 bioclimatic variables for modelling overfits the data, 

so some advocate choosing biologically relevant variables based on species ecology. 

However, when not enough is known about the species or what environmental factors 

might influence it, all 19 variables can be used (Dupin et al., 2011; Kriticos et al., 2014). 

Performing a PCA on these data then reduces the number of climate variables and 

remove the autocorrelation between them. In the first instance we used all 19 bioclimatic 

variables in our analysis of the climatic space occupied by Cakile maritima. PC analysis 

firstly investigated the global climate space occupied by Sea Rocket, using 19 bioclimatic 

variable values from 119 locations of Cakile maritima from around the world. And 

secondly, to look more closely at our 24 locations in the context of the native range, a PC 

analysis on the 19 bioclimatic variables, sea salinity and tidal amplitude was carried out 

on values from the 96 locations in the native range.  

For the 24 locations around Great Britain and the Baltic used throughout this thesis, 

Pearson’s Correlations were carried out to assess the relationship between all bioclimatic 

variable values and both latitude and longitude in order to understand the relationship 

between geographic position and environmental variables. To understand how well 

geographic position could explain the patterns of environmental variation between our 

locations, the relationship between the first two principle components and latitude and 

longitude were analysed using Pearson’s Correlations. 
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Second PCA method - biologically relevant variables

Another approach to modelling a species environmental niche space is to select fewer 

variables based on their relevance to the study species (Kriticos et al., 2014; Beaumont et 

al., 2014). Because the ecology of Sea Rocket has been studied in some detail, it might be 

possible to make a more informed choice of the most biologically relevant variables to 

use in models. Therefore our second approach to look at climate space across the native 

range uses six variables that might be more relevant to plant establishment and growth, 

and adaptive traits that other bioclimatic variables. Further rationale behind choosing 

these six variables (bio1, bio5, bio6, bio12, sea water salinity, and tidal amplitude) is 

given in Table 3. Visualisation of variation in these 6 environmental factors is shown in 

figures 2, 3 and 4. A limitation of this approach however, this that we exclude others 

factors that are influencing the overall ecology or habitat in ways which we are not yet 

understood (Kriticos et al., 2014).  

Additionally, we also used PCA to investigate the environmental space created by sea 

water salinity and tidal salinity (two variables though to influence fruit buoyancy and 

seed burial), to help us to understand how variation in these environmental variables 

might be influencing adaptation in traits relating to dispersal and establishment. 
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Results

Species distribution model

Species distribution modelling using the BIOCLIM method had good predictive 

capabilities, with an AUC value of 0.75. There appeared to be low overfitting in the 

model (diff.AUC=0.22). A map of the model prediction is shown in Fig.5. Based on 

bioclimatic variables, BIOCLIM SDM predicted distribution for Cakile maritima 

throughout the native range (European region), and elsewhere the Northern Hemisphere 

in North America and Asia. In the Southern Hemisphere, in South America, South Africa, 

Australia and New Zealand. In both hemispheres range limited to around +20 or -20 deg 

latitude around the equator.  
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Principal Component Analysis of climate space occupied by Cakile maritima 

Global climate space 

Using all of 19 bioclimatic variables, PC analysis revealed a geographic clustering of 

populations by region (Fig.6). Most of the variation in environmental conditions is 

captured in PC1 (93.3%), and the combination of PC1 and PC2 explains almost all the 

climatic variation (98.5%). The two major axes, along which the bioclimatic variable 

loadings were distributed, corresponded to the annual temperature seasonality and 

annual precipitation. PC1 was heavily loaded by Bio4, the variable corresponding to 

annual temperature seasonality. The biggest contributors to PC2 were Bio12 and Bio16 

respectively, variables related to precipitation. 

In figure 6 we can observe how populations were distributed in bioclimatic space (Fig.6). 

Populations from the native range are widely distributed across the climate space, 

although cluster by region, with Baltic location characterised by higher temperature 

seasonality, through Mediterranean locations, to lowest temperature seasonality in 

locations around Great Britain and the Atlantic coasts. The Black Sea locations were 

restricted to a region of bioclimatic space associated highest annual temperature 

seasonality and average precipitation. Location on the Norway Sea occupied space 

characterised by high precipitation, whilst conversely the population from the Canaries 

had was characterised by low precipitation and high seasonality.  

Location from the non-native range occupied climatic space characterised by lower, with 

Australasian locations in the area of bioclimatic space with lowest levels of temperature 

seasonality, and South American locations mixed in with locations from Great Britain and 

Australasia.  

Looking at our 24 populations across the Baltic and Great Britain, the mid and outer 

Baltic populations occupied bioclimatic space close by, but slightly distinct from inner 

Baltic populations. The population from North Sea (NETH) was situated between Baltic 

populations and populations from the east coast of Great Britain. All populations  from 

Great Britain were situated on right hand side of bioclimatic space, generally 

characterised by reduced temperature seasonality. However, west coast Great Britain 

populations occupied areas of bioclimatic space characterised by higher levels of 

precipitation, with ETTR population from Isle of Bute experiencing wettest conditions. 
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Native climate space 

Using all of 19 bioclimatic variables plus sea salinity and tidal amplitude, PC analysis 

revealed a geographic clustering of populations by region across the native range (Fig. 7). 

Most of the variation in environmental conditions is captured in PC1 (92.3%), and the 

combination of PC1 and PC2 explains almost all the climatic variation (98.2%). The two 

major axes, along which the bioclimatic variable loadings were distributed, corresponded 

to the annual temperature seasonality and annual precipitation. PC1 was heavily loaded 

by Bio4, the variable corresponding to annual temperature seasonality. The biggest 

contributors to PC2 were Bio12, Bio16, and Bio19 respectively, variables related to 

precipitation. 

Similarly to the analysis of global climate space, populations were distribution widely 

throughout the environmental space but clustering of locations by region of origin was 

apparent (Fig.7). Locations from Great Britain and the Atlantic were characterised by 

lower annual temperature seasonality, with west coast Great Britain populations 

occupying climatic space characterised by higher levels of precipitation. The populations 

from North Sea, including NETH were situated between Baltic populations and 

populations from the east coast of Great Britain. Location within enclosed water bodies, 

for example the Black Sea and the Baltic, had higher annual temperature seasonality or 

more marked seasonal contrast compared to locations on Atlantic or Norway Sea coast.  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Relationship between bioclimatic variables and geographic position

Pearson’s Correlation demonstrated that there was a significant correlation between most 

bioclimatic variables and either, or both, latitude and longitude (Table 4) indicating 

gradients of environmental variables across the region of study for our 24 locations used 

in subsequent chapters of the thesis.  

There was a significant positive correlation between PC1 and both longitude (Fig. 8a)  

and latitude (Fig. 8b). PC2 was not significantly correlated with longitude (r= 0.06 

(p=0.7504) or latitude (r=-0.03 (p=0.8698)). 
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Climate space of refined variables  

Using 6 potentially more biologically relevant variables (bio1, bio5, bio 6, bio12, sea 

salinity and tidal amplitude), PC analysis revealed a geographic clustering of populations 

by region across the native range (Fig. 9). Most of the variation in environmental 

conditions is captured in PC1 (93.4%), and the combination of PC1 and PC2 explains 

almost all the climatic variation (99.3%). The two major axes, along which the 

bioclimatic variable loadings were distributed, corresponded to the annual precipitation 

and temperature. PC1 was heavily loaded by Bio12, the variable corresponding to annual 

precipitation. The biggest contributors to PC2 were Bio6, Bio1, and Bio5 respectively, 

variables related to temperature variation. 

Populations were distribution widely throughout the environmental space but clustering 

of locations by region of origin was apparent (Fig.9). Mediterranean and Atlantic 

locations clustered distinctly from all other regions in the native range, in an area of 

environmental space characterised by warmer temperatures. However, the Black Sea was 

separate, and more closely clustered with Baltic populations.  

Again, the populations from North Sea, including NETH were situated between Baltic 

populations and populations from the east coast of Great Britain. Locations in the Baltic 

occupied a region of environmental space characterised by lower temperatures in colder 

months, and a range of precipitation values, outer Baltic populations warmer and wetter 

than those in the Inner Baltic.  

Gradients in the bioclimatic space across the native range are visualised in figure 10 by 

plotting principle component values with coordinates, and showing the locations closer 

to each other generally share similar climates (Fig.10). Whilst there are gradients in 

temperature and precipitation across the whole native range, strong gradients appear to 

exist in from West Coast of Great Britain to the Inner Baltic.  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Sea salinity and tidal amplitude environmental space 

PC analysis revealed a geographic clustering of populations by region across the native 

range on the basis of 2 environmental variables, sea water salinity and tidal amplitude 

(Fig. 11). Most of the variation in environmental conditions is captured in PC1 (99.5%). 

PC1 was loaded predominantly by sea water salinity, and PC2 by tidal amplitude.  

Populations from the inner Baltic occupied area in the environmental space characterised 

by lowest salinity, along with locations from the Black Sea. Locations from Outer Baltic 

were distinct and closest to locations from North Sea and East Coast of Great Britain. 

Populations from the West Coast of Great Britain, Atlantic and Norway Sea occupied a 

distinct space in environmental space characterised by highest tidal amplitude and high 

salinity. Mediterranean locations occupied environmental space characterised 

predominantly by high salinity and lower tidal amplitude.  
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Discussion

Our analyses have revealed the potential distribution space available to Cakile maritima  

around the world using SDM, and has revealed important factors contributing to the 

environmental space occupied by known populations. Our findings show that there are 

gradients in environmental conditions experienced by populations of Sea Rocket across 

the native range which may influence plant growth and drive adaptation to local 

conditions. This research also places our 24 samples populations from across Great 

Britain and the Baltic in a wider context of variation across the whole of the native range.  

Species distribution models revealed suitable potential distributions for Cakile maritima 

across the Northern and Southern Hemispheres. In both hemispheres potential range 

was limited to around +20 or -20 degrees latitude around the equator. This distribution 

model helps to understand why Sea Rocket has flourished upon introduction in non-

native regions outside of Europe such as Australia and South America, as it is well suited 

to this climatic envelop which is also found in this regions. It is interesting to note the 

predicted suitable climate space in Asia, as whilst C.maritima is not yet recorded there, 

the closely related species Cakile edentula been documented as naturalised in Japan 

(Fukuda et al., 2013) and as an invasive in Korea after being first recorded there in 2008 

(Ryu et al., 2018). If C.maritima were to be introduced there for example by boat, as it was 

in Australia, it is likely the the favourable climatic conditions would allow it to thrive. 

Having populations of Cakile maritima occupying different regions all over the world 

across latitudinal and longitudinal gradients could mean it is a useful system for 

answering eco-evolutionary questions on parallel trait evolution or the dynamics of 

invasion (Colautti et al., 2009; Cousens pers.comm 2016). To improve modelling of suitable 

locations for Sea Rocket, it would be beneficial to include other environmental variables 

such as habitat type and availability in models as Sea Rocket appears to be constricted to 

predominantly sandy coastal habitats. 

To complement the SDM analysis predicting suitable habitats and the limits of 

distribution, our findings from principle component analysis revealed environmental 

niche space across the native and non-native range using data from locations where Cakile 

maritima has been recorded. Analysis of bioclimatic data from across the native range 

revealed patterns of environmental heterogeneity between locations and regions, 

including the 24 sample populations used throughout this thesis. This variation seems to 
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be mostly due to differences in temperature extremes or seasonality (defined as the 

variation between summer and winter temperature) and annual precipitation.  

Very similar climate spaces were revealed by the PC analysis of global location data and of 

native location data even with the inclusion of sea water salinity and tidal amplitude data. 

Variation in temperature seasonality (bio 4) and annual precipitation (bio 12) were the 

main contributors to both climate spaces. The variation in seasonality explained much of 

the longitudinal variation across the native range and also our sub-region of study across 

Great Britain and the Baltic, with seasonality increasing from western to eastern 

locations. Additionally, annual precipitation appeared to distinguish populations from 

east and west coast of Great Britain, as well as there being wider gradients across the 

whole range in Europe.  

Similarly, total precipitation and extremes of temperature were the main contributors to 

the climate space under PC analysis with the 6 variables thought to be more relevant for 

modelling the species-environment relationship. Analysing environmental variation 

based on fewer variables selected because of their relevance to the species allowed a more 

nuanced approach that arguably might tells us more about how variation in 

environmental variables might be shaping important traits in Sea Rocket. Understanding 

how winter temperatures and summer temperatures shaped the environmental space 

across the Baltic and Great Britain, and down into the Mediterranean, would be more 

useful in further research into the effect of this variation on traits such as dormancy or 

flowering season length as opposed to only knowing that seasonality is an important 

contributor to the environmental space.  

There are several factors which may explain the patterns of variation in temperature 

seasonality (bio4), and colder temperatures (bio6) characterising Baltic locations: 1) 

locations further east might be further removed from the warmer conditions conferred by 

the Gulf Stream, 2) higher latitudes are thought to be generally cooler owing to the 

greater area over which solar radiation in concentrated (and eastern populations are 

situated further northwards), and 3) relationship between sea water and air temperature, 

and the influence of winter sea ice in Baltic proper. This temperature measurement looks 

at the variation over the whole year, and one could argue that since it is observed and 

reported that plants germinate in spring (March/April) and disperse fruits and senesce 

and die from in autumn (September to November) (Davy et al., 2006), that it is highly 
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likely that the plant do not experience winter conditions directly. However, it might be 

wrong to assume that winter conditions, or the difference in winter conditions compared 

with those in summer, do not affect plant traits in some way. For example, much colder 

winters or perhaps melting sea ice in Spring might mean that air temperatures are colder 

in Baltic than in other locations at this time of year. Seasonality or annual patterns of 

variation may generate overall heterogeneity in environmental conditions that in turn 

could lead to variation in selection pressures that could shape adaptations (Joshi et al., 

2001; Becker et al., 2008). High correlation between bioclimatic variables if often found, 

and whilst bio4, or bio 5 and 6 might contains most of this duplicated variation, and thus 

explains a large amount of variation, the strong relationships between environmental 

variables may mean other factors correlated with temperature seasonality  or temperature 

extremes may also shape populations.  

Sites on the Atlantic coasts of Europe were generally characterised by wetter conditions 

compared to locations within enclosed or semi-enclosed water bodies such as the Baltic, 

Mediterranean and Black Sea. Sites from the west coast of Great Britain were among 

those all characterised by highest precipitation, and distinct even than the east coast of 

Great Britain. This is likely due to the exposure to prevailing weather systems coming 

across the Atlantic. The well identified pattern in weather and climate of Great Britain 

that south westerly winds deliver the majority of weather systems to the British Isles, 

resulting in more westerly locations experiencing higher rainfall than those in the east. 

Three locations were especially distinct from others in their group, and from all other 

locations; Ettrick (ETTR), Seamill (SMIL), and Maidens (MAID), which are all beaches 

located in the North West of Great Britain. These three locations were characterised by 

overall higher levels of precipitation, which could be an influential factor on plant traits 

that influence plant physiology.  

It is well documented that the influence of several factors, including climate and 

geographic position, have led to the Baltic sea region being regarded as a special 

ecosystem, however environmental gradients are thought to exists from outer reaches of 

the Baltic (North Sea-Baltic transition) inwards towards the Baltic proper (Snoeijs-

Leijonmalm et al., 2017). Therefore, it is not surprising that we observe in this analysis 

that whilst populations from the Baltic occupy a similar area of the bioclimatic space  

created from principle component analysis of bioclimatic variables, there is a gradient 

from inner Baltic outwards to outer Baltic, and on to North Sea population. All Baltic 
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locations could be characterised as being drier in generally. They also appear to be cooler 

over the driest months, suggesting low water availability in months prior to the growing 

season.  

Latitude and longitude are often used as proxies for gradients in environmental variables, 

and latitudinal gradients are useful natural laboratories (DeFrenne et al., 2013). In this 

analysis we observed significant relationships between most of the 19 bioclimatic 

variables and either latitude and/or longitude for our 24 locations across Great Britain 

and the Baltic, suggesting that latitude and/or longitude could be used as proxies whilst 

analysing the relationship between traits and the environmental for most, but not all 

bioclimatic variables. However, the strength of these relationships did vary, thus showing 

the complexity of patterns of bioclimatic variation, and giving support to the importance 

analysis environmental heterogeneity in detail, rather than only assessing trait-

environmental relationships against. 

The first principle component, was highly correlated with longitude, and to a lesser, by 

still significant extent, with latitude. These relationships, along with mapping the 

variation in principle components across locations of the native range, suggest there is a 

gradient of environmental conditions across our region of study, and therefore it would 

not be reasonable to make a simple partition between locations, for example, Great 

Britain vs Baltic populations, in terms of environmental conditions. These simplifications 

can aid comparisons, but the spatial patterns of environmental conditions are more 

complex. Knowing specifically what the differences in environmental conditions between 

populations are, e.g. wetter or drier, rather than only that there is an expected change 

along a gradient e.g. latitude or longitude, is important, given that the scale of differences 

in environmental conditions between populations influences the maintenance of 

phenotypic diversity (Bergelson and Roux, 2010). Additionally, similar climates are 

expected to result in similar phenotypes, through either local adaptation and/or 

phenotypic plasticity (Riordan et al., 2016). Therefore, understanding these patterns of 

environmental variation across locations where Cakile maritima grows is crucial to our 

understanding of whether selective pressures created by environmental gradients might 

be driving local adaptation in this species.  

Analysing the patterns of variation across Great Britain and the Baltic in the context of 

the wider native range across Europe, helps to show us that given the steep gradient in 
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environmental conditions, the Great Britain - Baltic sub region appears to be a useful area 

to start exploring eco-evolutionary questions, such as whether and how environmental 

variation is driving local adaptation, using Cakile maritima. 

Temperature and precipitation, and both annual and seasonal variation in these variables, 

are considered to be highly important in shaping plant species, for example, both local 

and global scales, temperature and moisture correlate strongly with leaf size and shape in 

all species, creating distribution of leaf shape to specific climatic types (Peppe et al., 

2011). Unfortunately, irradiation and day length data could not be obtained for all the 

locations in this analysis, but would be an important consideration for further study on 

environmental heterogeneity given their influence on plant growth including leaf and 

floral traits, as would other habitat variables such as soil moisture and substrate (Kriticos 

et al., 2014; Gardner et al., 2019). However, including sea water salinity and tidal 

amplitude data in our analysis of the geographic patterns in environmental conditions 

across the native range, has furthered our understanding of the environmental space 

created by these variables our the native range and will be highly useful in our analysis of 

the relationship between dispersal and establishment related fruit and seed traits and 

environment.  

In this chapter we can conclude that there is spatial heterogeneity in bioclimatic variables 

across our region of study, and more widely across the native range in Europe. We can 

subsequently infer that populations of Cakile maritima present at these sampling locations 

could experience different environmental conditions which is very important to 

understand as we investigate variation in important plant traits. Our analysis has 

modelled the climate space across the whole of the native range, and has allowed us to 

understand where the locations of populations used in plant trait this thesis are placed 

within it. As well as investigating patterns of geographic variation in environmental 

conditions across these locations, our study reveals that Sea Rocket might be a useful 

study system for answering eco-evolutionary questions; the sub-region of Great Britain 

and the Baltic appears to be a useful sampling region to conduct initial research given the 

relatively steep environmental gradients over which it is successful. We can go on to 

utilise the principle components resulting from analysis of bioclimatic variation in this 

chapter in further analyses of the relationship between variation in traits and the 

variation in environmental conditions. This could strengthen our understanding of why 

adaptations to environmental conditions may arise in Cakile maritima.  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Chapter Three 

Investigating variation in traits relating to dispersal and 
establishment in Cakile maritima 

Introduction 

As sessile organisms, dispersal and subsequent successful establishment are highly 

important life-history traits in plants. An exceptional number of dispersal strategies have 

long been recognised in plants, and the morphological traits that influence a propagule’s 

tendency to disperse, are a component of the dispersal phenotype of an organism (Van 

den Elzen, et al., 2016; LaRue et al., 2018). Genetic and environmental variation is 

considered to shape intraspecific variation in dispersal and establishment related traits 

(Rubio de Casas et al., 2013), and both fruits and seeds characteristics play a role in the 

dispersal and establishment of a plant (Cousens et al., 2008). Fitness depends on 

dispersal. Therefore, variation in fruit and seeds traits could be considered to be adaptive 

(Cousens et al., 2008; Rubio de Casas et al., 2013). 

In many plant species, fruits act as the dispersal propagule (Cousens et al., 2008), and 

propagule characteristics, such as mass or shape, can determine interactions with 

dispersal vectors (Van den Elzen, et al., 2016). The process of dispersal is considered 

stochastic or determined by environmental vectors in species whose propagules rely on 

mechanisms such as wind and water to be dispersed (LaRue et al., 2018). In general, 

dispersal traits within a species have been shown to be highly variable, and influenced by 

ecological and environmental gradients (Hargreaves and Eckert, 2014). It is proposed 

that variation in habitat at both temporal and spatial scales could mean variation in 

dispersal characters are adaptive rather than non-neutral features (Van den Elzen et al., 

2016; LaRue et al., 2018).  

In Cakile maritima, upper fruit segments remain indehiscent following separation from the 

lower segment which remains attached to the parent plant. Upper fruits are dispersed 

both by sea water, and wind dispersal which disperses fruits along beaches (Davy et al., 

2006). Variation in fruit shape in this species has been observed in Europe across its 

native range (Davy et al., 2006), and where it has been introduced in Australia (Cousens 

et al., 2013). However, more analysis into the importance of fruit characteristics on 
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dispersal and the role of ecological and environmental factors has been carried out in 

another member of the Cakile genus, Cakile edentula, the American Sea Rocket. Fruit traits, 

including size and shape, have been shown to vary between populations, and influence 

dispersal distances (Donohue, 1998; LaRue et al., 2018). Significant relationships 

between dispersal-related traits and environmental variation, including habitat features, 

have also be discovered (LaRue et al., 2018).  

For propagules to colonise successfully, they need to reach a new location, germinate, 

establish, and produce offspring (Rubio de Casas et al., 2013). Seeds are the key to plant 

regeneration; they hold all material for the life of a plant (Baskin and Baskin, 2014). 

Variation in seed mass or size is thought to influence significant plant processes, 

predominantly germination success and rate (Harper et al., 1970; Cordazzo, 2002). Seed 

size is a key component of plant reproduction, and a characteristic that is usually 

considered to be highly consistent within a species (Harper et al., 1970), however, 

variation in seed size is seen within a species, within populations of the same species, 

and also between different habitat types (Hawke and Maun, 1984; Maun, 2009).  

Beaches are highly dynamic environments, often characterised by natural disturbance as a 

result of tidal action and winds, which can lead to varying levels of sand accretion. In 

several species, including Cakile edentula, larger seeds are believed to be advantageous to 

plant establishment in conditions where habitat is dynamics and unstable, and sand 

burial is actively occurring, for example, coastal sand dunes (Maun, 1997; Cordazzo, 

2002; Cordazzo, 2006 Maun, 2009). Larger seeds are considered to have greater food 

reserves to support embryo growth, allowing seedling emergence from greater depth 

(Baskin and Baskin, 2014). In Cakile edentula, seeds of larger size have been shown to have 

a positive advantage over smaller seeds under conditions of chronic sand burial (Maun 

and LaPierre, 1984) However, within the same location where sand accretion was lower 

(that is, a greater distant from the high tide line), it was shown to be more beneficial for 

plants to produce greater number of smaller seeds (Maun and LaPierre, 1984).  

The timing of germination and emergence of a seedling is also a pivotal moment for a 

plant, especially as seedlings are extremely vulnerable to external elements. This 

important interaction between a new plant and its surroundings are greatly influenced by 

dormancy (Willis et al., 2014). Seeds can have varying degrees of dormancy, allowing 

plants to bet-hedge when the stability of an environment might be uncertain (Willis et al., 
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2014; Rubio de Casas et al., 2015). The timing of germination has been shown to be 

highly influenced by the degree of dormancy of a seed, and thus under strong selection, 

especially in colonising populations (Donohue et al., 2005; Willis et al., 2014). 

Physiological dormancy, the process by which environmental cues such as cold or warm 

temperature are needed to enact physiological responses that break or alleviate seed 

dormancy, is most often seen (Baskin and Baskin, 2014). Because emergence and 

establishment is such a crucial stage for a plant and species success, annual plants of 

coastal beaches are considered to have a number of adaptive traits to enable as successful 

emergence as possible (Davy et al., 2006). Through dormancy mechanisms, germination 

is synchronised with the most suitable time of the year for emergence and establishment. 

In Great Britain, seedlings of Cakile maritima have been recorded on beaches from April to 

May (Davy et al., 2006). This is thought to coincide with an increase in air temperatures, 

and the spring rains that lead to a 10 fold reduction in beach sand salinity allowing Sea 

Rocket to germinate (Davy et al., 2006; Gul et al., 2012). 

In this chapter, we will investigate the intraspecific variation in fruit and seed traits 

relating to dispersal and establishment in Cakile maritima. We seek to better understand 

the patterns of variation between populations across Great Britain and the Baltic, in a 

number of fruit and seed traits, and the relationship between these traits and 

environmental variables. Given the expectation that heterogeneity in environmental 

across the range of study could cause variation in selective pressures on fruit and seed 

related traits on the dispersal, establishment, and therefore survival of Cakile maritima, we 

would expect to see intraspecific variation in fruit and seed traits across the populations 

sampled. In order to test whether this is the case, we will quantify variation in fruit mass, 

fruit length, fruit width, seed mass (size), and germination time and success. We also 

expect that there will be a relationship between any variation seen in fruit and seed traits 

and environmental variables, and will assess how the patterns of variation relate to 

environmental gradients. 

As well as bioclimatic variables, we will investigate the relationship between fruit and 

seed traits and environmental variables (salinity and tidal amplitude) expected to be 

more directly relevant to dispersal and establishment. As described in the introduction to 

this thesis and in chapter 2, environmental gradients in sea salinity and tidal amplitude 

are found across the region of study. We hypothesise that sea salinity levels may 

influence fruit buoyancy and therefore potentially influence dispersal. We will assess the 
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relationship between fruit and seed traits and salinity to further understand whether the 

gradient in sea salinity might influence dispersal related traits in Sea Rocket. Given the 

gradient in tidal amplitude that is known to exist across the region of study, we 

hypothesise that this might influence sand accretion levels on a local scale. Variation in 

this environmental variable might in turn put selective pressure on seed size, especially 

when considering the relationship documented between seed size and emergence from 

burial in Cakile edentula. We hypothesise that populations from around Great Britain 

might have a larger seed size as an adaptation to potentially high levels of sand accretion, 

with a decrease in seed mass with a move towards the Baltic region if sand accretion 

decreases with the reported reduction in tidal amplitude. 

Quantifying variation in fruit and seed traits related to the important plant functions of 

dispersal and establishment will help us to establish an answer our overarching question 

of whether local adaptation is a potential feature of the system. Investigating the 

relationship between variation in dispersal and establishment related traits and 

environmental factors will enable us to further understand these plants traits and their 

relationship to environmental conditions, and to appreciate how ecological and 

evolutionary forces might be driving local adaptation in Cakile maritima.  
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Materials and Methods 

Field collections 

Mature fruits of Cakile maritima were collected during fieldwork conducted in the Baltic in 

September 2015, and around Great Britain in 2016. A population from Netherlands was 

also sampled in Autumn 2017. These locations were visited due to the high likelihood 

and/or prior knowledge that populations of Sea Rocket may exist there. The locations 

were chosen to enable as wide a sampling of this sub region as was possible in the 

timeframe of our study, including locations from both sides of Great Britain, and from the 

outside, middle, and inner reaches of the Baltic. Population size in the field varied 

dramatically, and plant phenology was not uniform, therefore restricting the size of 

collections that were made. Mature fruits (yellow to brown in appearance) from 

individual plants were placed into a labelled brown paper bag, preserving the maternal 

provenance of the seed collection. These collections were dried at room temperature and 

ambient humidity, and kept in a sealed plastic box before experiments were conducted. 

Experimental set up 

Plants from 24 locations were used in these experiments; populations details and 

relevant sample sizes for each of the experiments described in this chapter are given in 

Table 1 (Fruit and seeds), Table 2 (experiment 1), and Table 3 (experiment 2). 

Measuring fruit and seed traits 

Fruits of Cakile maritima are made up of two segments, the lower segment that remains 

attached to the parent plant, and the upper segment which dehisces from the lower 

segment and is dispersed by onshore winds or sea water. Upper segments were more 

readily collectable during fieldwork, and due to their involvement in the dispersal of Sea 

Rocket, we focused on taking measurements of only the upper segments. Ten whole 

upper fruit segments from each individual plant sampled were weighed to obtain fruit 

mass. Photographs of these fruits were taken using a digital camera. Fruit length and 

fruit width (see Fig. 1) measured were obtained from these photographs using the image 

processing programme, ImageJ (Rasband, 2014 - v1.51s, Java 1.80_101 64 bit). To obtain 

seed mass, seeds were excised from the fruit along the central valve using a scalpel. Ten 

seeds from each individual plant were then weighed individually.  
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Glasshouse common garden experiments 

To analyse variation in the time taken for seeds to germinate and populations’ 

germination success, seeds were sown in pots in common garden experiments in a 

glasshouse at the University of Bath.  

Experiment 1  

After seeds were excised from fruits , they were directly sowed into 3L plastic pots which 

contained a growing medium of 5 part horticultural grade sand (J.Arthur Bower’s) to 1 

compost (Levington Advance F2+S Seed and Modular Compost). The growing medium 

was saturated with water prior to sowing, and post sowing pots were additionally treated 

with a liquid seaweed extract in water, diluted to manufacturers guidelines for 

propagation (Vitax Organic Liquid Seaweed; Vitax Ltd, Leicestershire, UK).  

Experiment 2 

To separate the time taken for seeds to germinate from the potential effects of dormancy, 

a second experiment used seeds pre-treated with Gibberellic acid (GA3) which has been 

shown to promote germination in Cakile maritima (Baskin and Baskin, 2014). Seeds were 

soaked for 24 hours in a 1mg/ml solution of GA3 (Sigma Aldrich), gently disrupted at 

the beginning of the treatment, again after 2 hours, and 2 hours before the end of the 

treatment, where seeds were washed over a sieve with distilled water. In a glasshouse, 

plants were grown in 9x9cm black pots filled with a growing medium of 5 part 

horticultural grade sand (J.Arthur Bower’s) to 1 part compost (Levington Advance F2+S 

Seed and Modular Compost). One to three seeds were sown in each pot at an 

approximate depth of 3cm, and recovered with the growing medium. The growing 

medium was saturated with water prior to sowing, and post sowing was additionally 

treated with a liquid seaweed extract in water, diluted to manufacturers guidelines for 

propagation (Vitax Organic Liquid Seaweed; Vitax Ltd, Leicestershire, UK). Plants were 

kept under a 16hour light to 8 hours dark lighting regime, and at a daytime temperature 

22°C ± 2°C, and an average night temperature or 14°C ± 2°C. Plants were watered lightly 

on a daily basis. Germination was recorded when hypocotyls first protruded above the 

top of the growing medium. 
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Environmental data 

Salinity and Tidal amplitude 

A netCDF(.nc) file of annual average salinity measurements at 1° resolution was 

downloaded from the World Ocean Atlas 2013 v2, made available by NOAA National 

Centres for Environmental Information: https://www.nodc.noaa.gov/cgi-bin/OC5/

woa13/woa13.pl. This file was loaded into R using the raster package (Hijmans et al., 

2017), to create a map of sea water salinity over the region of study (Fig. 2), and an 

approximate salinity level was determined for each location. Tidal amplitude (m) 

approximate values for each were determined for each location through data extraction 

from the European Environment Agency Mean Tidal Amplitude database map (Fig.3), 

available at:  

https://www.eea.europa.eu/data-and-maps/figures/mean-tidal-amplitude#tab-based-on-

data. 
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Bioclimatic data 

Environmental variables, the principle components resulting from Principle Component 

Analysis (PCA) analysis of 19 bioclimatic variables in Chapter 2, were used in modelling 

to better understand of trait-environment relationships, rather than simply using latitude 

or longitude as variables. Results of PCA analysis (described in detail in chapter 2) 

showed that PC1, which was loaded substantially by annual temperature seasonality 

(bio4), was found to have strong relationship to both latitude and longitude. The 

relationships between PC2, which was loaded substantially by annual precipitation 

(bio12) and precipitation of wettest quarter (bio16) and coldest quarter (bio19), and 

latitude and longitude were not significant. 

Data analysis 

All analyses were carried out in RStudio version 1.1.453 (RStudio Team, 2016), running 

R version 3.5.1 (R Core Team, 2018). The following additional R packages were used in 

analysis and data visualisation: ggplot2 (Wickham, 2016), cowplot (Wilke, 2018), and 

lme4 (Bates et al, 2015). 

Nested data

The effect of population on dispersal and establishment related traits was investigated 

whilst taking into account the hierarchical nature of the data. Common garden 

experiments should ideally have equal numbers of plants sampled from each location or 

population, and equal number of individuals (half siblings) grown from them in the 

common garden (Moloney et al., 2009). One could argue that the plants grown in the 

glasshouse represent the next generation and all possible phenotypes that would have 

been apparent in any given population, especially given the outcrossing nature of the 

species. However, because of the variation in the number of parents per populations and 

the potential for maternal effects (that is the influence of the mother plant’s phenotype 

or genotype on the phenotype of its offspring (Wolf and Wade, 2009)), analysing the 

between-population variation should take into account the hierarchical nature of the 

experimental design. Variation between half siblings was therefore taken into account in 

statistical analyses by nesting ‘mum’ (the parent of each individual plant) within 

‘population’ (the location from which fruit were collected).  
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We fitted generalised linear mixed effects models (GLMMs) with the random effects of 

family (mother) nested with the fixed effects of population. Models were fitted by 

maximum likelihood using the R package lme4 (Bates et al., 2015). We calculated the 

marginal (R2m) and conditional (R2c) GLMM R2 values, respectively estimating the 

proportion of variation explained by the fixed effects alone, and by the fixed effects plus 

random effects combined (Nakagawa & Schielzeth, 2013). GLMMs as described were 

used to investigate the variation in fruit traits (fruit mass, fruit length, and fruit width) 

and seed traits (seed mass) between populations. GLMM analyses were also used to 

analyse the relationship between fruit and seed traits and environmental variables 

including bioclimatic variables through the use of the principle components derived from 

PCA of 19 bioclimatic variables described in Chapter 2, salinity (for all fruit and seed 

traits) and tidal amplitude (for seed mass only); combined models also included 

population and family. 

Because germination time and success data were count data, Poisson GLMM were used 

to assess the effect of treatment on the time to germination and germination success. 

Poisson GLMMs were also used to analyse between-population variation in days to 

germination for experiment 1 (where germination was not promoted with GA3), and 

germination success in both experiments. GLMM analyses were used to analyse the 

relationship between environmental variables and 1) germination success in experiment 

1 and 2,  2) days to germination in experiment 2 (to assess for variation in germination 

time once any potential dormancy had been removed). 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Results 

Fruit and seed measurements 

Between-population variation in fruit traits 

Variation in fruit mass 

Fruit mass range from 2.37mg to 97.00mg, with a mean fruit mass of 39.33mg. Between-

population variation in fruit mass was significant. The population from which fruits were 

collected had a significant effect on fruit mass. Between-population variation in fruit 

mass was significant with the mixed-effect linear model explaining 70.2% of the variation 

between populations whilst taking into account the hierarchical nature of the data. 

Population (fixed) effects explained 39.5% of the observed variation in fruit mass 

(GLMM, F= 2.70, p=0.006, R2m= 0.395, R2c = 0.702). An overall pattern in fruit mass 

was apparent, running from heavier fruits in populations from Great Britain to lighter 

fruits in populations in the inner Baltic (Fig. 4).  
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Variation in fruit length 

Fruit length ranged from 7.3mm to 18.1mm, with a mean length of 13.0mm. Between-

population variation in fruit length was significant. The population from which fruits 

were collected had a significant effect on fruit length. Between-population variation in 

fruit length was significant with the mixed-effect linear model explaining 68.9% of the 

variation between populations whilst taking into account the hierarchical nature of the 

data. Population (fixed) effects explained 42.5% of the observed variation in fruit mass 

(GLMM, F= 3.68, p=0.000, R2m= 0.425, R2c = 0.689). A decrease in fruit length was 

observed from the western populations of Great Britain to the inner Baltic (Fig.5) 
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Variation in fruit width 

Fruit width ranged from 2.7mm to 8.9mm, with a mean of 5.4mm. Between population 

variation in fruit length was significant.The population from which fruits were collected 

had a significant effect on fruit width. Between-population variation in fruit width was 

significant with the mixed-effect linear model explaining 72.1% of the variation between 

populations whilst taking into account the hierarchical nature of the data. Population 

(fixed) effects explained 49.9% of the observed variation in fruit mass (GLMM, F= 4.61, 

p=0.000, R2m= 0.499, R2c = 0.721). A decrease in fruit width was observed from the 

western populations of Great Britain to the inner Baltic (Fig.6) 
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Between-population variation in seed mass 

Seed mass ranged from 0.83mg to 22.60mg, with a mean seed mass of 11.44mg. 

Between-population variation in seed mass was significant. The population from which 

seeds originated has a significant effect on seed mass, Between-population variation in 

seed mass was significant with the mixed-effect linear model explaining 56.3% of the 

variation between populations whilst taking into account the hierarchical nature of the 

data. Population (fixed) effects explained 39.0% of the observed variation in fruit mass 

(GLMM, F= 4.15, p=0.000, R2m= 0.390, R2c = 0.563). Overall, a decrease in seed mass 

was seen from heavier seeds in western populations of Great Britain, to populations in 

the inner Baltic (Fig. 7).  
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Relationships between traits and environmental variation 

Fruit mass models 

A significant relationship was found between fruit mass and environmental variables. A 

model containing PC1 and PC2 (bioclimatic variables) and salinity as predictors, 

explained 25% of the observed variation in fruit mass; both PC1 and salinity had a 

significant effect on fruit mass (F=60 on 3 and 526 DF, p=0.000 (individual: PC1=0.023, 

PC2=0.143, Salinity=0.000), Adjusted R-squared=0.250; Fig. 8). There was a significant 

positive relationship between fruit mass and PC1 (Fig. 8a), with decreased fruit mass 

observed at lower PC1 scores (corresponding to higher annual temperature seasonality). 

The relationship between fruit mass and PC2 was not significant (Fig. 8b). A significant 

positive relationship was observed between fruit mass and salinity, with fruit mass 

increasing with an increase in salinity levels (Fig. 8c). An additional model, containing 

population and mum alongside PC1, PC2 and salinity, explained 64.9% of the variation in 

fruit mass (F=19.88 on 52 and 477 DF, p=0.000, Adjusted R-squared=0.649)
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Fruit length models 

A significant relationship was also found between fruit length and environmental 

variables. A model containing PC1, PC2, and salinity as predictors, explained 32.4% of 

the observed variation in fruit length (F=85.64 on 3 and 526 DF, p=0.000 (individual: 

PC1=0.001, PC2=0.000, Salinity=0.000), Adjusted R-squared=0.324; Fig. 9). There was 

a significant positive relationship between fruit length and PC1 (Fig. 9a), with decreased 

fruit length observed at lower PC1 scores (corresponding to higher temperature 

seasonality). The was a negative relationship between fruit length and PC2, with fruit 

length decreasing with an increase in PC2 scores, corresponding to lower annual 

precipitation (Fig. 9b). A significant positive relationship was observed between fruit 

length and salinity, with fruit length increasing with an increase in salinity levels (Fig. 

9c).  An additional model, containing population and mum alongside PC1, PC2 and 

salinity, explained 64.1% of the variation in fruit length (F=19.2 on 52 and 477 DF, 

p=0.000, Adjusted R-squared=0.641).  

69



Fruit width models 

There was a significant relationship between fruit width and environmental variables. A 

model containing PC1, PC2, and salinity as predictors, explained 38.2% of the observed 

variation in fruit width (F=110.1 on 3 and 526 DF, p=0.000 (individual: PC1=0.000, 

PC2=0.043, Salinity=0.000), Adjusted R-squared=0.382; Fig. 10). There was a positive 

relationship between fruit width and PC1 (Fig. 10a), with fruit width increasing with an 

increase in PC1 scores (corresponding to a decrease in annual temperature seasonality). 

The was a negative relationship between fruit width and PC2, with fruit length 

decreasing with an increase in PC2 scores, corresponding to lower annual precipitation 

(Fig. 10b). A positive relationship was observed between fruit width and salinity, with 

fruit width increasing with an increase in salinity levels (Fig. 10c). An additional model, 

containing population and mum alongside PC1, PC2 and salinity, explained 68.6% of the 

variation in fruit width (F=23.23 on 52 and 477 DF, p=0.000, Adjusted R-

squared=0.686). 
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Seed mass models 

There was a significant relationship between seed mass and salinity. A model containing 

PC1, PC2, and salinity as predictors, explained 16.0% of the observed variation in seed 

mass (F=34.6 on 3 and 526 DF, p=0.000 (individual: PC1=0.108, PC2=0.292, 

Salinity=0.000), Adjusted R-squared=0.382; Fig. 11). The relationships between seed 

mass and PC1 and PC2 were not significant (Fig.11a and 11b). A positive relationship 

was observed between salinity and seed mass, with fruit width increasing with an 

increase in salinity levels (Fig. 11c). A linear model containing only salinity as predictor 

explained 28.0% of the observed variation in seed mass (F=207.7 on 1 and 528 DF, 

p=0.000). The relationship between tidal amplitude and seed mass was significant, 

however, a linear model containing only tidal amplitude as predictor only explained 3.3% 

of the variation in seed mass (F=19.08 on 1 and 528 DF, p=0.000; Fig.11d).  

An additional model, containing population and mum alongside PC1, PC2, salinity and 

tidal amplitude, explained 51.9% of the variation in fruit width (F=11.88 on 52 and 477 

DF, p=0.000, Adjusted R-squared=0.519). 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Results of common garden glasshouse experiments 

Germination success 

Effect of treatment 

Germination treatment had a significant effect on germination success (Poisson GLMM,  

p=0.000, R2=0.18), with a mean germination percentage of 21.6% with no treatment 

(experiment 1), and a mean germination percentage of 85.7% with GA3 treatment 

(experiment 2) (Fig. 12).  
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Germination success 

Between-population variation 

Experiment 1 

Population of origin, whilst accounting for family effects, had a significant effect on 

germination success in experiment 1, explaining 86% of the variation (Poisson GLMM, 

p=0.028, R2=0.86; Fig. 13). Germination success was low in populations from inner 

Baltic, and highest germination success was seen in seeds from Camber Sands (East 

Sussex, Great Britain) (Fig.13).  

Experiment 2  

Population of origin did not have a significant effect on germination success in 

experiment (Poisson GLMM, p=0.724; Fig. 14). Successful germination was observed in 

all populations. The lowest germination percentage was seen in seeds from from Seamill 

(North Ayrshire, Great Britain) (Fig.14).  
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Relationship between germination success and environment 

There was not a significant relationship between bioclimatic variables (PC1 and PC2) and 

germination success in experiment 1 (F=0.46 on 2 and 42, p=0.63), but there was a 

significant relationship bioclimatic variables and germination success in experiment 2 

which explained 9% of the observed variation (F=3.3, on 2 and 44, p=0.045 (PC1=0.03, 

PC2=0.19), Adjusted R-squared=0.091; Fig15). Germination percentage was slightly 

reduced in population with higher PC1 scores (which reflects lower annual temperature 

seasonality). 
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Days to germination 

Effect of treatment 

Germination treatment has a significant effect on the number of days seeds took to 

germinate (Poisson GLMM, p=0.000, R2=0.20), with a mean number of days to 

germination of 9.6 days with no treatment (experiment 1), and a mean number of days to 

germination of 6.2 with GA3 treatment (experiment 2) (Fig. 16). 
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Between-population variation 

The population from which seeds originated had a significant effect on the time taken for 

seeds to germinate in experiment 2, where seeds had been treated with GA3 to separate 

dormancy from germination rate. (Poisson GLMM, nested family within mum, p=0.000, 

R2=0.03; Fig. 17).   
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Relationship between days to germination and environment 

There was a significant relationship between environmental variables and the number of 

days taken for seeds to germination. A model with PC1 and PC2 was not significant, 

however, PC1 did have a significant effect on days to germination. A linear model with 

only PC1 as predictor was significant (Linear model, F=5.65 on 1 and 257DF, p=0.018, 

Adjusted R-squared=0.017; Fig. 18). The number of days to germination was slightly 

lower in populations with lower PC1 scores (which reflect higher temperature 

seasonality).  
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Discussion 

Dispersal and establishment are two highly important stages of a plant’s lifecycle. This 

research has provided new insights into the patterns of variation in dispersal- and 

establishment-related fruit and seed traits in the Great Britain and Baltic region of Cakile 

maritima’s native range. Our findings show that high levels of intraspecific variation exist 

in fruit mass, fruit length, fruit width, and seed mass, as we would expect to be the case 

if local adaptation is a feature of a system. Our analysis also indicates a gradient in these 

trait variation from west to east across the region of study, and suggests a relationship 

between these traits and environmental variation, including the gradient in sea water 

salinity and tidal amplitude. Additionally, we provide some evidence to suggest 

environmental conditions experienced by populations may be affecting dormancy 

strategies and the timing of Sea Rocket emergence across this part of its native range. 

Together, these results suggest environmental conditions may well be driving local 

adaptation in dispersal and establishment related traits in Cakile maritima.  

Dispersal-related traits within species have been shown to be highly variable (Van den 

Elzen et al., 2016). Intraspecific variation has previously been shown in a number of fruit 

traits in another Cakile species, Cakile edentula, in the Great Lakes region (LaRue et al., 

2018). Variation in fruit morphology has been reported across the native range of Cakile 

maritima, however our study appears to be the first to quantify variation in fruit traits in 

the European Sea Rocket in populations from the native range. In analysing 

characteristics of upper fruit segments, which are considered to be the main unit of 

dispersal in Cakile maritima, we found between-population variation in all fruit traits to be 

significant. A similar gradient was seen in all fruits traits across the region of study, with 

fruits becoming lighter, shorter, and narrower from Great Britain to the inner Baltic.  

Fruit characteristics play a role in dispersal, and variation in these characteristics could be 

considered adaptive, especially when spatial variation is seen in dispersal traits across a 

heterogeneous environment (LaRue et al., 2018). We found a significant relationship 

between all fruit traits and environmental variables. There is a well documented gradient 

in sea water salinity from the North Sea and the outer reaches of the Baltic (Snoeijs-

Leijonmalm et al., 2017), and upper fruit segments of Sea Rocket are thought to be 

predominantly dispersed by sea water, with dehisced fruits being dispersed on tides 

(Davy et al., 2006). We hypothesised that patterns of variation in fruit traits would 
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correlate with the gradient in sea salinity and our findings documented a significant 

relationship between all fruit measurements and sea water salinity: fruit mass, fruit 

length, and fruit width decrease with the reduction in sea water salinity, with smallest 

and lightest fruits seen in the inner Baltic region. Variation in salinity levels could be 

influencing the dispersal ability of fruits, as sea water salinity is thought to alter 

buoyancy dynamics. Any fruit traits altering dispersal ability by water could therefore be 

under selection. Smaller and lighter fruits may be a beneficial dispersal strategy when sea 

salinity is reduced, if they alter the way fruits move and are dispersed by water. 

We also found that there was a relationship between fruits traits and bioclimatic 

variables, with the strongest relationship being with PC1, which was heavily loaded by 

temperature seasonality in PCA analysis. Our results show gradients in fruits traits with 

PC1, with fruits becoming heavier, longer, and wider with an increase in PC1 scores, 

which corresponds to a reduction in temperature seasonality. Interestingly, modelling 

variation in all fruit and seed traits using environmental variables (PC1 and 2), salinity 

(and where appropriate tidal amplitude), and populations and maternal origin, explained 

approximately the same or a little less of the variation in traits than the mixed effect 

models that nested mum within the population. It might be that there are other 

environmental variables shaping this species in these locations that we have not been 

able to capture in these analyses.  Additionally, it might suggest that to the extent that 

environmental factors contribute in each location, they have mixed interactions with the 

populations themselves. It is also important to remember that heterogeneity in local 

environmental conditions will likely mean that there is variation within populations as 

well as between them. This is especially important when considered plant maternal 

effects which are thought to be highly influential in the adaption of dispersal traits. It is 

important to remember that plant architecture is in interconnected with dispersal, both 

through the timing of dispersal, and the maternal plant tissues that create fruits 

(Cousens et al., 2008; Rubio de Casas et al., 2013), and therefore the conditions the 

growing temperatures a maternal plant experiences, which might vary within 

populations, may influence fruit traits, or impact the environment in ways which changes 

selective pressures on dispersal traits.  

In Sea Rocket, seed traits are likely to be more influential in seedlings establishment and 

emergence rather than in dispersal, as upper segments fruits disperse from parent plant 

without dehiscing. Seed mass (size), is thought to determine the depths from which a 
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seedlings can emerge following germination (Maun and LaPierre, 1986; Maun, 2009). As 

expected, we found significant between-population variation in seed mass, and observed 

a gradient in seed weight across the region of study, with seed mass decreasing with a 

move eastwards from Great Britain into the Baltic.  

The move into the Baltic reflects moving further into a semi-enclosed water body, and the 

environmental conditions that shape beach habits are thought to change. A gradient in 

tidal amplitude has been shown to exist across the region of study, and whilst beaches 

are still dynamic environments and shaped by wind action, the dramatic wave action or 

storms are not as big a factor in reshaping beaches in the Baltic as around Atlantic coasts 

of Great Britain (Snoeijs-Leijonmalm et al., 2017). Several studies have shown larger 

seeds have the ability to emerge from greater depths, and have a positive advantage in 

areas that have high levels of sand accretion or burial (Maun, 2009; Baskin and Baskin, 

2014). We therefore expected that the gradient in tidal amplitude might affect seed size if 

it influences sand accretion levels, and our analysis reveals a slight significant, positive 

relationship between seed size and tidal amplitude.  It is possible that spatial variation in 

sand accretion levels across this region may be a selective pressures on seed size, which 

may result in the gradient in seed size we have observed. Larger seeds may be an 

advantage in populations around Great Britain if high levels of sand accretion are seen, 

however, it may benefit a plant to create a great number of smaller seeds, where accretion 

is reduced. 

It also worth noting that there is only a micro tidal system in the inner Baltic and tidal 

amplitudes are very low (2-5cms), compared to much larger amplitudes in North Sea and 

Atlantic. Tidal amplitude and sea salinity combined may effect changes in fruit traits we 

have observed and reflect an interaction between salinity and tidal amplitude that alters 

buoyancy and fruit dispersal. Functional analysis would be an important consideration in 

further research to assess the relationships between fruit traits and movement in water 

and dispersal across environmental gradients. 

During fieldwork we observed the variation in habitats across the Baltic and around 

Great Britain, with much more shallow, more protected environments seen in the Baltic, 

suggesting that sand accretion may be lower in this region. Our study is the first to 

assess seed weight between-population variation in Cakile maritima over such a wide 

geographic range, and whilst our findings suggest interesting patterns, further 
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environmental data is needed to improve our understanding of relationship between seed 

traits and environmental patterns, and the selection pressures that may be shaping 

emergence and establishment related traits in Cakile maritima.  

We also observed a significant relationship between seed mass and salinity. Whilst fruits 

are dispersed by tides, and thus sea water salinity could influence fruit buoyancy 

dynamics as already discussed, seed weight contributes to overall fruit weight. As a 

result, the gradient in seed weight with salinity may reflect the potential effect of salinity 

on fruit traits, rather than on seeds traits themselves.  

Genetic and or environmental variation can cause intraspecific variation in dispersal 

traits, and therefore ideally, we would have assessed traits of fruits (and seeds) taken 

from plants grown in a common glasshouse experiment to remove environmental effects. 

During fieldwork in the Baltic and Great Britain to collect these fruits, we often observed 

large deposits of decaying seaweed along strandline, and local variation in nutrient 

availability on beach in thought to be high (Snoeijs-Leijonmalm et al., 2017). This may 

influence resources a parent plant available to put into fruits and seeds, or if the growing 

medium is nutrient rich, reduce the benefits of greater nutrients held in larger seeds. 

However, in Cakile maritima, fruits are not readily produced in the glasshouse, due to its 

self-incompatibility, and hand pollination would be required to generate fruits in order to 

assess fruit and seeds traits. Nevertheless, this would be an important experiment to 

undertake in order to understand whether there was a genetic component to the variation 

in fruit and seed traits we have observed.  

Germination is another crucial process for a plant. We found that gibberellic acid (GA3) 

treatment significantly improved germination success and decreased the number of days 

to germination in seeds of Cakile maritima from population across Great Britain and the 

Baltic. This is not surprising, as the ability of GA3 to promote rapid seed germination by 

removing any dormancy mechanisms is well known (Baskin and Baskin, 2014). However, 

the comparison of patterns of between-population variation in germination success 

between experiment 1 (no treatment) and experiment 2 (GA3 treatment) are interesting. 

Population of origin did not have a significant effect on germination in experiment 2, and 

germination success was high across all populations, whereas in experiment one, many 

populations have no or very little germination success, including most populations from 

Baltic region, and populations from some populations around Great Britain situated in 

81



northwest latitudes. Additionally, there was some evidence to show that germination in 

populations with lower annual seasonality was slightly reduced compared to that from 

populations with higher annual seasonality. Population also had a significant effect on 

days to germination when dormancy had been controlled for in experiment 2, and days to 

germination was slightly reduced in populations with characterised by higher PC1scores, 

reflecting higher temperature seasonality.  

Whilst we have to be cautious with our interpretation of findings on variation in 

germination due to small sample sizes and number of populations sampled, together 

these findings imply that there may be different dormancy strategies may have developed 

in these populations, in response to environmental conditions, including seasonality or 

the variation between summer and winter temperatures. The timing of germination is 

critical, as seedlings are highly vulnerable to adverse environmental conditions (Rubio de 

Casas et al., 2013). Different dormancy conditions may develop in populations with 

higher temperature seasonality such as those in the inner Baltic, reflecting that a longer 

dormancy may be needed as colder conditions unfavourable to growing as more intense 

or last longer her than in areas with lower temperature seasonality. A quicker 

germination when conditions are favourable might also be favoured, but further studies 

are needed to focus on variation in the germination-environment relationship in Cakile 

maritima. We should note that we were using seeds collected over different growing 

seasons (Baltic in 2015, and Great Britain in 2016), and whilst seeds were stored in same 

conditions prior to experiments, variation in seed age may effect our results, as viability 

in expected to decrease and changes in seed dormancy can occur during time in storage 

(Baskin and Baskin, 2014).  

A combination of environmental factors may lead to a shift in the balance of selective 

pressures on dispersal and establishment related traits. Our study has shown that there 

is significant intraspecific variation in dispersal and establishment related traits in Cakile 

maritima in Great Britain and the Baltic, indicating that local adaptation is potentially a 

feature of this system. From the associations we observe between variation in fruit and 

seed traits and environmental variables, our findings also suggests that environmental 

conditions may shape variation in dispersal and establishment related traits in Sea 

Rocket. This study lays the foundation for further research to analyse the ecological and 

evolutionary forces shaping Cakile maritima and to develop this species for use as a model 

system for studying local adaptation of dispersal and establishment related traits.  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Chapter Four 

Patterns of intraspecific variation in floral traits in  
Cakile maritima 

Introduction 

Flowering is a crucial process in a plant’s life history. The timing of flowering and 

reproduction is critical, as to a large extent it governs the conditions experienced during 

the development of pollen, ovules, and seeds, and a plant’s interaction with pollinators 

and predators (Kover et al., 2009; Austen et al., 2017). Reproduction could fail if a plant 

flowers at the wrong time (Huang et al., 2012). 

The commencement of flowering in annual plants usually corresponds to a decrease in or 

the end of the vegetative phase where leaves are produced and the plant grows (Diggle, 

1999; Mendez-Vigo, 2010). As a result, this influences growth patterns and plant size, 

and it has been shown in many species that there are correlations between vegetative size 

and flowering time (Gnan et al., 2017). Plants that flower early are expected to be smaller 

with fewer resources, due to trade-offs between the size of plants at reproduction and 

when reproduction happens and selection can result from this tradeoff (Kover et al., 2009; 

Austen et al., 2017). Several examples have been found in flowering plants, where the 

costs of flowering early are made less severe due to an extended flowering duration. More 

mating opportunities for plants could be available if flowering goes on for longer, thus 

reducing the trade-off between plant size/resource availability and the onset of flowering, 

and potentially resulting in selection for early flowering (Hendry and Day, 2005). Studies 

have also shown that plants can undergo extra vegetative growth to produce more leaves 

during the flowering season, thus increasing the ability to acquire resources from 

photosynthesis (Austen et al., 2017). Evidence from several coastal species, including 

Marram (Ammophila breviligulata) and the American Sea Rocket, (Cakile edentula) has also 

shown that increased burial of adults plants by sand, can lead to an increased number of 

flowers and total biomass (Zhang and Maun, 1992; Maun, 2009). 

It is widely accepted that there are major fitness consequences to the phenology of 

flowering, and considerable variation in flowering time is seen in species that are 

widespread geographically (Huang et al., 2012). Within and among population variation 
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in flowering time is significant and has been observed in many species, and there is 

strong evidence to show that this variation appears to be adaptive. The transition to 

flowering is shaped by numerous environmental signals, including day length, rainfall 

patterns, and temperatures (Kover et al., 2009). Common garden and reciprocal 

transplant experiments have revealed that adaptation to variation in season length is 

behind latitudinal variation in flowering times in Ipomoea hederacea (Campitelli and 

Stinchcombe, 2013) and Arabidopsis thaliana (Mendez-Vigo et al., 2013), and shown that 

environmental variation in winter precipitation and temperatures shape longitudinal 

clines in flowering Arabidopsis thaliana (Samis et al., 2012). 

In addition to variation in the timing of flowering, plants also exhibit variation in a 

number of other floral traits, including petal colour. A huge diversity in flower colour is 

seen across the angiosperms, with variations in hue, intensity, and patterning of petals 

both within and between species (Rausher, 2008). Two of the major contributors to 

variation in floral pigmentation have been shown to be a ‘hue’ locus which controls gene 

expression of flavanoid3’5’-hydroxylase, and the ‘intensity’ locus, a regulator of 

transcription factor R2R3-Myb which acts in the anthocyanin biosynthetic pathway 

(Streisfeld et al., 2013). Flavonoids are thought to be involved in plant stress responses, 

and anthocyanins, which are derived from flavonoids, control pigmentation of a vast 

number of species; 88% of species displayed anthocyanin-based polymorphisms, 

including Cakile maritima (reviewed in Narbona et al., 2018), where morphs range from 

white to pink (Davy et al., 2006; Narbona et al., 2018).  

Many colour transitions have been shown to be adaptive, and conventional thinking has 

demonstrated pollinators are a key driver of colour polymorphisms (Rausher, 2008), for 

example in Phlox drummondii (Hopkins et al., 2014), and Mimulus aurantiacus (Streisfeld 

and Kohn, 2005; Streisfeld et al., 2013). However, recent research has shown that 

selection for floral characteristics may also be driven by indirect selection due to abiotic 

factors, or that there may be non-pollinator related ecological benefits behind flower 

colour polymorphisms (Arista et al., 2013; Narbona et al., 2017, Koski and Ashmann, 

2016; Vaidya et al., 2018). Aside to attracting pollinators, anthocyanins have many 

functions including providing protection from UV light, herbivory, and drought and 

temperature stress (Coberly and Rausher, 2003; Sletvold et al., 2016; Koski and 

Ashmann, 2016). Pigmentation of the petals may also promote light reflection away from 
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the flower, thus protecting pollen and ovules from the potentially damaging effects of 

radiation (Burns, 2015; Koski and Ashmann, 2016). 

Environmental variation in rainfall, temperatures, and day length, which frequently vary 

along latitudinal, longitudinal, and elevational gradients, can correlate with clines in 

floral characteristics (Rausher, 2008). Recently, Hoski and Galloway (2018) found a 

longitudinal cline in pollen colour, from white pollen morphs in the east to purple pollen 

morphs in the west of the distribution of Campanula americana. Additionally, in the Scarlet 

Pimpernel (Lysimachia arvenis), the frequency of blue morphs decreased at higher latitudes 

and populations with greater precipitation, but increased in locations with higher 

temperatures and more sunshine (Arista et al., 2013). Two separate studies in Anacamptis 

morio (Sletvold et al., 2016) and Boechera stricta (Vaidya et al. 2018) have also revealed that 

varying anthocyanin levels in white and pink morphs appear to be influencing the fitness 

of plants in different environmental conditions. White morphs had better fitness in well 

water conditions and suffered more under drought stress than purple morphs (Sletvold et 

al., 2016; Vaidya et al. 2018).  

In this chapter, we will explore intraspecific variation in floral characteristics, including 

flowering time, the number of leaves produced at flowering, and petal colour in Cakile 

maritima in an environmental context. Given that flowering is shaped by numerous 

environmental signals, and variation in flowering time appears to be adaptive, we also 

aim to explore the relationship between floral traits and environmental variation in order 

to understand whether there are patterns indicative of adaptation in floral traits to local 

environmental conditions in Sea Rocket. 

Considering what is known about the correlations in many species between plant 

vegetative growth and time to flowering, firstly we ask 1) what is the relationship 

between days to flowering and the number of leaves produced at flowering in Cakile 

maritima? Given that a trade off between resource availability and the onset of flowering 

is expected, we would expect to see that plants with fewer leaves flower earlier than 

those that have a longer period of vegetative growth and thus produce more leaves.  

Considering the variation in flowering time seen in species occupying large geographic 

ranges, we expect to see variation between, and also within, populations of Sea Rocket 

grown in the common garden environment. Therefore, we ask 2) what is the variation in 
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floral traits (flowering time, number of leaves at flowering, and petal colour) between-

populations? 

Common garden experiments have shown environmental variation to be behind 

longitudinal and latitudinal variation in flowering time, and heterogeneity in 

environmental conditions experienced in the wild by these populations could cause 

variation in selective pressures on floral traits in order to adapt to local conditions. 

Therefore, we expect that there could be a relationship between patterns intraspecific 

variation in floral traits in Sea Rocket and environmental variation and ask 3) how does 

environmental variation relate to variation in floral traits?  

Considering the variation seen in petal colour in Cakile maritima, and the relationship 

between petal colour (or anthocyanin level) and environmental conditions documented 

in other species, we hypothesise that there could be a relationship between petal colour 

morphs and environmental variation across Great Britain and the Baltic, expecting that 

darker colour morphs (more purple) might predominate in regions with drier or warmer 

conditions, and paler petal morphs in populations with wetter or cooler conditions 

Floral characteristics have not previously been quantified in this species, and our 

approach will give insights into variation in several floral traits in this species across 

populations from Great Britain and the Baltic. Quantifying variation in floral traits will 

further our understanding of whether local adaptation is a likely feature of this system. 

Investigating the relationship between variation in floral traits and environmental factors 

will furthering our understanding of how environmental conditions might be shaping 

important life history traits in Sea Rocket, and how the species may be adapting to cope 

with the environmental conditions it faces.  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Materials and methods 

Experimental set up 

The was the same common garden experiment  running from September 2017 to January 

2018 in a glasshouse at the University of Bath. Plants studied in this chapter are those 

mentioned as detailed under experiment two in chapter three.  

Plants were grown in a common garden experiment from seeds collected in populations 

around Great Britain and the Baltic. A Gibberellic Acid (GA3) treatment was used to 

encourage germination. Mature, dried fruits from these populations were split open with 

a scalpel blade to excise seeds. Seeds were soaked for 24 hours in a 1mg/ml solution of 

GA3 (Sigma Aldrich), gently disrupted at the beginning of the treatment, again after 2 

hours, and 2 hours before the end of the treatment, where seeds were washed over a 

sieve with distilled water. In a glasshouse, plants were grown in 9x9cm black pots filled 

with a growing medium of 5 part horticultural grade sand (J.Arthur Bower’s) to 1 part 

compost (Levington Advance F2+S Seed and Modular Compost). One to three seeds 

were sown in each pot at an approximate depth of 3cm, and recovered with the growing 

medium. The growing medium was saturated with water prior to sowing, and post 

sowing was additionally treated with a liquid seaweed extract in water, diluted to 

manufacturers guidelines for propagation (Vitax Organic Liquid Seaweed; Vitax Ltd, 

Leicestershire, UK). Where multiple seedlings germinated in each pot, additional 

seedlings were transplanted into new pots before the full emergence of true leaves, to 

avoid excess damage to the roots at this early stage of development. Plants were kept 

under a 16hour light to 8 hours dark lighting regime, and at a daytime temperature 22°C 

± 2°C, and an average night temperature or 14°C ± 2°C. Plants were watered lightly on a 

daily basis.  

The exact populations and samples sizes differed slightly from the experiment detailed in 

chapter 3 owing to death of plants. Therefore, the populations and the number of plants 

from each population relevant to this chapter are presented in Table 1.  
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Flowering and leaf growth 

Flowering date was recorded on the day that the first flower fully opened. Days to 

flowering was calculated as the days between germination and the onset of flowering. 

The number of leaves at flowering represents the total number of whole leaves developed 

at the onset of flowering. 

Flower colour

A scale was devised to classify flower colour (Fig. 1), from dark pink to white. Flower 

colour was recorded at the onset of flowering to make sure flower colour was classified 

from flowers of a similar age.  

Additional observations

Plant characteristics were also observed in an additional experiment, in plants that were 

germinated in growth chambers at the University of Bath, before being transplanted into 

pots at the Bathampton Field Site in May - August 2017 (Bathampton, Bath and North 

East Somerset (51.399222°, -2.326705°). Photographs of these plants were taken at the 

field site in order to document plant characteristics, including stem colour and flower 

colour. 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Environmental data 

Environmental variables, the principle components resulting from Principle Component 

Analysis (PCA) analysis of 19 bioclimatic variables in Chapter 2, were used in modelling 

to better understand of trait-environment relationships, rather than simply using latitude 

or longitude as variables. Results of PCA analysis (described in detail in chapter 2) 

showed that PC1, which was loaded substantially by temperature seasonality (bio4), was 

found to have strong relationship to both latitude and longitude. The relationships 

between PC2, which was loaded substantially by annual precipitation (bio12) and 

precipitation of wettest quarter (bio16) and coldest quarter (bio19), and latitude and 

longitude were not significant. 

Data analysis 

All analyses were carried out in RStudio version 1.1.453 (RStudio Team, 2016), running 

R version 3.5.1 (R Core Team, 2018). The following additional R packages were used in 

analysis and data visualisation: ggplot2 (Wickham, 2016), cowplot (Wilke, 2018), and 

lme4 (Bates et al, 2015).. 

Firstly, regression analyses were carried out to investigate the relationship between 

flowering time and the number of leaves produced at flowering.  

Nested data

Secondly, the effect of population on floral traits (flowering time and number of leaves at 

flowering) was carried out taking into account the hierarchical nature of the data. 

Common garden experiments should ideally have equal numbers of plants sampled from 

each location or population, and equal number of individuals (half siblings) grown from 

them in the common garden (Moloney et al., 2009). One could argue that the plants 

grown in the glasshouse represent the next generation and all possible phenotypes that 

would have been apparent in any given population, especially given the outcrossing 

nature of the species. However, because of the variation in the number of parents per 

populations and the potential for maternal effects (that is the influence of the mother 

plant’s phenotype or genotype on the phenotype of its offspring (Wolf and Wade, 2009)), 

analysing the between-population variation should take into account the hierarchical 
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nature of the experimental design. Variation between half siblings was therefore taken 

into account in statistical analyses by nesting ‘mum’ (the parent of each individual plant) 

within ‘population’ (the location from which fruit were collected).  

• We fitted generalised linear mixed effects models (GLMMs) with the random effects of 

family (mother) nested with the fixed effects of population. Models were fitted by 

maximum likelihood using the R package lme4 (Bates et al., 2015). We calculated the 

marginal (R2m) and conditional (R2c) GLMM R2 values, respectively estimating the 

proportion of variation in floral traits explained by the fixed effects alone, and by the 

fixed effects plus random effects combined (Nakagawa & Schielzeth, 2013). 

• GLMMs were also used to analyse the relationship between environmental variables 

and flowering time, number of leaves produced at flowering, and flower colour 

polymorphisms, using the principle components for each population sampled that were 

derived from PCA of 19 bioclimatic variables described in Chapter 2, and also including 

population and maternal origin in analysis. 

• Ordinal regression was used to assess the effect of populations on petal colour 

classification (categorical data) using a cumulative link mixed model which also took 

into account the hierarchical nature of the data. Models were fitted using the R package 

ordinal (Christensen, 2019) as it could not be integrated into the general linear mixed 

effect model.  
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Results 

Relationship between flowering time and leaves at flowering 

There was a significant relationship between the number of days to flowering and the 

number of leaves produced at flowering (Linear model, F=171.9 on 1 and 255 DF, 

p=0.000, Adjusted R-squared=0.400; Fig. 2) with the number of days to flowering 

explaining 40% of the variation observed in the number of leaves produced at flowering. 

The number of leaves produced at flowering increased the with number of days to 

flowering (Fig. 2). 
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Between-population variation in flowering time 

Flowering time, the number of days from germination to flowering, ranged from 24 to 43 

days. Between-population variation in flowering time was significant with the mixed 

effect linear model explaining 52.5% of the variation between populations whilst taking 

into the account the hierarchical nature of the data. Population (fixed effects) explained 

41.2% of the observed variation in flowering time (GLMM, F= 4.631, p=0.000, R2m= 

0.412, R2c= 0.525). Plants from populations on the east coasts of Great Britain took the 

shortest time to flower, and flowering time appeared to increased from with a move 

eastwards towards the Baltic, and with a move westwards to the west coast of Great 

Britain (Fig. 3).  
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Between-population variation in number of leaves at flowering 

The number of leaves produced at flowering ranged from 6 to 16 days. Between-

population variation in number of leaves at flowering was significant with the mixed 

effect linear model explaining 45.1% of the variation between populations whilst taking 

into the account the hierarchical nature of the data. Population (fixed effects) explained 

39.5% of the observed variation in number of leaves at flowering (GLMM, F= 4.631, 

p=0.000, R2m= 0.395, R2c= 0.451). Plants from populations from Great Britain has the 

fewest number of leaves at flowering, and the number of leaves at flowering appeared to 

increase gradually with a move eastwards across the region on study (Fig. 4).  
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Between-population variation in floral colour polymorphism 

Petal colour observed ranged from white to dark pink. Between-Population variation in 

petal colour was significant; population of origin had a significant effect on the colour of 

petals observed on plants (Ordinal regression, threshold coefficients: dark pink-pink 

=-4.22, z=-5.02; pink-pale pink=-1.84, z=-2.27; pale pink-very pale=-0.62, z=0.78; very 

pale-white=0.15, z=0.19; p=0.000. There appeared to be a gradient in petal colour from 

pale in populations from the west to dark pink in populations from the east of the region 

of study (Fig. 4).  
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Additional observations 

Variation in stem colour and leaf colouration was observed in plants at the Bathampton 

fieldsite. Purple pigmented and paler stems and leaves were observed on plants grown 

from seed collected populations of the Baltic and Great Britain respectively (Fig. 5). 

Variation in petal colour from dark purple to white was also observed.  
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Trait-environment relationships 

Flowering time and environmental variation 

A significant relationship was found between flowering time and environmental 

variables. There was a negative relationship between the days to flowering and both PC1 

and PC2. A model containing PC1 and PC2 explained 10.4% of the observed variation in 

flowering time (F=15.9 on 2 and 254 DF, p=0.000(PC1), p=0.000(PC2), adjusted R-

squared=0.104; Fig. 6a and 6b). There appeared to be a gradient in flowering time with 

environmental variables, with a decrease observed in days to flowering with an increase 

in PC1 and PC2 (Fig. 6a and 6b). An additional model including population and mum as 

well as PC1 and 2 explained 49.1% of variation in flowering time (F=6.49 on 45 and 211 

DF, p=0.000). 

Leaves at flowering and environmental variation 

A significant relationship was found between the number of leaves at flowering and 

environmental variables. There was a negative relationship between the number of leaves 

produced and both PC1 and PC2. A model containing PC1 and PC2 explained 20.2% of 

the observed variation in flowering time (F=33.4 on 2 and 254 DF, p=0.000(PC1), 

p=0.000(PC2), adjusted R-squared=0.202; Fig. 6c and 6d). There appeared to be a 

gradient in the number of leaves produced at flowering with environmental variables, 

with a decreased in the number of leaves with an increase in PC1 and PC2 (Fig. 6c and 

6d). An additional model including population and mum as well as PC1 and 2 explained 

41.3% of variation in flowering time (F=5.01 on 45 and 211 DF, p=0.000). 

Petal colour and environmental variables variation 

A significant relationship was found between petal colour and environmental variables. 

(Ordinal regression, PC1: z=10.4, p=0.000; PC2: z=-1.55, p=0.12; threshold 

coefficients: dark pink-pink =-2.75, z=-10.86; pink-pale pink=-0.66, z=-4.11; pale pink-

very pale=1.40, z=8.49; very pale-white=2.13, z=11.14; Fig. 6e and 6f). There was a 

strong position relationship between petal colour and PC1, however, the relationship 

between petal colour and PC2 was not statistically significant. There appeared to be a 

gradient in petal colour with environmental variation, from darker pink petals at low PC1 

scores, to paler petal pinks at high PC1 scores (Fig. 6e and 6f).  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Discussion 

This study has shed new light on the between-population variation in floral traits and has 

made steps towards improving our understanding of the relationship between floral traits 

and environmental variation in Cakile maritima. Our findings are consistent with literature 

that suggests a strong relationship between growth and flowering, with plants that 

flowered later producing more leaves by the time of flowering (Austen et al., 2017). 

Analysis of patterns of variation in flowering time and leaf production at flowering show 

a gradient from the east coast of Great Britain into the Baltic. However, it is a somewhat 

complex picture, with later flowering and more leaves at flowering seen in populations 

that originated from the west coast of Great Britain. The variation observed in floral traits  

in our analysis indicates that local adaption could be a feature of this system. Gradients 

in floral characteristics have previously been shown to correlate with patterns of 

environmental variation (Rausher, 2008), and our analysis reveals evidence for a 

relationship between floral characteristics and temperature seasonality and annual 

precipitation in Sea Rocket. Additionally, this study quantified petal colour variation, 

revealing polymorphisms exists across this range, consistent with field observations 

published in the literature (Davy et al., 2006). A gradient in petal colour polymorphism in 

apparent across the region of study and our findings suggest that this may reflect 

adaptation to cope with different environmental conditions faced by Cakile maritima. 

Together, these results suggest environmental conditions may well be driving local 

adaptation in floral traits in Cakile maritima.  

We observed significant variation in flowering time between populations in Cakile 

maritima across Great Britain and the Baltic. This accords with many other studies in 

other species that have observed considerable variation in flowering time in species with 

wide geographic distribution (Huang et al., 2012). Gradients in floral characteristics have 

often been shown the correlate with environmental variation in temperature and 

precipitation, including in Arabidopsis thaliana were flowering time has been shown to be 

significantly influenced by winter temperatures and precipitation (Samis et al., 2012).  

Our findings also indicate a significant relationship between environmental variables and 

both the number of leaves produced and the number of days to flowering in Cakile 

maritima. There was a strong relationship between both temperature seasonality and 
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annual precipitation and the time taken to flower and the number of leaves produced 

before flowering. Taking longer to flower and producing more leaves before flowering 

were features of plants from locations characterised by increased temperature seasonality. 

Additionally, earlier flowering was observed in some populations that could be 

characterised by lower levels of annual precipitation. Greater variation between monthly 

temperatures over the year, for example comparably warm summers but much colder 

winters, or the transitions between seasons may influence timings of flowering, and 

geographic variation in environmental conditions across this range of Cakile maritima 

could well shape floral characteristics in different populations.  

As we hypothesised, there was positive relationship between flowering time and leaf 

production was expected, with more leaves being produced in plants that flowered later. 

It has been shown in many other species that flowering marks the end of, or signals a 

decrease in, the vegetative growth of a plant (Diggle, 1999; Mendez-Vigo, 2010). 

Therefore, a longer period of time before flowering starts could potentially give Sea 

Rocket a longer window for growth, and thus more leaves could be produced before 

flowering starts. Life-history models predict this would be expected in populations where 

season length is longer or pre-reproductive mortality is low (Austen et al., 2017). Whilst 

we did not have data for either of these variables, our findings may suggest that this 

trade-off or similar may be occurring in populations with a move eastwards across the 

region of study.  

Interestingly, models containing environmental variables (PC1 and 2) and populations 

and maternal origin, explained approximately the same or a little less of the variation in 

flowering time and leaves at flowering than the mixed effect models containing mum 

nested within the population. It might suggest that to the extent that environmental 

factors contribute in each location, they have mixed interactions with the populations 

themselves. It is also important to remember that heterogeneity in local environmental 

conditions will likely mean that there is variation within populations as well as between 

them.  

The environmental variables derived from PCA analysis explained a relatively low 

proportion of the variation observed in flowering time and the number of leaves 

produced at flowering respectively. It is possible that other environmental factors could 

be influential in shaping patterns in flowering time, and therefore including these factors 
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in future analysis could further our understanding of floral trait variation within species. 

Aside from climatic variation, it is also worth bearing variation in growing conditions in 

mind as in several coastal species, burial of seedlings and adult plants has been shown to 

stimulate growth (Maun, 2009). As noted in the introduction to this thesis, and 

discussed in chapter three, there is a micro tidal system in the Baltic, and it is possible 

that the levels of sand accretion may be lower in the Baltic proper. In contrast, sand 

accretion is thought to be higher around Great Britain. Increased burial of a plant by sand 

could induce further vegetative growth on other stems, generating another opportunity 

for flowering, as has previously been documented in Cakile edentula (Zhang and Maun, 

1992; Maun, 2009). If high levels of sand burial is not a feature of a habitat/growing 

environment, it may be beneficial to produce a plant as big as possible before flowering. 

Therefore, later flowering may be a more productive strategy because increased 

vegetative growth is expected to lead increased availability of photosynthetic products 

available for the plant during its reproductive phase (Mendez-Vigo, 2010). Further 

analysis into other possible environmental or ecological factors could enable us to form a 

better understanding of the potential selective pressures which may lead to adaptation to 

local environments. 

Flower colours ranging from dark pink to white were observed in plants grown in this 

common garden experiment. This is not unexpected as variation in flower colour from 

white to dark pink has previously been described in this species (Davy et al., 2006); 

however gradients in floral colour variation have not yet been reported. Whilst there was 

variation within populations, the variation apparent between populations was significant, 

with a gradient in flower colour from pale morphs in the west to dark pink morphs 

predominating in the east of the region of study. Anthocyanins control pigmentation in a 

vast number of species and high levels of anthocyanin have been found in plants with 

darker pigmentation (Rausher, 2008; Narbona et al., 2018). We would, therefore, assume 

that plants with darker pink colour morphs would have higher levels of anthocyanin, and 

also that the gradient in flower colour also reflects a gradient in anthocyanin across Great 

Britain and the Baltic.  

Additionally, variation in stem and leaf colour, as well as petal colour, was observed in 

plants growing both in a common garden experiment at Bathampton field station and in 

the glasshouse common garden experiment, suggesting higher overall levels of 

anthocyanin in plants.  Darker purple stems often seen in plants from populations in the 
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Baltic or the eastern ranges of the region of study. Alongside their role in pigmentation, 

anthocyanins have also been shown to provide protection from abiotic stresses including 

temperature and drought stress (Sletvold et al., 2016; Koski and Ashmann, 2016), and 

gradients of colour morphs with environmental conditions have been observed (Arista et 

al., 2013). Our findings show a significant relationship between floral colour and annual 

temperature seasonality, with darker morphs seen in plants from populations 

characterised by high temperature seasonality. Darker morphs, and potentially 

corresponding higher levels of anthocyanin, may be beneficial in dealing with wider 

variation in temperature experienced by Cakile maritima in locations around the Baltic 

region throughout the year. Following the findings of previous studies in other species 

(Veiga et al., 2018) we may have expected to fewer paler morphs in populations with 

lower levels of rainfall. However, we did not find a significant relationship between the 

PC2 (to which annual precipitation contributed significantly). Whilst plants from 

populations from east of Great Britain and Baltic which can be characterised by lower 

total levels of rainfall did produce darker floral morphs, paler morphs were also observed. 

Overall, our findings do suggest that there is a relationship between environmental 

conditions and floral colour variation. However, this is only an initial investigation, and 

further study which increased sample sizes and quantification of anthocyanin levels in 

plants would be beneficial to investigate this relationship in more depth.  

We have shown through our common garden experiments that variation in traits relating 

to flowering appears to have a genetic component. However, because plant fitness is 

dependent upon flowering, and reciprocal transplant experiments would be needed to 

understand whether there were fitness benefits to variation in flowering time and leaf 

growth observed between populations. Further investigations with more than one 

controlled environmental condition would also be needed to address in this species 

whether darker coloured morphs have a fitness advantage in colder or drier conditions, 

compared to paler coloured morphs, as has been demonstrated in other study systems 

(Sletvold et al., 2016; Vaidya et al., 2018).  

Flowering in a highly important process in plant’s life cycle. Floral characteristics in 

Cakile maritima had not previously been studied in this detail. Our study has increased 

understanding of intraspecific variation in a number of floral traits including the timing 

of flowering and petal characteristics. The variation in floral traits we have uncovered 

indicated that local adaptation is potentially a feature of this system. From the initial 
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associations we observed between variation in floral traits and environmental variables, 

our findings suggest that environmental conditions may be shaping variation in floral 

features in Sea Rocket. We have gone some way to furthering our knowledge of the 

relationship between floral traits and environmental variation in Sea Rocket populations 

from across Great Britain and the Baltic, and lay the groundwork for further study into 

how ecological and evolutionary forces may shape important floral traits in annual plant 

species.  
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Chapter Five 

Exploring intraspecific variation in leaf shape in Cakile maritima 

Introduction

Botanists and evolutionary biologists have long been intrigued by the variation in leaf 

shape that exists not only between species, but within species, because an organisms’ 

physiology is often closely related to its form (Ferris et al., 2015). At both local and global 

scales, temperature and moisture correlate strongly with leaf size and shape in all 

species, creating distribution of leaf shape to specific climatic types (Peppe et al., 2011). 

Furthermore, within genera, large variation in leaf shape is often observed. Significantly, 

this pattern continues at the species level (Nicotra et al., 2011). It has been suggested 

that many functions, including thermoregulation, hydraulic constraints, anti-herbivory 

mechanisms, and light capture, may be involved in, and influenced by, leaf shape 

(Chitwood et al., 2016). Correlations between local environment or habitat and a plant’s 

growth-form have been documented extensively, however knowledge as to the adaptive 

significance of these morphologies has often lagged behind (Lewis, 1969). The functional 

and genetic mechanisms that underpin diversity in leaf shape remains somewhat of a 

mystery (Chitwood et al., 2016). 

Plants have to balance between maximising photosynthesis and minimising water loss; 

this is a major physiological constraint (Hopkins et al., 2008). As the key location of 

photosynthesis, leaves play a major role in the physiological processes of a plant, and 

thus impact plant fitness (Vogel, 1970; Ferris et al., 2015). Critically, rates of 

transpiration and photosynthesis are controlled by leaves (Hopkins et al., 2008). 

Hydraulic efficiency, rates of heat transfer and gaseous exchange are influenced greatly by 

the structure of leaves (Nicotra et al., 2011), and therefore the strong correlation between 

habitat and leaf morphology is not unexpected and has thus been widely studied (Lewis, 

1969). 

Maintenance of intraspecific variation in leaf shape

In order to optimise physiological processes, morphological adaptations are expected to 

occur in response to subtle variation in environment. Geographic divergence is expected 

when local populations adapt to changes in selection pressure (Hopkins et al., 2008), and 
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the appearance of clinal variation in traits of ecological importance are therefore taken as 

evidence of local adaptation due to variation in selection at geographic scales (Haldane, 

1948; Endler, 1977). 

There is a close relationship between climate and leaf morphology (Chitwood and Sinha, 

2006); changes in light intensity, day length, and temperature, are expected to confer 

variation in selection on leaf traits (Hopkins et al., 2008). For many years, clines in leaf 

shape with environmental gradients (or often with latitude and longitude, given how 

they correlate with many environmental variables), have been studied in order to better 

understand how natural selection maintains variation within a species. Several elegant 

species have been used to address this question including, Butterflyweed (Asclepias 

tuberosa) (Wyatt et al., 1981), Arabidopsis thaliana (Hopkins et al., 2008), Geranium 

sanguineum (Lewis, 1969), and Ivyleaf Morning Glory (Ipomoea hederacea) (Bright and 

Rausher, 2008; Campitelli and Stinchcombe, 2013a, 2013b). 

Early studies by Böcher and Lewis (1962) and Lewis (1968), highlighted the marked 

variation in leaf morphology between populations of Geranium sanguineum from different 

regions and of different habitats around Europe (Böcher and Lewis, 1962; Lewis, 1969). 

These studies concluded that the continentality of the habitat from which samples were 

collected correlated with the amount of leaf dissection observed. Similarly, the openness 

of the habitat or community correlated with leaf size (Lewis, 1969). 

Intraspecific variation in leaf shape in Cakile maritima

It is well documented that leaf shape in Cakile maritima varies with geographic position as 

well as between and within sites of a specific region (Davy et al., 2006; Ciccarelli et al., 

2010; Cousens et al., 2013). Studies of the Cakile genus across Europe by P.W. Ball 

((1964) in Davy et al. 2006), suggested a cline in leaf shape exists in Cakile maritima 

across Europe, with leaf dissection decreasing towards the north and west of the native 

distribution, and with leaves becoming less lobed and more entire in shape (Davy et al., 

2006). This is likely due to selection for maintaining hydraulic efficiency and thermal 

balance in leaves. Drier and hotter summers with higher irradiance, conditions in which 

less transpiration would be beneficial, favour an increasingly dissected or a more pinnate 

leaf (Davy et al., 2006). Elongated and lobed leaves are expected to have fewer minor 

veins and thinner boundary layers (the region of immobile air which governs gas and 
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heat exchange) than entire leaves, which confers higher hydraulic efficiency, and more 

efficient heat exchange between the leaf and its environment in drier, warmer conditions 

(Vogel, 1970; Zwieniecki et al., 2004; Ferris et al., 2015). Davy et al. (2006) also 

highlighted that a more pinnate leaf shape can be found in the Baltic region, and that leaf 

shape was often used alongside fruit characteristics to separate purported sub species, 

including C. maritima subsp. baltica which has been reported to grow in the Baltic area 

(Davy et al., 2006).  

Variation in leaf shape in Sea Rocket has been reported between and within populations, 

even within the same greater region (Ciccarelli et al., 2010). Ciccarelli et al. (2010) 

confirmed that two morphotypes, with entire and pinnatifid leaves respectively, were 

present in populations in Northern Italy, by growing plants in a common garden 

experiment. The morphological, anatomical, and distributional variation seen between 

these two morphotypes show that more dissected or pinnatifid leaves would be less 

susceptible to environmental disturbance and stress than entire leaves. A higher ratio of 

pinnatifid to entire leaves was found in the location characterised by erosion, compared 

to a nearby location where progradation (the advancement of sand towards the sea) was 

more prevalent (Ciccarelli et al., 2010). Whilst the cline observed across Europe is the 

major trend in leaf shape in Sea Rocket, and variation is reported to exist within and 

between populations, it is also important to note the high plasticity in leaf shape that is 

apparent in this species. This is thought to be a response to the harsh and dynamic 

conditions faced by populations in the fore dune environment (Davy et al., 2006; 

Ciccarelli et al., 2010). 

Capturing variation in leaf morphology

Given that there is variation in leaf shape, and leaf characteristics are highly influential to 

plant physiology, it is important to try to quantify intraspecific variation in leaf shape. 

Pressed laminae (leaf blade) makes leaf morphology two-dimensional, even though 

leaves are of course three-dimensional structures that change with time (Li et al., 2018). 

A major source of variation in leaf shape is length-to-width ratio. Leaf length and width 

are useful and frequently used linear measurements, however the true extent of leaf 

shape diversity is not captured by these measurement (Migicovsky et al., 2018). Recent 

research in leaf shape variation has used simple shape descriptors (circularity and 
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solidity) to better capture leaf variation, as well as developing more complex 

morphometric methods that describe the complexities of leaf morphology (Chitwood et. 

al., 2016; Chitwood et al., 2017; Li et al., 2018). 

In this chapter we will explore the intraspecific variation in leaf shape in Cakile maritima 

in an environmental context. We seek to better understand the between-population 

variation in leaf shape in Cakile maritima from locations across Great Britain and the 

Baltic, and the relationship between the leaf shapes observed and environmental 

variables. With variation in leaf shape already described from a small number of 

populations of Sea Rocket in its native range, we expect to observe variation in leaf shape 

descriptions between the populations sampled from across Great Britain and the Baltic. 

In order to test whether this is the case, we will quantify the range of leaf shapes 

observed in plants from populations sampled across the region using shape descriptors to 

capture greater leaf shape information, which has not previously been carried out in this 

species. 

Additionally, given the well-documented relationship between climate and environment, 

leaf morphology and plant physiology, and the expectation that heterogeneity in 

environmental conditions across the range of study could cause variation in selective 

pressures on leaf shape, we hypothesise that there will be a relationship between 

intraspecific variation in leaf morphology in Sea Rocket and environmental variation.  

More specifically, we would expect to see a more pinnatifid and elongated leaf shape 

(rather than a more entire leaf) in locations where better hydraulic efficiency and more 

efficient thermal regulation are required, for example in drier or hotter environments. In 

order to gain insights into the potential adaptation in Sea Rocket to environmental 

variation between populations we ask the following questions; 1) what are the 

geographical patterns of leaf shape variation in C. maritima across this region?, and 2) 

does variation in leaf shape measurement relate to environmental variation and if so 

how? Quantifying variation in leaf traits will help us establish whether local adaptation 

in a potential feature of this system. Understanding the geographic patterns of variation 

in leaf shape, and the relationship to environmental variables, will help to further our 

understanding of whether environment drives local adaptation and how Sea Rocket may 

have adapted to cope with local environmental conditions. 
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Materials and methods

Experimental set up

Plants were grown in a common garden environment from seeds collected in 23 

populations across Great Britain and the Baltic. Common garden experiments, in which 

seeds are collected from multiple locations and subsequently grown in one location with 

the same conditions, have long been used to unravel how genetic or plastic processes are 

shaping a plant's response to the environment. A glasshouse-based common garden 

experiment, rather than just observations of Cakile maritima leaf shape in the field, will 

give us a better understanding of what forces might be determining the variation in leaf 

shape that has already been observed in this species. Variation seen between plants from 

different populations in a common garden experiment is considered to have a genetic 

component, rather than being a non-genetic phenotypic response. 

The experimental set up and the plants used for the research discussed in this chapter 

were exactly the same as that already described in chapter four. However, exact 

populations used and samples size differed slightly, owing to death of plants or destroyed 

leaves. Therefore, the populations and the number of plants from each population 

relevant to this chapter are presented in Table 1. 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Capturing leaf morphology

In order for leaf shape to be comparable between plants and populations, we controlled 

for leaf age. The sixth leaf to develop on each plant was removed carefully at the join of 

the petiole to the stem. Leaves were attached to plain white paper with small strips of 

double-sided adhesive tape. These sheets were stacked and pressed between books to 

minimise the chance of leaves curling as they dried. Following methodologies from 

recent leaf morphology analysis by Chitwood et al., (2016 and 2017), each sheet of leaves 

was scanned using an Epson V30 Perfection flatbed scanner. The images were captured at 

400dpi, and a flexible stainless steel ruler included in each scan to provide a scale bar.  

Scanned images of leaves were opened using the image processing programme, ImageJ 

(Rasband, 2014 - v1.51s, Java 1.80_101 64 bit). A straight line was drawn against the 

ruler included in each image, before setting the image scale equivalent to pixels [Analyze 

➡ Set Scale]. Converting images into black and white enabled measurement collection. 

Each image underwent RGB channel splitting [Image ➡ Color ➡ Split Channels]. The 

blue channel image was selected and further processed to produce a binary black and 

white image [Process ➡ Binary ➡ Make Binary] (Fig. 1a). Each leaf from the image was 

measured using the wand (tracing) tool, allowing automatic detection of the leaf outline.  

Again following methods from recent leaf morphology analysis three leaf shape 

measurements, leaf area to perimeter ratio, circularity, and solidity, were used to quantify 

leaf morphology. Leaf perimeter and area measurements were taken to provide the leaf 

area to perimeter ratio (ar:per - calculated as area/perimeter) (Chitwood et. al., 2016; 

Chitwood et al., 2017; Li et al., 2018).  

The shape descriptors function in ImageJ was enabled in order to measure circularity and 

solidity of leaves. These descriptors are as follows:  

• Circularity (calculated as 4pi x Area/Perimeter2): circularity can be used to understand 

elongation of a leaf. 1.0 indicates a perfect circle and an as a shape elongates, the value 

approaches 0.0. 

• Solidity (calculated as area/convex area): solidity provides information on number of 

lobes and the fill the leaf.  

Examples of the extremes of these measurements are given in Fig. 1b.  
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Environmental data

Environmental variables, the principle components resulting from Principle Component 

Analysis (PCA) analysis of 19 bioclimatic variables in Chapter 2, were used in modelling 

to better understand of trait-environment relationships, rather than simply using latitude 

or longitude as variables. Results of PCA analysis (described in detail in chapter 2) 

showed that PC1, which was loaded substantially by temperature seasonality (bio4), was 

found to have strong relationship to both latitude and longitude. The relationships 

between PC2, which was loaded substantially by annual precipitation (bio12) and 

precipitation of wettest quarter (bio16) and coldest quarter (bio19), and latitude and 

longitude were not significant. 

Data analysis

All analyses were carried out in RStudio version 1.1.453 (RStudio Team, 2016), running 

R version 3.5.1 (R Core Team, 2018). The following additional R packages were used in 

analysis and data visualisation: ggplot2 (Wickham, 2016), cowplot (Wilke, 2018) and 

lme4 (Bates et al, 2015).  

In order to reveal the total distribution of leaf shape in descriptive morphospace, the 

relationship between leaf circularity and solidity was analysed using Pearson's product-

moment correlation. 

Nested data

The effect of population on leaf characteristics (leaf ar:per, solidity, and circularity) was 

carried out taking into account the hierarchical nature of the data. Common garden 

experiments should ideally have equal numbers of plants sampled from each location or 

population, and equal number of individuals (half siblings) grown from them in the 

common garden (Moloney et al., 2009). One could argue that the plants grown in the 

glasshouse represent the next generation and all possible phenotypes that would have 

been apparent in any given population, especially given the outcrossing nature of the 

species. However, because of the variation in the number of parents per populations and 

the potential for maternal effects (that is the influence of the mother plant’s phenotype 

or genotype on the phenotype of its offspring (Wolf and Wade, 2009)), analysing the 

between-population variation should take into account the hierarchical nature of the 

experimental design. Variation between half siblings was therefore taken into account in 
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statistical analyses by nesting ‘mum’ (the parent of each individual plant) within 

‘population’ (the location from which fruit were collected).  

We fitted generalised linear mixed effects models (GLMMs) with the random effects of 

family (mother) nested with the fixed effects of population. Models were fitted by 

maximum likelihood using the R package lme4 (Bates et al., 2015). We calculated the 

marginal (R2m) and conditional (R2c) GLMM R2 values, respectively estimating the 

proportion of variation explained by the fixed effects alone, and by the fixed effects plus 

random effects combined (Nakagawa & Schielzeth, 2013). GLMMs were used to analyse 

the relationship between leaf shape and environmental variables, using the principle 

components for each population sampled that were derived from PCA of 19 bioclimatic 

variables described in Chapter 2.  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Results

Leaf circularity and solidity morphospace

There was a strong, positive relationship between circularity and solidity (Pearson’s 

Correlation; df=257, r=0.93, p=0.000; Fig.2). A continuous distribution in leaf shape 

was observed, reflecting the diversity of leaf shape from thin and highly-lobed, to a wider, 

more entire leaf shape. Leaves from inner Baltic populations were observed at the 

extreme bottom left of the distribution, with leaves from Great Britain east coast 

populations at the extreme top right, representing thin and highly-lobed and entire leaf 

shape respectively (Fig. 2).  
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Variation in leaf morphology

Variation in leaf area to perimeter ratio (ar:per)

Leaf ar:per ranged from 0.6899 to 3.7996. The highest ar:per was seen in leaves from 

Football Hole, Northumberland (GB), and the lowest ar:per was seen in leaves from 

Irevik, Gotland, Sweden (Baltic). Between-population variation in ar:per was significant 

with the mixed-effect linear model explaining 63.3% of the variation between 

populations whilst taking into account the hierarchical nature of the data. Population 

(fixed) effects explained 50.5% of the observed variation in leaf ar:per (GLMM, F= 5.19, 

p=0.000, R2m= 0.505, R2c = 0.633). A decrease in ar:per appeared to occur with a move 

across the North Sea and into the Baltic (Fig. 3).  
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Variation in leaf circularity

Leaf circularity ranged from 0.030 to 0.340. The highest leaf circularity was seen in leaves 

from Football Hole, Northumberland (UK), and the lowest circularity was seen in leaves 

from Irevik, Gotland, Sweden (Baltic). Between-population variation in circularity was 

also significant, with the mixed effect model explaining 75.8% of the variation between 

populations whilst taking into account the hierarchical nature of the data. Population 

(fixed) effects explained 51.2% of the observed variation in leaf circularity (GLMM, 

F=3.43, p=0.002, R2m= 0.512, R2c = 0.758). The decrease in leaf circularity with a 

move of original population into the Baltic was quite abrupt (Fig. 4).  
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Variation in leaf solidity

Leaf solidity ranged from 0.190 to 0.89. The highest leaf solidity was seen in leaves from 

Football Hole, Northumberland (UK), and the lowest leaf solidity was seen in leaves 

from Irevik, Gotland, Sweden (Baltic). Between-population variation in solidity was also 

significant, with the mixed effect model explaining 76.7% of the variation between 

populations whilst taking into account the hierarchical nature of the data. Population 

(fixed) effects explained 64.0% of the observed variation in leaf solidity. (GLMM, 

F=4.58, p=0.00, R2m= 0.640, R2c = 0.767). A decrease in leaf solidity from Great 

British population, through North Sea population to the Baltic was observed (Fig. 5).  

 

120



Relationship between leaf shape measurements and the environment

Leaf ar:per and environmental variation

A significant relationship between leaf ar:per and environmental variables was found. 

There was a strong, positive relationship between leaf ar:per and both PC1 and PC2. A 

model containing both PC1 and PC2 together explained 37.4% of the variation observed 

in leaf ar:per (F=78.12, df=256, p=0.000(PC1), p=0.000(PC2), Adjusted R-

squared=0.374). Leaf ar:per increased along with PC1, with lower ar:per seen as lower 

PC1 scores, corresponding to the greatest temperature seasonality. However the extreme 

highest PC1 scores did not correspond to highest leaf ar:per (Fig. 6a). Leaf ar:per also 

increased with PC2, with leaves from populations from west and east of Great Britain at 

either of PC2 range, corresponding to variation in total amount and seasonality of 

precipitation (Fig. 6b). An additional model containing population and mum alongside 

PC1 and PC2, explained 60.2% of the variation in lead ar:per (F=9.502 on DF=46 and 

212, p=0.000, R-squared=0.602). 

Leaf circularity and environmental variation

A significant relationship between leaf circularity and environmental variables was found. 

There was a strong, positive relationship between circularity and both PC1 and PC2. A 

model containing both PC1 and PC2 explained 38.3% of the variation observed in leaf 

circularity (F=81.35, df=256, p=0.000(PC1), p=0.000(PC2), Adjusted R-

squared=0.383). Leaf circularity increased along with PC1, with lowest circularity seen 

in leaves with lowest PC1 scores, corresponding to the greatest temperature seasonality. 

However, the highest circularity did not correspond with the highest PC1 scores (Fig. 

6c). Similarly, leaf circularity also increased along with PC2, with leaves populations from 

west and east of Great Britain at either of PC2 range, corresponding to variation in total 

amount and seasonality of precipitation (Fig. 6d). An additional model containing 

population and mum alongside PC1 and PC2, explained 72.3% of the variation in lead 

circularity (F=15.7 on DF=46 and 212, p=0.000, R-squared=0.723). 
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Leaf solidity and environmental variation

A significant relationship was found between leaf solidity and environmental variables. 

There was a strong, positive relationship between solidity and both PC1 and PC2. A 

model containing both PC1 and PC2 explained 47.3% of the variation observed in leaf 

solidity (F=117.2, df=256, p=0.000(PC1), p=0.000(PC2), adjusted R-squared=0.473). 

Leaf solidity increase along with PC1, with the lowest solidity seen in leaves with lowest 

PC1 scores, corresponding to the greatest temperature seasonality. However, the highest 

circularity did not correspond with the highest PC1 scores (Fig. 6e). Leaf solidity also 

increased along with PC2, with leaves populations from west and east of Great Britain at 

either of PC2 range, corresponding to variation in total amount and seasonality of 

precipitation (Fig. 6f). An additional model containing population and mum alongside 

PC1 and PC2, explained 74.8% of the variation in lead solidity (F=17.6 on DF=46 and 

212, p=0.000, R-squared=0.748). 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Discussion

Leaf shape is a highly variable trait, both between and within species. It is considered to 

be a vital component of a plant’s ability to adapt to different local environmental 

conditions. This study has provided a quantitative analysis of leaf shape variation in 

Cakile maritima across Great Britain and the Baltic. Our results show significant variation 

in leaf shape descriptors across the region of study, as we would expect if local adaptation 

is a feature of the system. Our findings are consistent with Davy et al. (2006) and 

Ciccarelli et al., (2010) who also demonstrated that high levels of intraspecific variation 

exists within C. maritima in Europe. In accordance with Ball (1964) and Davy et al.,’s 

findings (2006), this study demonstrated that a more entire leaf shape is characteristic of 

populations in the North west of the native range, that is Great Britain. Whilst we also 

find that leaves from Baltic populations are elongated and more dissected, our findings 

indicate a gradient in leaf shape from west to east across this region which has not yet 

been reported. Additionally, this study provides new insight into the relationship 

between leaf shape and environment and support the hypothesis of Ball (1964) that a 

more pinnate leaf shape in Cakile maritima may be an adaptation to improve leaf 

physiology in locations characterised by reduced water availability. Together, these results 

suggest environmental conditions may well be driving local adaptation in leaf shape in 

Cakile maritima. 

Analysis of the relationship between leaf shape descriptors allowed us to understand the 

range of variation in leaf shape of Cakile maritima across 23 populations from Great 

Britain and the Baltic. This ranged from narrow and highly lobed, to broader and more 

entire, in inner Baltic populations and those from the east coast of Great Britain 

respectively. Leaves from all populations from Great Britain were distributed widely in 

leaf morphospace, reflecting the variation seen between these populations, and perhaps 

indicating high variation in growing conditions between populations. A similar 

geographic distribution of variation was observed for all three leaf shape measurements. 

Leaves from populations originating in the Baltic had lower leaf ar:per, circularity, and 

solidity. Leaf ar:per results demonstrate simply these leaves has increased perimeters 

relative to their area, however shape descriptors allowed greater descriptions of shape. A 

decrease in circularity towards 0.0 indicates an increasingly elongated leaf shape, and a 

decrease in solidity represents an increased in number or depth of lobes (Li et al., 2018). 
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Therefore, in addition to from these simple morphometric descriptors we can ascertain 

that leaves are generally narrower and more lobed in the Baltic populations, having a 

reduced area compared to leaves in populations from Great Britain, which have higher 

circularity and solidity values.  

We hypothesised that because thermoregulation principles suggest that a decrease in 

surface area and increased lobednesss would be beneficial in hotter or drier environments 

(Nicotra et al., 2011), that a more pinnatifid and elongated leaf shape (rather than a more 

entire leaf) would characterise populations in locations where better hydraulic efficiency 

and more efficient thermal regulation are required. Additionally, thermoregulation is 

important not only during the day but also at night, with more dissected leaves staying 

warmer during colder night temperatures (Nicotra et al., 2011). Thus, highly lobed leaves 

are expected to be beneficial in both hot daytime conditions as well as cold nights. Whilst 

we unfortunately do not have data for day and night temperatures, there was a strong 

relationship between leaf shape and temperature seasonality experienced by populations. 

More pinnate leaves with reduced surface area were observed in populations 

characterised by increased temperature seasonality. Whilst we do not expect that the 

plants grow in the winter months, the variation in temperature seasonality may reflect 

influence on timing of germination and temperatures experienced by populations at 

different growth stages. The greater variation between monthly temperatures over the 

year, for example comparably warm summers but much colder winters, may influence 

Cakile maritima or its habitat in ways in which we are not yet aware. However, we could 

suggest that the increase incidence of narrower, more dissected leaf shapes in Baltic 

populations corresponds to its ability to do well in colder conditions, as well as hot days, 

which may be beneficial if transition of seasons is abrupt, and colder temperatures are 

still experienced during growing season. Conversely, a broader leaf shape may result as 

an adaptation to milder conditions or less abrupt changes in temperature, a 

characterisation that our environmental analyses has shown could apply to populations 

from around Great Britain.  

Narrower, more lobed leaves were also observed in populations that occupied bioclimatic 

morphospace characterised by lower total annual precipitation and reduced seasonal 

precipitation in the wettest and coldest months i.e. Baltic populations, suggesting lower 

overall water availability, which might lead to adaptation of leaf traits to increase 

hydraulic efficiency. It is also interesting to note that PC1 was highly correlated with 
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longitude, and therefore given the relationship between leaf shape and climate, it is 

perhaps not surprising we observe that there appears to be a gradient in leaf shape from 

west to east. The two principle components that we used in our analysis of leaf trait-

environment relationship were derived from 19 bioclimatic variables that mostly focus on 

temperature and precipitation. Studies have shown that these two factors affect leaf 

shape variation within species; there are other environment factors including day length 

and light intensity that have also been shown to be influential (Hopkins et al., 2008). In 

future studies, it could therefore be beneficial to include such factors as these in 

additional analyses, to see if this would enable us to better explain the variation in 

intraspecific variation in Cakile maritima using environmental variables.  

Whilst the differences between leaf morphologies of the Baltic as a whole are markedly 

different from those observed in population from Great Britain, our results suggested 

that intraspecific leaf shape variation in Cakile maritima in this region could not simplified 

to Great Britain vs Baltic. The decrease in all leaf shape descriptors on the whole happens 

gradually from North Sea, through Outer Baltic and Mid Baltic populations. However, we 

had very limited populations from this region, and in order to further investigate this 

pattern, fruits would need to be collected from a great number of populations all over the 

Baltic, and also in the North Sea region. However, these findings complement field 

observations that leaves from populations from the Baltic are more pinnate in appearance 

than those from populations around Great Britain (Photographs in Appendix 1). 

Interestingly, models containing environmental variables (PC1 and 2) and populations 

and maternal origin, explained approximately the same or a little less of the variation in 

leaf measurements than the mixed effect models which contained mum nested within the 

population. It might suggest that to the extent that environmental factors contribute in 

each location, they have mixed interactions with the populations themselves. It is also 

important to remember that heterogeneity in local environmental conditions will likely 

mean that there is variation within populations as well as between them. 

The variability and harsh nature of the fore dune habitat is often given as a reason for the 

highly plastic nature of the species, with high levels of plasticity having previously been 

reported in Sea Rocket (Davy et al., 2006; Ciccarelli et al., 2010). It is probably the harsh 

conditions of the beach that are at least in part responsible for the differences in 
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appearance of plants, and more specifically leaves, between beach and glasshouse. Leaves 

often appear stunted and thicker on plants in the field (photographs in the appendix). 

Removing these factors in our common garden experiment has allowed us to reveal 

evidence of a genetic component in leaf shape variation. However, it is important to 

understand how trait variation relates to fitness (Laughlin and Messier, 2016). If the 

effect of leaf shape on fitness was being studied further, it would be important to take 

account of ecological factors, for example that strong winds or sand burial appear to 

significantly alter growth in beach conditions, and that plants often shed all their leaves 

before flowering is complete, in order to understand the importance of leaf traits on 

fitness more fully.  

This study focused on the morphology of leaves of the same age (the sixth leaf to develop 

on each plant), and these simple shape descriptors appear to be a useful tool in better 

quantifying leaf morphological variation in C. maritima. Developmental changes in leaf 

shape could be addressed in further study, as observations of glasshouse plants in this 

experiment, confirm Davy et al.,’s reports (2006) that leaf shape can remain fully entire in 

very young leaves. Additionally, if a wider sampling of populations were possible, it 

would be interesting to re-visit the original cline of leaf morphology suggested by Ball 

(1964) and Davy et al., (2006), describing leaves from across the native range using these 

shape descriptors. 

Ideally, further work could also look at the genetic basis of leaf shape in C. maritima. After 

all, a main aim of evolutionary biology is to associate molecular pathways with the 

natural variation, and leaf shape is a trait of high importance (Chitwood and Sinha, 

2016). Genetic studies of leaf shape in C. maritima could be aided by its close relationship 

to other members of the Brassicaceae family, and RCO (reduced complexity gene) may be 

an interesting avenue to start with, at is has been shown to be involved in leaf patterning 

and the complexity of leaf lobedness in the genus Cardamine (Vlad et al., 2014). Further 

genetic research could also be an opportunity to assess population genetic diversity and 

structure, which is also key to better understanding if this clinal variation is adaptive 

(Campitelli and Stinchcombe, 2013b). Whilst many patterns of leaf shape variation may 

strongly suggest adaptation of leaf traits to local environments, it is worth noting that 

natural selection may not be the only mechanism that shapes leaf morphology, and 
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certain features of leaf shape may be functionally neutral (Chitwood et al., 2013; 

Chitwood et al., 2016). 

Given the influence of heterogeneity of environment on shaping variation within a 

species, and the variability of leaf shape and its importance on plant physiology, we 

expected our quantitative analysis of leaf variation to reveal intraspecific variation across 

the Great Britain and Baltic area of study. This research has shown that there is 

significant intraspecific variation in several quantitative leaf shape descriptors in Cakile 

maritima, indicating that local adaptation is potentially a feature of this system. All leaf 

shape descriptors showed similar trends: that more entire leaves with fewer lobes are 

generally observed in Great Britain, but with a move eastwards and into the Baltic, leaves 

become narrower and lobedness increases. From the associations we observe between 

variation in leaf shape and variation in local environmental conditions, chiefly in 

temperature and precipitation, our findings also suggest that environmental conditions 

experienced by populations of Cakile maritima in Great Britain and the Baltic appear to be 

shaping variation in leaf shape. Additionally, our research suggests a genetic component 

to the variation and that variation in leaf shape between populations may be adaptations 

to improve leaf physiology and therefore plant survival in local conditions. This study 

furthers our understanding of the relationship between leaf shape and the environment 

in Cakile maritima and is an important step forward in understanding how a species might 

respond to cope with changes in environmental conditions.  
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Chapter Six 

Conclusion 

In this thesis we set out to establish whether local adaptation is a potential feature of the 

Sea Rocket system. In order to understand whether local adaptation exists in this system, 

we investigated the extent and patterns of phenotypic variation in Sea Rocket using a 

common garden experiment and expected to find evidence of intraspecific variation in 

traits that influence plant life history and survival. Given the ability of environmental 

heterogeneity to shape intraspecific variation, if variation in selective pressures results as 

a consequence, we also set out to establish whether environmental conditions might be 

driving local adaptation in Sea Rocket. We expected to see an association between 

patterns of environmental variables and intraspecific variation if forces were acting upon 

this species to enable adaptation to local environments.  

Our findings reveal significant variation in traits relating to dispersal and establishment, 

flowering, and leaf morphology, across populations of Sea Rocket from Great Britain and 

the Baltic. Additionally, our common garden experiments provide evidence that there is a 

genetic component behind this variation, suggesting local adaptation is a feature of this 

system. Analysis of spatial patterns of environmental variation revealed gradients across 

the native range and even steep gradients across the Great Britain-Baltic sub region, and 

the relationships between fruit and seed, flower, and leaf traits and environmental 

variation suggest that environmental variation may be driving local adaptation in Sea 

Rocket.  

In chapter 2, analysis of environmental data revealed patterns of environmental 

heterogeneity across the native range in Europe and between our sample locations. A 

west to east gradient across the region of study was shaped mostly by annual 

precipitation and temperature extremes and seasonality. Analysis of our sample locations 

in the wider context of the native and global ranges allowed us to understand that 

gradients in environmental conditions across the sub-region of study are relatively steep, 

and that this region and system is suitable for exploring further eco-evolutionary 

questions. This analysis provided the environmental variables that were used to explore 

trait-environment relationships in chapters 3, 4, and 5.  
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Analysis of dispersal and establishment related traits in chapter 3 found gradients in 

fruit, seed, and germination traits across the region of study, with fruit mass, length, and 

width, and seed mass reducing with a move eastwards. The extent of variation observed 

suggested evidence for local adaption in dispersal and establishment processes. These 

patterns correlated with changes in bioclimatic variables and sea water salinity, and 

results suggest that changes in tidal amplitude and sand accretion may also be acting as 

selective pressures on these traits.  

A gradient in the timing of flowering and floral characteristics between populations was 

reported in Chapter 4. Plants from eastern populations generally flowered later, produced 

more leaves before flowering, and had darker petals than those from the west of the 

region of study. Given the importance of floral traits on plant success and survival, the 

evidence of variation in floral traits indicates the presence of local adaptation in this 

system. Bioclimatic variables had a significant relationship with flowering time and floral 

colour polymorphism, but explained less of the variation in the former, but there is some 

evidence to suggest environmental conditions could be driving local adaptation in floral 

traits in Sea Rocket.  

Chapter 5 revealed significant intraspecific variation in leaf shape descriptors in Sea 

Rocket, with a more entire leaf shape observed in populations from Great Britain and leaf 

elongation and lobedness increasing with a move eastwards. Leaf traits play an important 

role in plant physiology and survival, and therefore extensive variation between 

populations suggest evidence for local adaptation. Our analysis revealed an association 

between patterns of leaf shape variation and environmental variables; variation in 

temperature and precipitation could be influencing selective pressure on thermal balance 

and hydraulic efficiency, leading to the observed gradient in leaf shape across this region 

of study. 

Evolution operates on traits as a package through their relationships or covariance with 

other traits and characters, rather than on traits in isolation (Lande and Arnold, 1983; 

Hendry et al., 2011), and therefore it is important to consider the patterns of trait 

variation presented in each chapter together. A similar pattern was found across all traits 

studied, with gradients in characteristics from west to east across the region of study. 

These patterns could be distilled to the following: a gradient from plants with more 

entire leaves, larger fruits and seeds, paler flowers in Great Britain, to pinnate, dissected 

leaves, smaller fruits and seeds, darker pink petals in the inner Baltic (Baltic proper). 
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Overall, our findings show that there is a gradient in plant characteristics and 

environmental conditions between Great Britain and the Baltic, rather than an abrupt 

change. Whilst the Baltic is considered a special ecosystem our findings align with the 

reported gradients in environmental conditions from outer Baltic to inner Baltic (Snoeijs-

Leijonmalm et al., 2017). Selective pressure may take many forms, including ecological 

factors, and our findings appear to be consistent with the expectation that evolution of 

populations with differing characteristics could be shaped by spatial heterogeneity of 

environmental conditions (Nagy and Rice, 1997; Becker et al., 2008; Bergelson and Roux, 

2010).  

Our findings suggest environmental variation confers a selective pressure leading to 

adaptation to local conditions in the Sea Rocket system. However, because the 

relationships between traits and fitness are central to population dynamics (Laughlin and 

Messier, 2015), assessing the fitness of plants from different populations in different 

environments, for example through a reciprocal transplant experiment, would be needed 

to demonstrate local adaptation. Additionally, a better understanding of the scale of 

adaptation can be gained by assessing the spatial scale of genetic variation (Becker et al., 

2008). Accordingly, assessing the levels of genetic variation and gene flow in C. maritima 

is vital in order to improve our understanding of the evolutionary forces that shape a 

species.  

This research has greatly improved the understanding of intraspecific variation in Sea 

Rocket (Cakile maritima) and contributes to existing knowledge by providing further 

insights into fruit, seed, floral and leaf traits. It also reveals the potential of this species 

to be a valuable system with which to answer eco-evolutionary questions. Our findings 

show that Sea Rocket, shares many desirable features with other plant systems used as 

model system in eco-evolutionary research, such as possessing a number of ecologically 

and evolutionarily interesting traits that exhibit high variation and being distributed over 

a wide range with spatial heterogeneity in environmental conditions (Hintz et al., 2006; 

Wu et al., 2008). Our common garden experiments show that Sea Rocket is amenable to 

growing in glasshouse conditions, although the self-incompatible reproductive system 

present some challenges to the creation of accessions and to the study of fruit 

characteristic variation in a controlled environment. Genetic tools are a great benefit to 

model systems and whilst preliminary genetics studies were carried out (Appendix II), 

the development of functional genetic tools requires further research. The close 
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relationship to other Brassicaceae species will however be a help in developing genomic 

resources for this species, and highlights the potential applications of this system for 

investigating adaptations that enable plants to exist in challenging environments.  

It is important to remember that Sea Rocket lives life on the edge in the dynamic and 

harsh conditions of the strandline. The changeable nature of sandy coastlines is well 

documented (Davy et al., 2006), and during fieldwork studies we noted the negative 

impact severe winter storms on locations where C. maritima was known to grow. Sea 

Rocket may face challenges from climate change due to the expected associated changes 

to temperature and precipitation patterns, as well as pressure on its habitat, given the 

predicted increase of harsh winter storms and rising sea levels. During fieldwork the 

apparent negative consequences of high anthropogenic activity on beaches also had 

consequences for Sea Rocket and other foredune plants. Alongside further research into 

local adaptation and its genetic basis in this species, a better understanding of the 

impacts of fluctuations in populations size on this species would be beneficial, especially 

given the pressures facing the habitat where C. maritima is found. This is important for 

our overall understanding of how species respond to environmental change, and can help 

to predict how species might respond to habitat loss or fragmentation (Hargreaves and 

Eckert, 2014; Des Roches et al., 2018). 

Understanding the contribution of phenotypic variation to species’ responses to their 

environments and what forces may be driving adaptation are key questions in 

evolutionary ecology (Hendry et al., 2011; Mimura et al., 2017; Macdonald et al., 2018). 

This thesis helps to reveal the variation that exists in a region of Cakile maritima’s native 

range in traits that are are considered highly important to plant life history and survival. 

The extent of this variation and the relationships observed between trait variation and 

environmental variables suggests local adaptation is a feature of this system and could be 

being driven by environmental heterogeneity. Our research highlights that Sea Rocket 

merits consideration as a model species, and lays the groundwork for further research 

using this species to deepen our knowledge of the ecological and evolutionary processes 

that shape species. Using such model systems to better understand the nature and 

maintenance of intraspecific variation and local adaptation will be crucial as we predict 

the response of populations to environmental changes, and allows a greater appreciation 

of the consequences of biodiversity loss and the impact of conservation efforts in a 

dynamic, fast-changing world.  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Appendix I

Observations and photographs from fieldwork 
conducted in the Baltic and Great Britain

Each page represents a location that was visited during fieldwork where 
Sea Rocket was found and fruit were collected. The entries are in 
chronological order: locations in the Baltic area were visited in 
September 2015, followed by locations around Great Britain in 
September and October 2016. Two additional pages provide observations 
on locations where either Sea Rocket was found but no mature fruits 
were available to collect, or where no Sea Rocket was observed. 
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Heiligenhafen
Germany

54.380170° N 
10.998791° E

Population size: Approximately 20 plants in 1.5km of coastline.  

Characteristics: Plants situated at the top of the high tide line entwined with 
seaweed, or nestled between sea defence boulders (a); several large plants with 
thick stems branching from a woody central root system (b); more plants growing 
in the nature reserve area fenced off with barbed wire (c). 

Flowers, fruits, and leaves: Plants still flowering; pale lilac to dark lilac petals (d).  
Many fruits still green and maturing. Upper and lower segments developing. Hardly 
any leaves remaining on plants

18th September 

a b

c

d
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Hornbaek
Denmark

56.093529° N 
12.459207° E

Population size: Approximately 560 in less than 1km .  

Characteristics: A ‘Blue Flag’ quality beach - a long stretch of  sandy coastline with 
plants growing at the top of the tideline, large plants, windswept with multiple 
stems and inflorescences (a); no plants West of the harbour (b) - this beach is used 
extensively for tourism and in July 2015 the first Scandinavian Beach Polo World 
Cup with crowds of over 8000 people1. 

Flowers and fruits: Plants still flowering; very pale pink to dark lilac petals (c); 
many stages of growth from very young to large plants. Not many fruits developed 
and mature. Leaves, still present on younger plants, thin and pinnate in appearance 
(c)

20th September 

1http://www.spiritofpolo-press.com/scandinavian-beach-polo-world-cup-2017/

c

b

a
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Björkhaga, Gotland
Sweden

57.403208° N 
18.170794° E

Population size: Approximately 50 plants in a small bay.  

Characteristics: Slow moving water along coast, tending to form reed beds and 
marshy areas (a); large ‘mats’ of seaweed washed ashore and decaying, often 
pushed into mounds, Sea rocket found growing on sandy front of beach directly in 
front of them (b). 

Flowers and fruits: Some plants still flowering; very pale pink to dark lilac petals (c) 
flowers look smaller on some plants; lots of mature fruits on larger plants, both 
segments developing. Leaves thin and pinnate in appearance on younger plants(d).

22nd September 2015

a

b

c

d
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Ekstakusten, 
Gotland

57.279675° N 
18.096738° E

Population size: Approximately 25 plants in first inlet.  

Characteristics: West facing pebble each with gentle slope, plants found growing in 
crushed mussel shells (a) and one pebbly ridge above tideline; coastline succession 
to conifers very abrupt (b). 

Flowers and fruits: Plant flowering, dark lilac petals (c); flowers strongly scented 
with many pollinators; a few mature fruits on older plants, both segments 
developing. Very pinnate and thin leaves(c).

22nd September 2015

a

c

b
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Hörte, Gotland
Sweden

57.219295° N 
18.597124° E

Population size: Approximately 18 plants on the whole beach.  

Characteristics: East facing sandy beach with shallow slope, alongside fishing 
village (a); plants found above high tide line in small clumps (b); lots of seaweed 
washed up and decaying.  

Flowers and fruits: Some plants still in flower, lilac petals (b); many fruit already 
matured and dispersed, lower segments dehiscing in situ on parent plant . Thin, 
‘rolled up’ leaves on younger plants. Signs of herbivory by rabbits. 

22nd September 2015

a

b
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Irevik, Gotland
Sweden

57.839852° N 
18.591001° E

Population size: Approximately 88 plants on the whole beach.  

Characteristics: North facing, part fine sandy beach, part pebbly; plants found above 
high tide line, growing along side grasses and other plants(a); shallow slope, with 
seaweed and old shell deposits (b).  

Flowers and fruits: Plants still in flower, with petals from pale to dark lilac (c); fruits 
matured on older larger plants (d), fruits still green and developing on other plants; 
very thin, pinnate leaves on younger plants.  

23rd September 2015

a

c

b

d
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Skagen
Denmark

57.750844° N 
18.591001° E

Population size: Over 1000 plants, mostly all on Skagerrak facing side of peninsula 
rather than on Kattegat side.  

Characteristics: Large sandy beach and extensive dune formations on north western 
side of peninsula (Skagerrak side); well above the high tide line, growing in ridges 
along side many grasses (a); shifting sand formations with dune ridges, plants often 
half-buried (b). Kattegat facing side much more pebbly, dunes not well formed.  

Flowers and fruits: Some plants still in flower, with petals from very pale (c) to dark 
lilac; large rounded fruits developing, green and fleshy, elsewhere yellow-brown and 
mature; fleshier, less pinnate leaves apparent.

26th September 2015

a

cb
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Thomas’ Porth, St 
Mary’s

49.919689° N 
6.307907° W 

Population size: Approximately 34 plants in the whole bay 

Characteristics: Predominantly sandy bay, backed by grasses (a); Sea Rocket found 
on or just above the highest tide line, growing and amongst other plants (b) and 
seaweed. 

Flowers and fruits: Some plants still in flower, with very pale or white petals (b); 
large rounded fruits develops on mature plants, some plants already dried and 
fruits dehisced.

1st September 2016

a

b
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Porth Loo, St Mary’s
Isles of Scilly

49.921333° N 
6.308368° W 

Population size: Approximately 30-35 plants 

Characteristics: A ‘dune bank’ 6-8 foot tall formed over man made sea defences 
made of boulders infilled with sand(a) [built following destructive winter storms of 
2014]; 4 plants at the base of the steep dune bank above tide line, all others higher 
up, growing out of plastic mess (b); other grasses and weeds also present; large 
number of caterpillars, observed herbivory on Sea Rocket 

Flowers and fruits: Some plants still in flower, with white or pale pink petals (c); 
very large fleshy pods developed on some plants (b), mostly only upper segments 
developed (aborted lower segments); leaves thin and spindly where remaining.

1st September 2016

a

b c
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Par Beach, St 
Martin’s

49.958978° N 
6.279828° W 

Population size: Approximately 375 plants on whole beach 

Characteristics: A long and shallow-sloping, south to south east facing sandy bay 
with small, shorter dune system behind (a); plants found around 8m behind high 
tide line, amongst deposits of seaweed (b); some very young seedlings observed 
(inset in b) 

Flowers and fruits: Many plants had already matured and senesced, with fruits dry 
and mature and dehisced in situ; birds(mainly Sparrows) observed breaking open 
fruits to obtain seeds; petal colour ranging from pink (c) to white (b).

2nd September 2016

a

b c
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Periglis, St Agnes
Isles of Scilly

49.894278° N 
6.349249° W 

Population size: Approximately 10-15 plants on whole beach 

Characteristics: A crescent shaped bay on west side of island; re-constructed dune 
area at back of beach (a), following fierce storms of winter 2015 that flooded the 
bay; plants found growing  in and around pebbles and rocks at the bottom of the 
rebuilt dune; lots of seaweed deposit close by (b & c) 

Flowers and fruits: A few plants still very green, but mostly all turning yellow or 
have already set fruit and dehisced (c); petal colour ranging from pink (b) to white.

4th September 2016

b

c

a
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Saunton Sands
Devon

51.100472° N 
4.221920° W 

Population size: Approximately 70 plants on whole beach 

Characteristics: High dune system with deep ‘inlets’ at the northern end of the 
beach; group of plants found around 50m back within the dune system(a); dunes 
reduce in height moving towards southern end of beach; plants found amongst 
pebbly tideline alongside Sea Holly (Eryngium maritimum) 

Flowers and fruits: Large, fleshy fruits, mostly only upper segments developed (c) 
Only 4-5 plants have dried, mature fruits; most plants still flowering, several had 
luscious leaf growth but no flowers; a mix of white and pink petal colours (b & c); 
bumblebees observed visiting flowers.

6th September 2016

b c

a
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Kinmel Bay
Conwy

53.314513° N 
3.519785° W 

Population size: Approximately 420 plants from Kinmel car park to Horton’s Nose 

Characteristics: A predominantly pebbly beach with small sandy region and limited 
dune system at back of beach, developed around sea defences and cycle path (a); 
plants growing in pebble at top of ridge (b) and further back in sand next to 
marram grass 

Flowers and fruits: Fleshy fruits well developed on several plants; mostly only upper 
segments appear; other plants already senesced and fruits dispersed onto sand 
below (c); plants still flowering; petals colour from white to pink; butterflies 
observed visiting flowers (d).

12th September 2016

a b

c

d
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Winterton-on-Sea
Norfolk

52.721716° N 
1.696394° E 

Population size: Approximately 35 plants found 

Characteristics: A flat sandy beach, backed by a small dune system (a); plants 
observed directly above the high tide line; lots of sea ‘froth’ and decomposing 
matter; some plants submerged or surrounded by seawater (b) 

Flowers and fruits: Some plants completely stripped of all leaves and flowers, a no 
fruits developed; other plants with a few flowers, petals ranging from white to lilac 
(c); some older plants dried out, producing a small number of rounded mature 
fruits (c)

17th September 2016

a b

c
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Embleton Bay
Northumberland

55.509406° N 
1.613949° W 

Population size: Approximately 10 plants found 

Characteristics: A popular tourist beach; sandy with small dune system backed by 
steep, high cliffs (a); plants found just below dunes, above the high tide line; some 
plants well buried by shifting sands (b); beach is subject to large structural 
rearrangements due to strong undertow currents - can change dramatically from 
year to year.  

Flowers and fruits: Several plants still flowering, petals ranging from very pale to 
darker pink(b); fleshy upper fruit segments developing on other plants, or already 
dried and mature and dehisced onto sand below. 

19th September 2016

b

a
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Football Hole
Northumberland

55.523110° N 
1.619571° W 

Population size: Approximately 400 plants in the whole bay 

Characteristics: A protected sandy bay with rocky outcrops at either end (a); plants 
found growing out of the base of small dunes at the back of the beach; evidence of 
herbivory by rabbits and caterpillars 

Flowers and fruits: Groups of older plants that has already senesced, and mature 
fruits dispersed, collecting in hollows in the sand (b); mostly only single segments 
developed, occasionally both segments; several plants still in flower with petals 
ranging from white to pink, almost iridescent petals (c)

19th September 2016

a

b c
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Sandham, Lindisfarne
Northumberland

55.685105° N 
1.789571° W 

Population size: Approximately 650 plants on the whole beach 

Characteristics: Well established dune system in crescent shaped bay on north to 
north east face of the island (a); large sandy shelf where many plants found growing 
(a); large piles of seaweed brought in by the tide; some very young plants (b) and 
other groups of old plants (c); caterpillars observed on plants. 

Flowers and fruits: Groups of older plants that has already senesced, and mature 
fruits dispersed and lying on top of sand under plants (c); several plants still in 
flower with petals ranging from white to  quite intense pink (b); bees and 
hoverflies observed pollinating.

20th September 2016

ba

c
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Tentsmuir
Fife

56.411852° N 
2.807296° W 

Population size: Approximately 100 plants 

Characteristics: A shallow fore dune bed, in front of a larger dune system(a); 
individual plants spread out along the beach, not many clumps or congregations of 
several plants; some large plants with thick stems, windswept and twisted (b) 

Flowers and fruits: Many plants still flowering; petals ranging from very pale 
through pink to a darker pink (b & c); upper segment fruits well developed, many 
still green and fleshy (c), but other matured and dispersed; bumblebees observed 
pollinating.

21st September 2016

ba

c
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Lunan Bay
Fife

56.653161° N 
2.505064° W 

Population size: Approximately 40 plants on the beach 

Characteristics: A small sandy bay with high dune system behind; Sea Rocket found 
in younger, pioneer dunes, above tide line (a); some very large plants, or potentially 
several plants in one clump (b). 

Flowers and fruits: Only one plant with dried, mature fruits; many green fleshy, 
upper segment fruits on other plants(c); plants still flowering, petals from white 
(b) to pink (c)

21st September 2016

b

a

c
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Ettrick Bay
Isle of Bute
55.847848° N 
5.133135° W 

Population size: Only 1 plant found in this bay (the only plant found on Bute) 

Characteristics: A long sandy beach, split almost in half by a river (a); beach backed 
by lots of grasses, weeds, common wildflowers; plant found growing in clump of 
grass (b); and old plant, windswept and twisted; 

Flowers and fruits: Hardly any leaves left, but a few younger shoots with some pink 
flowers; upper segment fruits produced, some still green and fleshy (c); others 
mature, dried, and also detached from plant

27st September 2016

b

a

c
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Seamill
North Ayrshire

55.672112° N 
4.848636° W 

Population size: Approximately 35 plants 

Characteristics: Sandy inlets with marram grass, between high tide line and coast 
road (a); plants found at base of grasses, just above the high tide line; lots of 
seaweed washed up (a)  

Flowers and fruits: Some older plants, with dry, mature upper fruit segments; other 
plants very young with many leaves and a few flowers (b); petal colour ranging 
from white (b) to pink

28th September 2016

b

a
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Maidens
South Ayrshire

55.334992° N 
4.816781° W 

Population size: Approximately 85 plants 

Characteristics: Long sandy stretch of beach, with marshland developing at 
southern end (a); Sea Rocket found growing along tide line and back into grasses; 
many very large, mature plants, dried and blown into ‘tumble weed’ structures (b). 

Flowers and fruits: Some plants still producing leaves and flowering; petal colour 
ranging from white to pink (c); Older plants producing many fruits, lots of which 
already mature and dispersed onto underlying sand (d). 

28th September 2016

ba

c d
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Camber Sands
East Sussex
50.933381° N 

0.782918° E 

Population size: Approximately 25 plants found on beach (all at Western end) 

Characteristics: Long sandy beach, very popular with tourists; steep dunes in main 
section of beach that become shallow at Western end of beach; Sea Rocket found 
here in embryonic dune clumps (a)  

Flowers and fruits: Some plants still flowering; petal colour ranging from white (b) 
to pink (c); some larger, older plants producing fruits; fleshy green fruits not yet 
mature, but some dried inflorescences and dispersed, mature fruits (d). 

8th October 2016

a

db c
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Location Coordinates Description

Instow, Devon 51.059474 °N
4.178906 ° W

Long sandy beach along side of estuary;  around 400m 
of dunes; around 15 plants with white to pink petals; 
no mature fruits yet

Howdiemont 
Sands, 
Northumberlan
d

55.434529 °N
1.585407 ° W

Sandy bay between rocky cliffs; only 5 plants found; 
petals pale pink to pink; no mature fruits

Findhorn, 
Moray

57.663742 °N
3.620086 ° W

Large shingle shelf in front of dunes; one single plant 
found at top of shingle; pink flowers; sand bars shifting 
here

Roseisle, 
Moray

57.683579 °N
3.493948 ° W

Quite high dunes leading down to beach from forest; 
signs of substantial erosion; shallow beach with 
embryonic dunes; 4 plants in around 4 miles

Kingston on 
Spey, Moray

57.67560 °N
3.101845 ° W

A big pebbly ridge with high quantities of driftwood, 
dead animals, and rubbish, perhaps left after storm 
tides; one large plants with many pink flowers

Mersehead, 
Dumfries and 
Galloway

54.880333 °N
3.672146 ° W

Dunes redeveloping after significant destruction by 
winter storms (erosion 25x higher than usual than 
normal (Fig1); around 25 plants in short stretch of 
beach; all flowering; petals pale to pink

Greatstone, 
Kent

50.945138 °N
0.968455 ° E

Evidence of substantial sand accretion (oak posts and 
dune fences buried by sand); around 25 plants in 
shallow sandy bank; no plants by main entrance to 
beach

Table 1: Locations visited in 2016 field season where Sea Rocket 
was found but no fruits were mature for collections

Figure 1: Stormy seas at Mersehead
An information board placed by the RRSPB at Mersehead to help to 
explain why the dunes looked so different to previous years. 
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Location Coordinates Description

Chapel St 
Leonards, 
Lincolnshire

53.248808 °N
0.331674 °E

A wide, flat, sandy beach, very popular with families 
and dog walkers; very young embryonic dunes, but 
signs of recent storm erosion damage

Saltfleetby 
Theedlethorpe

53.374097 °N
0.237296 °E

Part of Natural England reserve; very shallow dunes 
until just above tide line, leaving hardly any room for 
fore dune plants

St Cyrus, 
Aberdeenshire

56.761835 °N
2.417038 °W

Long sandy beach, but recovering from recent winter 
storms which reshaped beach and deposited 
significant amounts of driftwood on the beach; a 
popular beach, even though a National Nature 
Reserve

Nairn, 
Highlands

57.595727 °N
3.845451 °W

Large, dynamic dune system; prevalent westerly winds 
leading to high sand accretion; extensive embryonic 
dunes perfect for Sea Rocket but none found (Fig.2)

Lossiemouth 
(East Beach) 
Moray

57.718216 °N
3.278572 °W

Very high, steep dunes and hardly any shallow 
embryonic dunes; very popular beach with walkers 
and dogs, and kitesurfing

Kilchattan Bay, 
Bute

55.755503 °N
5.032169 °W

Sandy bay, with small drifts of dunes at back of beach 
before main road; general grasses, wild flowers, and 
seaweed  above tide line

Scalpsie Bay, 
Bute

55.779595 °N
5.099339 °W

Fresh water stream divides this sandy bay; grasses and 
wildflowers dominate; high tide line comes up very 
high leaving little room at top of beach

St Ninian’s Bay, 
Bute

55.809763 °N
5.128715 °W

A south west facing, cup-shaped bay; Seaweed, grasses, 
and wildflowers dominate above the tide line

Table 2: Locations visited  in 2016 field season where no Sea 
Rocket was found  (Sea Rocket had been previously recorded at 

Figure 2: Dynamic dunes at Nairn
Plentiful embryonic sand dunes located at Nairn, an ideal habitat for Sea 
Rocket, but no plants were found here in September 2016. 
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Appendix II 

Notes on preliminary genetic studies in Cakile maritima

Contents 

• Preliminary genetic studies 
• Preliminary genomic analysis 
• Additional research:  

- optimisation of microsatellite markers 
- preliminary development of new genetic markers 

Background information 

Due to the unidimensional nature of their distribution, coastal species aid the study of 
gene flow, allelic diversity and selection, thus providing useful systems for exploring 
adaptations and range limits (Sagarin et al. 2006). Recently, Cakile maritima, has emerged 
as a potentially suitable candidate for use in answering eco-evolutionary questions. The 
European Sea Rocket, Cakile maritima, a member of the Brassicaceae family, forms part of 
pioneer sand dune communities along coastlines throughout the Mediterranean, Atlantic 
European coasts, and those surrounding the Baltic (Pakeman & Lee, 1991; Davy et al., 
2006). At least two major translocation events, suspected to have been mediated by the 
movement of ship ballast (Rodman, 1986), have enabled C. maritima to colonise sand 
dunes in South America (Argentina and Brazil) (Davy et al., 2006), and separately in 
Australia. The primitive member of the genus Cakile is considered to be the desert species 
Cakile arabica which grows in the Middle East, endemic to the Persian Gulf region. Two 
other members of the Cakile genus, C. edentula and C. lanceolata, are candidates for the 
ancestral species in Northern America and have also undergone relatively rapid range 
expansions (Bohm, 2009).  

Several subspecies of C. maritima have been proposed across this range, based on both 
morphological and biochemical analysis. Morphological variation in leaves and fruits 
alongside biochemical analysis of glucosinolates forms the basis of support of subspecies 
classifications. Rodman’s glucosinate analysis (1976) revealed clear differences between 
the glucosinolate profiles of plants from Baltic, Western Europe, Mediterranean, Black 
Sea and C. arabica. The profile of subsp. euxina was almost 100% comprised of a single 
compound allyl composition, great variation was seen in Mediterranean region with a 
reduction or simplification to the production of 3 out of 7 possible compounds by 
Atlantic populations, and low diversity with predominance for allyl composition in subsp. 
baltica (Rodman, 1976).  
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As a member of the Brassicaceae family, C. maritima is the closest halophyte relative of the 
Brassica genus, and also closely related to the model plant species Arabidopsis thaliana 
(Beilstein et al., 2008). Genetic analysis of the Brassicaceae involving relatives of C. 
maritima has already been carried out, and due to the relatedness to A. thaliana, a vast 
amount of previous genetic study is available as a useful basis and comparison tool for 
genetic research in C. maritima. Population genetics and phylogeographic research has 
shed light on regional clusters within the native range of C. maritima. Using RAPD 
markers and ISSR patterns Clausing et al. (2000) discovered that the genetic distances 
between individuals clustered to form two distinct groups; those growing in the 
Mediterranean and those in the Atlantic. The linear migration of C. maritima along the 
coastlines was supported through the correlation of actual coastline distance with genetic 
distance (Clausing et al., 2000).  

Sea currents are highly dynamic and are thought to be highly influential in the dispersal 
of the fruits of C. maritima. Findings by Kadereit et al. (2008) and Gandour et al. (2008) 
substantiated the importance of this relationship between sea currents and dispersal, 
concluding that the dispersal of fruits by sea currents greatly influenced and could 
explain the genetic structure and clustering of populations (Kadereit et al., 2000; 
Westberg, 2005; Gandour et al., 2008). In addition to this, Westberg & Kadereit (2009) 
discovered by studying populations on either sides of straits, that the direction of gene 
flow and prevailing sea currents are the same, and therefore on this scale the larger 
contributor to gene flow is fruit dispersal rather than pollen (Westberg & Kadereit, 
2009).  

An understanding of how evolutionary processes establish and maintain genetic diversity 
populations within a species is required in order to interpret the patterns of local 
adaptation and speciation from empirical evidence (Yeaman & Otto, 2011). The 
evolutionary forces of natural selection, stochastic process, and genetic isolation 
contribute to varying levels in evolutionary processes that underpin divergence, isolation, 
and the shaping of populations (Leinonen et al. 2008). Geographical isolation and the 
subsequent impact on gene flow that drives divergence are at the centre of speciation and 
evolutionary biology (Clegg and Phillimore, 2010), and a balance of gene flow and 
selection is thought to shape adaptive divergence between populations (Lind, 2010). 
Dispersal and migration, especially over long distances, can be costly processes which can 
also reduce health or fitness of an individual or offspring; they will be adapted sub-
optimally to their new environment. The degree to which adaptation is affected, 
positively or negatively, by gene flow is thought to be determined by how gene flow 
relates to patterns of environmental variation (Lenormand, 2002; Sexton et al., 2014). 
When environmental conditions differ over the range of a species, different phenotypic 
responses can be exhibited. Local specific adaptations created by the influence of natural 
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selection may be the cause of this, however genetic drift and phenotypic plasticity can 
also play a role in phenotypic divergence (Muir et al., 2014). The stochastic actions of 
drift can overwhelm the balanced deterministic processes of selection and migration 
which can dramatically change polymorphisms in local adapted alleles (Yeaman & Otto, 
2011).  

Levels of genetic differentiation can be predicted by distance under the model of Isolation 
by Distance (IBD) as proposed by Wright (1943) due to processes of dispersal limitation 
and drift. Population structure becomes increasingly and predominantly shaped by 
genetic drift in populations that are isolated geographically, leading to populations that 
are also more detached genetically (Jordan & Snell, 2008; Hutchison & Templeton, 
1999). When populations experience similar environmental conditions the gene flow 
between them is considered to be stronger and is described therefore as environmentally 
driven patterns of gene flow or isolation by ecology/environment (IBE) (Zellmer et al.,
2012; Cooke et al., 2012). IBE has been shown to be more common than IBD, and where 
it occurs local adaptations are more likely as there is little or no counter gradient gene 
flow to potentially introduce genotypes that are maladapted into populations (Cooke et 
al., 2012). It is important to consider the timescale of gene flow as an influential factor 
alongside the spatial and ecological contexts of isolation and divergence (Nosil, 2008), 
and to remember that recently it has been shown that divergence can occur in the face of 
high levels of gene flow (Cooke et al., 2012; Muir et al., 2014). Patterns of isolation by 
distance have not been apparent in C. maritima, and this structure is probably not correct 
or expected due to low dispersal rates as it has been shown to spread quickly in North 
America (Westberg & Kadereit, 2009). Westberg and Kadereit (2009) therefore 
concluded that allele frequency is therefore more likely influenced by drift than 
migration. The ephemeral nature of C. maritima, with frequent local extinction and 
reestablishment of populations could give support to the lack of IBD and the 
predominance of drift (Westberg & Kadereit, 2009).  
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Preliminary genetic analysis 

We initially investigated genetic variation in 2 gene markers, the plastid gene maturaseK 
(matK), and Shatterproof1 (SHP1, a gene involved in fruit dehiscence).  
The plant plastic gene maturaseK (matK) has been shown to evolve two times faster than 
rbcL which is often used in molecular systematics, and generic and species level 
relationships have been resolved through the use of matK (Koch et al., 2001). We hoped 
to use the matK marker to distinguish between Cakile species, and if potentially between 
subspecies of Cakile if resolution was high enough. It is hypothesised that matK sequences 
would be less conserved in populations which are more evolutionary distinct from the 
ancestral species, Cakile arabica.  The following primers were used for matK PCR: forward: 
{TCGAATTTTAATCCAAATGGAGA] and reverse: [TGGATTCGTATTCAC]  

Shatterproof 1 (SHP1) has been shown to be important in the dehiscence of fruits 
(Liljegren et al., 2000) and it has also been studied in connection with the evolution of 
novel fruit type in Brassicaceae (Hall et al., 2011; Avino et al. 2012; Willis et al., 2014). 
With the SHP1 region we expect to see genetic variation between regions that might 
correspond to the genetic bottleneck events associated with the ship-mediated dispersal 
events to South America and Australia. We hypothesised that distinct clustering of 
sequences from these regions might be apparent in phylogenetic analysis. The following 
primers were used for the SHP1 gene region: forward: [ATCAGCAAGAAGCMTCTAAG] 
and reverse: [GCTCGCAGGTACATGTTAT] 

Methods

DNA was extracted from fresh leaf material collected from glasshouse grown plants using 
a modified CTAB protocol (Saghai-Maroof et al.,1984). After optimisation, 50μL PCR 
reactions (25μL Green Dream Taq, 2.0 μL forward Primer, 2.0μL Reverse Primer, 5.0μL 
DNA extraction, 13.0 μL purified water) were carried out in a Biometra T Gradient PCR 
machine (Biometra GmbH, Goettingen, Germany). PCR reaction mixtures were purified 
using the Wizard SV Gel and PCR Clean Up system (Promega). Purified PCR samples for 
both the matK and SHP1 gene regions were sent for Custom Sanger Sequencing by 
Eurofins MWG Operon (Ebersberg, Germany). Sequences were aligned using Clustal 
Omega driven through SeaView version 4.5.3 (Gouy et al.,2010). Phylogenetic trees were 
built using the CLC Sequence Viewer software version 7 (CLC Bio, 2015 ).  

Results

For matK sequences, a Neighbor-Joining tree using Jukes-Cantor distances, with 150 
bootstrap replicates was constructed using CLC Sequences Viewer 7 software. Additional 
matK sequences of Arabidopsis thaliana, Brassica napus, Brassica rapa, Cakile maritima, Cakile 
arabica, Cakile edentula, Cakile lanceolata, Cakile constricta and Cakile arctica were obtained 
through the NCBI GenBank database to add to the analysis. The sequences of A. thaliana, 
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and both Brassica species appeared to be distinct from all Cakile sequences, however 
phylogenetic relationships within the genus Cakile did not appear to be clearly distinct.  
For SHP1 sequences, a Neighbor-Joining tree using Jukes-Cantor distances, with 150 
bootstrap replicates was constructed using CLC Sequence Viewer 7 software. Additional 
SHP1 sequences of Arabidopsis thaliana, Brassica napus and Cakile lanceolata were obtained 
throughout the NCBI GenBank database to complement the sequences obtained directly 
through this analysis. Similar to the result of matK phylogenetic analysis the sequences 
of A. thaliana, and both Brassica species appeared to be distinct from all Cakile sequences. 
Clear clusters by location were not totally distinct on the phylogeny however those 
samples from UK location tended to cluster nearby each other as, in general, did those 
from South America. A distinct cluster of Australian samples was not observed.  

Discussion

Analysis of matK sequences have, in previous studies, been able to resolve both generic 
and even species level relationships (Koch et al., 2001). In this case through the analysis 
of part of the matK gene region it appears that the Cakile genus is distinguishable from 
relatives of the Brassicaeae family, namely A. thaliana, Brassica napus, and Brassica rapa in 
this study. However resolution at the species level from this analysis remains unclear; C. 
arabica sequence branches from within a cluster of C. maritima sequences, and 
evolutionary distance or shape of the phylogenetic tree does not fit with expectations of 
evolutionary trajectories or dispersal of Cakile maritima. It will be important in further 
study to find a marker that is suitable for use to elucidate species level relationship to aid 
the understanding of the evolution, divergence and populations dynamics within Cakile 
maritima. Phylogenetic analysis of SHP1 sequences appeared to be more useful, and again 
the genus Cakile was clearly distinct from other members of the Brassicaceae. Although 
potentially more powerful phylogenetic methods could have been used in analysis, 
results display several regional clusters are apparent from this analysis and warrant 
further investigation. Several locations from the UK region branch together, as do both 
locations from the Baltic cluster. A finding consistent with the translocation event of 
Cakile maritima to South America by ship ballast is that of a cluster of sequences 
belonging to South American populations surrounded by sequences from the central 
Mediterranean. This highlights the potential for further investigation into the geographic 
origin of the non-native populations of Cakile maritima in South America.  

Unlike the sequences belonging to South American locations, sequences from Australian 
populations do not cluster together distinctly but rather mixed with samples from the 
Mediterranean. Several factors may be behind this: the few sequenced from Australian 
collections are all from the Eastern coast and therefore not entirely representative of the 
Australian populations as a whole. Despite this being the case it may support the 
suggestion that high genetic variation exist amongst populations in Eastern Australia due 
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to multiple introductions of C. maritima from different parts of its native range (Ohadi et 
al. 2012). Further investigation of the phylogeny and genetic structure of these DNA 
sequences is needed, especially as there appears to be some unexpected or erroneous 
results, for example GST1 and KEN10, which may be due to poor quality samples or 
sequencing. The use of additional sequences from more regions around both the native 
and non-native ranges of C. maritima would also be beneficial in further study to aid the 
elucidation of a decent phylogeny for C. maritima. The results come from only one genetic 
marker that is perhaps not fast enough evolving to resolve recent intraspecific changes, 
and therefore the use of additional markers with different evolutionary trajectories would 
increase the credibility and usefulness of further study. Understanding the genetic 
background of non-native populations of C. maritima will be important in the 
comprehension of what standing genetic variation in available for selection to act upon 
when adaptations to new environments occur. This is important, not just in C. maritima 
but in other invasive and important species that are threaten by climate change (Clegg & 
Phillimore, 2010).  
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Preliminary genomic analysis 

Transcriptomic work was initially carried out in Cakile maritima in order to develop 
markers for chloroplast genes of interest that might help analysis of genetic structure 
across the range of Sea Rocket.  

RNA sequence analysis

Initially attempts were made to extract RNA from leaf samples, however this resulted in 
poor quality and yield. Therefore all further extractions were carried out using floral 
tissue. Flower buds were collected from plants grown in standardised glasshouse 
conditions and processed directly using Qiagen RNA Extraction kits (Qiagen). Libraries 
underwent paired-end Illumina Sequencing at the IBERS Next Generation Sequencing 
facility (Aberystwyth) over 2 lanes, producing approximately 35 million x 125bp reads. 
24 samples were sent for analysis, and were chosen to cover the breadth of the Cakile 
maritima range, rather than depth at the population level. In addition, 1 sample each of 
C. arabica, C. edentula, and C. lanceolata were also sent for sequencing. 

The removal of adapter sequences, sequencing trimming, and quality control were carried 
out using Trimmomatic (Bolger et al., 2014) using the following terminal code template: 
$java -jar trimmomatic-0.35.jar PE -phred33 
input_file_forward.fastq.gz
input_file_reverse.fastq.gz output_forward_paired.fq.gz
output_forward_unpaired.fq.gz output_reverse_paired.fq.gz
output_reverse_unpaired.fq.gz ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 
HEADCROP:13
LEADING:20 TRAILING:20 MINLEN:36

These exact settings performed the following: 
Removed all known ILLUMINA adapters; cut 13 bases from the start of the read 
(HEADCROP: 13); removed leading low quality or N bases below a quality of 20 
(LEADING:20); removed trailing low quality or N bases below a quality of 20 
(TRAILING:20); drop reads below the 36 bases long (MINLEN:36) 

All further sequence processing was carried out using Galaxy (Goecks et al., 2010) via the 
main public server available at: https://usegalaxy.org. Corresponding forward and reverse 
reads from both lanes were concatenated and used in reference assisted mapping with 
whole chloroplast (cp) genome of Brassica oleracea, using the Bowtie 2 tool on Galaxy 
(default settings). 3 output files were obtained from this mapping. 1) aligned reads to B. 
oleracea cp genome (genome NCBI ID KR233156.1 (Perumal et al., 2015)), 2) & 3) 
unaligned reads (L and R) to cp genome (thus suspected to be mostly nuclear 
sequences). 
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Sequence processing and phylogenetic analysis

The position of chloroplast genes of interest matK, rbcL, psbA, were identified using the 
annotated Brassica oleracea whole chloroplast genome KR233156.1 (Perumal et al., 2015) 
obtained from NCBI. The genes rbcL and psbA have previously been identified as 2 of 23 
potential highly variable chloroplast markers for use in identifying plant taxonomy at the 
genus ad species level (Dong et al., 2012). The consequence sequence of a sample for 
these regions was then extracted from IGV for phylogenetic analysis. Reads aligned to the 
chloroplast genes matK, rbcL., psbA, were assembled and their consensus sequence 
extracted using IGV (Robinson et al., 2011) for phylogenetic analysis. Preliminary 
phylogenetic analysis was undertaken using the suite of tools available at http://
www.phylogeny.fr., including MUSCLE for sequence alignment and PhyML for tree 
building (Dereeper A. et al., 2008). 

Results

The raw reads from all 24 RNA-seq samples underwent quality control using 
Trimmomatic; the percentage of both read pairs surviving quality control ranged from 
67.16% to 90.32%. For all samples approximately 0.2% of the total available pair read 
(mean length 111bp) mapped to the Brassica oleracea chloroplast genome (153,366bp). 
Sequences of half of the samples were used in preliminary sequence analysis. Alignment 
coverage was not uniform across the B. oleracea chloroplast genome, but several gene 
regions including psbA and rcbL had high coverage. Fewer reads mapped consistently to 
the matK region, with coverage varying between samples and thus consensus sequences 
for this region are not as well supported compared to other gene regions.  

Discussion

Bioinformatics work was hampered by technological and optimisation issues and 
provided limited results, however it is clear that NGS data is an invaluable resource to 
this project and we have only started to tap into its resources. Starting with reference-
assisted assembly was useful with regards to saving time and the amount of computing 
resources needed, although it is inevitable that we have lots a few unique feature of the 
Cakile maritima transcriptome through method. The Brassica oleracea genome is well 
annotated, and therefore aligning Cakile maritima RNA-seq reads to this genome, it should 
enable easier annotation of the draft Cakile transcriptome. This will be beneficial for any 
subsequent applied research using Cakile maritima, and is a further step towards 
developing it as an alternative model species. Preliminary phylogenetic results show that 
plastid genes including matK, rbcL, and psbA, despite previously having been used 
successfully to reveal species level relationship in plants (Dong et al., 2012), are not 
particularly useful in Cakile. Further work using the draft chloroplast transcriptome could 
aim to identify intraspecific regions specifically useful to the Brassicaceae, and thus 
further the understanding evolutionary trajectory of Cakile.  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Additional studies 

Further preliminary experiments were carried out in order to develop new markers for 
use in assessing the genetic structure and diversity between populations across the Sea 
Rocket’s native range, and to complement analyses of phenotypic variation.  

Optimisation of microsatellite markers 

25 microsatellite (SSR) markers were originally developed for the 2 American Sea Rocket 
species, Cakile edentula and Cakile lanceolata, by Allan Strand (College of Charleston, South 
Carolina; unpublished). These were used by Ohadi et al.(2015) in C. maritima and 
C.edentula to assess genetic structure and diversity in Australia. 8 of the original 
microsatellites were considered to be sufficiently polymorphic in C. maritima to use in 
analysis. Microsatellites can be sensitive to the material upon which they are designed, so 
in order to test whether they could be used on European collections of Cakile maritima we 
select 3 of the microsatellites Ohadi et al. (2015) described for optimisation trials. We 
attempted to optimise 3 microsatellite markers, Cake_1, Cake_3, and Cake_8, using 
temperature gradient PCRs; however only one of these primer pairs, Cake_8, could be 
successfully optimised.  

Development of new genetic markers in Cakile

We also attempted to develop useful markers for detecting genetic variation between 
populations. Transcriptome sequences from 3 Cakile maritima samples from around the 
native range where analysed alongside Brassica oleraceae by the Kover lab (Kover, 2017; 
unpublished) to identity SNPs in the cakile maritima transcriptome. Regions with good 
SNP coverage were identified, and we developed primer pairs around these regions. 3 
successful primer pairs were developed for the following regions aligned with the 
Brassica oleraceae genome:  
Primer 1: Bo1g007540 - Forward: AAGATCGTCCCGTCGGAATG; Reverse: 
TGTATCCTCCTCCCGATGCT (product size=546bp, including 2 SNPs and intron); 
Primer 3: Bo3g146470 - Forward primer: CAGCACCTGAGGGGAAACAT, Reverse primer: 
CAGCAGTGGGAGAGAGGTTG (product size=548bp, including 6SNPs and intron); 
Primer 4: Bo4g061270: Forward primer: GTGAAGTCGATCCCGTGGAG; Reverse primer: 
AGAACGCATCAGTCCCTTGG (product size=548bp, including 4 SNPs and 2 intron).  

96 samples of floral tissues collected from sampling locations around the UK and the 
Baltic were sent for DNA extraction at the John Innes Centre. Initial optimisations of 
primers and sequencing analysis was carried out, showing high levels of heterozygosity in 
the forward and reverse strands of these primers. Further analysis and development is 
needed to understand whether these primers can be useful tools in understanding the 
structure of genetic variation in Cakile maritima.  
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Conclusion 

The existence of well developed genetic and genomic resources greatly improves the 
potential of a species to be a useful model system in answer eco-evolutionary questions. 
Combining analysis of phenotypic variation with genetic analysis is crucial in order to 
understand the nature and maintenance of local adaptation. Assessing the spatial scale of 
genetic variation and levels of gene flow in Sea Rocket would improve our understanding 
of the scale of adaptation and the evolutionary and ecological forces shaping the species. 
Even from our preliminary studies, it is clear that Cakile maritima has the potential to be 
an interesting and valuable model species, and its close relatedness to other Brassicaceae 
species that have already been subject to extensive genetic and genomic studies is 
particularly advantageous. Further research of genetic and genomic tools in the future 
would be highly beneficial and complement the other features of the species that make 
Sea Rocket such a well-suited candidate for development into a model plant system for 
exploring evolutionary ecology questions.  
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