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Abstract 

Macroalgae are key foundation species in temperate waters where they provide a host of 

services to marine ecosystems and human socio-economic needs. Macroalgae also 

represent one of the fastest growing aquaculture sectors globally. Despite their 

importance, macroalgal communities are under increasing pressure from anthropogenic 

climate change and disturbance. Macroalgal cultivation represents a largely beneficial 

activity, however, risks from potential genetic interactions between farmed and wild 

populations have been raised. The growing interest in seaweed cultivation in Europe has 

highlighted the need for a greater understanding of genetic differentiation in species of 

interest in order to mitigate potentially detrimental farm to wild interactions, as well as to 

inform the management and conservation of wild kelp forests in the face of a changing 

climate.  

This thesis aimed to address this challenge through the investigation of genetic 

differentiation and connectivity in the widespread foundation kelp species Saccharina 

latissima over a range of spatial scales and environmental gradients. The thesis first 

focussed on the methodological development of a genome-wide double-digest RADseq 

population library for S. latissima, and in particular in overcoming the developmental 

hurdles of high quality gDNA extraction from macroalgae. Panels of 12,144 and 9,222 

SNPs were assembled and applied in a seascape genomic approach to investigate spatial 

patterns of diversity, connectivity, and adaptation in populations of S. latissima from the 

west coasts of Scotland and Sweden. The high resolution marker panel highlighted the 

presence of hierarchical population structuring in both studies. In particular, population 

barriers were identified between northern, southern, and Clyde Sea populations in 

Scotland, and between the Southern Kattegat and central and northern populations along 

the Swedish west coast. Hydrographic dispersal modelling, in combination with the 

genomic data, highlighted the significant influence of oceanographic processes on genetic 

differentiation in Swedish S. latissima, and in particular on the isolation of populations in 

the southern Kattegat. Genetic differentiation was also observed across local and regional 

scale environmental gradients. Results from genotype-environmental association (GEA) 

tests highlighted the influences of environmental heterogeneity, as well as oceanographic 

isolation, in driving multi-scale patterns of local adaptation. Comparisons of the two 

genomic datasets highlighted contrasting levels of polymorphism and diversity, with the 

Scottish population harbouring higher levels of genome-wide polymorphism and minor 

alleles amongst populations. The divergent population histories of the two datasets also 
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highlighted the strong influence of demographic and expansion history on genomic data 

assembly and identified potential risks and biases from assembling genomic datasets from 

distant and divergent populations.  

The findings from the thesis fed into recommended guidelines for the genetic 

management of macroalgal cultivation in Scotland, and laid the groundwork for 

preliminary breeding efforts in S. latissima. The investigation also contributed to a growing 

understanding of the patterns, scales, and influences on local adaptation in macroalgae, 

and offered important insights for the management and maintenance of functional genetic 

diversity in kelp forest ecosystems in response to intensifying environmental pressures. 
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Abstract 

The brown algae know as kelp support some of the most ecologically productive 

ecosystems in the marine environment and contribute to one of the world’s fastest 

growing aquaculture sectors. Despite their importance, macroalgal ecosystems face a wide 

range of environmental pressures from climate change as well as from more direct 

anthropogenic impacts. Targeted management and conservation measures are becoming 

increasingly important in supporting the long-term resilience of macroalgal ecosystems in 

the face of these pressures, as well as in supporting the long-term resilience and success 

of the macroalgal cultivation industry. A central component in this is the monitoring and 

assessment of genetic diversity in natural populations and in species of cultivation interest. 

Assessments of genetic diversity can contribute to the direct maintenance and 

conservation of genetic diversity, as well as informing the management of population 

networks and genetic resources for conservation and industry purposes. Here I present a 

review of the significance of genetic and genomic data to the management and 

conservation of macroalgal populations in the wild, as well as to the management of 

breeding efforts and impact assessments in macroalgal cultivation. This review chapter 

highlights the importance of genetic diversity in maintaining resilience in wild and 

cultivated populations to environmental change, and discusses the applications of genetic 

diversity data in environmental impact monitoring, population connectivity assessment, 

and genetic resource management. The review then focusses on the significance of genetic 

diversity to functional adaptation in populations, and discusses how modern genome-

wide sequencing approaches can offer important insights into processes of genetic 

adaptation.  This is followed by an introduction to seascape genomic approaches, which 

combine genomic, hydrographic, and environmental data, and an exploration of how such 

approaches can offer valuable insights into the influence of oceanographic and spatial 

factors on adaptation and genetic diversity amongst populations. Finally, the review 

highlights how such approaches can inform the management and conservation of 

differentially adapted populations, as well as offering valuable insights in to processes of 

environmental selection that can feed directly in to selective breeding and genetic resource 

management in macroalgal cultivation.  
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Kelp Forest Ecosystems and Macroalgal Cultivation 

The large brown algae known as kelp are present across c. ~25% of the world’s coastlines 

(Smale, 2020). Kelp represent a keystone species group in cold-temperate coastal waters, 

providing habitat and a source of primary production to the ecosystems they support. 

Where present, kelp forests represent global hotspots of biodiversity and productivity that 

support broad ecological and socio-economic systems (Smale et al, 2013; Bennett et al, 

2016; Wernberg et al, 2019). Macroalgae are important structuring species in their 

ecosystems, affecting the physical and chemical environment around them, including light 

regimes, local hydrodynamics, 3-D structure, and biogeochemical cycles (Layton et al., 

2019; Murie and Bourdeau, 2020). At a local scale, kelp forests offer habitat and substrate 

for a diverse range of invertebrate and microbial communities. The dense assemblages of 

kelp also act as important nurseries for numerous economically important fisheries 

species (Norderhaug et al., 2005; Christie, Norderhaug and Fredriksen, 2009; Teagle et 

al., 2017). As well as supporting the complex trophic webs associated with kelp beds 

themselves, the high levels of primary production in kelp assemblages are also a significant 

source of organic material to other marine eco-systems, including deep-sea sediments and 

coastal waters (Krumhansl and Scheibling, 2012; Araújo et al., 2016). 

Estimates of net primary production from kelp species and habitats vary from 1-800 g C 

m2 yr-1 (King, Moore, et al., 2020; Pedersen et al., 2020; Smale et al., 2020), making it 

comparable to some of the world’s most productive forest habitats (Malhi et al., 2009). 

Moreover, the role of kelp forests to global primary production also represents a 

significant contribution to carbon sequestration with export of macroalgal detritus to the 

sea-floor estimated to sequester between 61-268Tg C yr-1 (Krause-Jensen and Duarte, 

2016; Ortega et al., 2019). Macroalgae, including numerous brown alga species, 

additionally contribute to global biogeochemical cycles through the production of volatile 

halocarbons which can potentially affect the ozone layer, as well as influence atmospheric 

cloud formation (Küpper et al., 2008; Keng et al., 2020). Their influence on local water 

chemistry and pH can also be substantial and their effect as biological buffers to ocean 

acidification in future climate change scenarios is forecast to play an important role in 

temperate coastal ecosystems (Hofmann et al., 2011; Fernández et al., 2019; Murie and 

Bourdeau, 2020).  

The significance of macroalgal ecosystems to socio-economic factors in coastal 

communities and wider society has been increasingly demonstrated and discussed (Smale 
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et al, 2013; Bennett et al, 2016; Hasselström et al, 2018; Gaylard et al, 2020). Kelp forest 

habitats have been shown to play a vital role in sustaining local fisheries, providing the 

foundation for higher trophic levels, and offering shelter and nursery habitats to a wide 

range of commercially important species (Norderhaug et al., 2005; Teagle et al., 2017). 

More recently, kelp forest ecosystems have also been highlighted as important sources of 

tourism and recreational pastimes providing further economic and social benefits to 

coastal communities (Bennett et al., 2016; Gaylard et al., 2020). The additional roles of 

kelp forests as bioremediators and natural coastal protection barriers have also been 

highlighted as important ecosystem services imparted by kelp (Lovas and Torum, 2001; 

Sanderson et al., 2012; Marinho et al., 2015; Morris et al., 2020).  

The use of macroalgae directly as a food and bio-resource has a long history. Evidence 

for seaweeds being used as food and medicine stretches as far back as 12,000 B.C, and 

written records of human consumption in China and Europe date back to 500 B.C and 

500 A.D respectively (Dillehay et al., 2008; Leandro, Pereira and Gonçalves, 2020). As 

well as being used for human and animal consumption, macroalgae have also been used 

historically as raw resources for the production of a wide variety of products including 

colloids, such as alginate and carrageenan, ash, iodine, and fertilizers (Kenicer, 

Bridgewater and Milliken, 2015). More recently, the growth of the blue economy sector 

has led to a renewed interest in macroalgae as a bio-resource. Modern applications include 

their use in cosmetics and pharmaceuticals, as well as their application as bio-stimulants, 

bio-plastics, and bio-fuels (Milledge and Nielsen, 2016; Gegg and Wells, 2017; Leandro, 

Pereira and Gonçalves, 2020). The range of prospective uses and applications is testament 

to the diversity observed in macroalgal ecosystems. Maintaining those ecosystems and 

ensuring their sustainable management and conservation will be an important aspect in 

the future of the world’s oceans and their sustainable development (Bennett et al., 2016; 

IOC, 2019; Lee, Noh and Seong, 2020). 

The Growth of Macroalgal Cultivation 

The cultivation of macroalgae at sea has quickly become the dominant source of seaweed 

biomass for human use, replacing more traditional sources from wild harvesting. The 

cultivation of seaweed can be traced back as far as the 15th century in Japan (Borgese, 

1980). However the industrialisation of macroalgal cultivation only took off in the 1950s 

in China with the development of spore culturing methods and the invention of long-line 

raft-cultivation systems for cultivation at sea (Wang et al, 2020).  Since then the industry 
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has risen to be one of the largest aquaculture sectors globally, with an annual production 

of 30.1M T in fresh weight of macroalgae in 2016 (FAO et al., 2018). Over 99% of 

cultivated seaweed in 2018 was produced in Asia, with China and Indonesia being the 

biggest producers of cultivated macroalgae (Fig. 1.1b). Of this, approximately 35% (10.5M 

T) was made up of kelp or large brown algal species, including Saccharina japonica (Japanese 

kombu), Undaria pinnatifida (Japanese wakame), and Sargassum fusiforme (Japanese hiziki) (Fig. 

1.1a).  

 

Figure 1.1. FAO statistics on the production of seaweed (fresh weight in million tons) in 2016, organised by A) 

principle species and B) principle countries (FAO et al, 2018). 

European macroalgal cultivation in comparison is still in its infancy. However, an 

increasing demand for seaweeds in food and product markets, and the added ecosystem 

and bio-remediation services offered by macroalgae, have led to a major drive to develop 

the technology and knowledge for large-scale cultivation in Europe and America (Skjermo 

et al, 2014; Stévant, Rebours and Chapman, 2017; Camia et al, 2018; Grebe et al, 2019). 

European production of macroalgae from cultivation was reported at 230,000 T of fresh 
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weight in 2015, 65% of which was produced in Norway (Camia et al., 2018). The potential 

for cultivation remains much higher, with an estimated growth potential of up to 150-200 

T ha-1 yr-1 along the Norwegian coastline, and an estimated production of 200M T yr-1 in 

Norway by the year 2050 (Broch et al., 2019). Similar coastal and environmental 

conditions along the west coast of Scotland have likewise been highlighted as high 

potential areas for macroalgal cultivation (Stanley et al., 2019).  

The ecosystem services provided by seaweed cultivation have offered an additional 

incentive for growers and stakeholders as countries strive towards sustainability targets 

and the effective management of marine resources (EU, 2008). The most frequently cited 

services offered by seaweed cultivation include nutrient bioremediation (Sanderson et al, 

2012; Marinho et al, 2015), carbon sequestration (Wernberg et al., 2010; N’Yeurt et al., 

2012; Thomas et al., 2020), increased habitat provision, and the associated increase in 

biodiversity and fisheries (Norderhaug et al., 2005; Smale et al., 2013; Grebe et al., 2019).  

A recent assessment of ecosystem services provided by seaweed aquaculture in Sweden 

concluded that seaweed cultivation was a positive service provider in terms of ecosystem 

support, environmental regulation, and the provision of resources for human 

consumption (Hasselström et al., 2018).  

As with any use of natural landscapes and resources, the cultivation of kelp can have 

negative impacts on the environment and its users. In China the scale of cultivation is 

extensive, with individual kelp farms covering areas of over 35 km2 (Xiao et al, 2017). 

Various environmental impacts have been reported in association with the scale and 

intensity of macroalgal farming. In particular, reduced water circulation, increased 

sedimentation, and nutrient limitation have been associated with increased disease 

prevalence and mortality in cultivated kelp (Zhang et al., 2009; Liu et al., 2016; Fan et al., 

2019). Attempts to enhance nutrient levels through artificial supplementation have 

subsequently resulted in excess nutrient levels in inshore waters and sediments, further 

exacerbating eutrophication problems in coastal areas (Fan et al., 2019).  

The scale of industry in Europe remains small in comparison, and public perception, as 

well as restrictions on marine space and sharing rights, are likely to keep it that way (Gegg 

and Wells, 2017). Nevertheless, various ecosystem-service and environmental assessments 

of macroalgal cultivation in Europe have pointed out potential negative impacts of 

seaweed aquaculture, in particular, aspects of public perception of wild places, and spatial 

conflicts with recreational and other users (Cabral et al, 2016; Hasselström et al, 2018; 
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Grebe et al, 2019). In addition to this, impacts from increased biological detritus, shading 

of the sea floor, substrate provision for non-native opportunists, and the propagation of 

diseases and non-native species and strains have also been raised (Campbell et al., 2019; 

Visch et al., 2019). 

Genetic Stewardship in European Macroalgal Cultivation 

One impact that has been noted is the potentially negative influence of farming and 

cultivation on the genetics of wild populations (Loureiro, Gachon and Rebours, 2015; 

Barbier et al, 2019; Campbell et al, 2019; Grebe et al, 2019). The risks to wild population 

genetics come from a number of effects related to the interbreeding and introgression of 

escaped farm and non-local genotypes with local wild populations (Loureiro, Gachon and 

Rebours, 2015; Mcfarlane, 2019). Introgression can lead to a range of negative effects on 

intraspecific diversity in wild populations, including reduced diversity, reduced effective 

population size, outbreeding depression, genetic homogenisation, and the introduction of 

maladapted genes and haplotypes (Laikre et al., 2010; Glover et al., 2017; Brady et al., 

2019). Impacts of farm and non-local genotypes on wild population genetics have been 

observed in a number of other marine and terrestrial systems, including in bees 

(Bartomeus et al., 2020), wrasse (Faust et al., 2018), turbot (Prado et al., 2018), rapeseed 

(Turcotte et al., 2016), and most notably, in salmon (Glover et al., 2017). 

Various instances of introgression from farm to wild populations have already been 

reported in macroalgae. In Tanzania, the introduction of non-native strains of Eucheuma 

denticulatum on farms resulted in a shift from native to non-native genotypes in nearby 

wild populations (Tano et al, 2015). In China, various degrees of introgression have been 

reported in spontaneous volunteer populations of U. pinnatifida and S. japonica found on 

cultivation rafts alongside growing lines (Shan et al., 2018, 2019). In contrast, naturalised 

populations further away from cultivation lines (~500m distant) showed little signs of 

gene flow from farm to wild (Li et al., 2020). Low levels of introgression from nearby 

farm sites have also been reported in naturalised populations of U. pinnatifida in France 

(Grulois, Lévêque and Viard, 2011; Guzinski et al., 2016). The potential for genetic 

introgression clearly exists in macroalgal cultivation and efforts should be made to assess 

and mitigate the risks as early as possible in the development of the emerging industry in 

Europe and America (Barbier et al., 2019; Grebe et al., 2019). Overlooking the threat of 

farm to wild impacts risks not only compromising the genetic integrity and resilience of 

wild populations in the future, but also risks harming the social perception of the growing 
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industry in western countries, as has been observed in salmon aquaculture (Bremer et al., 

2015).  

At present, the scale and practices of European macroalgal cultivation present little risk 

to wild population genetics (Hasselström et al, 2018). Current farming practices in Europe 

and America, with respect to genetic resources, encourage the use of locally sourced 

seeding material to reduce the risk of genetic pollution and depression from introduced 

non-local strains (Fredriksen and Sjotun, 2015; Yarish et al., 2017; Hasselström et al., 

2018). Efforts are also made to limit the number of reproductive individuals left on the 

farm following harvest by removing lines as well as cultivation biomass at the end of each 

season (Campbell et al., 2019). These measures, as well as the relatively small scale of 

western cultivation, ensure the risk of detrimental effects to the genetic integrity of wild 

populations is small. Broadcast spawners such as macroalgae are also expected to harbour 

high effective population sizes (Ne), further reducing the likelihood of significant genetic 

impacts on wild populations from current farm practices (Ryman and Laikre, 1991; Selkoe 

et al., 2016). However stochastic effects of dispersal and recruitment have been associated 

with lower than expected Ne in some marine species, and examples of lower Ne in 

macroalgal species have been reported (Coyer et al., 2008; Siegel et al., 2008; Alberto et 

al., 2014). Macroalgae cultivation in many countries remains largely unregulated, and 

existing guidelines on how to mitigate genetic impacts are often loosely founded and 

arbitrary in nature (Skjermo et al., 2014; Yarish et al., 2017). In particular, definitions of 

appropriate distances from seed-source to farm sites when determining “local” seed-stock 

are often arbitrary and based on limited empirical evidence or biological data (Fredriksen 

and Sjotun, 2015; Stanley et al., 2019). 

With the growth of the industry, the desire for higher productivity, consistency, and 

product quality will drive a need for genetic improvement and cultivar development 

(Goecke, Klemetsdal and Ergon, 2020; Houston et al, 2020). Genetic improvements, 

combined with the intensification and upscaling of cultivation efforts, will eventually lead 

to greater impacts from farm to wild interactions. The development of mitigation and 

monitoring tools, and a greater understanding of the ways in which genetic diversity in 

farmed and wild populations are impacted, will therefore be crucial in developing effective 

management and industry development approaches (Liu et al., 2012; Barbier et al., 2019; 

Grebe et al., 2019). Information regarding the spatial scale and degree of farm-to-wild 

interactions will also be required to inform seed sourcing guidelines and guide 

management decisions during the development of the industry (Barbier et al., 2019; 
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Goecke, Klemetsdal and Ergon, 2020). Characterisation of the standing diversity and 

differentiation in wild populations will play an important role in that, as well as the 

preliminary domestication and genetic improvement of macroalgae (Valero and 

Buschmann, 2017; Goecke, Klemetsdal and Ergon, 2020). 

Genetic Diversity and Anthropogenic Pressures 

Characterising the importance of genetic diversity in wild populations can help place the 

potential impacts and effects of macroalgal cultivation into context. Species biodiversity 

has long been associated with increased community productivity, stability and resilience 

(McNaughton, 1977; Tilman and Downing, 1994; Cardinale et al., 2012; Isbell et al., 2018), 

however it is only relatively recently that the influence of genetic diversity on ecosystem 

function has been investigated widely (Hunter et al., 2018; Raffard et al., 2018). The 

maintenance of healthy functioning ecosystems has been identified as one of the most 

effective tools in the fight against anthropogenic climate change and environmental 

impact (Martin and Watson, 2016). As such, the roles of species and genetic diversity in 

maintaining ecosystem function have become key research areas in conservation and 

ecosystem management (Hunter et al., 2018; Hoban et al., 2020). Genetic diversity within 

species has been shown to have a significant effect on ecological dynamics and ecosystem 

functioning as well as on ecosystem resilience to disturbance and change (Ehlers, Worm 

and Reusch, 2008; Prieto et al., 2015; Wood, McKinney and Loftin, 2017). A recent 

synthesis of over 50 species studies demonstrated the widespread influence of genetic 

diversity on ecosystem function (Raffard et al., 2018). The review found that genetic 

richness modulated ecosystem dynamics with an equal magnitude to species level effects, 

and that intraspecific genetic variation showed twice the effect on ecological dynamics 

than would otherwise be expected by chance.  These effects have been observed in 

numerous systems, including terrestrial grasslands (Prieto et al., 2015), seagrass beds 

(Reusch and Randall Hughes, 2006), and fresh-water ecosystems (Blanchet et al., 2020). 

Despite its importance, genetic diversity within species has often been overshadowed in 

terms of research and publicity by interspecific biodiversity (Laikre, 2010). One frequently 

cited reason for this is the less tangible nature of genetic diversity within species, and the 

difficulties in measuring and assessing that diversity (Laikre et al., 2016; Mimura et al., 

2017). Where present, intraspecific genetic diversity studies have often targeted species of 

commercial interest, or charismatic species for conservation in the public eye (Nielsen et 

al., 2009; Visser et al., 2016; Hendricks et al., 2017). In contrast, many cornerstone and 
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foundation species of ecological importance remain understudied in terms of genetic 

diversity (Laikre et al., 2016; Mimura et al., 2017). Difficulties in developing effective 

monitoring programmes for genetic biodiversity are further compounded by a lack of 

baseline data in many regions, and inconsistent methods for reporting and categorising 

the diversity status of these species (FAO, 2019a; Hollingsworth et al., 2020). Despite 

these difficulties, steps are being taken to improve the monitoring and assessment of 

genetic diversity, driven by the growing understanding of the importance of genetic 

diversity to ecosystem function and resilience, and facilitated by initiatives such as the G-

BIKE European Cost Action (https://sites.google.com/fmach.it/g-bike-genetics-

eu/home) (Hoban et al., 2020; Hollingsworth et al., 2020) 

At a policy level the maintenance of biodiversity has been a key focus in the world’s 

sustainable development goals, and has been enshrined in the Convention on Biological 

Diversity (CBD) since its inception in 1992 (CBD, 1992, 2020; Blicharska et al, 2019). As 

well as species and ecosystem diversity, the CBD also encompassed genetic biodiversity 

through its inclusion in Target 13 of the Aichi Biodiversity Targets (CBD, 2010). 

However, criticism has been levelled at the focus on domestic and socio-economic species 

of interest in Target 13 and the lack of inclusion of intraspecific genetic diversity and 

diversity in key species of ecological importance (Laikre et al., 2020). Initial drafts of the 

post-2020 Global Biodiversity Framework report have similarly overlooked intraspecific 

genetic diversity in non-commercial species, and responses have been quick to point out 

the need for a broader and more general inclusion of genetic diversity in future directives 

(CBD, 2020; Hoban et al., 2020; Laikre et al., 2020). 

Mechanisms of Genetic Diversity on Ecological Function 

Various mechanisms have been attributed to genetic diversity which explain its effects on 

species level and community level dynamics and resilience. These often interact and 

overlap in their effect, however can be broadly categorised in to three areas of influence: 

i) effects on productivity and community systems, ii) effects on community resilience and 

recovery, and iii) effects on population adaptation and evolutionary potential (Reusch and 

Randall Hughes, 2006; Jump, Marchant and Peñuelas, 2009; Koricheva and Hayes, 2018). 

The influence of genetic diversity on productivity and community function is perhaps 

most apparent in those communities where species biodiversity is naturally low. 

Macrophyte communities for instance are typically sustained by only a few foundation 

species yet productivity can match that of many richer species communities such as 

https://sites.google.com/fmach.it/g-bike-genetics-eu/home
https://sites.google.com/fmach.it/g-bike-genetics-eu/home
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grasslands and forests, suggesting the functional role of intraspecific genetic diversity in 

lieu of interspecific biodiversity (Reusch and Randall Hughes, 2006; Wood et al., 2020). 

In seagrass beds, higher allelic richness and genotypic richness have been associated with 

increased stand density, height, and biomass (Reusch et al., 2005; Reynolds, McGlathery 

and Waycott, 2012). A review of intraspecific genetic effects on community dynamics 

similarly reported stronger effects of genetic diversity on ecosystem function in primary 

producers when compared to consumer species, further supporting the importance of 

genetic diversity in foundation and primary producer groups (Raffard et al., 2018). 

Increased productivity with higher diversity can be explained through underlying 

mechanisms of complementarity, facilitation, selection, and niche partitioning (Loreau 

and Hector, 2001; Whitham et al, 2003; Prieto et al, 2015). Complementarity can occur 

when a greater number of species, or in the case of genetic diversity, genotypes, occupy a 

wider range of niches thereby reducing direct competition for resources and providing a 

greater diversity of niche or resource in return. This can also link to facilitation whereby 

different species or genotypes facilitate the growth or establishment of others, for instance 

through altering the environment or providing limiting resources (Whitham et al., 2003). 

Selection, or the ‘Sampling effect’, occurs through certain genotypes or species within the 

community showing a greater inherent productivity or suitability to the location (Loreau 

and Hector, 2001). The higher the diversity, the higher the chance of having such a 

genotype within the community.  

Enhanced productivity from increased genetic diversity can have knock on effects to 

associated macrofaunal abundance and species richness in the community (Reynolds, 

McGlathery and Waycott, 2012; Lau et al, 2016; Wood, McKinney and Loftin, 2017; 

Koricheva and Hayes, 2018). Studies on seagrass systems reported direct effects of 

increased primary production on macrofaunal abundance, driven by genetic diversity 

(Reusch et al., 2005). Positive effects of genetic diversity on associated macrofaunal 

communities have also been reported in terrestrial plants and related arthropod 

communities, with effects being observed over multiple trophic levels (Koricheva and 

Hayes, 2018). The effects of genetic diversity on community richness can be seen as a 

direct effect of increased productivity, as well as an extension of niche partitioning, as 

increased diversity in primary producers results in a greater number of available niches 

for herbivores, and therefore prey types for predators (Whitham et al., 2003). 
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As well as offering increased productivity at a species and community systems level, higher 

genetic diversity within species can also offer effective buffers against stresses and 

disturbance, as well as diseases and pests (Tooker and Frank, 2012; Prieto et al., 2015). A 

wider variety of genes and genotypes within the population offers a greater probability of 

one or more of those genotypes being resilient in the event of a stress or disturbance 

(Jump, Marchant and Peñuelas, 2009). In a similar vein, wider genetic diversity can 

increase the probability of one or more genotypes being capable of faster recovery, being 

complementary in recovery, or facilitating the recovery of others following a stress or 

disturbance (Reusch et al., 2005). At a species level, increased biodiversity has been shown 

to significantly increase ecosystem resilience and stability to a broad range of moderate to 

extreme climate events (Isbell et al., 2018). At an intraspecific level, the influence of 

genetic diversity on resilience and recovery has been demonstrated in terrestrial grassland 

systems and aquatic eelgrass systems, however empirical evidence remains limited in many 

areas (Ehlers, Worm and Reusch, 2008; Prieto et al., 2015). The increasing effects of 

climate change and anthropogenic impacts on the environment make the resilience of 

ecosystems and their ability to recover following disturbance vital functions, and more 

research will be needed to better understand the relationship between genetic diversity 

and resilience in wider ecosystems.  

At an evolutionary scale, genetic diversity offers the basic units for evolutionary 

adaptation that enable populations and species to adapt to changes in their local 

environment (Jump, Marchant and Peñuelas, 2009; Schindler, Armstrong and Reed, 

2015). Evidence suggests that genetic adaptation most often arises from existing variation 

in the population gene pool, either locally, or through the exchange of genetic variants 

over heterogeneous environments (Hermisson and Penning, 2017; Nosil et al., 2019). 

Greater genetic diversity therefore offers a greater pool of standing diversity from which 

beneficial variants might be exchanged and selected, and a greater chance of the meta-

population as a whole adapting to new environmental conditions (Mable, 2019; Miller et 

al., 2020; Wilson et al., 2020). The fundamental role of genetic diversity in adaptation and 

ecosystem resilience has been highlighted as a key factor in ecosystem responses to 

anthropogenic climate change (Hoffmann and Sgrò, 2011; Martin and Watson, 2016; 

Theodoridis et al., 2018). As such, the conservation and maintenance of genetic diversity 

are becoming increasingly important management priorities for ensuring the future 

resilience of marine ecosystems (Hunter et al., 2018; Hoban et al., 2020; Wilson et al., 

2020) 
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Anthropogenic Impacts on Genetic Diversity 

Despite the importance of intraspecific genetic diversity, anthropogenic impacts continue 

to erode and reduce genetic diversity worldwide (Miraldo et al., 2016; Leigh et al., 2019). 

Estimates of genetic loss over time are difficult to infer, however recent estimates point 

to a global loss of 5.4 to 6.5% of genetic diversity worldwide and across taxonomic groups 

since the late Industrial Revolution (Leigh et al., 2019). In particular, habitats associated 

with human influence have been shown to harbour significantly lower levels of genetic 

diversity than wilder regions (Miraldo et al., 2016). Isolated groups such as island 

populations have also shown elevated levels of genetic diversity loss of up to 30.9%, likely 

as a result of smaller population sizes and reduced migration, as well as more concentrated 

human activity in those regions (Leigh et al., 2019). Impacts on genetic diversity have been 

driven by a range of human and human mediated activities including overharvesting, 

habitat loss and fragmentation, genetic introgression from invasive and domesticated 

species, and climate change (Allendorf et al., 2008; Pinsky and Palumbi, 2014; Glover et 

al., 2017; Gurgel et al., 2020; Manent et al., 2020). The effects on genetic diversity are wide 

ranging and include impacts on selection pressures, gene flow between populations, and 

reduced effective population size (DiBattista, 2008; Stenseth and Dunlop, 2009; Miraldo 

et al., 2016).   

Habitat loss, fragmentation, and population shrinkage have had some of the most 

significant effects on intraspecific diversity (DiBattista, 2008). These factors often occur 

simultaneously, with habitat loss and fragmentation resulting in smaller, more isolated 

populations over time. Isolated populations in turn result in smaller effective population 

sizes and resultant inbreeding, drift and loss of adaptive potential (Frankham, Bradshaw 

and Brook, 2014).  Anthropogenic impacts can often have delayed or cryptic effects as 

well making them all the more easy to overlook (Berger-Tal and Saltz, 2019; Gurgel et al., 

2020). Losses of genetic diversity and the reduction of effective population size can often 

take significantly longer to recover than population abundance or distribution leaving long 

lasting effects on population resilience and function (Frankham, Bradshaw and Brook, 

2014). Declines in population size, whether caused by habitat fragmentation, harvesting, 

or environmental pressures such as pollution and climate change, can eventually lead to 

severe genetic bottlenecks in populations (Allendorf et al., 2008; DiBattista, 2008). The 

corresponding declines in heterozygosity, allelic richness, and increases in mutation load 
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and inbreeding pressure leave long lasting signatures in populations, with potential trans-

generational effects on fitness and productivity, knock-on effects to wider community 

and ecosystem levels, and further loss of evolutionary potential (Raffard et al., 2018).   

The artificial proliferation of gene flow, through human activities such as shipping, 

domestication, and the spread of anthropogenic habitats, has also been shown to have 

significant effects on genetic diversity in wild populations (Voisin, Engel and Viard, 2005; 

Laikre et al, 2010; Airoldi et al, 2015). Introductions and pest invasions, alongside 

accidental and deliberate releases from hatchery environments, have been major 

contributors to genetic diversity loss in native biota through direct competition effects, as 

well as more chronic effects from introgression and genetic homogenisation (Olden et al., 

2004; Laikre et al., 2010; Glover et al., 2017).  

Of increasing risk to genetic diversity in wild populations is the rise in extreme weather 

events such as marine heatwaves, and increasing environmental pressures driven by 

anthropogenic climate change (Wernberg et al., 2018; Oliver et al., 2019; Coleman et al., 

2020). Genetic diversity in a coastal macroalgae has been shown to reduce significantly 

following the occurrence of marine heatwaves, despite the apparent recovery of 

population abundance (Coleman et al., 2020; Gurgel et al., 2020). Extreme flooding events 

have similarly been associated with reduced genetic diversity in affected seagrass 

populations (Connolly et al., 2018). Such events are only likely to become more common 

in the future, and impacts on intraspecific diversity are likely to further exacerbate effects 

of extreme climate events on ecosystem function and resilience (Oliver et al., 2019; Smale, 

2020). More gradual effects of climate change are also predicted to affect global 

intraspecific diversity through isolation and fragmentation of populations in climate 

refugia, as well as shifting climate and ecological tolerance ranges (Provan and Maggs, 

2012; Assis, Serrao and Araujo, 2018; Bi et al., 2019). Once again, the maintenance of 

genetic diversity will play an important role in supporting resilience, recovery and adaptive 

potential of wild populations in the face of such events (Hoffmann and Sgrò, 2011; Mable, 

2019).  

Anthropogenic Selection and Hatchery Effects in Aquaculture 

Anthropogenic selection represents a major impact on wild and domesticated population 

genetics (Stenseth and Dunlop, 2009; Pelletier and Coltman, 2018). Domestication, 

landscape changes, and activities such as harvesting, fishing and hunting represent some 

of the strongest forces of selection exerted on natural populations by humans (Laikre et 
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al, 2010; Heino, Pauli and Dieckmann, 2015; Pelletier and Coltman, 2018). Unnatural 

selection acts on populations through the selection, either deliberate or incidental, of 

certain phenotypes within the population (Stenseth and Dunlop, 2009). In certain cases, 

such as in adaptation to anthropogenic habitats or selective breeding, anthropogenic 

selection pressures can represent a positive effect, either for the population or the breeder 

(Janssen et al., 2016; Gorton, Moeller and Tiffin, 2018; Li et al., 2018). However in many 

cases the effects of human selection pressures have had considerable negative impacts on 

intraspecific diversity in natural populations (Stenseth and Dunlop, 2009; Pelletier and 

Coltman, 2018). The harvesting of wild populations through fishing and hunting for 

instance has not only been linked to the widespread loss of diversity through population 

reductions, but also through unnatural selection pressures influencing the longer term 

evolutionary trajectories of populations affected (Allendorf et al., 2008; Heino, Pauli and 

Dieckmann, 2015). In marine fisheries, these effects have led to increased efforts to 

include evolutionary impacts and trajectories in to fisheries management and policy 

(Bernatchez et al., 2017; Baltazar-soares, Hinrichsen and Eizaguirre, 2018).  

Impacts of domestication and selective breeding on populations have a long history in 

terrestrial farming and agriculture (Diamond, 2002). However the marine environment 

has only recently been subjected to the expansion of farming, domestication, and breeding 

of marine species (Duarte, Marbá and Holmer, 2007; Teletchea and Fontaine, 2014). The 

growth of the aquaculture industry has led to the intensive development of hatchery and 

cultivation practices in order to improve stock in terms of useful cultivation traits and 

consistency of product (Teletchea and Fontaine, 2014; Janssen et al, 2016). Hatcheries in 

aquaculture and wild re-stocking efforts have helped reduce harvesting pressure and 

maintain numbers in wild populations (Kitada, 2018). However, such efforts have also 

resulted in significant impacts to the genetics of both cultivated and wild populations in 

connection with hatchery and aquaculture efforts (Laikre et al., 2010; Glover et al., 2017). 

Effects from anthropogenic selection can impact both hatchery populations and 

interacting wild populations. The hatchery environment can result in significantly reduced 

fitness in hatchery populations driven by a combination of factors including artificial 

selection pressures,  the removal of natural selection, reduced Ne, and both inbreeding 

and outbreeding pressures (Araki et al, 2008; Laikre et al, 2010). The artificial selection of 

desirable traits for cultivation is one of the strongest influences on hatchery populations 

and can lead to significant changes in relative fitness over a short generational timeframes 

(Araki et al., 2008; Fraser et al., 2019). Desirable traits for cultivation are often 
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incongruous to survival in the wild and may encourage the hitchhiking of additional mal-

adapted genes in linkage with the selected trait that would otherwise be selected against 

(Brady et al., 2019). The introduction of farmed and hatchery bred individuals, whether 

accidental or deliberate, then risks the introduction of maladapted genes and traits into 

the native wild population (Glover et al., 2017; Brady et al., 2019; Fraser et al., 2019).  

The source parent population and the number of generations in cultivation can further 

affect the extent of loss of relative fitness in the cultivated population (Araki et al, 2008). 

A small pool of adult parents taken from a wild population for hatchery breeding will 

result in reduced heterozygosity in the hatchery population over time and the 

accumulation of deleterious mutations through drift and inbreeding depression (Ryman 

and Laikre, 1991). The increased mutation load from reducing the effective population 

size from the large wild population to a small hatchery parent population can also increase 

the effects of inbreeding depression due to the high standing levels of mutation in 

(initially) large effective size populations (Bekkevold, Hansen and Nielsen, 2006). This 

can be exacerbated by the removal of purifying selection in the hatchery environment, 

leading to the build-up of deleterious mutations and subsequent inbreeding depression 

(Fraser, 2008). In addition, a reduced parent pool can directly affect the genetic diversity 

of the hatchery population, with a smaller source populations often resulting in reduced 

genetic diversity or allelic richness, and thereby a reduced portfolio of genetic material for 

future generations and breeding efforts. Over time, with each new generation, the 

selection of maladapted genes, inbreeding, and the fixation of deleterious mutations can 

accumulate in the hatchery population, leading to long-term degradation in the genetic 

health and fitness of the cultivated population (Bekkevold, Hansen and Nielsen, 2006; 

Araki et al., 2008).  

The effects of reduced genetic health and relative fitness on cultivation efforts are 

generally undesirable. Reduced diversity, increased mutation load and inbreeding, and the 

reduced capacity to adapt to disease and stress, are detrimental to the sustainable long-

term cultivation of a species (Fraser, 2008). Moreover, the impacts of hatchery and 

cultivation genetics can also have knock-on effects in wild populations through 

introgression and the mixing of wild and cultivated populations (Jensen et al, 2010). 

Introgression can be largely attributed to escapees from farming and hatchery efforts, 

though in some cases the deliberate release of individuals from hatcheries or breeding 

programmes is practiced intentionally to support local population levels (Laikre et al., 

2010; Glover et al., 2017). Plants and trees for example have been found to interbreed 
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with local wild populations through wind-dispersed pollination (Magnussen and Hauser, 

2007; Barbour et al., 2008), whilst farm escapees prove the largest source of introgression 

in salmonids and other fish (Jackson et al., 2015; Glover et al., 2017; Faust et al., 2018). 

In macroalgae, introgression and the settlement of farm strains into the wild has been 

demonstrated in a number of examples through dispersal of zoospores and vegetative 

dispersal (Tano et al., 2015; Shan et al., 2018).  

The risks to wild populations come from both the reduced genetic health of the 

introduced cultivated populations in terms of Ne, heterozygosity, and mutation load, but 

also from the introgression of mal-adapted genes and traits into the wild population 

(Laikre et al, 2010; Brady et al, 2019; Fraser et al, 2019). Models of fitness effects 

demonstrated that the combination of relaxed purifying selection and mal-adaptation to 

the wild environment in hatchery populations could lead to significantly reduced fitness 

in wild populations after only a few generations of gene flow and interaction (Lynch and 

Hely, 2001). The model also demonstrated the negative effects on effective population 

size in wild communities following the introgression of farmed individuals from a low Ne 

hatchery populations.  

The homogenisation of genetic diversity across regions or distributional ranges is also a 

concern for wild populations (Olden et al, 2004). Large scale escapes and introgression of 

salmon in Norway and the Baltic for example have led to significant losses of population 

structure, and an increasing similarity to a few farmed genotypes (Glover et al., 2017). 

Loss of diversity and structure between previously differentiated populations results in an 

overall loss in the available pool of genetic variation for the species, resulting in reduced 

adaptability, resilience, and redundancy in the face of changing climates and environment 

(Jump, Marchant and Peñuelas, 2009; Schindler, Armstrong and Reed, 2015). This 

diversity also represents a valuable asset for the continued growth, sustainability and 

adaptability of cultivated populations (Goecke, Klemetsdal and Ergon, 2020). The loss of 

this potential resource pool has been raised as a concern in macroalgal cultivation 

(Robinson, Winberg and Kirkendale, 2013; Barbier et al., 2019), and there have been 

widespread efforts to mitigate impacts, map current genetic diversity, preserve genetic 

material in gene banks, and integrate wild genotypes into farm strains in order to mitigate 

that loss (Tanksley and Mccouch, 1997; Barrento et al., 2016; Visch et al., 2019).  
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Mitigation Measures for Hatcheries and Farm-to-Wild Effects 

The use of local wild strains as source material for hatcheries and cultivation has been 

suggested to reduce some of the impacts of genetic depression from farm-to-wild 

interactions (Loureiro, Gachon and Rebours, 2015; Barbier et al, 2019). The idea behind 

using wild-sourced parents for hatchery populations is that it maintains a similar genetic 

portfolio and demographic between wild and cultivated populations. This primarily 

reduces the introgression of non-native, mal-adapted genes from farm to wild; though 

relaxed purifying selection and selection for hatchery conditions will still exist and may 

still influence fitness (Lynch and Hely, 2001; Araki et al., 2008; Laikre et al., 2010). Impacts 

on effective population size of both the cultivated and wild populations can be further 

mitigated by increasing the initial number of parents to the farm population (Lynch and 

Hely, 2001). Nevertheless, the parent population taken from the wild will never be fully 

representative of the wild population, and the subsequent loss of diversity and effective 

population size will still affect wild fitness upon introgression from the farm or hatchery 

(Ryman and Laikre, 1991). 

In Europe and America, seaweed cultivation so far has been based around the collection 

of wild material (Skjermo et al, 2014; Grebe et al, 2019; Stanley et al, 2019). The collection 

of wild parent material is often kept to local populations, as recommended in the UK and 

America (Yarish et al., 2017; Stanley et al., 2019), and legislated in Sweden and Norway 

(Fredriksen and Sjotun, 2015; Hasselström et al., 2018). However, as the industry 

continues to grow, the demand for increased yield and consistency of growth through the 

selective breeding of cultivars is expected to increase (Goecke, Klemetsdal and Ergon, 

2020). The use of local wild parents for farm material is subsequently expected to become 

less likely with time, and alternative mitigation measures, such as offshore farming, and 

genetically modified sterile strains, may need to be explored (Goecke, Klemetsdal and 

Ergon, 2020).  

Population Genetic Baselines 

As the cultivation of macroalgae continues to expand, the need for a greater 

understanding of present wild diversity in species and areas of cultivation interest 

becomes more pressing (Barbier et al., 2019; Goecke, Klemetsdal and Ergon, 2020). 

Knowledge and understanding of population genetic diversity can allow for the much 

more effective planning and development of sustainable cultivation, whilst incorporating 

the monitoring and mitigation of genetic impacts from detrimental farm-to-wild 
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interactions (Barbier et al., 2019). The cryptic and often protracted effects of human 

impacts on wild intraspecific diversity can be much harder to assess without the benefits 

of temporal and spatial baselines of genetic diversity (Berger-Tal and Saltz, 2019; FAO, 

2019a). Impacts such as those listed above from hatchery and cultivation practices can 

accumulate slowly in wild populations over time leading to irreversible changes in wild 

population diversity that can be difficult to tease apart without the aid of baseline data 

prior to human interference or disturbance (Glover et al., 2017).  

Application Example Studies and Reviews 

Mapping genetic resources for domestication 

and selection 

(Romero Navarro et al, 2017) 

Delineating population units for management (Nielsen et al, 2009; Funk et al, 2012; Van 

Wyngaarden et al, 2017; Sandoval-Castillo et 

al, 2018; Evankow et al, 2019) 

Delineating adaptive gradients and 

boundaries for managing adaptive and 

evolutionary diversity 

(Baltazar-soares, Hinrichsen and Eizaguirre, 

2018; Sandoval-Castillo et al., 2018; Miller et 

al., 2020; Selmoni, Rochat, et al., 2020) 

Genetic impact assessments in aquaculture - 

genetic baselines and monitoring of wild 

population interactions 

(Glover et al, 2013; Faust et al, 2018; Guzinski 

et al, 2018; Shan et al, 2018, 2019; Goecke, 

Klemetsdal and Ergon, 2020) 

Mapping connectivity for spatial planning of 

MPAs 

(Couceiro et al, 2013; Jenkins and Stevens, 

2018; Mackenzie et al, 2018) 

Genetic impact assessments in conservation 

including genetic baselines and monitoring of 

wild population changes from for instance 

climate effects, range shifts, extreme weather 

events, and human impacts. 

(Connolly et al., 2018; Theodoridis et al., 

2018; Coleman et al., 2020; Gurgel et al., 

2020; Phair et al., 2020) 

Mapping genetic resources for ex-situ 

conservation, assisted evolution, and 

restoration programmes 

(Barrento et al., 2016; Breed et al., 2019; 

Fredriksen et al., 2020; Wood et al., 2020)  

Estimation of effective population size for 

conservation and fisheries 

(Allendorf, 2017; Bernatchez et al, 2017; 

Hoffmann, Sgrò and Kristensen, 2017) 

Identifying cryptic species and hybridisation (Saunders and McDevit, 2014; Faust et al, 

2018; Mcfarlane, 2019) 

Monitoring inbreeding in cultivation and wild 

populations 

(Allendorf, 2017) 

Table 1.1 Uses and applications of genetic baseline data in the marine environment 
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Genetic baseline data can be an invaluable tool in informing the planning and 

management of population genetic resources as well as potential risks from anthropogenic 

impacts (Table 1.1). Knowledge and an understanding of spatial and temporal diversity 

patterns can offer much more effective management and conservation of population 

units, rather than through arbitrary regional designations (Funk et al, 2012). In fisheries 

this has allowed for improved stock assessments, recruitment data, and effort 

management (Nielsen et al., 2009; Van Wyngaarden et al., 2017; Sandoval-Castillo et al., 

2018). In macroalgal cultivation, an understanding of population structure can inform the 

sourcing of seed material and subsequent out-planting in order to reduce the risks of 

introgression from non-local genotypes (Barbier et al., 2019).  

By providing a portfolio of the genetic resources available to growers within local areas, 

genetic baselines can also serve as a platform for initial breeding and domestication efforts 

(Goecke, Klemetsdal and Ergon, 2020).  At present the introduction of non-native strains 

for aquaculture in the UK is not allowed (SSI, 2001). As such, the breeding and 

development of macroalgal cultivars in Scotland will likely rely on the identification and 

selection of desirable strains or traits from within native populations. The identification 

of regional and local patterns of genetic variation will allow the initiation of breeding and 

crossing experiments using local genetic variation, whilst maintaining the integrity of 

wider regional genetic diversity.  

An understanding of underlying diversity and population structure likewise allows the 

more effective and informed conservation management of wild populations and habitats 

(Funk et al, 2012). In kelp, warming waters on the southern front of their range of 

distribution have been highlighted as a major threat to overall kelp diversity, as these 

populations represent past refugia from glaciation events, harbouring increased diversity 

and a large number of rare allele variants (Hampe and Petit, 2005; Provan and Maggs, 

2012; Assis, Serrao and Araujo, 2018). Mapping and investigating genetic diversity within 

such communities can therefore facilitate the effective and informed management of 

populations under threat, allowing more focused conservation efforts and more accurate 

risk evaluation of the effects of human interference or disturbance (Allendorf, 2017). 

Temporal studies before and after extreme climate events, or throughout population 

range shifts, can also give valuable insights in to how populations change in terms of 

diversity following disturbances (White et al., 2013; Connolly et al., 2018; Coleman et al., 

2020; Gurgel et al., 2020). In the future, as climate effects continue to intensify, such data 

might also inform discussions around the topics of restoration, translocations, and 
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assisted evolution in populations most at risk (Breed et al., 2019; Coleman and Goold, 

2019; Filbee-Dexter and Smajdor, 2019; Fredriksen et al., 2020).  

The importance of genetic diversity and genetic data has increased its prominence in 

policy and legislation in recent years (Cottier-Cook et al., 2016; Funk et al., 2019; Hoban 

et al., 2020). Numerous international agreements have acknowledged the significance of 

genetic diversity in ecosystem function and resilience, as well as its significance to many 

of the world’s sustainable development goals (SDGs) (Blicharska et al., 2019). The recent 

draft version of the Post-2020 Global Biodiversity Framework (CBD, 2020) made various 

inclusions for genetic diversity in its targets and outcomes. Feedback and comments on 

the draft suggested that the frequency of genetic baselines and datasets should be one of 

three key indicators for improvements in sustainable biodiversity management in the 

coming decades (Hoban et al., 2020; Laikre et al., 2020). Reports from the Food and 

Agricultural Organisation have similarly stated that the development and implementation 

of consistent approaches to baseline genetic surveys will be key to maintaining genetic 

biodiversity in the near future (FAO, 2019a, 2019b).  

Measuring Genetic Diversity and Connectivity in the Ocean 

The study of genetic diversity in populations has evolved rapidly as molecular tools and 

markers have been developed. Population studies have evolved from large scale 

phylogeographic studies using species and population barcodes, through to higher 

resolution microsatellite markers, and most frequently today, high resolution genome-

wide single nucleotide polymorphism (SNP) marker sets (Davey and Blaxter, 2010; 

Allendorf, 2017). In the near future, technological gains are likely to facilitate the use of 

whole genome data in investigating diversity and differentiation across large swathes of 

wild populations (Ekblom and Wolf, 2014).  

Population studies cover a wide range of topics and areas depending on the application 

and focus of the research. As well as investigating the distribution of diversity amongst 

populations, population data can also be used to investigate connectivity, phylogeography, 

demographic history, and other key elements of population genetics (Durrant et al, 2018; 

Jueterbock et al, 2018; Neiva et al, 2018). The advent of genome-wide sequencing and 

population datasets has allowed the investigation of non-neutral adaptation and selection 

processes amongst populations, further advancing our understanding of how populations 

interact, differentiate, and diversify over landscapes and time (Reitzel et al., 2013; 

Bernatchez et al., 2017; Hunter et al., 2018). 
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Genetic differentiation and connectivity in the marine environment are two of the key 

focuses of genetic studies in marine organisms. Connectivity relates to the extent of 

migration and movement between spatially distributed populations (Selkoe, Henzler and 

Gaines, 2008). Consequently, connectivity also influences patterns of genetic 

differentiation and diversity as the relative forces of genetic drift and migration determine 

levels of divergence or similarity between populations (Gagnaire, 2020). Migration and 

connectivity data can offer useful insights into the degrees of genetic and demographic 

isolation, and subsequently the levels of resilience and adaptive potential within 

populations and meta-populations (Nosil et al, 2019). This information can also help 

determine connected population units for management and conservation (Funk et al., 

2012). 

In the marine environment, connectivity is primarily determined by dispersal ability, as 

well as hydrographic and environmental constraints (Selkoe, Henzler and Gaines, 2008). 

However, the broadcast-spawning nature and multiple life-stages of many marine 

organisms, combined with environmental and hydrographic stochasticity in the ocean, 

make the study of migration and connectivity particularly difficult through traditional 

means (Selkoe et al, 2016). Tagging approaches and capture release programmes are made 

all the more tricky by the semi-opacity of the marine environment, as well as logistical 

difficulties in sampling and tracking organisms (Levin, 2006). Isotope methods offer one 

approach to determining the origin of organisms in the sea, however can be limited in 

their resolution and application to different organisms (Thorrold et al., 2002). Dispersal 

modelling using hydrographic models offers another solution to the difficulties of tracking 

dispersal in the field for less motile dispersal stages (Swearer, Treml and Shima, 2019). 

This can be particularly useful as genetic patterns alone can appear chaotic if 

hydrodynamic regimes or other environmental factors are not taken in to account (Selkoe 

et al., 2016). However, accurately modelling biological limits of dispersal such as mortality 

and larval behaviour can be difficult, in particular for non-model organisms (Swearer, 

Treml and Shima, 2019). 

Population genetic techniques offer an alternative approach to characterising patterns of 

connectivity, relatedness, and migration in marine organisms that avoid many of the 

limitations of traditional tracking approaches (Selkoe, Henzler and Gaines, 2008; 

Gagnaire et al, 2015). By measuring similarity or relatedness over a distributional area, 

genetic data can offer a reverse approach to determining levels of movement and 

migration amongst populations. The determination of connectivity using genetic data is 
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based on the principles of genetic drift and the traditional stepping stone model of 

increasing genetic differentiation with distance (Kimura and Weiss, 1964). In a 

homogenous landscape, this model would result in a gradual breakdown in relatedness 

with distance. This relationship can be tested for in a statistical framework of Isolation-

by-Distance (IBD) (Rousset, 1997) by plotting pair-wise distance against a metric of 

genetic differentiation, the choice of which depends on the desired measure of 

differentiation (Jost et al., 2018). Deviations from the model of IBD can then infer the 

presence of additional factors or influences on genetic differentiation and connectivity 

(Petkova, Novembre and Stephens, 2016; Riginos et al., 2016).   

The resolution of connectivity inference from genetic data can vary depending on the 

genetic marker used. In general, the higher the spatial resolution, the higher the resolution 

of the genetic markers required (Davey et al, 2011). Nowadays, single nucleotide 

polymorphism (SNP) panels of just a few hundred markers can be suitable for 

determining ancestry or differentiating populations at spatial resolutions of kilometres or 

less (Peterson et al., 2012), though this can vary between species. The fall in sequencing 

costs, and greater accessibility of analysis and software tools, have made genetic and 

genomic studies of marine organisms relatively accessible and economic (Luikart et al., 

2003). Samples can also be stored with ease for later re-analysis and temporal studies. In 

addition the small number of samples required from sampled populations, and the non-

intrusive nature of sampling in many cases, makes genetic surveys for connectivity 

assessment an attractive option where conservation risks or sampling difficulties are 

present (Carroll et al., 2018).   

Patterns of genetic differentiation do not always reflect contemporary patterns of 

connectivity however (Rieux et al, 2014). Other factors, such as past expansion events, 

founder effects, and hybridisation, can leave their influence on levels of population 

differentiation, confounding the determination of connectivity from genetic data alone 

(Excoffier and Ray, 2008; Bradburd and Ralph, 2019). Single time point sampling of 

genetic data can also miss temporal influences of environmental stochasticity in marine 

environments (Siegel et al., 2008; Riginos et al., 2016). Variation in genetic patterns 

between life-stages in marine organisms can similarly lead to biases from single-point 

sampling (Selkoe et al., 2016). Finally the choice of genetic marker used can influence the 

nature of genetic differentiation observed, with many modern techniques now able to 

distinguish between neutral patterns of connectivity and non-neutral patterns of adaptive 

differentiation (Luikart et al., 2003; Gagnaire et al., 2015). 
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Investigating Genetic Diversity and Connectivity in Macroalgae 

Genetic differentiation and connectivity have been looked at in numerous brown algae 

over a range of spatial scales (Table 1.2). The majority of these have been based on 

microsatellite or ITS/COI-region based markers, though modern Next Generation 

Sequencing (NGS) techniques are now starting to be applied to macroalgal population 

studies (Fort, Guiry and Sulpice, 2018; Guzinski et al, 2018; Le Cam et al, 2020; Mao, 

Augyte, Huang, Hare, et al, 2020).  

 

Species Example Studies 

Durvillaea antarctica (Fraser et al, 2009, 2010; Collins et al, 2010; Waters et al, 2018) 

Macrocystis pyrifera (Macaya and Zuccarello, 2010; Alberto et al., 2014; Camus, Faugeron 

and Buschmann, 2018; Hargarten et al., 2020) 

Lessonia corrugata (Durrant et al, 2018) 

Undaria pinnatifida (Voisin et al., 2005; Grulois et al., 2011; Guzinski et al., 2018*; Shan 

et al., 2018; Li et al., 2020, Graff et al. 2021*) 

Ecklonia radiata (Coleman et al., 2011, 2020; Coleman, 2013; Wernberg et al., 2018) 

Postelsia palmaeformis (Kusumo, Pfister and Wootton, 2006) 

Pterygophora californica (Hargarten et al, 2020) 

Laminaria hyperborea (Schoenrock et al., 2020; Robuchon et al. 2014; Evankow et al. 2019; 

King et al. 2020) 

Laminaria digitata (Billot et al, 2003; Couceiro et al, 2013; Brennan et al, 2014; Oppliger et 

al, 2014; Robuchon et al, 2014; Liesner et al, 2020; Neiva et al, 2020) 

Laminaria ochroleuca (Coelho et al. 2014; Assis et al. 2018) 

Saccharina latissima (Guzinski et al., 2016; Nielsen et al., 2016; Paulino et al., 2016; Breton 

et al., 2018; Luttikhuizen et al., 2018; Mooney et al., 2018; Neiva et 

al., 2018; Evankow et al., 2019; Naess, 2019; Mao et al., 2020*) 

Saccharina japonica (Zhang et al. 2015; Liu et al. 2012; Shan et al. 2018; Yotsukura et al. 

2016) 

Saccorhiza polyschides None 

Alaria esculenta (Bradbury, 2016) 

Table 1.2. Key population genetic studies in the large brown algae (kelp). Genomic studies using next generation 
sequencing are indicated in bold with a *. 

Population genetic studies in Laminaria spp. have demonstrated strong patterns of 

hierarchical structuring amongst populations (Assis et al, 2018; King, Mckeown, et al, 2020; 

Liesner et al, 2020). At a regional scale Laminaria spp. have been shown to exhibit relatively 
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fine-scale structuring of populations across distances of tens to hundreds of kilometres 

(Robuchon et al., 2014; Mette Moller Nielsen et al., 2016; Mooney et al., 2018). In contrast 

to the genetic diversity observed between populations, genetic diversity within 

populations is generally thought to be low, though this can vary between species and 

regions (Robuchon et al., 2014; Guzinski et al., 2016; Breton et al., 2018; Evankow et al., 

2019). Patterns of range expansion following the Last Glacial Maxima (LGM) have been 

observed in Laminaria spp., with higher genetic diversity reported in more southerly 

populations (Liesner et al., 2020; Neiva et al., 2020). Higher genetic diversity has also been 

reported from putative glacial refugia in the NW Atlantic (Maggs et al., 2008; Neiva et al., 

2020; Schoenrock et al., 2020).  

Part of the genetic differentiation and population structure observed in Laminaria spp. can 

be attributed to the life-cycle and dispersal of their spores. Compared to other marine 

families the spores of Laminaria spp. have a relatively small dispersal range of tens of 

meters to kilometres, with short lived spores and a gamete stage dependant on the 

immediate proximity of the other sex (Schiel and Foster, 2006; Andersen, 2013; Itou et al, 

2019). Gene flow is therefore relatively localised, leading to an assumed classic stepping 

stone model of genetic differentiation (Kimura and Weiss, 1964). Patterns of isolation by 

distance have subsequently been observed in a large number of macroalgae, and across a 

range of geographic distances (Billot et al., 2003; Durrant et al., 2013; Alberto et al., 2014).  

As well as dispersal, patterns of genetic differentiation are also affected by numerous 

physical, biological and environmental factors. The geography or topology of a region has 

an obvious effect on gene flow between populations. From a marine perspective, 

landforms such as capes and peninsulas can represent significant physical and 

hydrographic barriers to gene flow between otherwise geographically proximate 

populations (Billot et al, 2003; Breton et al, 2018). Enclosed water bodies such as sea-lochs 

and estuaries can similarly constrain gene flow as a result of topography and hydrography 

(Brennan et al., 2014; Coleman et al., 2018). On the other hand, open bodies of water can 

also represent barriers to gene flow if the distances are greater than the dispersal 

capabilities of the kelp (Durrant et al., 2018; Mooney et al., 2018). Durrant et al. (2018) 

demonstrated how limited habitat availability and spore dispersal in Lessonia corrugata were 

the strongest drivers for population differentiation across the open waters of the Derwent 

Estuary (<10kms). Others have similarly shown how habitat continuity and availability 

contributes significantly to the structuring and differentiation of macroalgal populations 
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across regional scales (Fraser et al., 2010; Alberto et al., 2014; Mette Moller Nielsen et al., 

2016).  

Currents and local hydrodynamic regimes have also been linked to variable gene flow in 

macroalgae by increasing gene flow through current dispersal of spores in high current 

areas (Brennan et al, 2014; Mooney et al, 2018), creating physical dispersal barriers to gene 

flow (Schoch and Chenelot, 2015; Mao, Augyte, Huang and Hare, 2020), and influencing 

the direction of gene flow through regional current regimes (Billot et al., 2003; Coleman 

et al., 2011). Hydrodynamic regimes and habitat availability can create both bottlenecks 

and expressways in population gene flow, both of which are important to understand in 

the management and conservation of macroalgae. This can be further accentuated by high 

or low population densities and the resultant spore abundance (Gibbs, 2001; Schiel and 

Foster, 2006).  

Physico-environmental parameters such as salinity, temperature and light availability, can 

also influence gene flow between areas by acting on the biology of the kelp, as well as 

through creating physical dispersal barriers such as stratification effects (Mette Moller 

Nielsen et al, 2016; Coleman et al, 2018). Environmental factors can exert strong selection 

pressures affecting pre- and post-zygotic recruitment and survival (Wang and Bradburd, 

2014). Strong environmental gradients, such as those seen in the constricted water bodies 

of fjords and sea-lochs, or more broadly across transition zones such as the Baltic-North 

Sea transition zone, have been suggested to restrict the successful reproduction and 

settlement of less adapted individuals to the local environment (Serrão et al., 1999; 

Coleman et al., 2018). In time, adaptive differences can drive local adaptation, lower 

reproductive compatibility and success, and further genetic differentiation (Payne, 

Mazzucco and Dieckmann, 2011; Wang and Bradburd, 2014).  

Genetic Adaptation and Population Genomics 

Local adaptation is defined as the expression of improved fitness under local conditions 

compared to non-local phenotypes (Savolainen, Lascoux and Merilä, 2013). Adaptation is 

driven by selection to local environmental conditions. As local adaptation strengthens, 

genetic differences arise between differentially adapted populations (Wang and Bradburd, 

2014). Over time these differences can accumulate and start to affect reproductive 

compatibility between populations, leading to further genetic differentiation termed 

Isolation-by-Environment (Payne, Mazzucco and Dieckmann, 2011; Wang and Bradburd, 

2014). This process can eventually lead to speciation between populations (Payne, 
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Mazzucco and Dieckmann, 2011; Augyte, Yarish, et al., 2017). Adaptation therefore 

represents one of the fundamental processes of evolution. By driving differentiation, 

variation in local adaptation across landscapes and meta-populations can confer greater 

resilience to change and disturbance through the availability of functional variation 

(Payne, Mazzucco and Dieckmann, 2011; Mable, 2019). The significance of adaptation to 

climate responses and anthropogenic impacts has made the investigation and 

understanding of local adaptation a key research focus for conservation and ecosystem 

management (Hoffmann and Sgrò, 2011; Bernatchez, 2016; Duarte et al., 2018). 

Phenotypic and genetic variation across environmental gradients can be indicative of local 

adaptation (Savolainen, Lascoux and Merilä, 2013). Phenotypic variation over 

environmental gradients in macroalgae is pervasive, with differences in morphology, 

metabolism, composition, and life-history observed over gradients in exposure, light, 

temperature and other environmental drivers (Borum et al., 2002; Mette Molle Nielsen et 

al., 2016; Augyte, Yarish, et al., 2017). Hydrodynamic conditions are one of many forces 

driving morphological adaptation in kelp. Populations of S. latissima in areas of high 

energy from waves or tidal energy for instance have been shown to develop narrower, 

more strap like blades, rather than the broad undulating morphologies observed in lower 

energy environments (Hurd, 2000; Augyte, Lewis, et al., 2017). Temperature, salinity, and 

light are also strong environmental factors on the growth and development of macroalgae, 

and numerous studies have described phenotypic and ecotypic differentiation based on 

local adaptation to differential conditions (Bartsch et al., 2008; Nielsen et al., 2014; Mette 

Molle Nielsen et al., 2016). 

Various forms of plasticity can also result in phenotypic variation across landscapes and 

environmental gradients however, and determining the nature of adaptation can be 

difficult (Crispo, 2008; Duarte et al., 2018). Phenotypic plasticity within a generation, as 

well as trans-generational epigenetic changes and changes in associated microbial 

community, can all affect phenotypic expression and fitness in the environment (Veilleux 

et al., 2015; Duarte et al., 2018; Rey et al., 2020). An important research goal is therefore 

in determining whether improved local fitness is a result of genetic local adaption, or of 

other forms of plasticity (Savolainen, Lascoux and Merilä, 2013). Reciprocal transfers and 

common garden experiments provide one way of testing the nature of local adaption 

(Hereford, 2013; Savolainen, Lascoux and Merilä, 2013). Local adaptation can be assessed 

by exchanging individuals from contrasting environments and observing their relative 

fitness compared to the local variant in the new environment (Savolainen, Lascoux and 
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Merilä, 2013). Reciprocal transfers across intertidal gradients in the brown algae Silvetia 

compressa for instance showed a distinct home advantage to local zonation conditions 

(Hays, 2007). Elsewhere, common garden and reciprocal transfers in Fucus vesiculosis along 

a latitudinal temperature gradient showed an increased adaptation to heat in warmer, more 

southerly populations, highlighting implications for future climate change scenarios 

(Saada et al., 2016). A meta-analysis of common-garden experiments across species 

showed genetic adaptation was unsurprisingly more frequent in systems demonstrating 

larger environmental differences (Hereford, 2013). However, the study also showed a 

higher likelihood of adaptation occurring in populations with larger effective population 

sizes as the larger Ne supports greater diversity and the effects of population drift become 

muted (Hereford, 2013). Large effective population sizes and steep environmental 

gradients are both common in the marine environment, facilitating the process of local 

adaptation, and making its occurrence in marine populations more likely (Liggins, Treml 

and Riginos, 2019). 

Molecular approaches have contributed widely to the understanding of ecological 

adaptation and variation in macroalgae. DNA barcoding, COI and microsatellite markers, 

and more recently genome-wide genotyping surveys, have contributed valuable insights 

into population structure and diversity amongst ecotypes (McDevit and Saunders, 2009; 

Coleman et al, 2018; Nicastro et al, 2019). Likewise, transcriptomic and proteomic 

approaches, genome-wide phenotype association surveys, and the mapping of entire 

species genomes, have begun to shed light on a range of evolutionary processes and genes 

governing ecological adaptation in macroalgae (Cock et al., 2010; Heinrich et al., 2015; N. 

Zhang et al., 2015; Avia et al., 2017). Thermal tolerance and adaptation in macroalgae has 

been demonstrated through differences in expression of heat shock proteins (Jueterbock 

et al., 2014; Mota et al., 2018). Similarly, reduced expression of proteins related to copper 

stress response demonstrated the potential speed of rapid local adaptation in macroalgae, 

having occurred over only 70 years of exposure to a mining environment in Chile (Ritter 

et al., 2010).  

A strong interest in adaptation and fitness in macroalgal cultivation has led to a drive in 

molecular research for species of interest, including the sequencing of the S. japonica 

genome (Ye et al., 2015) and the high density mapping of linkage in S. japonica (N. Zhang 

et al., 2015). Further insights into the molecular mechanisms of acclimation and stress 

response in kelp have been established through the analysis of gene expression and 

transcription under stress (Heinrich et al., 2012; Monteiro et al., 2019; Liesner et al., 2020). 
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Common garden experiments involving temperature and salinity in Laminaria spp. have 

shown significant ecotypic variation in transcriptomic responses, along with plasticity to 

environmental conditions (King et al., 2019; Monteiro et al., 2019; Liesner et al., 2020). 

The strong regulation of genes observed under stress is indicative of a high capacity to 

tolerate and acclimatise to abiotic stress in the often-harsh marine environment (Monteiro 

et al., 2019). Moreover, differential expression further demonstrates the presence of local 

adaptation in macroalgae (Monteiro et al., 2019; Liesner et al., 2020). Though 

physiological and physical differences may not be present, differences in expression 

response also represent a variance in metabolic expenditure and therefore a difference in 

fitness under stress between populations. 

Linking genetic data to ecotypic variation can offer support for the genetic basis of local 

adaption in populations. Latitudinal differences in HSP expression were observed 

alongside patterns of hierarchical population structure in L. digitata and L. hyperborea (King 

et al., 2019; King, Mckeown, et al., 2020; Liesner et al., 2020). Though the results did not 

directly reveal the genetic mechanisms of local adaptation, the differential responses to 

common conditions, and the genetic separation suggested by the genotype data, suggested 

that the two groups have adapted in different directions over time to local conditions. 

Physiological and genotypic differences have also been reported in paired coastal-versus-

estuarine populations of F. vesiculosis, demonstrating the presence of local adaptation and 

genetic differentiation over much smaller spatial scales (Zardi et al., 2013; Nicastro et al., 

2019). Likewise, local scale variation in thermal tolerance and genotype in the brown algae 

Hormosira banksia indicated the presence of spatially varying selection, and highlighted the 

significance of local adaptation over heterogeneous regional landscapes (Miller et al., 

2019, 2020).  

Mechanisms of Adaptation 

Despite the prevalence of local adaptation in the marine environment, the mechanisms 

underlying genetic adaptation and its maintenance are not well understood (Duarte et al., 

2018; Wellenreuther and Bernatchez, 2018; Wellenreuther et al., 2019). Genetic variation 

across the genome lies across a continuous spectrum of size, from single nucleotide 

changes (SNPs) and short length indels, microsatellites, and copy number variations 

(CNVs), through to large scale inversions and rearrangements (Wellenreuther et al., 2019). 

The influence and mechanisms of many of these types of genetic variation on adaptation 

remain unclear. Various factors, including the ease of sequencing and analysis, costs, and 
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applications, have meant certain types of genetic variation have received disproportionate 

amounts of research and investigation, though this is likely to improve as costs fall and 

sequencing technology and computer resources continue to improve (Wellenreuther et 

al., 2019; Mérot et al., 2020). Determining the molecular mechanism of adaptation across 

the full range of genetic variation, and how adaptation is maintained by these processes, 

is a key question in evolutionary research, and of increasing relevance to ecosystem 

management as populations face growing pressures from climate change and 

anthropogenic disturbance (Hoffmann and Sgrò, 2011; Waldvogel et al., 2019; Mérot et 

al., 2020) 

Single marker variants linked to a single gene or effect have been the most commonly 

studied variant, primarily due to the ease of investigating their effects in populations 

(Wellenreuther et al, 2019). Numerous examples of simple Mendelian patterns of 

adaptation have been observed in wild populations, including adaptations in Stickleback 

armour plating, and colour pattern variation in butterflies (Hohenlohe et al., 2010; Nadeau 

et al., 2014). However many adaptive traits are thought to be polygenic in nature and their 

influence is determined by multiple variants across the genome (Wellenreuther and 

Hansson, 2016; Hermisson and Penning, 2017). This presents some difficulties to their 

study and the determination of the mechanisms underlying polygenic traits, as the 

influence of each variant on the trait is only a part of the overall effect (Wellenreuther and 

Hansson, 2016). Nevertheless more efforts are being made to understand the influence 

of polygenic variation, supported by the development of improved analysis and detection 

methods (Forester et al., 2018; Oomen, Kuparinen and Hutchings, 2020). 

Evidence for the significance of larger structural variants in driving adaptive variation and 

maintaining adaptation in the presence of gene flow is also increasing, facilitated by 

advances in long-read sequencing technology (Wellenreuther et al, 2019; Mérot et al, 2020). 

Large chromosomal inversions in the intertidal snail Littorina saxatilis for instance, have 

highlighted the importance of larger structural variants (SVs) in maintaining adaptive 

ecotypes across strong wave exposure gradients and predator zonation patterns (Westram 

et al., 2018; Faria et al., 2019). Similar mechanisms of chromosomal re-arrangement have 

been linked to local population structuring in North Sea cod (Gadus morhua) (Barth et al., 

2017). However, it has been pointed out that many of the larger SVs are easier to detect, 

potentially biasing the understanding of variation in SVs (Mérot et al., 2020). A 

comparison of shorter copy number variants (CNVs) and SNPs in lobsters reported a 

higher number of genotype-environmental associations to temperature in CNVs, 
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highlighting the potential contribution of smaller structural variants to local adaption as 

well (Dorant et al., 2020). One suggestion for the mechanisms behind maintaining 

adaption is that larger SVs limit the recombination of adaptive complexes, ultimately 

leading to reproductive incompatibilities and speciation (Hoffmann and Rieseberg, 2008; 

Wang and Bradburd, 2014; Mérot et al., 2020).  

Despite their importance, higher costs and analytical requirements, as well as a lack of 

genomic resources in many non-model organisms, have limited the investigation of longer 

structural variants in smaller research studies (Wellenreuther et al, 2019). Structural 

variants typically require a high level of characterisation before application at a population 

level, and many lack the standardised frameworks for investigation and comparison that 

are common for SNP genotyping, though this is changing for certain SVs (Dorant et al., 

2020; Mérot et al., 2020). As a result SNP based investigations remain the most common 

approach to studying patterns of adaptation in wild populations. The risks and biases 

inherent in investigating adaptation through one type of genetic variant should therefore 

be acknowledged and addressed in any study of adaptation. Nevertheless, studies 

investigating one type of variant, in particular SNPs, continue to shine a light on the 

patterns and mechanisms of local adaptation in the wild (Catchen et al., 2017; Mckinney 

et al., 2017). The insights gained can further inform the conservation, management, and 

application of genetic diversity from wild populations (Allendorf, 2017; Hunter et al., 

2018). 

Population Genomics and Adaptation Studies 

The rise in genomic population studies in the last decade has been driven by the expansion 

in sequencing technology and accompanying analysis techniques (Luikart et al, 2003). 

NGS technology, in particular short read sequencing approaches such as Illumina’s 

sequencing-by-synthesis technology, has made it possible to sequence tens of thousands 

of markers over hundreds of individuals at a population scale (Davey et al., 2011) The 

resolution of NGS markers across the genome has offered much higher resolution of 

population inference, Ne estimation, and diversity assessment than previous microsatellite 

and barcoding approaches (Fischer et al., 2017). On the other hand, studies have pointed 

out that many of the patterns of neutral population structure observed from NGS data 

have previously been observed from much smaller panels of microsatellite markers 

(Liggins, Treml and Riginos, 2019). More significantly, the genome-wide nature of NGS 

data has also allowed the investigation of non-neutral processes of selection and 
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adaptation across populations (Luikart et al., 2003). This represents a significant advance 

from traditional barcoding and microsatellite markers which typically target neutral, non-

coding regions of the genome (Davey and Blaxter, 2010; Andrews et al., 2016).  

Population genomic studies into selection and adaptation rely on distinctive patterns in 

population allele frequencies left by non-neutral processes of selection across the genome 

(Oleksyk, Smith and Brien, 2010). These footprints of adaptation and selection stand out 

against a background of stochastic neutral variation and can be identified through 

statistical means (Narum and Hess, 2011; Rellstab et al., 2015). For example, in the case 

of a classic directional selection event of a hard-sweep, a single allele is swept towards 

fixation by selection throughout the population, resulting in a region of much lower 

diversity than the background level of neutral diversity (Oleksyk, Smith and Brien, 2010). 

Similarly, gradients in particular forces of selection, for instance environmental 

constraints, may drive parallel gradients in allelic frequency in genes under selection 

(Rellstab et al., 2015). Two of the principle approaches to detect adaptation from 

population genomic data make use of these footprints to highlight putative markers or 

regions under selection (Oleksyk, Smith and Brien, 2010; Savolainen, Lascoux and Merilä, 

2013; Rellstab et al., 2015). 

The first group of methods, collectively termed outlier tests, are based solely on the 

frequency distributions of alleles and the related FST fixation index amongst populations 

(Narum and Hess, 2011). Outlier methods operate by detecting loci that sit outside the 

predicted neutral distribution of locus-by-locus population differentiation, as in the case 

for the classic hard-sweep described above (Oleksyk, Smith and Brien, 2010). Numerous 

analytical methods have been developed employing various underlying models of neutral 

diversity and different statistical approaches to detect outlier loci (Table 1.3). The choice 

of underlying neutral model can strongly influence the rate of false positives or false 

negatives detected and therefore requires careful consideration in light of the 

demographic history and known population structure in the organism of interest (Narum 

and Hess, 2011; Lotterhos and Whitlock, 2015). Outlier detection methods notably suffer 

from reduced powers of detection under polygenic patterns of selection, as well as in 

populations harbouring particularly reduced or elevated levels of neutral variation 

(Landguth et al, 2012; Hoban et al, 2016). Other processes, including deleterious alleles, 

species wide selection sweeps, and allele surfing, can also mimic signals of local adaption 

amongst populations, confounding outlier tests, and resulting in higher rates of false-

positive detection (Hoban et al., 2016; Booker, Yeaman and Whitlock, 2019; Price et al., 
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2020). Concerns have also been raised about variable recombination rates across the 

genome and its effects on the FST-outlier approach (Booker, Yeaman and Whitlock, 2020). 

The use of composite multiple test approaches, as well as incorporating false discovery 

rate methods such as the Benjamin Hochberg test, can improve the confidence in outlier 

test results (Francois et al., 2016; Lotterhos et al., 2017). Nevertheless, the identification 

of candidate loci through outlier approaches should be treated as a prospecting step, and 

candidate loci intended for use as functional markers should be carefully validated in 

follow up investigations to ascertain their true influence on adaptation (Hoban et al., 2016; 

David B Lowry et al., 2017). 

The second school of methods used to investigate local adaptation from population 

genomic data is based around the correlation of allele frequency data with gradients in 

drivers of selection (Rellstab et al, 2015). Similarly to outlier tests, genotype-environmental 

association (GEA) approaches can apply a variety of statistical methods, as well as various 

background patterns of hierarchical neutral structure, to improve the detection of loci in 

association with environmental factors (Forester et al., 2016; Ahrens et al., 2018). 

However, co-occurring patterns of neutral population structure and environmental 

gradients can lead to problems of autocorrelation between adaptive alleles and neutral loci 

(Liggins, Treml and Riginos, 2019). Asymmetric patterns of neutral structure common in 

the marine environment can cause additional varying autocorrelation effects across the 

seascape (Riginos et al., 2016). Inaccurate and unrepresentative assumptions regarding 

underlying population structure, dispersal, and demographic history can therefore lead to 

high rates of false detection if applied incorrectly (Lotterhos and Whitlock, 2014). As with 

outlier tests, false-positive patterns of correlation between environmental factors and 

allele frequencies can also arise through other non-adaptive processes such as population 

expansion, allele surfing and stochastic population effects (Excoffier and Ray, 2008; 

Nadeau et al., 2016). In addition, spatial auto-correlation of environmental variables, as 

well as indirect associations, can lead to false associations between loci and the 

environmental variable tested rather than the driver of selection (Rellstab et al., 2015). 

This can be particularly prevalent in marine environments such as estuaries and shorelines 

where multiple non-independent environmental gradients are often found (Liggins, Treml 

and Riginos, 2019).  
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Programme Method Reference 

Sambada Multivariate GEA incorporating diverse 

environmental predictor variables 

including spatial and demographic effects 

(Stucki et al, 2017; Duruz 

et al, 2019) 

Bayepass Outlier and GEA analysis identifying 

associations against a background of 

covariance amongst populations with 

shared history 

(Gautier, 2015) 

Bayenv (Bayenv2) Bayesian analysis identifying allelic 

frequencies in correlation with 

environmental variables 

(Günther and Coop, 

2013) 

Bayescenv FST and environmental distance based 

Bayesian analysis identifying allelic 

frequencies in correlation with 

environmental variables 

(Villemereuil and 

Gaggiotti, 2015) 

LEA (LFMM) GEA analysis using latent factor mixed 

models (LFMM) to account for 

confounding demographic effects 

(Frichot and Francois, 

2015; Caye et al, 2019) 

RDA (vegan) Multivariate redundancy analysis (RDA) 

based GEA for the detection of polygenic 

associations 

(Forester et al, 2018) 

gINLAnd Univariate GEA based on spatial 

generalised linear mixed models 

(SGLMM) accounting for population 

structure and history 

(Guillot and Vitalis, 

2014) 

GradientForests Random Forest based machine-learning 

algorithm to discern loci underlying 

phenotypic traits of environment 

association 

(Ellis, Smith and Pitcher, 

2012) 

Other outlier 

methods (non-

GEA) 

FLK; PCAdapt; Arlequin (FST); Bayescan; 

FDist; 

(Beaumont and Balding, 

2004; Antao et al, 2008; 

Foll and Gaggiotti, 2008; 

Excoffier and Lischer, 

2010; Duforet-Frebourg, 

Bazin and Blum, 2014) 

Table 1.3. A summary of methods and programmes for the detection of outlier and putatively adaptive loci in 
association with environmental gradients. 
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Similarly to outlier tests, increased sample numbers, and more significantly marker 

coverage, can improve the accurate detection of loci in association (Haasl and Payseur, 

2016; Ahrens et al., 2018). The use of multiple approaches or tests to triangulate results 

can also offer increased power and confidence in associations in some situations 

(Flanagan et al., 2018). Applying multivariate tests can be particularly effective when 

selection is weak or polygenic as multivariate tests are able to consider how sets of markers 

co-vary in response to environmental variables (Forester et al., 2018). Equally, improved 

environmental sampling resolution and accuracy, such as the inclusion of seasonal data 

or extremes, can improve the power and accuracy of GEA approaches (Miller et al. 2019; 

Sandoval-Castillo et al. 2018). Moreover, improved sampling design, such as paired 

sampling, and the careful selection of gradients and variables can mitigate problems 

arising from spatial auto-correlation of environmental variables and redundant variants 

(Lotterhos and Whitlock, 2015). Using principle components to simplify relationships 

between environmental or genetic variables can also help remove problems of 

environmental co-linearity or spatial auto-correlation (Riginos et al., 2016).  

Combining the outputs from outlier and GEA approaches with annotated reference 

genomes can offer further insights in to the processes of selection, and the genes and 

molecular pathways underlying adaptation (Manel et al, 2016). However, care should be 

taken when inferring molecular mechanisms from putative loci as the effects of linkage 

and marker coverage can mean the putative loci identified are not directly the variants 

under selection. Low resolution marker sets or low levels of linkage may also result in 

signals of selection being missed altogether (Lowry et al. 2017). Equally, extended regions 

of linkage may act to smother other signals of selection and underlying levels of neutral 

diversity increasing the chance of false detection (Haasl and Payseur, 2016). In addition, 

bias may arise through variation in linkage and recombination levels across the genome 

as well as across species and populations (Li and Merila, 2011; Mckinney et al., 2017).  

Despite these downsides, outlier and GEA approaches have proved insightful across a 

range of organisms and landscapes when applied effectively (Ahrens et al., 2018; Hunter 

et al., 2018). Outlier tests have for instance been used to identify putative pathways of 

harmful algal bloom toxin resistance in estuarine and coastal dolphin populations 

(Cammen et al., 2015). Separate analyses of putatively neutral and outlier loci have also 

revealed cryptic patterns of fine-scale adaptive differentiation between populations, and 

have subsequently contributed to improved species and population management (Milano 

et al., 2014; Van Wyngaarden et al., 2017).  The more structured approach of GEA tests 
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through the inclusion of environmental data, and the higher sensitivity to more subtle 

signals of selection, have led to a wide range of insights into local adaptation in wild 

populations (Ahrens et al., 2018; Storfer, Patton and Fraik, 2018). Similarly to outlier tests, 

GEA studies have identified previously undetected patterns of fine-scale population 

structuring relating to environmental gradients and boundaries (Benestan et al., 2016; 

Sandoval-Castillo et al., 2018; Xuereb et al., 2020). GEA approaches have also been used 

to identify putative molecular pathways involved in adaptation to specific environmental 

variables, for instance low oxygen tolerance in abalone, and heat response roles in corals 

(Sandoval-Castillo et al., 2018; Selmoni, Rochat, et al., 2020). Exploration of spatial and 

environmental drivers of adaptation through GEA approaches can offer valuable insights 

for wider management and conservation applications, and can act as a platform for more 

focussed investigations into eco-evolutionary processes of adaptation across the 

environment (Waldvogel et al., 2019; Nielsen et al., 2020; Xuereb et al., 2020).  

From Population Genetics to Seascape Genomics 

The integration of hydrographic data and dispersal modelling into genomic and 

environmental data sets has offered further insight into the drivers and processes 

determining population differentiation and adaptation in the marine environment 

(Liggins, Treml and Riginos, 2019). The expansion of seascape genomic approaches has 

been driven in part by the increasing availability and accessibility of genomic data, 

environmental databases, remote sensing data, and improved ocean physical models 

(Selkoe et al, 2016). By analysing genomic, oceanographic, and environmental datasets in 

combination, seascape genomic studies have been able to investigate a broad range of 

questions relating to how ocean processes and the environment influence dispersal, 

connectivity, population structure, and adaptation (Riginos et al., 2016; Selkoe et al., 2016; 

Liggins, Treml and Riginos, 2019). The insights gained have allowed the progression in 

marine population genetics from observing seemingly chaotic patterns of genetic 

patchiness, to an improved understanding of the physical and environmental factors 

determining genetic stochasticity and variability (Riginos et al., 2016; Selkoe et al., 2016; 

Xuereb et al., 2018). 

Oceanographic processes have significant influences on population connectivity, 

structuring, and stochastic effects in the marine environment (Siegel et al, 2008; Riginos et 

al, 2016, 2019; Crandall, Toonen and Selkoe, 2019). Understanding the influence of 

hydrographic and climatic effects on spatial patterns of population differentiation and 
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connectivity is a major goal in seascape genomic studies (Riginos et al., 2016; Liggins, 

Treml and Riginos, 2019). Biophysical modelling of dispersal offers one approach to help 

predict patterns of dispersal and connectivity in the ocean (Swearer, Treml and Shima, 

2019). Biophysical dispersal models have been used independently of genetic and genomic 

data in numerous applications, including in the monitoring of lice in the salmon industry, 

in the prediction of harmful algal blooms, and increasingly in the planning and 

management of connectivity networks amongst populations and marine conservation 

zones (Adams, Proud and Black, 2015; Aleynik et al., 2016; Fox et al., 2016; Jonsson et 

al., 2020). However, biological factors including selection, mortality, predation, and larval 

behaviour in the water column may not always be known and can be difficult to accurately 

represent in a model (Swearer, Treml and Shima, 2019). Models of larval dispersal are 

therefore not always representative of realised connectivity between populations (Riginos 

et al., 2016; Selkoe et al., 2016). 

Genetic and genomic data can be similarly limited in its representation of population 

connectivity and does not always reflect contemporary patterns of connectivity and 

dispersal (Gagnaire et al., 2015). Combining genetic data with biophysical modelling can 

offer a powerful approach to capturing both contemporary dispersal patterns, and realised 

patterns of connectivity and gene flow (Liggins, Treml and Riginos, 2019). Comparisons 

of patterns of genetic distance against models of IBD and isolation-by-oceanography for 

instance have found oceanographic drivers can be better predictors of neutral structure 

amongst populations than geographic distance in some cases, highlighting the relative 

influence of currents and hydrography on connectivity across the seascape (Benestan et 

al., 2016; Xuereb et al., 2018). Biophysical models have also offered valuable insights into 

the effects of current directionality on gene flow and connectivity which can otherwise 

confound genetic analysis (Crandall, Toonen and Selkoe, 2019; Riginos et al., 2019). 

Furthermore, biophysical models that incorporate temporal variability over seasons and 

years can help elucidate seemingly random, stochastic changes in connectivity and genetic 

composition over time (Waters et al., 2018; Xuereb et al., 2018).  

By integrating genomic data with environmental and hydrographic datasets, seascape 

genomic approaches have offered important insights in to the basis of adaptive variation 

in marine populations (Liggins, Treml and Riginos, 2019). The apparent ubiquity of local 

adaptation despite the high potential for mixing and dispersal in the marine environment 

has been a step-change in the way marine meta-populations are perceived (Sandoval-

Castillo et al., 2018). Local adaptation across steep environmental gradients has offered 
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insights in to how adaptation can be maintained despite ongoing gene-flow (Sandoval-

Castillo et al., 2018; Westram et al., 2018). Large effective population sizes and high levels 

of standing genetic variation have also been highlighted as key factors in supporting 

adaptation in marine populations (Gagnaire et al., 2015; Liggins, Treml and Riginos, 2019; 

Miller et al., 2020). The significance of environmental and oceanographic variables on 

connectivity and adaptation has also highlighted the wide spatial range over which 

differentiation and local adaptation can occur, and the often stochastic nature of those 

patterns over time (Siegel et al., 2008; Westram et al., 2018; Xuereb, 2018; Miller et al., 

2020).  

Seascape Genomics: Applications 

Adaptation in wild populations is of increasing importance in the face of intensifying  

climate change and anthropogenic impacts (Hoffmann and Sgrò, 2011). The evolutionary 

potential and resilience conferred by adaptation make it a key area of research in 

conservation and management (Hunter et al, 2018; Mable, 2019). Networks of adaptive 

variation are also thought to increase resilience and the option value of genetic diversity 

under environmental change, making connectivity amongst differentially adapted 

populations a key area of focus in the maintenance of functional genetic diversity (Jump, 

Marchant and Peñuelas, 2009; Nosil et al., 2019). Understanding how landscapes and 

environmental gradients drive adaptation over different scales, and how connectivity and 

gene flow influence the degree and distribution of adaptation, can then feed in to the 

more effective and dynamic management of ecosystems (Hunter et al., 2018; Xuereb et 

al., 2020).  

Seascape and landscape genomic approaches have greatly facilitated the study of 

adaptation across the environment, and have enabled researchers to study adaptation in 

situ in populations of both model and non-model organisms (Grummer et al., 2019; 

Liggins, Treml and Riginos, 2019). Insights gained from landscape and seascape genomic 

studies have subsequently informed a range of conservation and management efforts 

(Funk et al., 2019; Mable, 2019; Nielsen et al., 2020; Xuereb et al., 2020). Fine-scale 

population structuring observed across environmental gradients and in association with 

oceanographic boundaries have enabled improved management of fisheries stock 

assessments and a greater understanding of recruitment patterns in important fisheries 

species (Sandoval-Castillo et al., 2018; Clucas et al., 2019; Dorant et al., 2020). Insights 

into the spatial scales of adaptive diversity across landscapes have also improved our 
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understanding of how local adaptation varies spatially and how networks of locally 

adapted populations can offer resilience against environmental changes from climate or 

human impacts (Miller et al., 2020; Selmoni, Vajana, et al., 2020). Identifying patterns of 

connectivity and isolation in locally adapted populations may help mitigate the loss of 

adaptive variation across species distributions in the future by concentrating management 

and conservation efforts where they might be most effective (Selmoni, Rochat, et al., 

2020; Xuereb et al., 2020). Linking patterns of adaptive variation in wild populations to 

phenotypic differentiation in laboratory conditions has offered further insights into the 

scale and extent of local adaptation across species ranges (Mahony, Maclachlan and Lind, 

2019; Miller et al., 2020). Information on adaptive variation has and will continue to form 

the knowledge basis for more pro-active conservation efforts such as assisted evolution 

and migration programmes (Coleman and Goold, 2019; Filbee-Dexter and Smajdor, 2019; 

Borrell et al., 2020). 

As with other major marine foundation species (corals (Pandolfi et al, 2003)), seagrasses 

(de los Santos et al., 2019)), environmental changes and increasing anthropogenic 

pressures have seen regional declines in kelp abundance in many areas around the world 

(Araújo et al., 2016; Krumhansl et al., 2016; Assis et al., 2017; Wernberg et al., 2019; 

Filbee-Dexter et al., 2020).  Increasing water temperatures, water turbidity, and 

anthropogenic impacts, such as pollution, poor fishing practices, and harvesting, have all 

put pressure on kelp populations worldwide  (Assis et al., 2017; Filbee-Dexter and 

Wernberg, 2018; Smale et al., 2019; Straub et al., 2019; Filbee-Dexter et al., 2020). Whilst 

the adaptive plasticity of kelp might suggest some resilience to environmental pressures 

and changes, the low dispersal and gene flow between, and low diversity observed within 

populations, mean that individual populations are likely to be vulnerable to shifting 

climate ranges and environmental disturbance (Gunderson, Stillman and Gunderson, 

2015; Liesner et al., 2020). Acclimation through trans-generational and evolutionary 

mechanisms are therefore expected to play key roles in the resilience and adaptation of 

macroalgal ecosystems (Hoffmann and Sgrò, 2011; Veilleux et al., 2015; Duarte et al., 

2018).  

Seascape genomic approaches, and the insights gained into adaptation and patterns of 

connectivity, are likely to play an important role in the conservation and management of 

macroalgal ecosystems in years to come (Liggins, Treml and Riginos, 2019; Miller et al., 

2020; Wood et al., 2020). Increased anthropogenic impacts, as well as the growing threat 

of climate change to the world’s kelp forests, have made adaptation and ecosystem 
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resilience key areas of focus for macroalgal conservation (Assis, Serrao and Araujo, 2018; 

Duarte et al., 2018; Wernberg et al., 2018). Understanding the spatial scale of adaptive 

variation in macroalgae, and how that influences meta-population resilience, will be key 

questions for seascape genomic research studies. Population genetic and common garden 

approaches have already been implemented to investigate range shifts and shifting 

tolerance limits in macroalgal species (King et al., 2019; Liesner et al., 2020). Seascape 

genomic approaches in wild populations are likely to complement and enhance that 

understanding, in particular with regards to the spatial scale of adaptive variation (Miller 

et al., 2020). Identifying adaptive patterns in the resilience and recovery of macroalgae 

following ocean heatwave events will similarly improve the understanding of genetic 

changes following disturbances (Coleman et al., 2020; Filbee-Dexter et al., 2020; Gurgel 

et al., 2020). In the future, information on adaptive differentiation across populations is 

also likely to play an important role in informing and guiding assisted evolution and 

reforestation efforts in kelp (Breed et al., 2019; Coleman and Goold, 2019; Filbee-Dexter 

and Smajdor, 2019; Fredriksen et al., 2020) 

Information on adaptation and selection in macroalgal populations is also expected to 

play a significant role in breeding and cultivation (Goecke, Klemetsdal and Ergon, 2020). 

Adaptive diversity amongst wild populations will offer the basis for initial cultivar 

breeding programmes (Goecke, Klemetsdal and Ergon, 2020). Diversity in wild 

populations will also provide longer term genetic resources for future breeding and 

selection programmes as demands and environmental growing conditions change (Jump, 

Marchant and Peñuelas, 2009; Barrento et al, 2016). The use of wild-relatives for genetic 

improvement in agriculture is increasing and with it a push to preserve genetic diversity 

in wild populations through in-situ conservation and ex-situ approaches such as 

seedbanks and cryopreservation (Brozynska, Furtado and Henry, 2016). Similar 

approaches, including bio-banking and cryo-preservation, have been suggested for the 

preservation and maintenance of genetic diversity in macroalgae (Barrento et al., 2016; 

Visch et al., 2019). These, along with genetic conservation efforts in wild populations, will 

ensure the long-term availability of genetic resources and adaptive diversity for sustainable 

macroalgal cultivation in the future. 

Spatial scales of local adaptation and differentiation will also inform the sourcing of initial 

parent material from wild populations, and the location and environment of the respective 

farm sites (Goecke, Klemetsdal and Ergon, 2020). The recommended use of local seed-

sources in many cultivation areas means growers can be limited in the initial variety of 
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genetic diversity to breed from. However, local adaptation to strong and localised 

environmental gradients in the marine environment is likely to provide a wealth of 

functional and adaptive genetic diversity, even within local areas, from which to develop 

breeding and genetic improvement programmes (Goecke, Klemetsdal and Ergon, 2020; 

Miller et al., 2020). Seascape genomic approaches investigating the spatial scales of 

adaptation, and the relative strengths of different environmental gradients within local 

areas, will play a vital role in understanding these patterns and informing the choice of 

initial seed-source for cultivation. Genomic characterisation of parent populations, in 

combination with phenotypic characterisation, might then be used to develop functional 

breeding markers in association with certain environments or traits (Goecke, Klemetsdal 

and Ergon, 2020; Wang et al., 2020). Beyond this, GEA approaches and biophysical 

modelling might also guide the more informed management of macroalgal cultivation, for 

instance through the identification of cryptic adaptive boundaries and thresholds when 

determining management zones, or through the monitoring and prediction of farm-to-

wild interactions and the effects of mal-adapted introgression (Sandoval-Castillo et al., 

2018; Brady et al., 2019; Miller et al., 2020).  

 

Conclusions 

The development of genomic tools and seascape genomic approaches represents an 

important advance for macroalgal research, both in terms of conservation and ecosystem 

management, but also in terms of the development of the macroalgal cultivation industry 

in Western countries. The large brown macroalgae represent some of the most productive 

and valuable ecosystems in coastal waters, and yet are increasingly under threat from 

climate change effects and direct human impacts. A greater understanding of genetic 

diversity, connectivity, and the spatial scale of adaptive diversity amongst populations will 

contribute significantly to the improved conservation and management of macroalgal 

ecosystems. In addition, the large brown algae are also of increasing value and interest as 

major aquaculture species. The seaweed cultivation industry in Europe and America is 

expected to grow rapidly in the next ten years. An understanding of the underlying 

population structure in species of interest will be key to developing sustainable breeding 

programmes as well as informing site selection and the movement of individuals between 

regions. Insights into local adaptation and adaptive diversity within local areas will further 

improve the initial selection of seed material for selection and breeding programmes. 
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Finally developing a baseline of diversity and connectivity in macroalgae will allow closer 

monitoring of changes in wild population genetic diversity under climate change, as well 

as allowing more effective impact assessments of genetic changes from cultivation, and 

supporting the sustainable development of the seaweed industry. 

 

Study Species 

The sugar kelp Saccharina latissima (L.) (C. E. Lane, C. Mayes, L. Druehl & G. W. Saunders, 

2006) is large circum polar brown-algal species in the order Laminariales. In Europe, its 

southern range extends as far as Portugal, and its northern range includes Iceland and 

southern Svalbard (Luttikhuizen et al, 2018). It typically inhabits rocky shorelines in areas 

of low to mid exposure and can be seen from mid-tide to depths of around 30m (Fig. 

1.2a). S. latissima represents an important habitat provider in coastal areas, offering 

substrate and shelter to a wide variety of other marine species (Christie, Norderhaug and 

Fredriksen, 2009). It is estimated to be the second highest biomass producer amongst 

macroalgae in Scottish waters with high turnover and fast growth compared to other 

Laminaria spp. (Burrows et al., 2018). S. latissima has a heteromorphic life-cycle, releasing 

haploid zoospores into the water column that develop into microscopic benthic 

gametophytes which produce the sperm and egg for the next generation of large, diploid 

sporophytes. Adult sporophytes can grow up to 1.6m in 4 months, typically reaching 

maturity within 15 to 20 months, and can live for up to 5 years in the wild (Peteiro and 

Freire, 2013). The cosmopolitan and opportunist nature of S. latissima means it is often 

found in a wide range of marine environments within its distribution. The wide range of 

environmental and physical conditions is thought to account for the large variability seen 

in its morphology (Bartsch et al., 2008; Balakirev, Krupnova and Ayala, 2012; Augyte, 

Yarish, et al., 2017). 
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Figure 1.2. Saccharina latissima A) in the wild and B) in cultivation 

As well as being an important ecological foundation species, S. latissima is also one of the 

principal species of interest for large scale aquaculture in Europe (Marinho et al, 2015; 

Førde et al, 2016) (Fig. 1.2b). It’s fast growth, high polysaccharide content, and 

cosmopolitan distribution has made it an attractive candidate for industrial cultivation 

(Marinho et al., 2015; Stanley et al., 2019). The culture of S. latissima has already been 

established on a small scale at sites in Scotland (Sanderson et al., 2012; Kerrison et al., 

2016), Norway (Skjermo et al., 2014), Denmark and the Faroes (Marinho et al., 2015), 

Portugal and Spain (Peteiro and Freire, 2013), and Ireland and France (Taelman et al., 

2015). This is expected to expand rapidly in the near future (Broch et al., 2019; 

Emblemsvåg et al., 2020). A greater understanding of population genetics in the species 

has therefore been highlighted as an important research goal for breeding, cultivation, and 

management (MACROSEA and RCN, 2016; Barbier et al., 2019; Goecke, Klemetsdal and 

Ergon, 2020). 
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Thesis Objectives 

This thesis seeks to establish a knowledge platform for the development of the growing 

macroalgal cultivation industry in Norway and Europe (MACROSEA and RCN, 2016). 

This project aimed to characterise the genetic diversity, connectivity, and adaptation in 

the sugar kelp Saccharina latissima, and investigate how environmental drivers, 

oceanographic processes, and population history influence genetic differentiation over 

varied scales. In order to achieve this, the following key objectives were outlined for the 

thesis: 

- To develop an effective NGS-ready gDNA extraction method and ddRAD-seq 

library preparation protocol for S. latissima  

- To assemble a genome-wide marker set of SNPs for high resolution genotyping 

and the investigation of non-neutral candidate loci 

- To assess neutral and non-neutral genetic diversity across a range of spatial scales 

in order to inform the development of macroalgal cultivation and preliminary 

breeding programmes in S. latissima  

- To investigate the influences of oceanographic processes and environmental 

variation on connectivity and adaptation across a range of spatial scales in order 

to better inform the management and conservation of S. latissima. 

 

Thesis Structure 

In order to achieve these objectives, this thesis was divided in to the following chapters: 

- Chapter I - Introduction: Population Genomics in the Management, 

Conservation, and Cultivation of Kelp 

A literature review focussing on the principal themes and topic areas of the thesis. 

The review firstly establishes the global significance of kelp ecosystems in the 

marine environment, as well as introducing the growing significance of macroalgal 

cultivation to sustainable aquaculture and the blue economy. The chapter then 

gives a detailed overview of the significance of genetic diversity in the marine 

environment including mechanisms and processes of genetic diversity on wider 

ecological function. Anthropogenic threats and impacts on genetic diversity are 

discussed, followed by a detailed look at the potential impacts of hatchery effects 

on population genetic diversity, and the risks posed to wild populations through 
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farm-to-wild interactions. This leads in to a discussion on the application of 

genetic baselines for genetic monitoring and impact assessments. The next section 

gives an introduction to population genetic concepts in the marine environment, 

and how population genetic data can inform our understanding of genetic 

differentiation and connectivity in marine populations. These are then explored 

in greater detail in macroalgal communities and species. The final section of the 

chapter explores processes of selection and evidence for local adaptation in the 

marine environment and in macroalgae, and discusses various genomic 

mechanisms which maintain local adaptation between populations. This leads on 

to an overview of population genomic approaches in the study of adaptation, 

including an introduction and overview of outlier and genotype-environmental 

association (GEA) techniques for the detection of putative signals of adaptation. 

Finally, the chapter explores the use of integrated seascape genomic approaches 

to investigate spatial, environmental, and hydrographic influences on genetic 

differentiation across population distributions. The chapter concludes by 

discussing some of the applications for genomic data and seascape genomic 

approaches in the management, conservation, and cultivation of macroalgae.  

  

- Chapter II - Development of a Genome-Wide Genotyping Marker Set for 

Saccharina latissima 

A detailed account of the methodological development of a genome-wide 

genotyping marker set for S. latissima. The chapter includes backgrounds on the 

design and development of the protocol, as well discussing various considerations 

to be made at each stage of the development of a population library. In particular, 

the chapter focuses on the extraction of high quality gDNA from macroalgae for 

NGS applications, the preparation and construction of a double-digest RADseq 

library, sequencing considerations, and genotype assembly and marker filtering. 

Results are presented for each stage of the process, and are discussed in terms of 

their effects on downstream population analyses. Assembly optimisation and 

genotyping error rate calculations are also presented and discussed.  

 

- Chapter III - Population Genomics Inform the Development of Kelp 

Cultivation on the West Coast of Scotland 
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An in-depth analysis of spatial patterns of genetic differentiation in S. latissima 

along the north and west coast of Scotland. The marker panel developed in the 

previous chapter was applied to a population survey of S. latissima across the north 

and west coasts of Scotland. The results showed a high level of diversity and 

differentiation between stations driven by a strong pattern of isolation by distance 

across the region. Spatial analysis identified hierarchical population structuring 

between northern and southern populations along the west coast, as well as 

between the Inner Hebrides and Outer Hebrides. Population structure between 

the south west coast and the Clyde Sea indicated reduced connectivity between 

west coast and Clyde Sea populations, likely as a result of current patterns in the 

region, as well as possible non-neutral adaptations to the Clyde Sea environment. 

Differentiation was also observed along the local scale environmental gradient of 

an enclosed sea loch highlighting the influence of isolation and local adaptation 

on genetic differentiation in fjord-like sea-loch systems. The study also attempted 

to integrate a hydrographic dispersal model for the region to investigate 

oceanographic processes on population connectivity. However, time constraints 

limited its developments and only the preliminary results are presented. The 

results of the population study are discussed in relation to the emerging 

macroalgal cultivation industry in Scotland and Europe, and in particular the 

relevance for preliminary breeding efforts in S. latissima. The results from this 

chapter highlighted the rich diversity available for future breeding efforts from 

within locally sourced seed-stocks. The findings also fed into the development of 

recommended guidelines for genetic management in macroalgal cultivation in 

Scotland. The chapter is based on a manuscript version of the study which is in 

preparation for submission. 

 

- Chapter IV - Drivers and Spatial Scales of Local Adaptation and 

Connectivity in the Sugar Kelp Saccharina latissima 

A detailed investigation into spatial, environmental, and oceanographic influences 

on neutral and non-neutral genetic differentiation in S. latissima. This chapter 

investigated how genetic diversity, connectivity and local adaptation vary along 

the steep environmental transition zone of the Skagerrak-Kattegat. The 

investigation applied a seascape genomic approach combining the genomic 

marker set with detailed environmental data and a high resolution hydrographic 
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model of dispersal in the region. The results indicated clear hierarchical 

structuring across the region and highlighted the significant influence of 

oceanographic processes on genetic differentiation and isolation in the southern 

Kattegat. Analysis of candidate GEA loci indicated strong gradients of selection 

along the transition region but also highlighted more localised patterns of adaptive 

differentiation driven by environmental heterogeneity along the coastline. The 

findings are discussed in relation to the management and conservation of 

adaptation and functional genetic diversity across meta-populations. The 

conclusions feed into wider discussions on the management and conservation of 

macroalgal ecosystems in the face of increasing anthropogenic pressures and 

climate change. 

 

- Chapter V – History matters: Influence and Ascertainment Bias from 

Divergent Histories in a Population Genomic Comparison of Kelp 

The final chapter represented a comparative analysis of the two population 

libraries. The study aimed to investigate how differences in spatial and 

environmental factors determined relative aspects of diversity, connectivity and 

adaptation. However, preliminary results suggested differences in population 

demographic history presented significant challenges in assembling combined 

marker panels for direct comparison. The study therefore turned to investigating 

the effects of divergent demographic histories on genotyping and marker filtering 

outcomes when comparing populations at different stages of expansion and 

equilibrium. Comparisons of the two population datasets showed contrasting 

patterns of frequency distribution and polymorphism reflecting the contrasting 

expansion histories of the two populations. Comparisons of marker behaviour 

from each population under varying thresholds of minor allele frequency also 

offered insights into wider effects of population demographic history on genetic 

diversity, differentiation, and effective population size. The chapter concludes by 

offering recommendations on the use of comparative approaches in genomic 

datasets, and discusses the importance of exploring different aspects of genetic 

diversity for management and conservation  

 

- Chapter VI – Conclusions: Current and Future Perspectives on Population 

Genomics in Macroalgal Research 
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The conclusions chapter summarises the main findings and developments from 

each chapter and their significance to wider macroalgal research. Applications of 

the research to macroalgal cultivation, and to conservation and management 

efforts, are discussed based on the findings from each chapter. An example of 

how the genomic data was applied for conservation purposes is also included in 

the form of a genetic scorecard assessing the risks and status of genetic diversity 

in Scottish populations of S. latissima. The chapter concludes with a wider 

discussion on future research perspectives on the application of genomic tools 

and approaches in macroalgal cultivation and ecosystem management and 

conservation.  

 

Novelties of the Research 

The results from this thesis contribute to a number of novel research outcomes to the 

fields of macroalgal population genomics and cultivation. These include: 

- A novel method for the efficient extraction of NGS-ready gDNA from 

macroalgae. This has been a consistent hurdle in the use of genomic sequencing 

approaches in macroalgal species (Wilson et al, 2016). The technique developed 

here provides an easy and widely applicable method for purifying extracted gDNA 

from macroalgae that will facilitate the application of genomic sequencing 

approaches in macroalgal research. 

- The development of a genome-wide marker set of SNPs for the high 

resolution genotyping and investigation of non-neutral processes in S. 

latissima. To the author’s knowledge this represents one of the first successful 

developments of a genome-wide marker panel in a Laminaria spp. (though see Mao, 

Augyte, Huang, Hare, et al., (2020)). The marker set will provide a baseline of 

genomic diversity in a key marine foundation species in Scotland and Sweden, and 

will offer an important resource for future genomic and population investigations 

in S. latissima. 

- The characterisation of regional scale genetic differentiation in an 

important foundation kelp species along the west coasts of Scotland and 

Sweden. To date, very few regional scale population genetic surveys have been 

undertaken in marine species in Scotland. Genetic surveys have been undertaken 

in S. latissima in the Danish Kattegat (Mette Moller Nielsen et al, 2016), however 
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this work represents the first detailed survey of population genetic differentiation 

along the length of the Swedish Skagerrak-Kattegat. 

- The identification of putative biogeographic population boundaries 

between the Clyde Sea and west coast of Scotland, and between the 

northern and southern west coast of Scotland. Though patterns of hierarchical 

structuring have been observed between geographically distant marine 

populations, for instance Argyll and Orkney (Mackenzie et al, 2018; King, 

Mckeown, et al, 2020), the results presented in Chapter III represent the first 

detailed investigation of spatial genetic boundaries along the west coast of 

Scotland, and suggest the presence of distinct biogeographic regions in S. latissima 

which may extend to other macroalgal and marine species.  

- Insights into the heterogeneous nature of putative salinity adaptation along 

the Skagerrak-Kattegat transition zone. The results contradicted the expected 

regional pattern of salinity tolerance and adaptation along the length of the 

transition region. The findings highlight the importance of multi-scale 

heterogeneous environmental variation on patterns of adaptation and genetic 

differentiation in marine species 

- The novel application of the programme DivMigrate on non-neutral 

candidate loci. Chapter IV represents the first known application of the 

programme DivMigrate on non-neutral, putatively adaptive SNP markers. This 

represents a very different application and interpretation of the outputs from the 

programme and offers a potentially insightful approach for assessing the strength 

of selection in putative candidate loci 

- The importance of considering differences in demographic history during 

genotype assembly and marker filtering. Chapter V represents one of the first 

detailed explorations of demographic history effects on genomic marker assembly 

and filtering, and highlights the risks and potential biases in combined population 

genomic analysis across varied population histories 

- The implementation of a genetic scorecard for Scottish S. latissima. The 

scorecard presented in Chapter VI represents the first such assessment of genetic 

risks and status in a marine macrophyte species in Scotland. The scorecard will 

open the way for the wider application of this approach to other key marine 

species in Scotland, and aid in the communication and monitoring of genetic 

diversity in Scottish waters. 
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Manuscripts in Production from the Work 

The following manuscripts are in preparation based on the research undertaken during 

the thesis: 

- Thomson A. I., Visch W., Jonsson P. R., Nylund G. M., Hargrave M. S., Pavia 

H., Stanley M. S. (In Prep.). Drivers and Spatial Scales of Local Adaptation and 

Connectivity in the Sugar Kelp Saccharina latissima along the Baltic Sea-North Sea 

transition zone. 

- Thomson A. I., Adams T, Brunner L., Stanley M. S. (In Prep.). Population 

Genomics Inform the Development of Kelp Cultivation on the West Coast of 

Scotland. 

The wider research additionally contributed to the following reports and publications: 

- Stanley, M. S., Kerrison, P. K., Macleod, A. M., Rolin, C., Farley, I., Parker, A., 

Billing, S.-L., Burrows, M., Thomson, A. I., and Allen, C. (2019) ‘Seaweed 

farming feasibility study for Argyll & Bute’, A report by SRSL for Argyll & Bute 

council, (November). 

- Thomson, A. I., Archer, F. I., Coleman, M. A., Gajardo, G., Goodall-

Copestake, W. P., Hoban, S., Laikre, L., Miller, A. D., O’Brien, D., Perez-

Espona, S., Segelbacher, G., Serrao, E. A., Sjotun, K., Stanley, M. S. (2021). 

‘Charting a course for genetic diversity in the UN Decade of Ocean Science’. 

Evolutionary Applications. doi/abs/10.1111/eva.13224  
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Abstract 

Advances in the costs and accessibility of genomic approaches have led to the increased 

uptake of genome-wide sequencing in non-model organisms. Such approaches have 

revolutionised the study of adaptation and functional regions of the genome in non-model 

organisms, as well as vastly improving the resolution of genetic markers across individual 

genomes and populations. Despite this, the uptake of genome-wide sequencing 

approaches in macroalgae to date has been slow, in part, due to difficulties in obtaining 

high-quality genomic DNA from many macroalgal species. This chapter describes the 

successful development of a genome-wide population sequencing approach in the sugar 

kelp Saccharina latissima, based on two population surveys undertaken across Scotland 

and Sweden. The chapter first reviews the available techniques for population sequencing, 

and lays out the justification for, as well the hurdles present in the development of a 

genome-wide sequencing approach in S. latissima. The chapter then gives an overview of 

the key steps involved in building a restriction enzyme based double-digest RADSeq 

library in S. latissima, including the optimisation of gDNA extraction methods in S. 

latissima, the selection of restriction enzymes, and the steps involved in library fragment 

size selection. Following the preparation of the library, the chapter gives an overview of 

the Illumina sequencing process and the initial data quality checks undertaken once the 

data is returned. Finally, the chapter describes the decisions and steps required to turn the 

sequencing data into reliable and representative marker sets for population analysis, 

including the optimisation of assembly parameters, the calculation of allele calling error 

rates, and the filtering of SNPs for the final marker set. 9,222 SNPs were assembled for 

the final Swedish population marker set, whilst 12,144 SNPs were assembled for the 

Scottish population marker set. The chapter concludes with a discussion of some of the 

limitations affecting the methods chosen, suggestions for how each step might be 

improved in future, and a final appraisal of the two assembled marker sets. 

Introduction 

Molecular approaches in biology and population studies have expanded rapidly since the 

inception of PCR and sequencing (Allendorf, 2017; Hunter et al., 2018). Molecular 

techniques have offered insights into wide ranging aspects of organism and population 

biology and have driven discoveries in wider physiological, ecological and evolutionary 

fields of research. In macroalgae, findings from genetic, transcriptomic, and genomic 

studies have improved our understanding of a diverse range of subjects, from 
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physiological and adaptive responses to the environment, through to evolutionary and 

phylogeographic histories of species and groups (Avia et al., 2017; Liu et al., 2019; 

Monteiro et al., 2019; Starko et al., 2019). The expansion of seaweed cultivation has further 

driven the development of molecular techniques in macroalgae for application in 

management, monitoring, and domestication efforts (Zhang et al., 2015; Avia et al., 2017). 

The application of molecular and genomic techniques will continue to expand as the 

industry grows (Valero et al., 2017; Goecke, Klemetsdal and Ergon, 2020). The 

development of molecular tools, and best practice guidance on applying them in 

macroalgal research, will play a fundamental role in the sustainable development of the 

industry as it moves forwards.  

Population studies investigating intraspecific genetic diversity and spatial differentiation 

have offered particular insights in to population structure, connectivity, and adaptation in 

macroalgal species (Durrant et al., 2018; Wernberg et al., 2018). Population studies have 

also played a significant applied role in the management and conservation of macroalgal 

ecosystems, as well as in the development of cultivation (Voisin, Engel and Viard, 2005; 

Guzinski et al., 2018). Studies have previously employed a range of molecular markers. At 

the broadest level, DNA sequencing of the mitochondrial COI gene marker in red and 

brown macroalgae has offered important insights into the evolution, speciation and 

phylogeographic history of various groups and species of algae, as well as population 

differentiation and speciation in morphologically similar seaweeds (McDevit and 

Saunders, 2009; Macaya and Zuccarello, 2010; Luttikhuizen et al., 2018). The development 

of microsatellite markers, based on repetitive DNA elements termed short tandem repeats 

(STRs), opened up a much wider field of research on population genetics in macroalgae 

and the marine environment (Selkoe and Toonen, 2006). Microsatellite markers 

developed for Saccharina latissima for instance have since been applied to populations in 

Denmark, Norway, and Maine (Nielsen et al., 2016; Paulino et al., 2016; Breton et al., 2018). 

The effectiveness of microsatellites however can be limited by issues of consistency and 

replicability of sizing between labs, differences in mutation rates, and issues of homoplasy 

in non-related groups (Jones et al., 1997; Putman and Carbone, 2014). Notably, 

microsatellite markers represent neutral, non-coding regions of the genome, limiting their 

use in studies of non-neutral adaptation and functional genetic variation (Fischer et al., 

2017). Studies looking to investigate non-neutral processes on ecological and evolutionary 

aspects of population genetics therefore require the application of more widespread 
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genome-wide markers, most often in the form of single nucleotide polymorphisms 

(SNPs) (Fischer et al., 2017).  

Next generation sequencing approaches have revolutionised the field of population 

genetics. High resolution, genome-wide markers sets of SNPs have not only allowed for 

much greater resolution of genotyping, but have also offered insights in to non-neutral, 

functional processes on the genome (Luikart et al, 2003). The genomic age has led to rapid 

advances in sequencing, computational, and analytical techniques. Kit based gDNA 

extractions, outsourced library preparation, and the falling cost of sequencing have made 

population genomic research more accessible than ever (Davey et al., 2011).  The 

exponential increase in computational power and resources has also accelerated the rise 

of large scale genomic studies, offering greater storage and analytical capacity as well as 

advanced modelling and simulation capabilities for population research.  

Despite the potential benefits of genomics approaches in macroalgal ecology and seaweed 

cultivation, the uptake of NGS approaches in macroalgal research has so far been slow 

(Goecke, Klemetsdal and Ergon, 2020). In comparison, the use of genomic techniques in 

population and domestication is well established in other marine species groups 

(Bernatchez et al, 2017; Hollenbeck and Johnston, 2018; Houston et al, 2020). One 

frequently cited reason for this is the difficulty in extracting high quality and high yield 

genomic DNA from macroalgae for sequencing (Fort, Guiry and Sulpice, 2018). The 

increased yield and purity requirements of NGS protocols have so far made the jump 

from PCR and Sanger sequencing approaches to genome-wide NGS approaches difficult 

in many species of macroalgae (Peterson et al., 2012; Wilson et al., 2016; Coleman, Weigner 

and Kelaher, 2018). However, efforts are being made to develop effective high 

throughput approaches for NGS-ready DNA extraction in macroalgae (Wilson et al., 

2016; Fort, Guiry and Sulpice, 2018), and more studies are subsequently starting to analyse 

genomic datasets for ecological and cultivation purposes (Guzinski et al., 2016; Le Cam et 

al., 2020; Mao et al., 2020; Peters et al., 2020).  

 dd-RADseq and Reduced Representation Sequencing  

One of the most widely employed genomic approaches in contemporary population 

genetics has been reduced representation sequencing, typified by RADseq and its variant 

methods (dd-RAD, 2b-RAD, ez-RAD) (Baird et al., 2008; reviewed in Andrews et al., 

2016). Reduced representation approaches offer more affordable, less bio-informatics 

heavy sequencing, allowing greater numbers of samples to be sequenced and at greater 
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depth or marker coverage than would otherwise be achievable (Davey and Blaxter, 2010). 

Double-digest RAD-sequencing (dd-RAD) represents one of the most popular variant 

RADseq protocols (Peterson et al, 2012). The approach is based on the application of dual 

restriction enzymes rather than the single restriction digest typified by the standard 

RADseq protocol (Davey and Blaxter, 2010). A dual restriction digest, along with a DNA 

fragment size selection step, allows the precise selection of RAD markers for sequencing 

(Fig. 2.1). The combination of restriction enzyme choice, and fragment size range 

selected, allow a high degree of specificity in terms of numbers of fragments to be 

sequenced, and therefore numbers of variant loci and coverage achieved (Peterson et al., 

2012). The precise selection of fragments also increases region alignment across 

individuals and populations allowing more direct comparison of variant sites and offering 

cross-sample support for rare alleles or lower coverage reads (Peterson et al., 2012).  

The flexibility, specificity, and cross-sample comparability of the dd-RAD method have 

made it a popular approach for population studies of non-model organisms. As a result 

dd-RAD has been applied in a wide range of molecular and genetic studies including 

linkage map constructions, population inference and genome wide selection scans in the 

invasive macroalgal species, and quantitative trait locus (QTL) and genome-wide 

associations studies (GWAS) in the model brown algae Ectocarpus siliculosis (Avia et al, 2017; 

Leitwein et al, 2017; Guzinski et al, 2018; Le Camet al, 2020). 

Key areas of the library development process are described in the following sections: 

DNA Requirements for Next Generation Sequencing 

DNA requirements for NGS and reduced-representation sequencing have been one of 

the principle limiting factors in the application of genomic approaches in macroalgae 

(Wilson et al, 2016; Fort, Guiry and Sulpice, 2018). Library preparation protocols for 

RAD-seq population libraries typically ask for between 50-500ng of high quality gDNA 

per sample (Peterson et al., 2012; Wilson et al., 2016). In addition, RADseq based 

approaches necessitate high quality, contaminant free DNA to avoid inhibition during the 

restriction digest or ligation steps (Peterson et al., 2012; Toonen et al., 2013; Graham et al., 

2015). The presence of contaminants can partially or wholly inhibit the successful ligation 

of adapters to target gDNA, significantly undermining the coverage and consistency of 

the final sequencing library, and ultimately impacting the quality and confidence of 

downstream analysis (Graham et al., 2015). 
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Plants and brown algae present additional complications to DNA isolation through the 

presence of secondary compounds that co-extract with the DNA during standard 

methods of DNA extraction (Snirc et al, 2010; Healeyet al, 2014; Coleman, Weigner and 

Kelaher, 2018). Polysaccharides and phenolic compounds are the most common subjects 

of co-isolation during algal DNA extraction (Snirc et al., 2010; Greco et al., 2014; Coleman, 

Weigner and Kelaher, 2018). These compounds, originating mostly from the cell walls, 

often have a very similar ionic make-up to DNA (Snirc et al., 2010; Wilson et al., 2016; 

Coleman, Weigner and Kelaher, 2018). Cell wall polysaccharides are negatively charged 

acidic compounds and as such can precipitate out of solution along with DNA in standard 

wash procedures (Snirc et al., 2010). The contaminants can then pose difficulties in 

downstream processes such as PCR amplification, restriction digestion, adapter ligation, 

and sequencing, as well as reducing the long-term stability of the samples under storage 

(Saunders, 1993; Wilson et al., 2016; Fort, Guiry and Sulpice, 2018). The tough cellular 

composition of the larger brown algae can also create difficulties during cell lysis, and 

additional physical or physico-chemical steps are often required to help break open the 

cell material. 

Although numerous published methodologies exist for the extraction of gDNA from 

macroalgae, many are only tested on one species, or in one downstream application 

(Coleman, 2013; Greco et al, 2014; Fort, Guiry and Sulpice, 2018). Levels of contaminants, 

as well the physical characteristics of the cell, can vary between even closely related species 

making optimisation to the species of study crucial (Snirc et al., 2010). Variations in 

environment, phenotype, and time of year, may also lead to variations in contamination 

level between populations and individuals at an intraspecific level (Schiener et al., 2015; 

Mette Molle Nielsen et al., 2016). These can lead to inconsistencies in ligation between 

individuals and populations, and ultimately, unrepresentative population libraries and 

marker sets for later analysis (Graham et al., 2015). The effective removal of varying levels 

of contaminants during the gDNA extraction process is therefore a vital step in ensuring 

consistent representation during library construction.  

Restriction Enzyme Choice 

The choice of restriction enzymes used in dd-RAD strongly influences the characteristic 

of the library, as well as the final representative markers sequenced (Peterson et al, 2012). 

The length and complexity of restriction enzyme recognition sites make a significant 

difference to the number of RAD-loci obtained, as well as the average distance between 
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loci (Peterson et al., 2012; Herrera, Reyes-Herrera and Shank, 2015). The size of the target 

recognition site can additionally influence the likelihood of cutting at false positive 

restriction sites, or encountering single base mutations in restriction sites which can result 

in allele drop-out (ADO) (Dacosta and Sorenson, 2014). The choice of restriction enzyme 

also depends on the organism of interest. The size of the genome determines the 

necessary cutting frequency to obtain the target range of markers (Peterson et al., 2012; 

Herrera, Reyes-Herrera and Shank, 2015). GC content and levels of DNA methylation 

can also influence the effectiveness and choice of restriction enzyme (Herrera, Reyes-

Herrera and Shank, 2015).  

 

Figure 2.1. Simplified library construction and workflow for double-digest RAD-Seq.  

Size-Selection 

The selection of the size fragment range allows the precise tailoring of fragment numbers, 

and thereby marker coverage, in the dd-RAD approach (Peterson et al, 2012). A broad 

fragment size distribution can result in a dilute distribution of sequence reads across the 

fragment range, reducing the depth of read coverage, and therefore the reliability of 

variant calls downstream. Conversely, a narrower size range can reduce the number of 

fragments sequenced, and in turn increase the depth of sequencing and the number of 

samples possible. By selecting a tighter fragment range the sequencing effort can also be 

concentrated on smaller range of RAD loci thus increasing read depth and comparability 

between samples (Peterson et al., 2012).  

Fragment size selection is commonly achieved by gel extraction, SPRI bead isolation or 

an automated cassette based system such as the Pippin Prep and Pippin Blue (Sage 

Science, Beverly, MA, USA). The Pippin Prep and Pippin Blue offer the highest precision 

in fragment size isolation as well as recovering the largest amounts of material (Peterson 

et al, 2012). As such automated fragment size selection has been the technique of choice 
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for numerous dd-RAD based studies (Peterson et al., 2012; Lal et al., 2015; Avia et al., 

2017). However the initial cost of the Pippin Prep means that access to the system is not 

always possible and researchers must consider other options for size fragment isolation.  

SPRI bead protocols offer an alternative approach, either on their own, or in combination 

with gel excision to increase the precision of size selection (Clarke et al, 2014). The 

standard purification protocol can be adapted by modifying the ratio of PEG-to-sample 

to purify larger fragment sizes, or by including a two-step purification to isolate fragments 

within a more defined size range (Clarke et al., 2014). Isolation by beads offers a faster 

and more precise isolation than gel excision and has been successfully applied to dd-RAD 

(Leitwein et al., 2017). However there are reports of optimization difficulties, low retrieval 

rates and loss of DNA, and the costs of the kits can be prohibitive. 

Gel extraction has been a commonly used technique for the isolation of DNA for multiple 

molecular purposes, including library preparation, and cloning (Saunders, 1993). 

However, fragment size selection by gel excision is generally much coarser than 

automated systems due to difficulties in band clarity and identification, cutting and 

excision, and in dissolving and eluting the desired product (Peterson et al, 2012). 

Comparisons with automated size selection systems found reduced saturation of read 

coverage in the final libraries using gel excision, suggesting that the imprecise selection of 

fragments from gel extraction led to a much broader range of fragment sizes and less 

shared coverage of regions between samples (Peterson et al., 2012). Reduced quantities of 

DNA recovered from gel excision in comparison to automated systems can also be 

problematic (Peterson et al., 2012). Despite these issues, a number of successful studies 

have applied gel-based DNA isolation for size selection during library preparation 

(Dacosta and Sorenson, 2014; Schweyen, Rozenberg and Leese, 2014).  

Library Enrichment and ADO 

One of the principal concerns during library enrichment of RAD based libraries is in 

mitigating the effects of PCR bias and ADO on read representation and downstream 

genotyping (Dacosta and Sorenson, 2014). The main causes of ADO in dd-RAD are from 

mutations present in the cut site of one of the alleles (Arnold et al, 2013), and from uneven 

amplification of alleles during PCR due to GC bias (Davey et al., 2013). ADO will often 

leave a signal in the dataset however, as read depth at that loci will be lower than the 

average due to the absence of the mutated “drop-out” allele. The omission of low 

coverage loci can therefore reduce the probability of including this form of ADO in later 
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analysis (Gautier et al., 2013; Schweyen, Rozenberg and Leese, 2014). However, 

distinguishing PCR copies of one allele from genuine read copies of two homozygous 

alleles can be difficult in dd-RAD (Gautier et al., 2013). GC content and the number of 

PCR runs have also been shown to influence the depth of coverage of a fragment (Davey 

et al., 2013). Higher numbers of PCR cycles favour higher GC content fragments resulting 

in those fragments showing greater sequencing depth. Differences in GC content between 

alleles may then lead to preferential amplification and representation of one allele. 

Inflation, or deflation of coverage of an allele through amplification bias can then lead to 

null alleles being masked or missed altogether in the analysis. These biases, and the 

subsequent dropout of alleles, can lead to the gross underestimation of heterozygosity 

and diversity in a population from dd-RAD data (Arnold et al., 2013). 

One solution to PCR bias in dd-RAD is to limit the number of PCR cycles used in the 

enrichment of the library (Dacosta and Sorenson, 2014). Bias can also be smoothed out 

by running multiple PCR reactions per station pool and recombining them after the PCR. 

In combination, running multiple PCR reactions for a lower number of cycles can reduce 

the effects of bias on the library whilst ensuring successful enrichment of the fragments 

as well as a suitable volume and concentration of DNA for downstream sequencing 

(Dacosta and Sorenson, 2014). 

Another solution is to use Degenerate Base Regions (DBRs) to detect and later remove 

the effects of bias in the library (Schweyen, Rozenberg and Leese, 2014). DBR tags are 8-

10 bp sequences of random degenerate bases that are integrated into the P2 adapter and 

act as unique tags to identify and track individual fragments through the library 

preparation, PCR and sequencing steps (Casbon et al, 2011; Schweyen, Rozenberg and 

Leese, 2014). The addition of individual DBR tags allows the precise estimation of 

amplification levels for each fragment and allows inflated read values to be distinguished 

from genuine coverage. 

Sequencing 

Sequencing and sequence data processing present the final steps in transforming raw 

samples and biological material into an effective genotype dataset. Once transcribed, the 

raw sequence data requires careful filtering and processing to ensure accurate and 

representative marker assembly (O’Leary et al, 2018). As with the experimental design and 

library preparation, the careful planning and optimisation of sequencing and sequence 

data processing can greatly improve the effectiveness and reliability of the data set in 
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downstream analysis. The choice of sequencing platform should be based on the target 

sequencing approach, and should take in to account the desired fragment size range, the 

necessary sequence coverage and depth, and any requirements for paired end sequencing 

(PE) (Davey and Blaxter, 2010).  

Investigations targeting SNPs for genotyping and association based methods typically 

only require short read fragments of tens to hundreds of base pairs (Davey et al, 2011). 

Illumina sequencing represent one of the leading platforms in this area offering rapid, 

high throughput sequencing of large short-read sequence libraries. The Novaseq 6000 

represents the top end of industrial scale sequencing in the Illumina range offering up to 

10 billion reads and 3000 Gb of data in one run (Illumina). Illumina sequencing relies on 

sequencing-by-synthesis and the use of fluorescently labelled nucleotides to sequence 

millions of clusters at a time distributed over a flow cell. Sequencing-by-Synthesis involves 

clusters of amplified fragments, bound across the flow cell, being subjected to a series of 

sequencing cycles involving the addition of one of four fluorescently labelled nucleotides 

specific to the dNTP sequence (A, T, C, G). The fluorescent signal is detected by the 

platform upon binding to the cluster and the order of fluorescent signals is then translated 

into a base-by-base sequence for each cluster representing the original template sequence. 

Clustering density on the flow cell plays a critical role in the success of sequencing 

(Illumina, 2019). If the concentration of a library is too high it can lead to the density of 

clusters exceeding the detection limit of the platform. This can lead to base miscalls as 

nearby clusters merge and confuse the separate fluorescent signals. Conversely low 

density libraries leave excess space between clusters wasting otherwise available 

sequencing power. Newer generations of flow cells, including the NovaSeq S1, use a 

uniform, patterned substrate of nanowells to improve spacing and prevent problems of 

over-clustering and signal conflation. Despite this, patterned flow cells can suffer from 

issues of multiple occupancy if overloaded. Multiple occupancy issues occur where more 

than one DNA strand enters the well and forms a cluster. Affected wells are then filtered 

out by chastity filters leading to lost sequencing power and reduced library coverage 

overall.  

The complexity of the library can also affect the accuracy of the detection and calling of 

cluster signals (Illumina, 2019). Low complexity libraries occur when sequences are highly 

similar across reads and clusters on the flow cell. RAD-seq and dd-RAD libraries are 

characteristic of this in that all fragments in the library typically have the same occurring 
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adapter sequence at the start of each fragment. These low diversity sequences create 

difficulties in the detection and definition of clusters and the fluorescent signals as each 

cluster on the flow cell gives off the same base pair signal at once (eg all A, or all T). This 

is particularly true of the early stages of the sequencing process as the detection filters 

calibrate themselves based on a balanced distribution of nucleotide signals across the flow 

cell. Nucleotide diversity in the early stages of the sequence run is especially important for 

colour matrix correction and intensity normalization on 2-channel chemistry platforms 

such as the NovaSeq.  

Problems with low diversity libraries can be avoided by the inclusion of a known genomic 

standard in the form of the Phi-X bacteriophage genome. The addition of Phi-X into the 

library provides a quality control for cluster generation, phasing, and sequencing. In low 

diversity libraries, the inclusion of 5-10% Phi-X adds deliberate complexity to the library 

during the initial phases facilitating calibration of signal detection and base calling. Many 

dd-RAD and RAD-seq libraries also include multiplexed index and barcode sequences in 

the adapter sequence which increase the complexity of the adapter sequence and can help 

avoid problems of low complexity base-calling (Peterson et al, 2012).  

Locus Assembly and Genotyping 

The assembly of population markers for genotyping requires the careful construction of 

consensus loci from the raw read data (Davey et al, 2011). In RAD-seq based approaches 

these are based on the homologous RAD-sites sampled via the restriction digest and 

library construction (Davey and Blaxter, 2010). The first step in locus construction 

involves the grouping and assembly of fragment reads associated with the same restriction 

site in each sample. Once sites are assembled within individuals, consensus sites must be 

assembled from individuals across the population. The assembled loci then provide the 

basis for variant calling and the identification of SNP markers for genotyping (Catchen et 

al., 2013).  

Various programmes, pipelines and approaches exist for assembling and genotyping 

population level sequencing data, including, but not limited to, STACKS (Catchen et al, 

2013), dDocent (Puritz, Hollenbeck and Gold, 2014), iPyRad (Eaton and Overcast, 2020), 

ANGSD (Korneliussen, Albrechtsen and Nielsen, 2014), and AftrRad (Sovic, Fries and 

Gibbs, 2015). The programme STACKS represents one of the most popular and well 

documented variant calling pipelines (Catchen et al., 2013). As well as being intuitive to 

work with and straightforward to run, the output has also been shown to be consistent 
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and reliable in terms of genotype calling, statistical output, and biological and population 

inferences (Shafer et al., 2017). A strong community of users and online resources, as well 

as well documented optimisation and parameter exploration guidelines, have ensured its 

continuing use in a wide range of population genomic studies (Paris, Stevens and Catchen, 

2017; Miller et al., 2019; Carrier et al., 2020). 

A number of decisions must be made by the user at each stage of assembly regarding the 

desired level of coverage for consensus loci and alleles, and the necessary levels of 

similarity for reads to be combined as a locus. The parameters chosen will vary depending 

on the biology of the organism. Factors such as levels of polymorphism, divergence levels 

between populations, and the proportion of repetitive sequence in the genome, all 

influence the choice of parameters for locus assembly (Paris, Stevens and Catchen, 2017).  

The careful optimisation of these parameters to the study dataset is a critical step in the 

variant calling process (Mastretta-Yanes et al, 2015; Paris, Stevens and Catchen, 2017). 

Parameter optimisation can be examined by exploring the influence of the main assembly 

parameters on the outputs of marker assembly. Variations in depth of read and similarity 

needed for consensus loci assembly can significantly affect the final number of catalogue 

loci, variant loci and SNPs assembled in the pipeline (Catchen et al, 2013). Population 

metrics, including nucleotide diversity, heterozygosity and population inferences can also 

be affected by the choice of parameter during locus assembly (Mastretta-Yanes et al., 

2015). 

The inclusion of replicate samples can allow the assessment of library preparation 

consistency and replicability, and offers a means of assessing error rates in assembly and 

genotyping (Mastretta-Yanes et al, 2015). In theory, replicates prepared in the same 

manner should exhibit the same genotype for the individual following variant calling. The 

effects of library preparation and sequencing inconsistencies can then be assessed by 

measuring the rate of genotyping error between the two replicates. The inclusion of 

replicate samples can also allow the improved optimisation of locus construction and 

variant calling pipelines (Mastretta-Yanes et al., 2015). Replicates can be used to gauge the 

false error rate of assembly parameters by varying the parameters and monitoring the 

resulting error rate between replicates (Mastretta-Yanes et al., 2015). This approach can 

be particularly useful in studies lacking a reliable reference genome against which genotype 

errors can be checked.  
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Marker Filtering 

One of the primary goals of RAD-based sequencing is in sampling consistent regions of 

the genome across the population of interest for comparison (Andrews et al, 2016). Locus 

assembly in STACKS provides a catalogue of loci and variant positions across the 

population for that purpose. However many of the loci assembled are not present across 

a suitable proportion of the population, or in a great enough depth of coverage, to be 

deemed reliable as population markers. A vital step in building the final population marker 

set is therefore in identifying those loci and markers that are reliable, informative, and 

representative across the population (O’Leary et al., 2018). Marker filtering represents this 

step, ensuring the consistent representation of each marker across the population, and 

that the depth of coverage for each marker is high enough to support any allelic variation 

observed. Marker filtering also acts as a further quality control step, detecting and 

removing technical artefacts and sources of technical or biological ascertainment bias 

from the marker set that might compromise downstream population analysis (O’Leary et 

al., 2018). 

Most approaches to marker filtering start with a general exploration of frequency 

distributions within the raw catalogue loci, including allele frequency, heterozygosity, 

marker presence, and depth of coverage. Threshold values are then set for various 

parameters to remove those markers that sit outside the determined range of acceptability, 

thereby reducing the level of bias introduced through artefact loci. As well as determining 

which factors and threshold values should be applied to the marker set, the decision must 

also be made as to which order the filters are applied in, and whether thresholds should 

be set universally, or determined based on smaller biologically relevant groups within the 

datasets (O’Leary et al, 2018).  

The programme VCFtools provides one of the most comprehensive toolkits for exploring 

and filtering population marker data (Danecek et al, 2011). The marker catalogue can be 

output from STACKS in the Variant Call Format (VCF) and explored using a range of 

filters and statistical measures. Commonly applied filters in VCFtools include thresholds 

for the mean depth of coverage per locus, the presence of each locus across the 

population, and the proportion of loci covered in individual samples. In particular, setting 

a minimum coverage depth can help in removing a proportion of errors caused by ADO 

(Gautier et al., 2013). Affected alleles typically exhibit lower coverage than the surrounding 

loci as the dropped allele does not contribute to the read coverage. Thresholds based on 
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allele frequency and heterozygosity distributions can offer additional means of detecting 

and removing biologically improbable markers at the extremes of distribution, as well as 

removing technical artefacts that manifest as low frequency alleles (O’Leary et al., 2018). 

Minor allele frequency (MAF) cut offs are also commonly applied to remove erroneous 

low frequency alleles such as those from sequencing or PCR error (De La Cruz and Raska, 

2014). MAF cut off thresholds and their effects on the marker set can vary depending on 

the study objectives, organism and population history (De La Cruz and Raska, 2014; Linck 

and Battey, 2019). 

Linkage disequilibrium (LD) and physically linked markers also have strong influences on 

the outcome of population analysis, and failure to take them into account can lead to 

significant biases in assessments of population structure and diversity (O’Leary et al, 2018). 

A common approach in de novo population datasets is to retain only one marker per locus 

in the final marker set. This reduces the chances of bias in markers through LD, though 

random sampling in RAD-based approaches can mean apparently separate loci are 

physically linked across the genome. 

Methods and Materials 

Sampling 

S. latissima samples were collected from Scotland and Sweden over the course of two years 

(Fig. 2.2, Table 2.1). Scottish samples were collected from the shore at low water on spring 

tides and were generally taken from the surface to one meter depth below low water (Fig. 

2.3a, whilst Swedish samples were collected by snorkelling survey or trawl. Individuals 

were assessed for size and levels of biofouling, and mature and healthy looking individuals 

were selected for sampling (Fig. 2.3b). Tissue samples were taken from the base of the 

blade using a sterilized copper pipe cutting tool (Fig. 2.3c). Gloves were worn whilst 

handling tissue material to minimise contamination from handling. Four 13mm disc 

cuttings were taken per individual and split into replicate sample A and sample B for 

storage. Tissue discs were washed in DO water and shaken dry before being placed in 

individual zip-lock bags with 5-6 g of dry silica gel beads (Fig. 2.3d).  

The process was repeated for a target of 20 samples per location. The copper cutting tool 

was rinsed in ethanol and de-ionised (DO) water between sampled individuals to minimise 

cross-contamination. A minimum distance of one meter was maintained between sampled 

individuals to reduce the chance of sampling clonal individuals. Details of the population 
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size and wider community, as well as a description of the shoreline aspect, character, and 

substrate, were also taken before leaving the location. 

 

Figure 2.2. Regional overview of the north-east Atlantic and the two study regions investigated in the thesis. The 
inset maps show the sampling locations in red for A) Scotland and B) Sweden. Precise co-ordinates and site details 
are given in Table 2.1 below.   
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Station Site Latitude Longitude 
Sampled 

(N) 

Final 

Library (N) 

Scotland      

WIC Wick 58.4473 -3.0586 20 16 

ERI Loch Eriboll 58.5029 -4.7005 20 20 

BRO Loch Broom 57.9240 -5.2187 20 18 

ULB 
Upper Loch 

Broom 
57.8350 -5.0747 20 n/a 

BAR Barra - Hebrides 56.9464 -7.4835 20 15 

KIL Kilchoan 56.6952 -6.1186 20 20 

STR Strontian 56.6878 -5.5830 20 19 

ETI Loch Etive 56.4707 -5.5398 20 19 

GIG Gigha Ferry 56.4569 -5.3593 20 18 

CLA Claonaig 56.2294 -5.0713 20 2 

INV Inveraray 55.6572 -5.6706 20 19 

Sweden      

SW1 Slevik 59.1758 10.8139 20 19 

SW2 Ursholmen 58.8345 10.9936 20 20 

SW3 Hamburgö 58.5412 11.2420 20 20 

SW4 Tuvesvik 58.2155 11.4114 20 20 

SW5 Kovikshamn 57.8413 11.6798 20 20 

SW6 Aspholmen 57.6626 11.8365 20 20 

SW7 Sturöd 57.3938 11.9090 20 20 

SW8 Mölle 56.2644 12.4972 20 20 

SW9 Ven 55.8851 12.6965 20 20 

Table 2.1. Summary of Scottish and Swedish sampling sites, including the number of individuals sampled and 
the number of individuals included in the final sequencing library from each survey 
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Figure 2.3. Sampling of S. latissima in Scotland. A) Iskander sampling below low tide at Plockton. B) An 
example of a clean, healthy sporophyte for sampling from Barra. C) The copper cutting tool in use. D) Silica gel 
storage bags. 

DNA Extraction and Purification 

The gDNA extraction protocol was based on a modified version of the magnetic-bead-

based method for macroalgae described in Fort et al. (2018). The extraction kit used was 

the NucleoMag Plant kit (Machery-Nagel). All tissue samples were desiccated and frozen 

and had been kept at -20˚C in zip-locked silica gel bags.  

Sample Preparation: Two 13mm tissue were fragmented at 20 rps for two minutes using a 

bead-mill. 10 mg of each powdered sample was transferred to a new Eppendorf for 

extraction.  

Lysis: 500 ml of the NucleoMag Plant kit MC1 lysis buffer was added to each sample along 

with 1 µl of Proteinase K (20 µl ml-1), and 3 µl of RNAse A. Samples were gently shaken 
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and incubated at 56˚C for two hours. Samples were regularly turned over to encourage 

mixing.  

Separation, Wash Steps, and Elution: Lysed samples were vortexed then centrifuged at 13000 

rpm for 15 minutes at room temperature. The clear lysate was then transferred to a 2 ml 

deep-well plate. 430 µl of the magnetic bead-mix was added to each well and mixed by 

pipetting gently 10-15 times up and down, binding the DNA to the Nucleomag C-beads. 

The well plate was then transferred to the plate shaker and left to stir for 5 minutes at 

1500 rpm. The well-plate was transferred to a magnetic stand and left to stand for two 

minutes allowing the magnetic beads to settle out. The supernatant was then carefully 

removed and discarded from each well. This process was repeated for each wash step 

(three wash steps in total). A final wash step to remove any traces of ethanol was applied 

by gently adding a DO water solution (MC5) to the surface of the beads whilst taking care 

not to disturb them, which would reduce the yield. The bound DNA was eluted from the 

beads using 200 µl of the MC6 elution buffer. The elution buffer was heated to 56˚C to 

improve the yield. Samples were checked for the presence of any remaining magnetic 

beads before being transferred for storage in a -20˚C freezer.  

Gel Purification: Extracted gDNA samples were loaded into a 1% agarose gel and run for 

45 minutes at 72 V. 80 µl of a single sample was divided over 4 wells. An empty well was 

left between every sample, and care was taken not to overfill wells to reduce the risks of 

sample cross-contamination. The gel bed and TAE buffer were washed and replaced 

between stations to avoid station cross-contamination. Excision was performed manually, 

at a low UV setting, taking care to avoid degradation of the DNA from UV exposure 

during excision. The scalpel was washed in 70% ethanol between excised samples and the 

UV table was sterilised between gels. Excised bands from each sample were transferred 

to a 2 ml Eppendorf for gel purification.  

Purification of the DNA from the gel was undertaken as per the instructions for the 

Monarch Gel DNA Extraction kit (New England Biolabs). In brief, excised gel bands 

were dissolved in the Monarch gel dissolving buffer with the addition of 1.5 volumes of 

DO water to facilitate the release of DNA 8 kb. The dissolved solution was centrifuged 

through the purification column and the supernatant discarded. Two wash steps ensured 

the removal of all remaining contaminants and gel products. The bound DNA was then 

eluted in 50 µl of elution buffer at 56˚C to improve elution. Yield was further improved 

by eluting the DNA in the column overnight in the fridge. The eluted DNA was finally 
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recovered by centrifuging the column for 1 minute at 13000 rpm. The purified DNA was 

transferred to a 1.5 ml Eppendorf for storage at -20˚C.  

DNA Quantification: DNA quantification was carried out using the AccuBlue dsDNA 

High Sensitivity quantitation kit (Biotium), a fluorometric approach offering much higher 

accuracy than spectrophotometric quantification approaches (Robin et al, 2016). Samples 

were diluted to a 1:10 ratio to ensure samples lay within the optimum detection range for 

the assay. Standards at 0, 0.5, 1, 2.5, 5, 7.5, and 10 ng µl-1 were run in triplicate on each 

plate to generate a standard curve. All extraction samples were run in duplicate and an 

average was taken for each. 

Restriction Digest 

Three combinations of the restriction enzymes HhaI, MspI and PstI were tested for their 

effectiveness on S. latissima. The choice of enzyme, and the resultant number of RAD 

loci, were also explored in-silico using the programme simRAD (Lepais and Weir, 2014). 

The final choice was made based on the consistency of digestion in S. latissima, as well as 

the target number of loci returned in simulated digestions of the genome of the sister 

species S. japonica. 

Normalisation and Restriction Digest: Extracted DNA from each sample was normalised to a 

concentration of 1 ng µl-1. Samples were then digested using restriction enzymes PstI and 

MseI in a 96 well plate at 37˚C for 6 hours followed by 65˚C for 20 minutes to denature 

the enzymes. The digestion consisted of: 3 µl 10X CutSmart buffer, 0.48 μl PstI (20u µl-

1), 0.24 μl MseI (10u µl-1), 45 µl diluted DNA (45 ng of genomic DNA per sample), and 

1.28 μl H2O. Digested products were then visualised and verified on a gel. 

Adapter Ligation 

The library was designed in line with the standard Illumina protocol as sequencing was to 

be undertaken on the Illumina NovaSeq platform. Adapters and primers were designed 

based on the template from Peterson et al. (2012), as well as including modifications by 

Schweyen et al. (2014). The P5 adapters contained a 5-base barcode to allow indexing of 

up to 20 samples in the same pool (Fig. 2.4). The P7 adapter additionally contained a 10-

base degenerate base region (DBR) as a precaution against the effects of ADO (Schweyen, 

Rozenberg and Leese, 2014) (Fig. 2.4). The P7 primer contained a 6-base unique index 

sequence that allowed the multiplex pooling of up to 12 stations in addition to the 

individual barcode pools in the final sequencing library. 



Chapter II: Methods Development   

107 
 

Ligation: An initial ligation mix was prepared consisting of 2.2 μl P2 non-barcoded adapter 

(100 µM), 0.88 μl of Cutsmart buffer (10X), 2.86 μl of ATP (10 mM), 0.4 μl of T4 DNA 

ligase (400 u µl-1), and 0.26 μl of H2O. The ligation mix was combined with 20 µl of the 

digested sample DNA and 2.2 µl of the P1 barcoded adapter mix (10 µM). Ligation was 

undertaken on a 96 well plate at 16˚C for 6 hours.  

Enrichment QC: PCR enrichment and gel visualisation of the initial adapter ligation was 

undertaken to assess the quality and success of the ligation reaction. Enrichment trials 

also allowed the optimisation of PCR cycle numbers for final enrichment, and 

assessments of adapter contamination in the samples. PCR reactions of 25.6 µl each were 

made up of 8 µl of Q5 mastermix, 0.3 µl of each of the forward and reverse primers (from 

10 µM stock), 1 µl of tDNA (1 ng µl-1), and topped up to 16 µl with H20. Enrichment 

trials were performed over 15 cycles at the following settings: 98˚C for 2 minutes, 

followed by 15 cycles of denaturation, annealing and extension at 98˚C for 10 seconds, 

59˚C for 20 seconds, and 72˚C for 20 seconds. A final extension phase was performed at 

72˚C for 2 minutes. Enriched products were then visualised and verified on a gel. Ligation 

QC PCR samples were disposed of once ligation had been confirmed. 

Station Pooling: Once the P5 adapters containing the 5-base barcode was successfully 

ligated to the samples, individuals from within a station or barcode were pooled together 

for downstream processing. 45 ng from each sample were pooled by station. Pooled 

stations were then concentrated down to 200 µl at 5 ng µl-1 using the JetSeq Clean SPRI 

bead protocol (Biotec).  

 

Figure 2.4. Schematic overview of the library construct for the S. latissima dd-RAD library. 
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Fragment Size Selection 

Following pooling, the pooled station samples underwent a fragment size selection step 

to isolate a comparable range of fragment sizes across all samples. A gel based size 

selection approach was chosen based on its feasibility and the facilities at hand. A 

fragment size range of 200 bp, situated between 400-600 bp, was targeted for gel excision. 

This was guided by further simulations in SimRAD based on the final choice of restriction 

enzymes and a range of fragment size ranges. Two station pools were run on each gel. 80 

µl of each station pool was run on a 1% agarose gel for 90 minutes at 72 V. Care was 

taken to avoid cross-contamination by splitting each pool over 4 lanes to avoid spillage 

and overfilling of the wells. A high-resolution 100 bp ladder was run either side of each 

sample lane to act as a cutting guide and further reduce the chance of cross-

contamination. Following gel excision, the multiple lanes were recombined for each 

station pool. Excised gel bands were then purified using the NEB Monarch DNA Gel 

extraction kit and re-eluted in 30 µl of elution buffer. Size selected pools were checked by 

PCR enrichment and visualised on a gel. Pools that were inaccurate in their size selection 

were redone if possible to improve size range accuracy. Size selected pools for the Swedish 

library were further assessed using a Bioanalyser High Sensitivity DNA chip (Agilent). 

DNA concentration for each station was assessed using the Bioanalyser data, allowing the 

effective normalisation of the station pools following size selection and prior to the final 

enrichment step.  

PCR Enrichment 

PCR library enrichment completes the construction of the read fragments for sequencing. 

The number of cycles was based on the optimisation steps taken during the enrichment 

trials, and was aimed at successfully enriching the library whilst minimising the number 

of cycles and subsequent risks of PCR bias and ADO (Arnold et al, 2013; Daveyet al, 2013; 

Dacosta and Sorenson, 2014).  

Size selected station pools from the previous step were normalised to 1 ng µl-1 prior to 

enrichment. Five PCR reactions were prepared per station pool. Reactions were made up 

of 8 µl of Q5 mastermix, 0.3 µl of the forward and reverse primers (from 10 µM stock), 

1 µl of tDNA (1 ng µl-1), and topped up to 16 µl with H20. Enrichment was performed 

over 12 cycles at the following: 98˚C for 2 minutes, followed by 12 cycles of denaturation, 

annealing and extension at 98˚C for 10 seconds, 59˚C for 20 seconds, and 72˚C for 20 



Chapter II: Methods Development   

109 
 

seconds. A final extension phase was performed at 72˚C for 2 minutes. Reactions were 

combined following enrichment to make a total of 80 µl of enriched product per station.  

Library Quantification and QC 

The final library preparation step was to quantify and quality check the integrity of the 

pooled libraries. Enriched size selected stations were first pooled in relative 

concentrations. The final libraries were then concentrated down 8.5x and cleaned of any 

residual PCR material <100 bp using the SPRI based Bioline JetSeq Clean. The final 

library concentrations were measured using qPCR (NEBNext Library Quantification kit). 

The fragment distribution of the Swedish library was further assessed by Bioanalyser. 

Adapter contamination in each library was assessed from the melt curve profile of the 

qPCR runs as well as in the Swedish library Bioanalyser trace. 

Sequencing 

The Scottish population library was sequenced on one lane of an Illumina NovaSeq S1 

chip. The Swedish library was also sequenced on one lane of an S1 chip initially, however, 

due to sequencing difficulties, was subsequently sequenced on a second lane as well. All 

sequencing was undertaken at Edinburgh Genomics (https://genomics.ed.ac.uk/).  

A number of replicate samples (n = 11) from Scottish populations were also included in 

the Swedish library to act as library controls, and to allow the quantification of error rates 

in library preparation, sequencing and genotyping (Mastretta-Yanes et al, 2015). 

Library Demultiplexing 

The sequence data was returned from the sequencing centre as raw forward and reverse 

read files for each station. Raw read files were quality checked using the programme 

FastQC (Andrews, 2010). Matching read files from the two lanes of sequencing for the 

Swedish library were concatenated together for downstream processing. Demultiplexing 

of individuals within each station was undertaken using the programme process_radtags in 

STACKS v2.3e (Catchen et al, 2013). Due to the technical difficulties in the second 

sequencing library, cut-site fidelity was not able to be assessed and the RAD-site check in 

process_radtags was disabled. The loss of the cut-site region also affected the DBR region 

and the ability to filter PCR copies. In order to keep read processing consistent following 

the loss of the DBR function in the Swedish sequencing library, the clone_filter step was 

omitted from the final library processing pipeline. All reads were trimmed to 115bp to 

reduce the presence of adapter contamination in the libraries. 

https://genomics.ed.ac.uk/
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Locus Assembly and Genotyping 

Locus assembly and genotyping was undertaken in STACKS v2.3e (Catchen et al, 2013). 

STACKS divides the process of locus assembly and variant calling into three core steps. 

The choice of component programme used at each step varies slightly depending on 

whether locus assembly is based on an available reference genome, or de novo assembly. 

For the de novo pipeline, the steps consist of locus assembly within individuals, the 

assembly of those loci into a population wide catalogue, and finally the calling of alleles 

and variants for each individual against the catalogue. STACKS first assembles the raw 

reads into identical matching reads within each individual, with a minimum read coverage 

(m) specified by the user. Leftover reads are either discarded or saved as secondary reads 

for later mapping. Once the initial read stacks are assembled the programme merges near-

homologous stacks, i.e. those differing by a specified number of mismatches (M), into 

putative alleles within the individual. These are then aligned as consensus loci across the 

whole population in the final STACKS catalogue, again based on a specified allowance of 

mismatches between individuals and reads (n).  

Parameters for minimum read coverage (m), number of mismatches (M), and distance 

between stacks (n), were optimised for both population marker sets using a subset of 27 

individuals from each population. Optimal parameters were chosen for the full population 

run based on error rates as well as an assessment of the number of loci and SNPs 

generated from each parameter value. Each population was then processed in full in the 

de novo pipeline.  

A total of 11 replicate samples were included in the second sequencing library. All 

replicate samples were from Scottish populations allowing comparison of error rates with 

the first sequencing library. Replicate samples were demultiplexed and trimmed as 

standard samples and included in the Scottish subset population library for de novo locus 

assembly. Error rates were calculated from the final marker data through direct 

comparison of each replicate pair. Error rates were calculated based on the total number 

of mismatches (missing loci and allele mismatches) and just-allele mismatches. 

Marker Filtering 

Marker filtering was undertaken in the programme VCFtools (Danecek et al, 2011). The 

final thresholds for the S. latissima libraries were set at 90% presence of loci across the 

library, and 60% coverage for individuals (Table 2.3). The filters were run in incremental 

steps from 40% upwards. A threshold for departure from Hardy-Weinberg Equilibrium 
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(HWE) was set at a p-value of <0.05 to help remove biological and technical artefacts of 

genotyping (Chen, Cole and Grond-ginsbach, 2017). Minor allele frequency (MAF) cut 

offs were initially set at 0.03 to help remove erroneous low frequency alleles such as those 

from sequencing or PCR error. A range of MAF values were explored in greater detail in 

later investigations (Chapter V). Finally, physically linked markers were thinned by 

retaining only one marker per assembled locus in the final marker set, thereby reducing 

the effects of linkage disequilibrium on the marker set (O’Leary et al., 2018).  

Sample Cross-contamination 

The final quality control step was to test for unexpected relatedness and indications of 

sample cross-contamination between individuals and stations. Cross-contamination was 

examined using Yang’s relatedness equation (Yang et al, 2011). Relative relatedness was 

plotted between all pairs of individuals within the library with identical genotypes scoring 

1 and completely unrelated individuals scoring 0. Potential cross-contamination was 

additionally examined through heterozygosity and inbreeding (Fis). Individuals showing 

elevated relatedness (0.3) combined with excess heterozygosity and indications of 

outcrossing were identified as potential subjects of cross-contamination and removed 

from the library and further analysis.  

Results  

Sampling 

A total of 400 S. latissima individuals were sampled across the west coasts of Scotland and 

Sweden (Table 2.1). Of the initial samples, 213 individuals from 11 stations were prepared 

for sequencing from Scottish waters, and 179 individuals from 9 stations were prepared 

from the Swedish samples.  

DNA Extraction and Purification 

Following the initial gDNA extraction, samples were checked for quality and quantity by 

spectrophotometer. Despite the samples showing good quantities of DNA, most of the 

samples still displayed low 260/230 nm ratios indicating the likely presence of 

polysaccharides and other co-isolated contaminants in the samples. Initial ligation trials 

utilising the extracted gDNA from the magnetic-bead kit showed severe inconsistencies 

in the effectiveness of adapter ligation on gDNA extracted samples, with many failing to 

bind to adapters successfully (Fig. 2.5a). The inconsistency in adapter ligation suggested 
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the presence of contaminants in a proportion of the samples. As such a purification step 

was employed to filter the remaining contaminants from the gDNA.  

Following gel purification, ligation trials were rerun for the same trial samples. The gel 

purification method was found to be highly successful, increasing the consistency of 

adapter ligation and enrichment up to 100% across the trail samples (Fig. 2.5b). This was 

also reflected in the final library preparation, with 95% ligation success rate across all 

samples (n = 450). Fluorometric quantification of samples following gel purification 

showed a considerable loss of yield from gel purification (Fig. 2.6). The average 

concentration of gDNA following gel purification was 1.8 ng µl-1 across the Scottish 

samples and 2.2 ng µl-1 across the Swedish samples (Fig. 2.6). The higher mean 

concentration for the Swedish population reflected minor improvements and 

optimisation in the gDNA extraction protocol.  

 

 

Figure 2.5. Ligation enrichment QC profiles for trial individuals (A) before and (B) after gel purification. Gel 
purification resulted in the consistent and reliable enrichment of samples, seen here as a smear between 200-1000bp. 
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Figure 2.6. dsDNA concentrations (ng µl-1) for stations in each library based on fluorometric quantification 
following gel purification. The Scottish library is in blue and the Swedish library is in red. The dashed grey line 
represents the mean concentration for each library. 

Restriction Digest 

The restriction enzymes HhaI, MspI and PstI, were tested for their efficiency on S. latissima 

in a number of initial digestion trials. The combination of PstI and MseI was found to 

digest consistently across all samples. The combination of HhaI and PstI in contrast was 

found to have variable success across samples showing only partial digestion in trial 

digestions (Fig. 2.7). 
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Figure 2.7. Restriction digest profiles for three trial samples using two combinations of the restriction enzymes PstI, 
HhaI and MseI. 

Simulations of the restriction digest in SimRAD on the genome of S. japonica showed that 

digestion with MseI and PstI would achieve a total of 37,573 fragments with a target size 

range of 400 bp to 600 bp, a suitable number of fragments per sample for sequencing 

(Table 2.2). This combination of enzymes was subsequently chosen for all further library 

preparation and method development in S. latissima.  

 

Fragment Size 

Distribution 

Enzyme Combination: 

PstI - MseI 

Enzyme Combination: PstI - 

HhaI 

Full Size Range 283,298 303,850 

100-600 bp (wide) 149,519 158,611 

200-400 bp 62,796 66,290 

400-600 bp (target range) 37,573 34,000 

600-800 bp 23,511 18,497 

450-550 bp (narrow) 18,380 16,493 

Table 2.2. SimRAD results showing the number of simulated fragments retrieved from different size selection 
ranges and for the two combinations of restriction enzyme tested. Estimates are based on the simulated restriction 
digest of the available genome for S. japonica. 

Ligation and Enrichment QC 

PCR enrichment and gel visualisation following ligation allowed the assessment of ligation 

success for each sample prior to pooling and size selection, as well as the optimisation of 

enrichment PCR cycle numbers. 12 cycles was found to be sufficient to achieve suitable 

library enrichment. 15 cycles were used to aid visualisation during the enrichment QC. 

Successful enrichment was determined by the presence of a strong smear between ~200 

bp and 700 bp (Fig. 2.5). Ligation success was tested across 450 ligated samples and was 
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successful in 95% of individuals demonstrating the effectiveness of the gel purification 

step. The Swedish library showed the highest success rate with 99% of samples 

successfully enriching following ligation. Success rates amongst Scottish samples were 

slightly lower (90%). This was disproportionately affected by lower ligation success rates 

in samples from Wick. 

None of the successful samples showed any signs of adapter dimer formation supporting 

the input concentration of adapters used during ligation. Ligation QC PCR samples were 

disposed of once ligation had been confirmed. 

Fragment Size Selection 

Following pooling, the pooled station samples underwent a gel-based fragment size 

selection step to isolate a comparable range of fragment sizes across all samples and 

stations. Different size selection ranges were explored using an in-silico digestion of the 

S. japonica genome with PstI and MseI (Table 2.2). A broad fragment size distribution (100-

600 bp) was found to result in a dilute distribution of sequence reads across the fragment 

range (149,519 RAD loci), reducing the potential read depth coverage and therefore the 

reliability of variant calls downstream. A narrower size range (400-600 bp) was found to 

reduce the number of fragments sequenced (37,573 RAD loci), and in turn increase the 

depth of sequencing and the number of samples possible. The imprecise nature of gel 

excision precluded the selection of narrower, more precise size ranges (450-550 bp). 

Pools that were inaccurate in their size selection were redone if possible to improve size 

range accuracy. In the Scottish library this resulted in stations ULB and CLA being redone 

as the first attempts were much smaller than the targeted size selection range (Fig. 2.8a – 

CLA1, ULB1). Despite redoing a number of the gel size selections, the Scottish library 

still suffered from inaccuracy during size selection for certain stations (in particular CLA, 

ULB, ETI, BRO, WIC). This affected both the shared proportion of fragments and 

markers between the Scottish and Swedish libraries, and also the shared proportion of 

fragments between stations, the consequences of which reduced the number of effective 

markers in the combined library (Chapter V). The accuracy of the Swedish size selection 

was much more consistent, with only a slightly lower size distribution in SW6 (Fig. 2.8b, 

Fig 2.9).  
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Figure 2.8. Gel visualisation and enrichment QC for size selected stations from A) library 1 - Scotland, and B) 
library 2 - Sweden. ULB1 and CLA1 are initial size selections that were redone to improve accuracy. 

 

 

Figure 2.9. Bioanalyser profiles for the Swedish size selected stations. The top right hand inset shows the gel 
visualisation of the bioanalyser trace. 
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Library Enrichment, Pooling, and Final QC 

The final library concentration was measured using qPCR (NEB-Next Library 

Quantification kit) and the fragment distribution assessed by Bioanalyser. The final 

concentration of the Scottish library, calculated using the NEBio-Calculator 

(https://nebiocalculator.neb.com/#!/qPCRGen), was estimated to be 16.4 nM based on 

an average fragment size of 384 bp. The Swedish library concentration was calculated to 

be 20.9 nM based on an average fragment size of 465 bp. Bioanalyser analysis of the final 

Scottish library showed a slight skew towards a smaller fragment range (Fig. 2.10a). This 

was also evident in the gel profiles of the enriched station cuts (Fig. 2.8a). In comparison 

the Swedish library showed a tighter fragment range distribution around the target range 

of 400-600 bp (Fig. 2.11a). The wider fragment range evident in the Scottish library also 

highlighted the greater inconsistency between stations within that library. This was visible 

in the enriched gel profiles for the station cuts (Fig. 2.8a). 

Adapter contamination in each library was assessed from the melt curve profile of the 

qPCR runs as well as each from Bioanalyser trace (Fig. 2.10, Fig. 2.11). The Bioanalyser 

profiles showed no signs of adapter contamination in the Swedish library and only a very 

small spike in the Scottish library, at 59 bp, that may have indicated minute levels of 

adapter dimers present (Fig. 2.10a). The melt curve profiles confirmed that no significant 

adapter contamination was present in either library.  

https://nebiocalculator.neb.com/#!/qPCRGen


Chapter II: Methods Development   

118 
 

 

Figure 2.10. Final library QC for the Scottish population library. A) Bioanalyser trace. B) qPCR melt curve. 

 

Figure 2.11. Final library QC for the Swedish population library. A) Bioanalyser trace. B) qPCR melt curve. 
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The final make-up of the Scottish and Swedish S. latissima population libraries are 

presented in Table 2.3: 

Library Library 1 - Scotland Library 2 - Sweden 

Volume 50 µl 40 µl 

Concentration  16.41 nM 20.29 nM  

Av. fragment size 384 bp 465 bp 

Filtered PCR clone (%) 20.9% 17.3% 

Primary peak 401-414 bp 430-480 bp 

Adapter contamination 

(melt curve analysis) 

No adapter signal evident No adapter signal evident 

Comments Left hand tail (smaller fragment 

bias) 

 

No. of individuals 204 224 

No. of stations 11 12 

Table 2.3. Overview of the final Scottish and Swedish S. latissima dd-RAD population libraries prepared for 
sequencing. 

Sequencing and Initial QC 

The Swedish and Scottish libraries were each sequenced on one lane of an Illumina 

NovaSeq S1 chip. The sequence data was returned from the sequencing centre as raw 

forward and reverse read files for each station and examined using the programme 

FastQC. The total read output for the Scottish library was 2,370 million (M) reads (1,185 

M PE reads). Station coverage was inconsistent (Fig. 2.12a) with certain stations showing 

higher than expected read coverage (BRO – 541 M reads) and other stations showing 

much lower than expected read numbers (KIL – 68 M reads). One station (GIG) 

exhibited a complete failure to sequence despite having successfully enriched during the 

first library construction. This was possibly due to an indexing error however no signs of 

an indexing error were present in any other station.  



Chapter II: Methods Development   

120 
 

 

Figure 2.12a. Total read output by station for A) library 1, and B) library 2. The grey dotted lines indicate 
expected read output for each station. 

 

Figure 2.12b. Boxplot of retained reads per individual after sequncing and demultiplexing organised by station for 
A) Scottish stations, and B) Swedish stations. 

The total read output for the second sequencing library was lower at 1,589 M reads (794 

M PE reads). Station coverage was slightly more consistent for Swedish populations, 

though SW1 and SW9 suffered from underrepresentation in the library (Fig. 2.12a). The 

Swedish library was further affected by overloading of the flow cell during sequencing, as 

well as issues of low diversity and subsequent reduced pass filter rates. The first 

sequencing run suffered from overloading with a higher than expected rate of polyclonal 

wells (wells with multiple occupancy) leading to a proportion of reads and wells being 
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filtered out automatically by the chastity filters. The library was re-quantified by qPCR 

and a second run was performed with 25% input of the first run in an effort to reduce 

the effects of overloading. Despite the reduced input, the second sequencing run failed 

to resolve the issue and suffered from similar levels of multiple occupancy and pass filter 

rates.  

The result of the sequencing issues on the data output was a drop in sequencing coverage 

due to multi-occupancy and the subsequent filtering of a proportion of nanowells and 

reads. Despite the library being re-sequenced, and the data from the two sequence runs 

being concatenated, the combined read count was still considerably lower than the first 

library (Fig. 2.12a). The sequencing issues in the data were most noticeable in the first 10 

bp of the adapter and cut-site sequence of each read (Fig. S2.1). Analysis of the raw 

sequence data identified a significant drop in sequencing quality (base-pair call quality) 

around the restriction enzyme cut site for both the forward and reverse reads (Fig. S2.1). 

This was also visible in the per-tile quality report (Fig. S2.2). Sequence quality either side 

of the cut site remained high. The sequencing facility suggested that the drop in quality 

could be attributed to the low complexity of the cut site. However, the previous library 

suffered no such drop in quality score despite showing less site complexity in this region 

than the second library. 

The lower call quality at the cut site affected demultiplexing efforts and gave the 

appearance of a failed library on first inspection. Exploration of the sequence data 

however showed signs of an intact library beyond the cut site. In particular, fragments 

containing adapter contamination from the reverse adapter showed intact cut sites 

suggesting the error was from sequencing difficulties rather than library construction. 

Further tests involving the removal of the cut sites prior to demultiplexing showed that 

the library itself was still intact and the genotype data fully recoverable. The loss of the 

cut site and adapter sequence data particularly affected the DBR region in the adapter 

sequence, making the detection and removal of PCR clones in the dataset unfeasible.  

Demultiplexing 

Demultiplexing of individuals within each station was undertaken using the programme 

process_radtags in STACKS v2.3e. The final libraries were trimmed to 115 bp to reduce 

adapter contamination in demultiplexed samples. Adapter contamination levels after 

trimming differed between the first and second sequencing library. The first sequencing 

library showed a mean adapter contamination of 8.5% across the library (sd. 2.6%). The 
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second library showed much lower levels of contamination with a mean of 1.73% (sd. 

0.6%). The reduction in contamination level in the second sequencing library was likely 

from improved laboratory protocols during size selection and library clean-up. The final 

number of retained reads per sample following demultiplexing also differed between the 

two sequencing runs. The mean percentage of retained reads in the first library was 90.2% 

(sd. 2.7%). This increased to 97.5% (sd.0.8%) in the second sequencing run. The level of 

retained reads in each library highlighted adapter contamination as the primary cause of 

read loss, with only a small proportion of reads lost due to barcoding errors or quality.  

The number of retained reads per sample varied considerably within stations and libraries, 

and between libraries (Fig. 2.12b). The mean read count per sample for the first library 

was 11.2 M (sd. 8.2 M), and was lower at 6.9 M for the second library (sd. 4.0 M). The 

lower read count for the second library was a reflection of problems in the sequencing 

runs and the subsequent pass filter rate. The mean read count per individual also varied 

within and between stations. The mean count for BRO for instance was 27.1 M, ranging 

from 32.4 M to 6.3 M (sd. 6.6 M). This compared to a mean of 3.1 M for KIL, ranging 

from 1.1 M to 9.9 M (sd. 2.0 M). This improved in the second sequencing library, though 

the mean read count still ranged from 10.1 M in SW6 samples (sd. 1.9 M)  to 2.6 M in 

SW1 (sd. 1.13 M). The causes of variability in retained reads per individual and station 

principally arise in the library construction phase. Despite careful gDNA quantification 

and normalization, inconsistencies in DNA quality and contaminant levels between 

individuals can lead to variation in the consistency of ligation between samples. Variation 

can also be introduced at a station level during concentration steps, size selection, and 

PCR enrichment. Normalisation of each step and the use of automated systems can 

mitigate the effects of sample and station variability, however this is not always feasible 

within the scope of a project. 

Locus Assembly and Genotyping 

Parameter values for M, m, and n, were optimised using the panel of 11 replicate samples 

along with a subset of 30 individuals from each library. Error rates were calculated based 

on the total number of mismatches (missing loci and allele mismatches) and just-allele 

mismatches between replicate pairs. Error rates varied between individuals, however 

showed little variation in mean error with changing M or n (Fig. 2.13). A very slight 

increase in error rate was observed with increasing n which was amplified at lower M 

values (Fig. 2.13). The negligible change in error rate with parameter values however 
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(0.3% range), suggested that the process of locus assembly, variant calling, and marker 

filtering was robust to variations in parameter choice.  

 

Figure 2.13. Total error rate and allele error rate across the 11 replicates under varying n and M assembly 
parameters. 

Exploration of varying parameter values found a weak increase in variant sites and SNPs 

with increasing M, as well as with increasing n (Fig. 2.14). Final SNP counts for the 

Scottish and Swedish population libraries varied by up to 4.3% under different values of 

n, and 1.5% under differing values of M. The total number of catalogue loci showed a 

strong relationship to the n value, with the number of assembled loci increasing and the 

number of variant loci decreasing (Fig. 2.14). As the value of M increased, the effects of 

changing the n value decreased, suggesting an increase in M can increase the robustness 

of variant calls to error (Fig. 2.14).  

The lower error rate at low M and n values suggested that the majority of polymorphism 

within the Scottish population was captured at that range. This agreed with the output 

optimisation results which showed little change in population metrics (nucleotide 

diversity, heterozygosity) with increasing M and n (Table. S2.1). The Swedish and Scottish 

populations varied slightly in their response to changing M and n values. The Swedish 

population showed a more consistent increase in SNPs with increasing n, suggesting that 

not all the polymorphism was captured between individuals at lower n values. 

The final choice of assembly parameter values was based on the above parameter 

exploration and error rate assessment, as well as more general effects of parameter choice. 

The lowest error rates were detected at an M value of 2 and an n value of 2 (Fig. 2.13). 

The highest number of SNPs was also assembled at an M value of 2, though at higher n 
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values (Fig. 2.14). On the other hand, the steeper increase in error rate with increasing n 

at an M of 2, and the similar trend seen in locus and SNP numbers, suggested under-

merging might be occurring within individuals at lower M values, and that lower M values 

were subsequently less robust to later over-merging between individuals. The final 

parameter settings for both S. latissima libraries were subsequently set at M = 3 and n = 3 

as a compromise between optimising SNP numbers and error values, and reducing the 

risks of undermerging read stacks.  

 

Figure 2.14a. Initial assembled catalogue loci, variant sites, and final SNP numbers under varying n and M 
assembly parameters in the Scottish population library. 

 

Figure 2.14b. Initial assembled catalogue loci, variant sites, and final SNP numbers under varying n and M 
assembly parameters in the Swedish population library. 

Estimates of overall error rates from the optimisation process offered a confidence 

interval when combining individuals from the first and second sequencing libraries. The 

mean error rate between replicate samples was 9.35% under the final parameter setting, 

though this was heavily skewed by missing data in samples from KIL and WIC. Allele 

error rates were much lower with a mean error rate of 2.18%. PCA analysis of population 

clustering showed tight clustering of replicate samples with their respective population of 

origin (Fig. 2.15). Relatedness measures based on Yang et al. (2011) also showed a similar 

level of relatedness between individuals from the same population regardless of their 
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sequencing library (Table S2.2). The combining of individuals and populations sequenced 

on two different sequencing lanes was deemed acceptable based on the error rates and 

variation observed between the two runs. 

 

Figure 2.15. Principal component analysis of the Scottish population library. Samples from the second sequencing 
library, including replicate samples, are indicated by stars (*). 

The final assembly generated a catalogue of 1,448,905 loci for the Scottish population, 

and 481,796 loci for the Swedish population.  

Marker Filtering 

Effects of the filtering steps differed between the Scottish and Swedish libraries. The 

initial missing site threshold of 50% removed almost 70% of catalogue loci in the Scottish 

library, highlighting the inconsistency in cross-sample marker coverage caused by loose 

size selection in the first sequencing library (Table 2.4). In contrast, the Swedish library 

retained 46.8% of loci following the first filter step demonstrating the effects of improved 

size selection on locus retention. This was repeated at the 90% locus presence filter, with 

the Swedish library retaining 21.8% of loci and the Scottish library retaining only 11.6%. 
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Applying minimum mean depth filters after the 90% filter removed very few markers 

from the library indicating that 90% presence filter acted to remove most low coverage 

loci. HWE filters also removed only a small percentage of markers (2.1% and 2.6% of the 

total catalogue), though crucially those markers may represent the removal of a large 

proportion of technical errors from ADO and other sequencing artefacts. MAF filters in 

contrast removed a more significant proportion of the remaining reads, with only 3.1% 

of loci retained from the Swedish population and 1.4% retained from the Scottish 

catalogue. A proportion of those loci removed were likely to be technical artefacts of PCR 

and sequencing error, however the majority were likely low frequency alleles within the 

population. 

Filter 

Threshold 

Sweden - Loci Prop. of total 

catalogue 

remaining (%) 

Scotland - Loci Prop. of total 

catalogue 

remaining (%) 

Full Catalogue 481,796 100.00 1448905 100.00 

Site 50% 225,485 46.80 446,774 30.84 

Individuals 

60% 

225,485 46.80 446,774 30.84 

Site 90% 105,207 21.84 167,644 11.57 

HWE P <0.05 92,876 19.28 137,761 9.51 

Min. mean 

depth 12 

92,279 19.15 137,757 9.51 

MAF 0.03 14,810 3.07 20,384 1.41 

LD 9,222 1.91 12,144 0.84 

Relatedness 

<0.4 

9,222 1.91 12,144 0.84 

Final Marker 

Set 

9,222 SNPs 1.91% 12,144 SNPs 0.84% 

Table 2.4. Marker filtering steps as described in the main text and the corresponding number of loci remaining 
following each step. 

The final marker count for the Scottish population was 12,144 SNPs, representing 0.84% 

of the initial assembled catalogue of loci. The final number of markers for the Swedish 

population was lower at 9,222 SNPS. However the proportion of markers retained was 

higher, representing 1.91% of the full catalogue of assembled loci (Table. 2.4).  
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Sample Cross-Contamination 

Cross-contamination was examined using Yang’s relatedness equation (Yang et al, 2011). 

The Scottish library showed clear signs of cross-contamination from the initial 

distribution of relatedness (Fig. 2.16). In particular, stations CLA and ULB showed 

unexpected and elevated levels of relatedness between individuals. Further exploration of 

the relatedness data indicated that pairs of individuals showing the highest relatedness 

also shared barcode tags (i.e. CLA_01, ULB_01). This pointed to cross-contamination 

having occurred during the size selection phase, where the previous adapter ligation of 

samples would limit cross-contamination to individuals with matching barcodes. 

Examination of laboratory notes showed that the ULB and CLA stations had been 

processed together during gel size selection, further supporting the likelihood of cross-

contamination having taken place. Due to the cross-contamination having affected the 

pooled stations, the cross-contamination was present in all individuals in both stations. 

All individuals from both stations sequenced in the first library were subsequently 

removed from further analysis. Of note, two replicate samples from CLA were prepared 

and sequenced in the second library as technical replicates. This avoided the cross-

contamination event that affected the first sequencing library and offered an accurate 

genotype for station CLA. The replicate samples for CLA offered a limited look at the 

relationship between CLA and the other stations (Fig. 2.15), however the small number 

of samples restricted their use in any statistical models and the station was not included 

in any formal analysis.  

Further signs of cross-contamination were observed in pairs of samples within stations. 

These indicated earlier cross-contamination or mix-up events during gel extraction or 

purification, and prior to barcoding. Four pairs of samples across the library were 

identified as having unexpected and elevated levels of relatedness and heterozygosity. Of 

these, two were known mix-up events during library preparation (ETI_18/19, 

STR_06/05). In both cases cross-contamination was a one way event whereby material 

from another sample contaminated the identified sample. The other two samples 

identified (INV_08/9, WIC_01/2) were unrecorded cross-contamination events during 

library preparation, possibly from well spill-over or splash effects during DNA extraction. 

Four samples, WIC_01, ETI_18, INV_08, and STR_06, were subsequently removed 

from further analysis. No signs of cross-contamination were observed in the Swedish 

library, likely as a result of improvements in library preparation protocols. 
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Figure 2.16. Relatedness between individuals organised by station. Each plot shows the relatedness of each 
individual in the named station (top-left) with every individual in the library. Stations are divided by colour and 
labelled along the bottom axis. The graph in particular highlights the unexpected and abnormally high relatedness 
between stations ULB and CLA. 

Discussion 

Population Sequencing Approach 

The principal objectives of the project were to investigate genomic diversity, adaptation, 

and population structure in S. latissima. The objectives of the project thereby determined 

the scope of genomic and spatial sampling to be undertaken (Fig. 2.17). The inclusion of 

the environmental association study required the use of functional coding markers in the 

form of SNPs, as well as a high enough coverage of the genome to be able to detect 

signals of selection and adaptation through linkage to the sequenced markers (Lowry et al, 

2017). This was balanced against the requirement for a large number of individuals to be 

sequenced across the population for reliable population inference and association scans. 

Reduced-representation approaches offered a suitable compromise between the number 

of samples sequenced, the marker coverage across the genome, and depth of sequencing 
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coverage (Andrews et al., 2016). The flexibility, specificity, and cross-sample comparability 

of dd-RAD, as well as the relative ease of library preparation, therefore made it a strong 

candidate approach for sequencing (Peterson et al., 2012). A dd-RAD approach was 

subsequently selected for the preparation of the S. latissima population libraries. 

 

Figure 2.17. Experimental design schematic highlighting key considerations to be made at each stage of study design 
and development when undertaking a population genomic investigation. 

The design of the dd-RAD library was constrained by a number of logistical and practical 

considerations. Firstly the sequencing platform available for use, and therefore the 

maximum number of reads per run. Then the number of samples, genome coverage, and 

depth of sequencing desired for the study. Sequencing was arranged to be undertaken at 

the Edinburgh Genomics sequencing facility using the Illumina NovaSeq. A single lane 

from the Novaseq S1 chip offers around 750 M PE reads on average. For a library of 

around 200 individuals this translates to around 3.75 M PE reads per individual. The mean 

minimum read depth for dd-RAD population datasets in similar studies has varied from 

7 to 12 times depth up to 30 times depth (Dierickx et al, 2015; Lalet al, 2015; Leitweinet al, 

2017). A 12x depth coverage for 200 individuals on one lane of the Illumina Novaseq 

would result in an estimated 312,500 RAD-loci. The number of RAD-loci that translate 

in to applicable SNPs will vary greatly depending on the library preparation used, the 

accuracy of size selection, and the level of polymorphism in the population. However 

conservative estimates of around 1/30 RAD-loci passing all filters to become SNPs can 

be used to estimate a final ball-park SNP total (Andrews et al., 2016). In the case of the S. 
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latissima population, 200 individuals at 12 times mean depth on one lane of Novaseq S1 

would translate to around 10,400 SNPs.  

A previous linkage mapping study in S. japonica identified 31 linkage groups across the 

genome, matching the number of chromosomes identified in previous cytological studies 

in the species (Zhang et al, 2015). Although linkage groups and chromosome number in 

the sister species S. latissima may differ, and LD across the 31 linkage groups is not likely 

to be evenly distributed, a SNP panel of 10,000 markers is likely to offer an effective 

coverage, with an estimated average of 322 markers per chromosome or linkage group. 

The average distance between markers, based on a 5000 SNP marker set, was 0.36cM 

across all chromosomes, though ranged between 14.97 cM and 0.0001 cM suggesting 

uneven and extended regions of low recombination (Zhang et al., 2015). A target of 10,000 

SNPs was therefore assessed to be a suitable coverage to allow the detection of signals of 

selection across the S. latissima genome. The estimates of sequencing and marker coverage 

were used as the basis for both the S. latissima sampling and library preparation schemes. 

DNA Requirements for Next Generation Sequencing in Macroalgae 

The requirement for high quality and yield from gDNA extractions has been one of the 

main hurdles in applying genomic approaches to macroalgae (Wilson et al, 2016; Fort, 

Guiry and Sulpice, 2018). Although numerous published methodologies exist for the 

extraction of gDNA from macroalgae, many have only been tested for PCR amplification 

and microsatellite approaches (Phillips, Smith and Morden, 2006; Hoarau et al., 2007; 

Greco et al., 2014; Coleman, Weigner and Kelaher, 2018). The higher quantity 

requirements for genomic library construction, and the inability to circumvent 

contamination issues by serial dilution, have made genomic approaches for macroalgae 

more challenging than in other organism groups (Wilson et al., 2016). More recently, a 

number of protocols have been published for the extraction of NGS-ready gDNA from 

macroalgae (Wilson et al., 2016; Fort, Guiry and Sulpice, 2018; Guzinski et al., 2018). 

However, variations in composition and contaminants amongst species and populations 

of macroalgae mean protocols designed for one species or group may not be effective in 

other species (Nielsen et al. 2016).  

Here we tested the effectiveness of a previously published extraction protocol for 

genomic use in macroalgae, before improving and optimising the approach for S. latissima 

by the inclusion of a straightforward gel-purification step (Saunders, 1993; Fort, Guiry 

and Sulpice, 2018). The initial extraction protocol tested was based on a magnetic bead 
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approach developed by Antoine Fort et al. (2018). Initial ligation trials based on the 

protocol showed severe inconsistencies in ligation success between samples and 

populations (Fig. 2.5) suggesting the widespread carry-over of contaminants from the 

extraction protocol. The published protocol however was only tested for NGS application 

in the green algae Ulva lactuca (Fort, Guiry and Sulpice, 2018). The tougher cell material 

and higher concentration of polysaccharides and polyphenols possibly explain the 

reduced effectiveness of the protocol in S. latissima.  

Gel-purification of the samples showed much improved success rates and consistency in 

ligation (Fig. 2.5). Gel purification was selected based on its previous application in red 

macroalgal species (Saunders, 1993). Various other purification methods exist for gDNA 

including the use of isopropanol, ethanol or sodium acetate wash steps, and the use of 

purification columns (Hoarau et al, 2007; Snircet al, 2010). However the co-isolation of 

polysaccharides can still cause problems following wash steps due to the similarity in 

composition and charge (Snirc et al., 2010). Gel purification offers an alternative approach 

based on the physical separation of DNA and polysaccharides in a gel matrix (Saunders, 

1993). The method is simple and affordable and can be applied to virtually any source of 

gDNA extract making it applicable to a wide range of problematic macroalgal species.  

One of the downsides to gel excision is the significant loss of yield and lower DNA 

quantities for downstream applications. The loss of DNA can be mitigated however 

through careful excision, running multiple lanes, and warming of the final elution buffer. 

The careful pooling and concentration of samples in later stages of library preparation can 

also circumvent the need for large initial quantities of input gDNA, as demonstrated in 

the success of the S. latissima library. Gel purification can also present a significant risk of 

cross-contamination as samples are loaded into the gel bed. Steps should therefore be 

taken to reduce cross-contamination between wells, for instance by spacing samples two 

wells apart at all times, only running one population on a gel at a time, and cleaning and 

replacing all buffers and gel beds with fresh consumables between populations. Gel 

purification therefore represents a considerable time and effort cost during library 

preparation, and its application to larger, higher-throughput studies may be limited. 

However the benefits of assuring high-quality, consistent ligation across all samples can 

be worth the trade-off in the long-term. Larger sequencing efforts might subsequently 

consider higher-throughput automated gel purification systems such as the Sage Science 

Blue Pippin (https://sagescience.com/products/bluepippin/) to improve efficiency and 

speed. 

https://sagescience.com/products/bluepippin/
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Restriction Enzyme Choice 

Previous enzyme trials in other brown macroalgal species had looked at three enzymes, 

HhaI, MstI, and PstI in different combinations. Those trials found a combination of the 

four-base-cutter PstI and the six-base-cutter MseI to be the most effective and consistent 

enzyme combination for restriction digest, and were subsequently employed in a 

successful dd-RAD library preparation for the invasive macroalgae U. pinnitifida and 

Sargassum muticum (Guzinski et al, 2018; Le Cam et al, 2020). Trials performed here on S. 

latissima concurred with the previous trials in U. pinnatifida and S. muticum, with the 

combination of MseI and PstI showing consistent digestion of gDNA (Fig. 2.7). The 

combination of HhaI and PstI in contrast was found to have variable success across 

samples showing only partial digestion in certain cases (Fig 2.7). The trials suggested that 

HhaI may have been more susceptible to differences in the extraction protocol, and that 

carryover of contamination from phenols and polysaccharides in certain samples led to 

enzyme inhibition. 

One advantage of maintaining the use of the same restriction enzymes between studies is 

in the downstream comparability of the SNPs and datasets assembled. The isolation of 

RAD loci through restriction digest offers a highly reproducible sampling method 

(Peterson et al, 2012). Other than when mutation affects the cut site, the method allows 

the selection of the same genomic regions across all individuals, populations, and 

potentially species, sampled (Davey and Blaxter, 2010). In S. latissima, choosing the same 

enzymes as have previously been applied in closely related species might therefore allow 

comparison and cross-over between datasets further down the line. Future studies in S. 

latissima might also consider the use of the same restriction enzymes in order to allow 

wider comparisons and meta-analysis between previous studies and publicly available 

sequence datasets. 

Adapter Ligation and Enrichment QC 

The effectiveness of the DNA extraction and purification protocol was evidenced in the 

success rates for adapter ligation during enrichment QC. Of the 450 samples tested, 95% 

showed clear and consistent library enrichment across the expected size range. The 

consistency and success rates of enrichment are crucial factors in ensuring the population 

library is representative in its coverage. Inconsistent enrichment and success rates between 

individuals and populations can lead to significant biases in final representation in the 

sequencing library (Graham et al, 2015). Variations in composition and contaminant levels 
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between individuals and populations can reflect underlying genetic diversity (Nielsen et 

al., 2016; Nielsen et al., 2016). Failure to include such samples as a result of failed ligation 

can therefore bias the population library towards certain phenotypes and present a false 

representation of diversity across the populations sampled.  

The success rates for the S. latissima library suggested a good level of representation across 

the populations sampled. Nevertheless, samples from Wick did show elevated levels of 

ligation failure and this was reflected in the lower number of individuals and reads for 

those populations in the final sequence library. Although not investigated further, the 

Wick population expressed noticeably thicker and tougher blade phenotypes than 

elsewhere, likely due to elevated levels of exposure in this location (Koehl et al, 2008; 

Augyte et al, 2017). It is possible that the tougher cell material of these samples reduced 

the effectiveness of gDNA extraction.  

DNA Quantification and Pooling by Station 

A common narrative in the design and implementation of RAD-Seq approaches is that 

library preparation requires a relatively high amount of DNA per individual in the library 

construction (Coleman, Weigner and Kelaher, 2018; Fort, Guiry and Sulpice, 2018). For 

S. latissima, the removal of gDNA contaminants through gel purification led to a severe 

decrease in DNA yield per individual, limiting the initial DNA input for library 

preparation (Fig. 2.6). This was resolved by including the full volume of each ligated 

sample to the initial station pool, rather than a subset from each sample as in other studies 

(Guzinski et al, 2018). As samples were normalised to 1 ng µl-1, this resulted in 45 ng of 

DNA from each sample being combined in the initial station pool. This reflected similar 

amounts of input DNA as other library preparation protocols where the initial higher 

DNA amount had been subsampled prior to pooling (Peterson et al., 2012). The downside 

to this was that inputting the full volume of each individual into the pooled sample 

resulted in a much higher volume than desired for the downstream size selection step. As 

such a concentrating step was required to reduce the volume of the pool whilst conserving 

the DNA. This was achieved using a modified SPRI bead based approach, reducing each 

of the pools down from 900 µl at 1 ng µl-1, to 200 µl and concentrations of 5 ng µl-1.  

DNA requirements for dd-RAD and other RADseq based approaches are commonly 

cited between 50 ng and 500 ng per individual (Peterson et al, 2012). However many 

protocols subsequently only use a small proportion of each individual sample in the 

pooling step or PCR enrichment (Peterson et al., 2012). This suggests that the actual DNA 
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requirements per individual are much lower if the need for back up material is not 

required. This was confirmed by the success of the S. latissima library despite the initial 

low input volumes of gDNA (~45 ng). The concentration step provided a way of 

circumventing the high volumes per sample in the station pools, and ensured a high 

enough concentration of pooled samples for effective size selection. This was particularly 

important as the gel size selection approach was likely to result in further loss of yield 

from each sample. 

One possible risk from this is that lower starting concentrations of DNA might result in 

increased bias in terms of representation across the genome through a form of stochastic 

sampling bias. However, there are few detailed investigations to date on the effects of 

input DNA concentrations on library quality and representation. Further efforts should 

be made to investigate the influence of gDNA input volumes and concentration on library 

representation in reduced representation approaches.  

Fragment Size Selection 

Fragment size selection represents the second stage of genome reduction in dd-RAD after 

the restriction digest and acts to isolate a comparable range of fragment sizes across all 

samples (Peterson et al, 2012). Gel based size selection was selected for the S. latissima 

libraries base on the equipment available in the lab. However gel based size selection can 

present some downsides compared to higher precision automated methods (Peterson et 

al., 2012). The imprecise nature of gel excision can preclude the selection of narrower, 

more precise size ranges. A size range of 100 bp for instance, is more likely to be skewed 

by a 10 bp variance from cutting imprecision than a 300 bp size range. Libraries requiring 

a narrower size range are therefore more likely to require an automated system such as 

the Pippin Prep. Larger size ranges are less susceptible to small imprecisions in gel cutting, 

though inconsistent size ranges due to cutting discrepancies will squander sequencing 

power in the long run. Larger size ranges have additionally been shown to increase the 

influence of fragment size bias during amplification (Walsh, Erlich and Higuchi, 1992; 

Dacosta and Sorenson, 2014). In this case the 200 bp size range provided a compromise 

between narrower, more inconsistent size selection, and a broader lower coverage 

selection with increasing risk of bias.  

The Scottish library showed the greatest variance between station fragment size ranges 

(Fig. 2.8). The improved accuracy of the Swedish library size selection was a result of a 

number of technical improvements, as well as lessons learnt from the size selection 
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process in the first library. In particular, it was found that running a 100 bp ladder on 

either side of every station pool lane greatly increased the accuracy of the station cuts. 

Inconsistencies between gel runs were also reduced by running pooled station samples in 

separate lanes on the same gel and by running multiple lanes per station pool. However 

care was required to avoid cross-contamination between pools in different lanes. The 

accuracy of the size selected pools for the Swedish library was further improved by 

assessing them on a Bioanalyser High Sensitivity DNA chip (Agilent) (Fig. 2.9).  

The consequence of looser size selection between stations in the Scottish library was that 

a greater proportion of markers were filtered in later stages for not being present in 90% 

of individuals (Table 2.4). Inconsistent size selection between stations therefore 

represented a waste of sequencing power in the long run. Despite this, the Scottish 

population still retained 0.84% of initial RAD loci after filtering, resulting in a large 

number of consistent shared markers. This suggests that looser size selection from gel 

based isolation can be mitigated if taken in to account in sequencing estimates and by 

using higher powered sequencing platforms such as the Illumina NovaSeq. Peterson et al. 

(2012) concluded that careful excision from a gel can achieve successful results at roughly 

50% of the precision and consistency of automated systems. This should therefore be 

taken into account when estimating sequencing power and coverage for the library.  

Library Enrichment and ADO 

One of the principal concerns during library enrichment of RAD based libraries is in 

mitigating the effects of PCR bias and ADO on read representation and downstream 

genotyping (Dacosta and Sorenson, 2014). This was addressed in the S. latissima library by 

optimising the number of PCR cycles required to the minimum number, and by splitting 

the enrichment over four reactions per station pool. In addition the library included the 

presence of DBR’s in the P7 adapter allowing the detection of copy numbers and over-

amplification (Casbon et al, 2011).  

Due to technical errors during the sequencing of the second library, the use of the DBR 

region was abandoned to maintain consistency between libraries. This likely increased the 

chances of ADO and PCR amplification bias entering the marker set. Analysis of DBR 

tagged libraries for instance found that up to 33% of raw reads showed disproportionate 

PCR amplification (Schweyen, Rozenberg and Leese, 2014). In most scenarios, the careful 

application of coverage thresholds would remove those loci affected by PCR bias and 

ADO. However, in a small selection of loci that show exceptionally high inflation (1.3% 
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in Schweyen et al. 2014), coverage thresholds would not be effective and cases of ADO 

and unrepresentative amplification would go on undetected (Schweyen, Rozenberg and 

Leese, 2014). In practice, the low frequency of these loci would not greatly affect most 

measures of population diversity and structure. In contrast genome wide selection scans 

and outlier tests are a lot more vulnerable to biased loci as the masking of null alleles and 

the false representation of low diversity could be mistaken for hard selective sweeps or 

mask signals of balancing selection (Schweyen, Rozenberg and Leese, 2014).  

Downstream analysis of the Scottish library showed moderate levels of PCR clones in the 

library, as expected from an enriched library. The average level of PCR copy number 

across the Scottish library stations was 34.4%. However assessment of population 

statistics for clone filtered and non-clone-filtered datasets showed little difference in 

overall results and population inferences. More detailed analysis of PCR clone effects have 

likewise shown minimal effect from PCR copy number on final population inferences 

(Díaz-Arce and Rodríguez-Ezpeleta, 2019). Low allelic and total error rates between 

replicates sequenced in the two libraries also increased confidence that the effects of ADO 

on genotyping was minimal.  

Sequencing 

Initial sequencing results from the first library were positive, though inconsistencies in 

read numbers between stations suggested that the final quantification and pooling of the 

library was not all that accurate. The initial picture from the second library was more 

discouraging, with sever issues in the cut site and DBR regions of the adapters. The 

combined total read output for the Swedish library was almost half that of the Scottish 

library, despite having been resequenced.  

Exploration of the sequence data however showed signs of an intact library beyond the 

cut site. The sequencing facility pointed to high levels of multiple-occupancy, a sign of 

overloading of the flow cell, as the cause of sequencing failure. Despite re-quantifying the 

library and resequencing at lower inputs, the reasons for the high levels of multiple 

occupancy were never fully resolved. The library was run with 5% Phi-X as a control, as 

well as to compensate for low complexity regions in the cut site and adapter regions, as 

standard for a dd-RAD library. The library also contained a fully multiplexed index region 

improving diversity during the initial sequencing cycles. These, in combination with the 

reduced input in the second sequencing attempt, should have resolved any issues of multi-

occupancy and overloading in the library, though failed to do so. In hindsight, a further 
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solution for the sequencing facility may have been to include a greater proportion of Phi-

X in the second run to compensate for any effects of low complexity from the dd-RAD 

adapter sequences, as well as to act as a positive control for the library. 

Locus Assembly and Genotyping 

The optimisation of parameters for locus assembly is an important step in ensuring a 

representative and reliable marker set for genotyping and population diversity inference 

(Paris, Stevens and Catchen, 2017). In an exploration of three different organism systems, 

Paris et al. (2017) reported significant variation in loci, SNPs, and population diversity 

metrics, with varying assembly parameter settings. In comparison the S. latissima libraries 

showed relatively little change in markers or population outputs with increasing parameter 

values suggesting that the majority of polymorphism was captured at the lower range of 

parameter values.  

The general increase in error rate with n suggested that over-merging of stacks from higher 

n values resulted in higher levels of error in variant calling. Similar error rate estimation 

by Mastretta-Yanes et al. (2017) reported increasing error rates of locus assembly with 

increasing n, however conversely found a decrease in allele mismatches and SNP error 

rate. Changes in the slope of error rate with increasing M in S. latissima (Fig. 2.14) 

suggested that increases in M value reduced the rate of erroneous under-merging of read 

stacks within individuals and over-merging between individuals. This agreed with similar 

patterns reported elsewhere (Catchen et al, 2013). Lower values of n have also been shown 

to result in over-splitting of fixed alleles between populations (Catchen et al., 2013). Over-

splitting from low n values can also be harder to detect and filter out of the dataset in later 

stages than over-merged loci (Catchen et al., 2013). The decision to set the final parameters 

at m = 3, M = 3 and n = 3, was therefore based on a balance of optimal error rates, marker 

numbers, and the above information regarding under and over-merging at lower n values.  

Error rates between replicates were relatively low. Mean allele error rates for the Scottish 

library for instance were small (2.18%) compared to allele error rates reported in a study 

on Berberis alpinis by Mastretta Yanes et al. (5.9%). Missing data from inconsistencies in 

library preparation in KIL and WIC resulted in disproportionate error rates in those 

replicates. However the effects of missing data are generally less significant in population 

inferences and downstream analysis. Various statistical methods also exist to impute 

genotypes for missing loci from the wider dataset for downstream data analysis, for 

instance in association tests (Pool et al, 2010).  
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Allele error on the other hand presents a more serious risk to downstream population 

inference. General population metrics such as heterozygosity and nucleotide diversity are 

generally robust to small levels of allele error in large marker sets. However allele error 

can affect allele frequency distributions, skewing the frequency towards rare alleles, and 

artificially inflating diversity estimates (Pool et al, 2010; Mastretta-Yaneset al, 2015). The 

effect of minor allele error on population differentiation statistics and structure analysis 

is unlikely to be significant in large population marker sets, though more subtle patterns 

of population structure may be less detectable in the presence of allele errors (Cariou, 

Duret and Charlat, 2016). A bigger risk from allele error lies in the detection and 

identification of outlier loci and loci in association. Erroneous allele calls that pass SNP 

filtering can imitate rare allele and outlier signatures and present patterns of association 

that would otherwise not exist. A number of outlier and association approaches employ 

statistical methods to take in to account false error and detection rates (Ahrens et al., 

2018). Incorporating estimated allele error rates into false discovery rates can therefore 

offer a means of taking into account allele errors in outlier and association scans 

(Mastretta-Yanes et al., 2015). The low levels of allele error detected in the S. latissima 

libraries therefore improved confidence in later association tests and their inference.  

The choice of assembly pipeline may also have had an effect on the final marker set and 

population inference and statistics (Shafer et al, 2017). Though STACKS represents one 

of the most widely used assembly packages, other pipelines and approaches also exist 

which offer different advantages and disadvantages to STACKS. The principles of locus 

assembly and variant calling are similar across many of these packages, however each can 

differ in their focus or approach. dDocent for instance focuses on fixed-length RAD based 

libraries such as dd-RAD, 2bRAD and ezRAD. The pipeline was also designed around 

libraries with high levels of nucleotide and indel polymorphisms, a common feature in 

many marine organisms (Puritz, Hollenbeck and Gold, 2014). ANGSD on the other hand 

applies a probabilistic variant calling approach in the form of genotype likelihood models 

based on multiple error models from raw data (Korneliussen, Albrechtsen and Nielsen, 

2014). Finally pipelines such as AftrRAD and iPyRAD offer computationally efficient 

methods of processing large sequence datasets when computational power is limited 

(Sovic, Fries and Gibbs, 2015; Eaton and Overcast, 2020). The option to run sequence 

datasets through multiple pipelines and compare outputs and consistency can be a useful 

one where time and computational resources are available. Comparison of the outputs 

from STACKS and ANGSD for instance might offer both a catalogue of markers from 
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the STACKS pipeline and genotype likelihoods from ANGSD offering greater support 

to the final marker set. However the comparison of multiple data-processing pathways is 

not always possible within the scope of a project. In this case, despite the intention to test 

the S. latissima dataset through multiple pipelines, the time was not found to do so, and 

all locus assembly and genotyping was subsequently undertaken in STACKS v2.3. 

Marker Filtering 

Marker filtering ensured the consistent representation of each assembled marker across 

the population, and that the depth of coverage for each marker was high enough to 

support any allelic variation observed. Filtering also acted as a further quality control step, 

detecting and removing technical artefacts and sources of technical or biological 

ascertainment bias from the marker set that might have compromised downstream 

population analysis (O’Leary et al, 2018). Threshold values for filters required initial 

exploration in the dataset to determine the effects of varying filter thresholds on each 

marker set. Plotting the distribution of depth across the two initial catalogues of loci for 

instance, highlighted how the Scottish catalogue would be more heavily impacted by a 

higher mean depth threshold (Fig. 2.18). The wider distribution of mean depth for the 

Swedish library reflected the tighter size selection process during library preparation of 

the Swedish library, but also reflected a possible difference in diversity, with Scotland 

potentially harbouring higher levels of polymorphism, and therefore a higher number of 

loci over which sequencing depth was distributed.  

The mean depth of sequencing chosen (12x depth) offered a conservative coverage and 

ensured that the final marker set was well supported by read depth. This can vary 

depending on the overall objective and application of the population data, studies 

applying genotype probability methods for instance often require a lower coverage of 

sequencing (Korneliussen, Albrechtsen and Nielsen, 2014; Bohling, 2020). Thresholds for 

locus coverage within individuals and locus presence across the library can also vary 

between studies depending on the overall aims and objectives (Faust et al, 2018; Torquato 

et al, 2019). The final threshold for individual coverage set for S. latissima was relatively 

low at 60%, however the high threshold for marker presence across the library mitigated 

the effect of low coverage in individuals in later analysis steps. Marker retainment was 

further improved by implementing an incremental approach to applying coverage 

thresholds.  By removing the poorest individuals and loci in a step-wise fashion, this 
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approach retained a higher number of markers in the long run as informative markers 

were not rejected due to poor individuals and vice-versa (O’Leary et al., 2018).  

 

Figure 2.18a. Mean depth of initial catalogue loci for the Scottish population library 

 

Figure 2.19. Mean depth of initial catalogue loci for the Swedish population library. 

  

Population data related thresholds offered additional filters for technical artefacts in the 

catalogue. Filtering based on the balance of heterozygosity offered a means of removing 

biologically improbable loci. HWE assumes that in a large, randomly mating population, 

genotype frequencies should be distributed approximately within the expected ratio. 

Various factors, including population substructure, inbreeding, and selective sweeps, can 

affect the proportions of alleles in a genotype and skew the pattern of HWE away from 

the expected ratio. Extreme deviations from HWE can subsequently indicate the presence 

of technical or biological errors in a locus. In the S. latissima libraries, around 2-2.5% of 

the total catalogue markers were removed due to HWE deviation following initial 

coverage filters. This suggested relatively low levels of technical artefacts in the dataset, 

or that coverage filters removed the majority of anomalous loci.  

An in depth exploration of genotyping error and departure from HWE in human 

population datasets found that departure towards excess heterozygosity was often 

associated with genotyping error (Chen, Cole and Grond-ginsbach, 2017). Excess 

heterozygosity was also found to be an indicator of over-merging during assembly and an 
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Figure 2.18b.
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indicator of the presence of multilocus loci. In contrast loss of heterozygosity was 

associated more frequently with biological artefacts such as allelic drop out and deletion 

polymorphisms (Chen, Cole and Grond-ginsbach, 2017). Further investigation may 

therefore have offered greater insight into the characteristics of the markers excluded by 

HWE filters. However, this was not achieved during the period of the project. A greater 

emphasis on exploration of the marker set in relation to marker filters at an early stage of 

the project would likely have proved informative and insightful to later population 

inferences.  

MAF cut offs were also aimed at removing sequencing and PCR errors through the 

removal of erroneous low frequency alleles that would otherwise pass read and marker 

coverage filters. In addition the removal of low frequency alleles has also been shown to 

improve population inferences as low frequency alleles have been shown to mask patterns 

of distribution and structuring in certain cases, and can be less informative when targeting 

broader geographical scale of population substructure (De La Cruz and Raska, 2014). 

Conversely, rare variants can offer greater resolution when differentiating closely related 

groups or populations. A study on Lycaeides butterflies found that analysis of just rare 

variants provided greater power of differentiation between hybridising populations than 

analysis of the wider population marker set (Gompert, Lucas and Buerkle, 2014). In S. 

latissima, the initial MAF threshold of 0.03 resulted in the exclusion of a significant number 

of loci from the marker set (Table 2.4). Setting higher within population thresholds of 

MAF, and lower between population thresholds may have offered an improved way of 

retaining informative minor alleles without compromising the overall dataset by retaining 

technical errors (Guzinski et al, 2018; Linck and Battey, 2019). However, this was not 

attempted in this study. 

The final step in marker filtering was in removing or thinning physically linked SNPs 

located on the same read stack. This is a common requirement for downstream 

population analyses as physically linked markers can significantly bias population 

inferences and assessments (O’Leary et al, 2018). However, the thinning of SNPs can risk 

the loss of more informative markers in the dataset if the marker from each locus is 

chosen at random. This was avoided by removing physically linked markers as the final 

filtering step, thereby ensuring that all markers remaining after filtering were of use. 

Alternatively, physically linked loci can be used more constructively in the form of 

haplotype data to maximise the use of available variant markers and allow greater 

detection of false assembly, though this was not attempted here (Willis et al., 2017). 
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Haplotype data from dd-RADseq in combination with other genomic resources is likely 

to play a greater role in understanding wider allelic association effects and larger scale 

patterns across the genome in future research efforts (Leitwein et al., 2020). Though a 

reference genome for S. latissima is not available at present, the haplotype mapping of the 

sequence data assembled here against future reference genomes would likely be a fruitful 

means of detecting larger haplotype level population variations and associations across 

the genome.  

Cross-contamination Effects 

Sample cross-contamination was most likely to occur during the wet lab preparation of 

the sequencing library, in particular during the DNA extraction and purification phases, 

and during station size selection. Various steps were taken to mitigate the risk of cross-

contamination at each stage of library preparation. During gDNA extraction, stations 

were extracted in batches, taking care to maintain distance between different stations on 

the well plate. Silica wellplate covers were also used during the plate mixing phases to 

minimise splash effects from well to well. gDNA gel purification was similarly undertaken 

station by station, avoiding the presence of multiple stations on one gel run. Buffers and 

gel consumables were then cleaned and refreshed between stations. During station size 

selection, two pooled stations were run on each gel. The risk of cross-contamination 

during this step was mitigated by running empty lanes between stations to minimise the 

risk of overspill. Care was also taken during gel excision to avoid cross-contamination 

from scalpels or the UV table.  

Despite these steps being taken, cross-contamination was still evident in the Scottish 

library between certain stations and samples. The nature of the cross-contamination 

suggested that the contamination occurred during the size selection phase, likely when 

loading the gel for size selection, or when excising the fragment from the gel. This proved 

another downside to gel based size-selection, though the additional measures taken in the 

second Swedish library proved that cross-contamination from gel excision can be 

mitigated effectively too. In the future, the use of automated size selection systems for 

fragment size selection, as well as potentially for gel purification, would likely improve the 

levels of cross-contamination during library preparation.  
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Conclusions 

The sequencing of the two population libraries represented the culmination of 18 months 

of method development and troubleshooting of the DNA extraction and library 

preparation process. Processing and assembly of the sequencing data revealed clear 

differences in library preparation and sequencing consistency between the two libraries. 

Adjustments to wet laboratory protocols and techniques resulted in significant 

improvements in the second sequencing library in terms of cross-sample coverage and 

depth, as well as sample cross-contamination. This was not unexpected, as the first 

sequencing library provided a number of lessons and areas for improvement that were 

implemented in the second sequencing library. Gel purification and size selection 

methods in particular were improved upon. This was further helped by the application of 

the Bioanalyser which provided enhanced size selection and library assessment for the 

second library. Method development and preparation of a practice library prior to the 

Scottish population would likely have improved the consistency of the first sequencing 

library. However monetary and time limitations of the project prevented this approach in 

this case.  

Despite the differences in library preparation efficacy, the number of SNPs per 

population were similar in the final marker sets (Table 2.4). This was likely a reflection of 

the sequencing difficulties and lower read number in the second sequencing run balancing 

out the improved cross-sample coverage and depth. The differences in library preparation 

did result in a lower number of common markers across both populations (investigated 

in Chapter V), however this was also driven by genetic differentiation and divergent 

population histories between the two geographically distant populations.  

Ultimately, both libraries provided robust marker sets for downstream application in 

population inference, diversity assessments, and association tests. Optimisation and 

careful filtering ensured that the final set of markers for each population were 

representative, informative, and reliable. Low error rates between replicate samples gave 

confidence to downstream analysis, in particular to the detection of outlier loci or loci in 

association. Minimal levels of variation in error rates and population statistics under 

different assembly parameters suggested the sequence data was robust to assembly 

parameterisation and that the parameters chosen were not introducing significant bias in 

the final results.  
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Abstract 

Macroalgal cultivation is forecast to play a major role in Scotland’s emerging blue 

economy. Recent feasibility studies have identified the widespread potential for seaweed 

cultivation in the region. However, potential risks of genetic introgression from farmed 

to wild populations have also been raised and the need for an informed baseline of wild 

population genetic diversity has been highlighted as a priority. This chapter describes the 

results of a population genomic survey of the commercially relevant macroalgae Saccharina 

latissima across the north and west coasts of Scotland. The survey sampled eleven stations 

across a range of environmental conditions to assess genetic diversity, connectivity and 

adaptation based on a panel of 12,144 SNP markers. The results showed a high level of 

genetic diversity and differentiation between stations, and significant patterns of isolation 

by distance across the region. A hierarchical pattern of population structure was observed 

between northern populations north of Skye and southern populations around the Inner 

Hebrides and Lorne. Additional population structuring was observed between the Inner 

Hebrides and Outer Hebrides suggesting limited dispersal capabilities across the open 

water distance. Population structuring observed between the south west coast and the 

Clyde Sea inferred reduced connectivity between west coast and Clyde Sea populations, 

likely as a result of current patterns in the region, as well as possible non-neutral 

adaptations to the Clyde Sea environment. Differentiation was also observed along the 

local scale environmental gradient of an enclosed sea loch highlighting the influence of 

isolation and local adaptation on genetic differentiation in fjord-like sea-loch systems. The 

results feed into recommended guidelines for genetic management in macroalgal 

cultivation and highlight the rich genetic diversity available for future breeding efforts 

from within locally sourced seed-stocks. 
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Introduction 

The blue economy is fast becoming one of the world’s largest growing markets (Lee, Noh 

and Seong, 2020). In Scotland the blue economy sector has been highlighted as a key 

priority in securing sustainable food, energy and biotechnology resources for the near 

future (Marine Scotland, 2018). The growth of macroalgal cultivation in inshore coastal 

waters is forecast to play a major role in this. Seaweed aquaculture in Europe is expanding 

rapidly, aided by the availability of space and growing resources at sea (Camia et al, 2018). 

A recent feasibility study highlighted the potential and suitability for macroalgal 

cultivation on the west coast of Scotland (Stanley et al., 2019). The region holds some of 

the cleanest and most productive waters in the UK and supports an estimated 26 M 

tonnes of biomass in various wild kelp species (Burrows et al., 2018). The area is also well 

suited to macroalgal cultivation, with a well-established marine infrastructure and strong 

aquaculture sector already present (Marine Scotland, 2018). One aspect highlighted by the 

feasibility report was the need for social and environmental considerations in the 

development of the industry (Stanley et al., 2019). Increased consumer and regulatory 

focus on environmental impact mitigation and social license have led to greater efforts to 

understand these in the context of seaweed aquaculture and its development in Europe 

and America (Campbell et al., 2019; Grebe et al., 2019).  

Natural kelp forests support high levels of biodiversity and secondary productivity and 

provide invaluable ecosystem services to coastal communities and wider society (Christie, 

Norderhaug and Fredriksen, 2009; Hasselström et al, 2018; Ortegaet al, 2019). Potential 

impacts to kelp forest diversity and function from climate mediated changes and 

anthropogenic impacts such as cultivation are therefore of substantial concern to 

conservation, industry and management groups (Wernberg et al., 2018; Barbier et al., 2019; 

Smale et al., 2019). A systematic review of environmental impacts from seaweed farming 

identified the alteration of population genetics in wild kelp as one of two principle risks 

associated with the development of macroalgal cultivation (Campbell et al., 2019). Farm 

to wild interactions, and the risks of genetic pollution and homogenisation, have been 

raised in a number of reports surrounding seaweed aquaculture (Barbier et al., 2019; Grebe 

et al., 2019; Goecke, Klemetsdal and Ergon, 2020). However, a lack of empirical data, and 

the pilot scale of many current monitoring programmes, mean the extent of farm to wild 

interactions and the significance of such events on wild population genetics remains 

difficult to assess.  
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One of the first steps in understanding population genetic effects from farm to wild 

interactions is to gain a baseline of wild population diversity and connectivity from which 

to measure anthropogenically derived changes in genetic composition. Baselines of 

population genetic diversity offer an informed platform from which to make a variety of 

monitoring, management and regulatory decisions (Bernatchez et al, 2017; Hunter et al, 

2018; Funk et al, 2019). In particular, the identification of discrete population units allows 

a more informed framework to regulate the movement and introduction of foreign 

genotypes (Funk et al., 2012; Barbier et al., 2019). Identification of population structure 

can also help determine suitable guidelines for seed sourcing where the use of local 

genotypes is advocated or required (Stanley et al., 2019). Careful management of 

translocations and seed sourcing offers a simple approach to mitigating the potential 

effects of farm introgression on wild kelp genetics (Campbell et al., 2019; Goecke, 

Klemetsdal and Ergon, 2020).  

Population genetic surveys can allow the monitoring of more direct anthropogenic 

impacts including exploitation, habitat fragmentation, and isolation and bottleneck effects 

(Funk et al, 2012). In aquaculture, studies in Atlantic salmon and wrasse have shown 

significant levels of genetic introgression from farm escapees to wild populations (Glover 

et al., 2017; Faust et al., 2018). Introgression from farmed to wild populations in salmon 

has subsequently been linked to genetic homogenisation, maladaptation, reduced fitness, 

and population loss (Glover et al., 2017; Fraser et al., 2019). Fewer studies have been 

undertaken in macroalgal cultivation species. Those that have been undertaken have often 

focused on non-native species reducing the significance and impact of farm-to-wild 

population effects (Tano et al., 2015; Guzinski et al., 2018; Shan et al., 2019). Nevertheless, 

significant differences in diversity and heterozygosity have been reported between farmed 

and naturalised populations, showing significant bottleneck effects in cultivated 

populations, and highlighting the risk of genetic pollution should wild populations be 

subject to introgression from farms (Guzinski et al., 2018). The establishment of baseline 

population genetic data in regions of cultivation interest will therefore provide an 

important first step in facilitating the monitoring of genetic impacts as the industry 

develops.  

Domestication and genetic improvement have been identified as a key priority in the 

development of macroalgal cultivation by both research and industry (Valero and 

Buschmann, 2017; Goecke, Klemetsdal and Ergon, 2020). Population genetic baselines 

address this directly and offer an initial resource assessment of the genetic diversity from 
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which to develop cultivars and strains. A recent review of potential breeding approaches 

in European kelp cultivation identified recurrent selection and hybridisation as two of the 

most likely starting points for initial cultivar development based on cost-effectiveness and 

effort (Goecke, Klemetsdal and Ergon, 2020). Identifying the genetic and functional 

diversity within legislated or recommended distances for seed-sourcing will therefore be 

a key step in identifying strains and variants for initial recurrent mixed hybridisation 

programmes. The assessment of wild diversity also plays an important role in resource 

management, as well as in resource exploitation (FAO, 2021). The conservation and use 

of diversity from crop wild relatives is playing an increasing role in sustainable plant 

breeding (Brozynska, Furtado and Henry, 2016), and has been identified as a key objective 

in macroalgal cultivation as well (Barrento et al, 2016; Valero and Buschmann, 2017; 

Barbier et al, 2019). The identification, conservation, and where possible, bio-banking of 

wild genotypes offers the basis for initial breeding efforts as well as a portfolio and reserve 

for future diversification and strain improvement (Barrento et al., 2016; Visch et al., 2019).  

Here, a regional scale population genomic survey in the sugar kelp S. latissima is described 

along the north and west coast of Scotland. The investigation aimed to map population 

diversity and connectivity in the area, in particular investigating the presence and influence 

of population structuring and isolation by distance (IBD) over a regional scale. The 

investigation also aimed to evaluate genetic differences across steep environmental 

gradients at a local scale by applying a paired sampling approach along selected west coast 

sea lochs. Findings from the investigation have fed directly into the recommended 

guidelines for industry development in the region in terms of management and seed 

sourcing (Stanley et al, 2019). The results further aimed to assist in the advancement of 

strain selection and breeding programmes, offering insights into environmental variation 

in S. latissima and the genetic resources available to growers in the initial domestication 

process. The survey represents one of the first studies incorporating genomic and 

environmental data in S. latissima, and improves on genetic microsatellite methods that 

have previously been used to characterise population genetics in nearby areas and across 

wider phylogeographic scales (Nielsen et al., 2016; Mooney et al., 2018; Evankow et al., 

2019).  



Chapter III: Population Genomics of Scottish S. latissima  

160 
 

Materials and Methods 

Sampling Approach 

The population survey area covered roughly 750 km around the north and west coast of 

Scotland (Fig. 3.1a, Table 3.1.). Sampling sites were selected to cover an even distribution 

across the study region. Sites were additionally chosen to cover a range of environmental 

conditions, ranging from exposed rocky shorelines, to sheltered, fresh-water influenced 

sea-loch environments. A paired sampling approach was employed for 6 of the stations 

whereby samples were taken from the upper and lower ends of enclosed sea-lochs (Fig. 

S3.1). This sampling approach maximises environmental differences in comparison to 

geographic distance and has been shown to improve the power of certain GEA tests 

(Lotterhos and Whitlock, 2015). Library errors resulted in the loss of two of the stations, 

Claonaig (CLA) and Upper Loch Broom (ULB), leaving only one paired group containing 

Strontian (STR) and Kilchoan (KIL).  

Sampling was conducted over the spring of two consecutive years. 20 S. latissima 

individuals were collected by hand at low tide from each station along the littoral or sub-

littoral. Individuals were sampled along ~200 m transects maintaining a distance of 2 m 

between individuals to reduce the sampling of clonal sporophytes. For each individual 

two 13 mm2 discs of meristem tissue were collected at the base of each blade and 

preserved by desiccation using dried silica beads. 
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Figure 3.1. Regional map of Scotland showing sampling stations for the S. latissima popoulation library. A) 
Sampling site locations as well as the principal current systems around the west coast of Scotland (taken from 
McManus (1992)). B) Mean interpolated SST for Scottish coastal waters taken from NOAA OISST HR V2 
C) fastStructure population inference based on a maximum likelhood of K = 3. 
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Site Station Lat. Lon. Sample (n) H(o) H(e) π 
Private 

Alleles 

Wick WIC 58.4473 -3.0586 16 0.146 0.136 0.141 15 

Loch Eriboll ERI 58.5029 -4.7005 20 0.133 0.123 0.127 14 

Loch Broom BRO 57.924 -5.2187 18 0.145 0.134 0.138 137 

Upper Loch 

Broom 
ULB 57.835 -5.0747 n/a n/a n/a n/a n/a 

Barra - Hebrides BAR 56.9464 -7.4835 15 0.145 0.134 0.139 7 

Kilchoan KIL 56.6952 -6.1186 20 0.140 0.137 0.141 4 

Strontian STR 56.6878 -5.583 19 0.135 0.128 0.132 8 

Loch Etive ETI 56.4707 -5.5398 19 0.147 0.138 0.142 6 

Gigha Ferry GIG 56.4569 -5.3593 18 0.147 0.140 0.144 3 

Claonaig CLA 56.2294 -5.0713 2 0.156 0.112 0.152 4 

Inveraray INV 55.6572 -5.6706 19 0.138 0.129 0.132 62 

Average     0.143 0.132 0.139 5 

Table 3.1. Summary of sampling stations and population statistics for the full marker set of 12,144 SNPs. (n) 
is number of sampled individuals in the final dataset, π is the genetic diversity, H(o) is the observed heterozygosity 
across sampled SNPs, and H(e) is the expected heterozygosity across sampled SNPs. 

 

gDNA Extraction and Library Preparation 

Genomic DNA was extracted from each sample using the NucleoMag Plant kit (Machery 

Nagel) as per Fort et al. (2018) with the addition of a gel-purification step using the 

Monarch Gel DNA Extraction Kit (New England Biolabs). Purified gDNA samples were 

quantified using AccuBlue dsDNA High Sensitivity quantitation kits (Biotium) and 

normalised to 1 ng µl-1 in preparation for library construction. A double-digest RAD-seq 

library was prepared based on a modified version of Peterson et al. (2012). 50 ng of gDNA 

per sample was digested using restriction enzymes PstI and MseI and ligated to the 

corresponding adapters specified in the original protocol. Successfully ligated samples 

were pooled by station before size-selection by gel excision at 400-600 bp. Size-selected 

station pools were then enriched over 12x PCR cycles in five parallel reactions per station. 

The enriched stations were finally pooled, concentrated, and PCR hangovers removed 

using the JetSeq Clean (Bioline) SPRI kit. 

Sequence Data Processing 

The library was sequenced on two lanes of Illumina NovaSeq S1 (150 bp PE) at 

Edinburgh Genomics. Reads were filtered for ambiguous barcodes, demultiplexed, and 

trimmed to 110 bp to remove barcodes, restriction sites, and overlapping adapters using 

the programme process_radtags.pl in STACKS v2.3e (Catchen et al, 2013). Loci were 
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assembled denovo in STACKS v2.3e following parameter optimisation (m=3, M=3, n=3) 

using the STACKS pipeline denovo_map.pl.  

SNP filtering was undertaken using the programme VCFtools (Danecek et al, 2011). The 

principle filters tested for the presence of loci across the population (90%), loci coverage 

per individual (60%), mean depth of loci across the population (x12), Hardy-Weinberg 

equilibrium (P <0.05) and minimum allele frequency across the population (0.03). 

Individuals from different populations with a relatedness of  0.3 were removed from the 

dataset in case of physical cross-contamination during library preparation (Yang et al., 

2011). Finally, physically linked loci were removed to leave one marker per RAD locus. 

All filtering of individuals and loci was carried out in iterative steps to reduce the loss of 

loci due to poor individuals and vice versa (O’Leary et al., 2018). 

Population Analysis 

Population statistics, including genetic diversity (π), expected and observed heterozygosity 

(He, Ho), and the number of unique variants, were calculated from the vcf SNP file in 

STACKS by the populations.pl module.  

Population structure was assessed through parametric and non-parametric means. 

Principal Component Analysis (PCA) in the R-package adegenet allowed inference of 

structure without prior assumption of population clustering (Jombart, Devillard and 

Balloux, 2010). Structure was further assessed using a model-based Bayesian clustering 

approach in fastStructure (Raj, Stephens and Pritchard, 2014), with results from fastStructure 

output in distruct-2.3 (Chhatre, 2019). Finally, structure was investigated using an snmf non‐

negative matrix factorization approach in the LEA R-package to estimate admixture 

coefficients (Frichot and Francois, 2015). The best fitting model for the number of 

ancestral populations K was chosen based on the entropy criterion.  

To test for the effects of IBD and spatial autocorrelation in population differentiation, a 

classic Mantel test was applied in the R-package vegan (Oksanen et al, 2018). Pairwise 

genetic differentiation for the Mantel tests was calculated using Jost’ D in the R-package 

diveRsity whilst pairwise-FST was calculated in populations.pl (Meirmans and Hedrick, 2011; 

Keenan et al., 2013; Jost et al., 2018). Geographic distances were square root transformed 

to further improve the power of detection in the Mantel tests (Legendre, Fortin and 

Borcard, 2015). IBD was tested for across all stations, as well as in separate groups of 

northerly (HEB, BRO, LOC, WIC) and southerly (KIL, STR, ETI, GIG, INV) stations. 

Spatially explicit population structure was investigated in greater detail using a spatial 
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Principal Component Analysis in adegenet. sPCA offers a multivariate approach that 

maximises separation based on genetic and spatial components of variation in the genetic 

data and returns a list of global and local components explaining population 

differentiation. Variation explained by genetic distance and spatial autocorrelation are 

returned as global components, whereas genetic differences inversely related to spatial 

autocorrelation are returned as local components (Athanasiadis and Moral, 2013). sPCA 

was run on population level allelic frequency data for computational ease.  

Loci Under Selection and GEA Analysis 

Environmental influences within the SNP dataset were investigated using two 

approaches. The programme Bayescenv identifies loci in association with environmental 

factors based on a Bayesian FST-based differentiation method (Villemereuil and Gaggiotti, 

2015). Bayescenv accounts for neutral FST whilst comparing environmental and genetic 

distance between populations. Loci in putative association with environmental parameters 

were identified using a q-value of <0.05 as well as a posterior error probability (PEP) of 

<0.05. The q-value gives a slightly less conservative false discovery rate than the posterior 

error probability which offers a more generalised ‘shotgun’ approach to the association 

scans (Villemereuil and Gaggiotti, 2015). Environmental variables were also investigated 

in terms of their explanatory significance on genetic variation using a randomForest based 

modelling approach in gradientForest (Ellis, Smith and Pitcher, 2012). Gradient forests use 

a non-parametric function to quantify allele frequency turnover along environmental 

gradients and assesses the importance of each variable for predicting changes in allele 

frequencies. 

Environmental datasets were assembled for each station. Sea surface temperature (SST) 

data was based on a 30 year average of the coldest and warmest months as well as the 

annual average taken from NOAA OISST HR V2. Wave exposure data represents wave 

fetch data as calculated in Burrows et al. (2014). Environmental datasets were compiled 

for mean sea surface temperature (SST) (°C), mean yearly minimum SST, mean yearly 

maximum SST, and wave fetch (Table. 3.2). Salinity data for more enclosed sea-lochs were 

not available from remote sensing data. A relative metric of freshwater influence was 

calculated instead based on previously calculated metrics for Scottish sea lochs (Edwards 

and Sharples, 1986). In short relative freshwater (RF) was calculated by multiplying the 

mean salinity reduction (Sr) (calculated from the fresh tide ratio) by the aspect ratio (Ar) 

and the relative distance of the station up the sea loch (Dr), divided by the mixing depth 



Chapter III: Population Genomics of Scottish S. latissima  

165 
 

(d): RF = (Sr x Ar x Dr)/d. The metric combined fresh water influence along with the 

relative depth of the fresh water layer and the degree of mixing in the loch. This was 

multiplied by the relative distance of each station up the loch, given as a ratio of the total 

loch length, to account for gradation along the loch. A PCA of environmental factors for 

each station was undertaken to further explore differences in variables between stations. 

 

Station Latitude Longitude SSTmean SSTmin SSTmax Wave RF Dist. 

Wick 58.4473 -3.0586 9.64 6.65 13.10 8713.3 0.000 -368.579 

Loch 

Eriboll 

58.5029 -4.7005 9.99 7.36 13.07 694.4 0.369 -253.666 

Loch 

Broom 

57.9240 -5.2187 10.17 7.23 13.35 1012.8 0.217 -159.101 

Barra - 

Hebrides 

56.9464 -7.4835 10.73 7.94 13.92 502.1 0.000 19.048 

Kilchoan 56.6952 -6.1186 10.53 7.51 13.80 312.1 0.000 46.084 

Strontian 56.6878 -5.5830 10.45 7.40 13.72 332.5 1.747 53.781 

Loch Etive 56.4707 -5.5398 10.45 7.30 13.60 4713.4 1.305 103.341 

Gigha 

Ferry 

56.4569 -5.3593 10.52 7.32 13.73 2553.7 0.000 190.653 

Claonaig 56.2294 -5.0713 10.50 7.04 14.36 779.7 0.000 n/a 

Inveraray 55.6572 -5.6706 10.50 6.91 14.71 2421.3 1.667 368.438 

Average   10.33 7.26 13.70 2203.5 - - 

Table 3.2. Summary of environmental variables collected for each station. SST is sea surface temperature collected 
from NOAA OISST at the mean, maximum and minimum value for each station. RF is relative freshwater as 
described in the methods. Wave is wave fetch based on nearest point to land in each direction combined with wind 
force as calculated in Burrows et al. (2014). Dist. is one dimensional mds distance between stations. Latitude and 
longitude were also included in the environmental analysis as additional spatial factors. 

Directional Migration 

The relative direction of migration between populations was assessed from genomic data 

using the DivMigrate function in the R package diveRsity. DivMigrate assesses migration by 

comparing the relative differentiation of each population from a hypothetical migrant 

pool. A greater contribution to the hypothetical pool of migrants infers asymmetric 

migration away from the population (Sundqvist et al, 2016). Results are output as relative 

Gst and relative D. Asymmetric migration was tested at a significance value of α = 0.05 

(1000 bootstraps). 
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Biophysical Modelling 

Initial steps were taken to develop a biophysical model of zoospore dispersal in S. latissima 

to investigate the effects of oceanographic factors on population connectivity and 

compare hydrographic modelled connectivity against the genomic dataset. The underlying 

hydrographic model was based on the West of Scotland FVCOM model and mesh, and 

was combined with a biological particle tracking model for S. latissima zoospores (Adams 

et al, 2012; Aleynik et al, 2016). The biological model for S. latissima zoospores was 

constructed based on passive zoospore behaviour, a 1 day maturation period, and a 5 day 

pelagic duration. Zoospores were released at the near-surface, as well as at 50m depth (or 

seabed depth). These parameters were based on the limited evidence available, and 

matched previous biophysical modelling studies in S. latissima (Mooney et al., 2018). A 

total of 56 source areas, comprised of 490 release sites, were chosen based on modelled 

abundance data for S. latissima around the Scottish west coast (Burrows et al., 2018). 

Zoospores were released every hour for a month starting from the 15th of September 

2019.  

Connectivity was measured based on the probability of each particle moving through 

another source area. Zoospore density was also determined for the extent of the model 

at daily intervals. Multigenerational probability of connectivity between the sampled 

stations was also to be calculated, however this was not achieved in time for inclusion. 

The further aim to compare the outputs of the biophysical connectivity matrix and 

multigenerational connective likelihoods with the observed genetic distances in the 

genomic dataset were likewise not undertaken in time for inclusion.  

Results 

Sequencing and Processing 

220 individuals were collected from eleven sites along the west and north coast of 

Scotland. 213 of those samples were sequenced across two lanes of Illumina NovaSeq. 18 

of the samples from GIG, 7 samples from WIC, and 8 samples from KIL were re-

sequenced in the second library. A total of 1,185 M 150 bp PE reads were sequenced 

across the two lanes (av. 5.6 M PE/sample). Assembly in STACKS resulted in a catalogue 

of 1,336,555 RAD markers covering 1,448,905 variant loci. 10 individuals were removed 

from the analysis for low marker coverage and a further 39 were removed due to 

abnormally high relatedness between distant stations (in particular all samples from Upper 

Loch Broom (ULB) and Claonaig (CLA)). Two replicate samples from CLA were 
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sequenced in the second library and avoided the abnormal relatedness issues observed in 

the first library. The two samples were not included in any of the analyses due to low 

sample numbers, however were visualised in PCA and admixture tests informally. The 

final marker set contained 12,144 SNPs with a mean presence of 96.8% across 164 

individuals. 

Population Analysis 

Population diversity and heterozygosity varied between populations with nucleotide 

diversity (π) ranging from 0.127 in ERI to 0.145 in GIG (mean = 0.138) (Table 3.1). 

Diversity and heterozygosity showed no significant trend with latitude. Population 

differentiation (FST) across the region was moderate ranging from 0.030 between ETI and 

KIL, to 0.076 between INV and BRO (mean pairwise-FST = 0.056). Absolute allelic 

differentiation between populations, measured using Jost’ D, showed a similar pattern of 

distance between populations, ranging from 0.0008 to 0.0068 (mean ‘D = 0.0035).  

Pairwise-FST showed a significant correlation with distance (Table 3.3) (Fig. 3.2). A Mantel 

test of FST against square root distance for all stations confirmed a significant pattern of 

IBD between populations (Pearson’s product moment correlation: p < 0.003) (Table 3.4). 

In contrast, tests for IBD between just northerly populations (HEB, BRO, LOC, and 

WIC) showed no significant pattern of IBD when tested, and southerly stations (KIL, 

STR, ETI, GIG, and INV) only showed a significant correlation under a monotonic 

Spearman’ test for correlation (Table 3.4).  

 WIC ERI BRO BAR KIL STR ETI GIG INV  

WIC X 0.001 0.003 0.002 0.003 0.004 0.003 0.003 0.004 

P
airw

ise Jo
st’D

 

ERI 0.042 X 0.002 0.002 0.005 0.006 0.005 0.005 0.006 

BRO 0.054 0.051 X 0.003 0.006 0.007 0.006 0.006 0.007 

BAR 0.047 0.052 0.055 X 0.004 0.005 0.004 0.004 0.005 

KIL 0.054 0.063 0.068 0.057 X 0.001 0.001 0.001 0.002 

STR 0.062 0.071 0.076 0.066 0.035 X 0.001 0.002 0.003 

ETI 0.057 0.066 0.072 0.062 0.030 0.039 X 0.001 0.002 

GIG 0.057 0.068 0.073 0.062 0.031 0.047 0.035 X 0.002 

INV 0.063 0.071 0.076 0.068 0.047 0.054 0.048 0.050 X 

 Pairwise FST  

Table 3.3. Pairwise genetic distance as measured by FST and Jost’ D 
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Figure 3.2. Pairwise genetic distance (FST) plotted against at sea distance for each pair of stations. Pairs comparing 
within and between North and South clusters are highlighted by colour. 

 

Test Linear (Pearson’s) Monotonic (Spearman’s) 

All 0.594** 0.538* 

North 0.111 0.086 

South 0.809 0.842* 

Table 3.4. Mantel r2 correlation values for tests of IBD between all stations, and between just northerly 
and just southerly stations (as defined in the text). Significant results at p <0.05 are indicated in bold 
and by a *, and significant results at p <0.01 are indicated in bold and by **. 

 

Population Structure and Spatial Analysis 

fastStructure analysis suggested a likelihood of K = 3 with a latitudinal divide between 

northern and southern populations, and between Clyde Sea and western populations (Fig. 

3.1c). Of note, Barra (BAR), located in the Outer Hebrides, was placed with northern 

populations despite its relatively low latitude. Minimum cross-entropy values calculated 

in LEA:snmf supported the presence of 7 ancestral populations (Fig. S3.2). Individual 

ancestral co-efficients indicated a strong degree of admixture in KIL and GIG (Fig. 3.3). 

Admixture was also identified in the BAR and WIC populations at lower K-values. PCA 

supported the separation of northern and southern populations. The first principal 

component separated all southern population from WIC, BAR, BRO and ERI and 

contributed to 8.2% of the explanatory components in the data (Fig. 3.4). PC2 and PC3 

additionally separated INV (and CLA) from the southern cluster, and BRO from the 
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northern cluster (explanatory factors of 2.9% and 2.5% respectively) (Fig. S3.4). sPCA 

provided a spatially explicit analysis of principle components in the data. sPCA identified 

one principal global component (29.1%) indicating a significant influence of spatial 

autocorrelation on the observed genetic variation (Fig. 3.5). The sPCA results supported 

the strong role of IBD across the region. The large global component in the sPCA 

suggested the inference of population structure between northern and southern 

populations in the structuring analysis may be a result of spatial autocorrelation and 

uneven sampling along the mainland coast rather than a strong population divide 

(Meirmans, 2012).  

 

 

 

Figure 3.3. snmf estimates of admixture coefficients for Scottish S. latissima populations based on the minimum 
cross entropy criterion of K = 7. 
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Figure 3.4. PC1 and PC2 from the principal component analysis of genetic variation in Scottish S. latissima based 
on the full 14,144 SNPs with eigenvalues inset 

 

 

Figure 3.5. sPCA analysis of spatially explicit principal components of genetic variation in Scottish S. latissima 
populations. Global components indicate strong spatial influence on variation whereas local components highlight 
spatially independent variation. 
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Sea-loch vs Coastal Analysis 

Genetic differentiation for the remaining paired stations KIL and STR, measured by FST, 

was relatively high considering the proximity (FST = 0.035 over 36 km). divMigrate analysis 

at 1000 bootstraps additionally revealed strong asymmetric gene flow from Strontian to 

Kilchoan down the length of Loch Sunart (Table S3.1). This was supported by the strong 

signal of admixture from STR in to KIL and GIG in the snmf analysis (Fig. 3.3). PCA of 

the south-west populations (KIL, STR, ETI, and GIG) showed separation of STR from 

the other stations in the first PC (5.4%), as well as separation of ETI in PC2 which was 

similarly located in a sea-loch environment (Fig. S3.5).  

Environmental Association 

GEA analysis in Bayescenv identified a total of 34 associations over 31 loci. Mean and 

maximum SST showed the greatest number of associations with eleven and thirteen 

unique associations respectively and two shared associations (Fig. 3.6a). Relative salinity 

was associated with only five loci though all were unique to it. gradientForest showed a 

contrasting pattern with a greater explanatory accuracy given to wave fetch (r2 =0.012) 

followed by spatial variables of latitude and longitude, and then relative salinity and mean 

SST (Fig. 3.6b).  

 

Figure 3.6. A) GEA associations for each environmental variable tested in Bayescenv. The red bar indicates higher 
confidence associations based on the PEP-g confidence value. The blue bars represent lesser confidence associations 
based on q-val. B) GradientForest weighted importance of environmental variables in predicting changes in allele 
frequencies amongst populations. 

Biophysical Dispersal Modelling 

The biophysical model of zoospore dispersal for S. latissima was only partially developed. 

An initial trial run of the model was completed offering a first look at modelled 

oceanographic connectivity across the west coast of Scotland. Mean 5-day connectivity 

from the preliminary results supported reduced connectivity between the Clyde Sea 
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populations and the west coast and additionally supported the lack of direct dispersal to 

and from the mainland to Barra (Fig. S3.6). The model also indicated the importance of 

the Isle of Skye in connecting the mainland and the Outer Hebrides, a region that was not 

covered as well by the genetic sampling. Particle density changes over the period of the 

model highlighted the directional effects of currents up the west coast of Scotland (Fig. 

S3.7). Zoospores released from Barra showed a clear north-easterly dispersal, away from 

KIL and the south west. Particles released in the Clyde Sea also showed a degree of 

retention, in particular in the enclosed sea-lochs of Loch Fyne and the Firth of Clyde. 

Frontal circulation patterns were also observed between the Mull of Kintyre and Isla, 

supporting the role of frontal systems in influencing zoospore dispersal in this region. 

The results represented only preliminary findings however as the model required further 

optimisation in terms of larval biology and behaviour, and the distribution and density of 

release points around the west coast of Scotland. The results also required further 

processing and analysis to allow multigenerational analysis of connectivity, as well as 

comparisons of oceanographic distance against IBD and genetic distance. 

Discussion 

The results present a picture of population diversity and connectivity in a major kelp 

species around the coast of Scotland. The genome wide marker set revealed relatively low 

diversity and heterozygosity within populations, but a high degree of differentiation and 

diversity between populations across the region. Spatial analysis of genetic distance 

supported the influence of IBD on population differentiation across the whole region. 

The dataset also supported the presence of hierarchical structuring between northern and 

southern populations, and populations from the Clyde Sea, suggesting additional barriers 

affecting gene flow across the region. Tests for markers in association with environmental 

variables identified only a small subset of putatively non-neutral loci. However, 

populations sampled from either end of the environmentally graduated sea-loch Loch 

Sunart showed clear genetic differentiation, as well as asymmetric gene flow, despite the 

relative proximity of the sampling stations. These results highlight the effects of 

environmental and hydrographic isolation in enclosed sea-loch environments over local 

spatial scales.  

At the broadest scale, population structure in S. latissima along the north and west of 

Scotland was split between northern and southern populations (Fig. 3.1). Of note, the 

Outer Hebrides station on Barra (BAR), showed greater proximity to northern 
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populations despite being closer to, and of a similar latitude to Kilchoan (KIL) and 

Strontian (STR). PCA and sPCA analyses also supported the presence of a population 

break between the west coast (GIG) and Clyde Sea populations (INV and CLA) (Fig. 3.4, 

3.5). In the Clyde Sea, frontal systems extending from Isla have been shown to present 

barriers to northward dispersal in certain condition, reducing gene flow between west 

coast and Clyde sea populations (Ellett and Edwards, 1983). Current patterns and eddies 

in the Clyde Sea have also been shown to retain particles for long periods of time, further 

isolating populations in the area (Gallego et al, 2017). Non-neutral processes may also 

influence population differentiation in the Clyde Sea as environmental constraints, 

including sea surface temperatures, nutrient levels, and salinity, differ considerably from 

the west coast (Table 3.2) (Edwards et al., 1986). In contrast, measured environmental 

conditions between Kilchoan (KIL) and Barra (BAR) differed little (Table 3.2, Fig. S3.3). 

Differentiation between the mainland and Barra is therefore likely to be driven by neutral 

hydrographic processes including the predominant northerly currents and lack of habitat 

availability presented by the large open water distance. 

Hierarchical structuring between northern and southern populations was investigated 

further using sPCA and assessments of spatial autocorrelation on genetic distance. A 

pattern of IBD across the region was expected as the presence of IBD has been reported 

in numerous other macroalgal species (Coleman et al, 2011; Durrant et al, 2013; Evankow 

et al, 2019). Passive and localised dispersal in Laminarian species typically results in 

reduced gene flow between more distant populations, leading to neutral differentiation 

over geographic space caused by the breakdown of kinship and genetic drift. This is likely 

enhanced in Scottish S. latissima by the relative age of the population since its expansion 

following the last glacial maxima (Neiva et al., 2018). Mantel tests of genetic distance 

versus spatial distance confirmed the influence of IBD at a regional level, but showed less 

influence on genetic differentiation within population clusters, suggesting that the pattern 

of isolation was not consistent across geographic distance. sPCA did support the strong 

influence of spatial autocorrelation on genetic variation, showing a significant global 

(genetic variance x spatial autocorrelation) component as the principal source of variation 

in the dataset (Fig. 3.5), however whether this was driven by IBD or other neutral, 

hydrographic processes required further investigation.  

Differentiation between Kilchoan (KIL) and Barra (BAR) offered strong evidence for an 

open water population barrier in S. latissima between the Inner Hebrides south of Skye 

and the Outer Hebrides. Similar barriers to gene flow from large bodies of open water 
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have been reported in other macroalgal species (Durrant et al, 2018). In contrast the 

presence of a population break between Kilchoan (KIL) and Loch Broom (BRO) on the 

mainland coast was more difficult to verify. Genetic distance between KIL and BRO was 

noticeably greater than for similar geographic distances to the south (GIG and INV) 

suggesting the presence of additional barriers to gene flow other than spatial distance. 

However, the distance between the stations, and the lack of sampling in between, made 

differentiating IBD from population structuring difficult (Meirmans, 2012). Samples from 

Skye might theoretically have offered further evidence for the presence of a population 

break in the region. Equally, further sampling along Skye and the mainland might have 

revealed admixture between Southern and Outer Hebrides populations as currents from 

Barra and the Inner Hebrides come together, or a more gradual IBD pattern of 

differentiation (McManus, 1992). As in many cases, the reality is likely to involve a 

combination of factors, with additional neutral and non-neutral barriers exaggerating the 

effects of population drift and IBD.  

Biogeographic patterns in other marine species can offer further insights into barriers to 

gene flow around the west coast of Scotland. The development of marine conservation 

areas has provided a strong impetus to better understand connectivity in key species 

through genetic and hydrographic modelling studies (Gallego et al, 2017). Population 

genetic data from the reef forming horse mussel Modiolus modiolus showed relatively low 

differentiation between populations from the west coast of Scotland (Loch Linnhe) and 

Shetland and Orkney (Mackenzie et al., 2018). The results suggested moderate levels of 

gene flow between regions, facilitated by a long pelagic larval duration in M. modiolus, with 

no obvious barriers to connectivity. However, a long generational time in M. modiolus, 

combined with a rapid expansion following the last glacial maxima might have also 

influenced the pattern of low FST observed, highlighting the need to take in to account 

past demographic, as well as contemporary ranges in genetic studies (Halanych and 

Dahlgren, 2013). The long pelagic dispersal duration and differences in habitat and 

settlement preferences also make comparisons between M. modiolus and S. latissima more 

difficult.  

Dispersal modelling using Lagrangian particle tracking models have also played an 

increasing role in understanding population connectivity, particularly in the planning and 

management of marine conservation areas (Fox et al, 2016; Jonssonet al, 2020). A 

multispecies dispersal modelling study along the coast of Scotland offered some 

comparisons to S. latissima dispersal (Gallego et al., 2013, 2017). The study showed a strong 



Chapter III: Population Genomics of Scottish S. latissima  

175 
 

directional element of dispersal in multiple species up the west coast of Scotland and 

round the north coast towards the North Sea, driven by the prevailing Scottish Coastal 

Current and wider Gulf Stream influence (Heath, 1989). Dispersal modelling in the 

amphipod Maera loveni suggested larval release from near Loch Broom could disperse as 

far as Loch Eriboll over a ten day period (Gallego et al., 2013). In south-west Scotland, 

dispersal models from the Pink Soft Coral Alcyonium hibernicum showed the clear potential 

for larval dispersal between the Inner and Outer Hebrides, in contrast to the population 

barrier observed in S. latissima. The comparison also suggests that a ten day dispersal 

duration is likely to be an overestimation of pelagic zoospore duration in S. latissima. 

Particle dispersal modelling from Clyde Sea populations of A. hibernicum notably showed 

strong patterns of local retention in the Clyde Sea area, supporting the presence of barriers 

to gene flow between the Clyde Sea and west coast population groups, and agreeing with 

observed differences observed in the genetic data for S. latissima. The preliminary results 

from the S. latissima dispersal model agreed with previous biophysical modelling studies, 

supporting the reduced connectivity between KIL and BAR, as well as the retention of 

zoospores within the Clyde Sea (Fig. S3.6, S3.7). 

One of the limitations in assessing connectivity and IBD through biophysical modelling 

is the lack of information on the biology of zoospores in Laminaria spp. and their range of 

dispersal (Bartsch et al, 2008). Despite these limitations biophysical models of dispersal 

have been applied in S. latissima and a number of related species based on conservative 

estimates of larval dispersal (Brennan et al., 2014; Mooney et al., 2018). Larval dispersal 

modelling of S. latissima in the Irish Sea suggested limited connectivity between 

populations in Ireland, Scotland, and the Isle of Man, based on a 5-day dispersal window. 

The results agreed broadly with relative patterns of genetic distance between those 

populations offering further support to patterns of connectivity in the region (Mooney et 

al., 2018). Nevertheless, improved in situ observations of pelagic larval duration, passive 

and active larval behaviours, and threshold densities for successful fertilisation and 

settlement of gametophytes will all be required for more accurate estimation of biological 

parameters in zoospore dispersal models (Brennan et al., 2014).  

Classical metrics of genetic differentiation can offer a reverse approach to estimating 

dispersal distances (Selkoe, Henzler and Gaines, 2008; Gagnaire et al, 2015). The number 

of migrants needed to counteract the effects of population drift and homogenise genetic 

differentiation are typically low, though higher effective population size, as predicted in 

kelp species and reported in S. latissima in Chapter V, can increase this threshold (Jost et 
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al., 2018). The extent of genetic differentiation can thereby offer an indication of levels of 

connectivity and migration between populations (Gagnaire et al., 2015). Pairwise-FST 

values in Scottish S. latissima populations suggested the presence of moderate genetic 

differentiation over distances as small as 60 kms (Fig. 3.2). Similar levels of differentiation 

have also been reported in S. latissima from Ireland, Norway and the Danish Kattegat 

(Nielsen et al., 2016; Mooney et al., 2018; Evankow et al., 2019). These findings suggest 

that average dispersal distances in S. latissima are likely to be less than ~60 kms. 

Populations barriers presented by open water bodies also offer an estimate of dispersal 

ability. The nearest distances between the Inner and Outer Hebrides are around 47 kms 

from Tiree to Berneray and 37 kms from Canna to South Uist. Lack of habitat availability 

was likewise identified as the most significant factor in genetic differences between 

populations of Lessonia corrugata located on either side of the Derwent Estuary over 

distances of 5-6 km (Durrant et al., 2018). However, directional currents and stochastic 

events are also likely to influence patterns of connectivity and genetic distance across open 

water bodies making accurate estimation of dispersal capability based on these patterns 

difficult (Siegel et al., 2008; Riginos et al., 2016)  

Measures of genetic distance also reflect multigenerational patterns of connectivity and 

may not reflect direct or contemporary levels of migration (Jahnke et al, 2018). Higher 

resolution sampling across estimated dispersal limits can allow for greater precision in 

identifying first generation migration and dispersal. Alternatively, direct observations of 

settlement can offer basic estimates of dispersal potential. Observation of recolonising 

events in sea-urchin barrens for instance noted the successful recolonization of S. latissima 

despite the nearest known source populations being located over 2 km away (Leinaas and 

Christie, 1996). Investigations of farm-to-wild interactions in S. japonica and U. pinnatifida 

similarly demonstrated settlement and introgression of wild populations on to nearby 

cultivation rafts over distances of around 400 m, giving some indication of dispersal 

distances to and from cultivated lines. (Shan et al., 2019; Li et al., 2020).  

The breakdown of kinship and relatedness over space, and the identification of allelic 

clines across populations can also offer a means of estimating direct dispersal and 

migration distances (Derryberry et al, 2014; Jasperet al, 2019). Measurements of kinship 

coefficients over localised spatial scales in Ecklonia cava suggested that kinship reached 

zero within only 2 m of the parent plants, indicating a much smaller range of dispersal in 

large kelps, with only occasional longer distance events supporting low levels of gene flow 

between more distant stands (Itou et al., 2019). The application of higher resolution 
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sampling strategies and genome-wide marker sets in the future will allow much more 

detailed assessments of dispersal capability through kinship and parentage assessments 

(Jasper et al., 2019). This information will then feed in to much more accurate assessments 

of population connectivity across regional distributions as well as localised farm-to-wild 

interactions by integrating improved estimates of dispersal capability into biophysical 

modelling (Swearer, Treml and Shima, 2019).  

Further investigation will be required to determine the nature of the population divide 

between northern and southern populations, or whether a continuous pattern of IBD is 

more likely. The conflicting results from PCA and fastStructure, and sPCA analysis 

highlighted the difficulty in determining the influence of spatial autocorrelation in 

population structuring analysis. The spatial resolution and evenness of sampling has been 

shown to have a significant effect on the interpretation of population structure and IBD, 

with spatial gaps in sampling often leading to false inferences of population structuring 

(Meirmans, 2012; Athanasiadis and Moral, 2013). Even spatial coverage of sampling and 

higher spatial resolution can offer greater accuracy in determining the scale of IBD and 

other influences affecting gene flow. The integration of biophysical modelling can also 

help in determining additional influences of oceanographic processes and asymmetric 

patterns of dispersal influencing patterns of IBD in the marine environment (Riginos et 

al, 2016). 

Genomic Variation in Scottish Sea-lochs  

Analysis of genetic differentiation and admixture found significant differentiation 

between proximate sea loch and coastal populations, in particular between the paired 

stations Strontian (STR) and Kilchoan (KIL) (Table 3.3, Fig. 3.3). Ancestral coefficient 

analysis indicated significant admixture from the Strontian (STR) population in the 

Kilchoan (KIL) and Loch Etive (ETI) populations. divMigrate analysis further indicated 

significant directional migration from the upper loch (STR) to the coastal station (KIL). 

However, divMigrate fails to differentiate between neutral and non-neutral processes, only 

highlighting the proportion of alleles from each population that are shared between them 

(Sundqvist et al, 2016). Variation in the proportion of semi-private alleles for each 

population might therefore be driven by asymmetric hydrographic process, 

environmental selection against non-locally adapted migrants, or a mix of both factors. 

One option to disentangle this process might be to perform asymmetric migration tests 
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on putatively neutral or adaptive marker sets, however the lack of clear adaptive and 

neutral markers in this data set made separate analysis ineffective. 

A similar pattern of source-to-sink migration from isolated sea-loch to coastal populations 

was also observed in Scottish populations of M. modiolus (Mackenzie et al, 2018).  Estuarine 

populations of the fucoid Hormosira banksii likewise exhibited strong differentiation from 

coastal populations suggesting strong founder effects or the presence of physico-chemical 

barriers between estuarine and coastal populations (Coleman et al., 2018). Examples from 

studies employing neutral genetic markers indicate that genetic isolation can be driven by 

non-selective patterns of hydrography and stratigraphy in enclosed, fresh-water 

influenced water bodies such as sea lochs and estuaries (Zardi et al., 2013; Coleman et al., 

2018). However, processes of isolation by environment may also drive wider sexual 

incompatibilities and patterns of neutral genetic differentiation over time (Shafer and 

Wolf, 2013; Wang and Bradburd, 2014).  

Distinguishing non-neutral mechanisms of differentiation and isolation affecting sea-loch 

and coastal populations can be particularly difficult as neutral and non-neutral processes 

can suffer from autocorrelation across gradients present in the environment (Liggins, 

Treml and Riginos, 2019). Enclosed, low salinity environments typical of narrow sea lochs 

present physical as well as physiological adaptive barriers to settlement and gene flow 

(Schoch and Chenelot, 2015). Fresh water inflow for instance may reduce mixing and 

transport of zoospores up the sea loch through stratification and net seaward transport, 

whilst simultaneously applying selection pressure on migrants versus locally adapted 

genotypes (Zardi et al, 2013; Coleman et al, 2018). Both forces can act to isolate the 

enclosed population and lead to genetic differentiation. Selection will have a more 

substantial effect on non-neutral, functional regions of the genome, offering a means of 

detecting local-adaptation through statistical outlier tests and GEA analysis (Oleksyk, 

Smith and Brien, 2010; Savolainen, Lascoux and Merilä, 2013). However stochastic 

processes of expansion and drift in isolated populations can also lead to false signals of 

association, for instance through processes such as allele surfing (Excoffier and Ray, 2008; 

Nadeau et al., 2016). 

GAE scans in the Scottish population dataset identified a number of loci putatively 

associated with specific environmental variables. Maximum and mean sea surface 

temperatures demonstrated the highest number of loci in association, though only two of 

26 loci were shared between the two variables. The high number of associations for SST 
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likely reflected the predominant environmental gradient tested over the sampling range 

(Fig. 3.1b). Sea surface temperature varied considerably from Wick and the north coast 

to the Clyde Sea (Fig. 3.1b). Maximum SST differed noticeably from mean SST in the 

Clyde Sea (CLA, INV) and the Outer Hebrides (BAR) possibly resulting in the high 

number of unique associations for each variable (Table 3.2, Figure 3.6a). The difference 

in associations highlighted the importance of extremes as well as mean environmental 

conditions in driving selection and adaptation (Miller et al, 2019).  

SST was identified as less important than other variables in explaining genetic variation in 

gradientForest (Fig. 3.6b). SST showed little correlation to population clustering between 

the north and south, with Barra (BAR) clustering more tightly with northern populations 

despite the warming influence of the Gulf Stream (Fig 3.1b). Differences between south 

west populations (GIG) and the Clyde Sea reflected differences in SST more closely and 

should be investigated further in the future.  

The GEA approach used suffered from the loss of the two paired stations, CLA and 

ULB, as well as from a weak environmental dataset across the west coast of Scotland. The 

loss of the paired approach along parallel sea-lochs resulted in the loss of power to detect 

associations along the sea-loch environment, in particular the influence of salinity 

(Lotterhos and Whitlock, 2015). The age of the Scottish S. latissima population, and the 

potential presence of neutral barriers to gene flow between northern and southern 

populations may also have weakened the effectiveness of the GEA approach in the 

Scottish population library (Hoban et al, 2016; Liggins, Treml and Riginos, 2019). Older 

populations generally support greater levels of population drift and mutation which can 

drown out weaker signals of selection (Hoban et al., 2016). Neutral barriers to gene flow 

such as those potentially present between northern and southern populations of Scottish 

S. latissima, can further conflate GEA scans through the spatial auto-correlation of allele 

frequencies with environmental variables such as temperature (Rellstab et al., 2015; 

Liggins, Treml and Riginos, 2019).  

The environmental datasets used for the GEA could also have been improved. The 

temperature datasets were effective, as evidenced by the number of associations detected, 

however a higher resolution would have improved the specificity of the dataset to the 

stations sampled (Sandoval-Castillo et al, 2018). The use of proxies for salinity was a major 

weakness of the study. However, high-resolution surface salinity datasets for inshore 

waters and sea lochs were not found for the project. Environmental loggers placed at each 
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station would have provided the highest resolution dataset and should be carefully 

considered at the start of any GEA investigation. On a broader level, the lack of available 

salinity data highlights a greater need for higher resolution environmental monitoring in 

UK waters to support similar GEA studies as well as wider environmental and ecological 

research. 

Applying Genomics in the Management of Scottish S. latissima Populations 

The results of this study will help in developing the management and legislative 

framework for the sustainable growth of the seaweed aquaculture industry in Scotland 

(Stanley et al, 2019). Identification of population barriers between the Clyde Sea and West 

coast, and between the Inner and Outer Hebrides, will help in establishing effective 

guidelines for the movement and introduction of genetic material around the region. 

Assessing the degree and scale of genetic differentiation in S. latissima along the Scottish 

west coast will further help in determining suitable distances for locally sourced genetic 

material for hatcheries and farms (Barbier et al., 2019). The distances investigated showed 

considerable amounts of genetic variation over distances of <50 km offering a promising 

pool of diversity for breeders even within the recommended distances for local seed 

sourcing (Stanley et al., 2019). Genetic differentiation between coastal and sea loch 

populations also offers potential functional diversity over local spatial scales from which 

to select initial breeding material from (Stanley et al., 2019; Goecke, Klemetsdal and 

Ergon, 2020). Greater functional diversity within recommended seed-sourcing distances 

will facilitate the effective application of breeding approaches such as recurrent selection 

and mixed hybridisation programmes in the initial domestication process (Goecke, 

Klemetsdal and Ergon, 2020). The characterisation of genetic and adaptive differences 

across local environmental gradients in model systems might also facilitate the use of 

environmental variables as surrogates for ecotypic variation where genetic data is 

unavailable (Hanson et al., 2017) 

Evidence of asymmetric gene flow from sea loch to coastal populations suggests that the 

effects of introducing isolated sea loch genotypes to coastal populations would have little 

impact. In contrast movement of coastal genotypes to isolated sea loch populations may 

hold greater risks of genetic pollution and the introduction of maladapted genotypes 

(Brady et al, 2019). The placement of farms in isolated sea loch environments should 

therefore be carefully considered in light of risks to isolated sea-loch populations. On the 
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cultivation side, coastal genotypes may also perform worse than locally adapted genotypes 

in a sea loch environment.  

The implementation of a particle tracking model for S. latissima zoospore dispersal around 

the West coast of Scotland will play a key role in understanding patterns of connectivity 

amongst kelp forest habitats, as well as offering an important planning, management and 

monitoring tool for the development of cultivation sites. Although not fully implemented 

in time for inclusion here, the initial attempts to apply the WESTCOMS2 model to 

inshore modelling of zoospore dispersal will be explored and developed further, in 

particular looking to improve the accuracy of the model in terms of spatial, biological and 

temporal factors, as well as in testing the relationship between genetic distance, IBD, and 

isolation by oceanography as determined by the model (Riginos et al, 2016; Xuereb et al, 

2018). From a cultivation perspective, insights from the model will allow assessments of 

dispersal and potential introgression from cultivation sites, as well as the demarcation of 

oceanographic population units based on hydrographic connectivity. Similar biophysical 

modelling approaches have been used in other aquaculture sectors for the assessment and 

monitoring of environmental impacts including pest and disease transmission, and 

organic pollution (Cromey, Nickell and Black, 2002; Adams, Proud and Black, 2015). 

Broader scale assessments of connectivity offered by biophysical models are also expected 

to play a growing role in habitat and ecosystem management (Jonsson et al., 2020). In 

particular, the integration of putatively adaptive population units and connectivity 

assessments will offer insights into the potential resilience of populations to forecasted 

environmental changes (Garzon and Robson, 2019; Selmoni et al., 2020). 

GEA analysis of the sampled S. latissima populations highlighted the need for improved 

environmental data from Scottish inshore waters. Improved spatial and temporal 

resolution of environmental monitoring will offer benefits and improvements to both 

cultivation and ecosystem management. An improved understanding of environmental 

effects on growth, composition, disease resistance and other phenotypic expressions in 

cultivated kelp will be a key focus for breeding programmes and growers (Goecke, 

Klemetsdal and Ergon, 2020). Genomic tools and approaches are expected to play a 

central role in this (Valero and Buschmann, 2017; Houston et al, 2020). The availability of 

high resolution environmental data will advance and facilitate the application of 

techniques such as GEA, GWAS and other genomic association techniques in breeding 

and selection programmes (Hollenbeck and Johnston, 2018; Houston et al., 2020; 

Pyhäjärvi and Kujala, 2020). Efforts are subsequently being made to improve 
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environmental datasets and the available technology to support this 

(https://impaqtproject.eu/). Beyond this, improved environmental monitoring will 

further support the advanced management and prediction of differentially adapted 

populations under climatic change through improved GEA and integrated climatic 

modelling (Rochat and Joost, no date; Assis et al., 2018; Garzon and Robson, 2019; 

Waldvogel et al., 2019).  

Conclusion 

The study represents one of the first genomic surveys of population diversity and 

connectivity in S. latissima, and in a Scottish macroalgal species. The results showed a high 

level of population differentiation across the region influenced by IBD as well as other 

potential sources of neutral differentiation including hydrography and habitat availability. 

The survey identified hierarchical clustering of northern and southern populations, as well 

as higher genetic differentiation than could be explained by IBD between the mainland 

and Outer Hebrides. Population structuring was also identified between the southern 

populations and the Clyde Sea, likely driven by current patterns in the region, as well as 

potentially being influenced by non-neutral adaptation to the Clyde Sea environment. 

Across local geographic scales, strong genetic differentiation was observed between 

coastal and enclosed sea loch populations at Kilchoan and Strontian. Further investigation 

will be required to differentiate the roles of neutral and non-neutral processes in sea-loch 

environments. 

The results have fed directly into guideline recommendations for genetic management in 

the development of seaweed cultivation along the west coast of Scotland (Stanley et al, 

2019). The patterns of genetic differentiation observed supported the recommendations 

to maintain local genetic integrity through the use of locally sourced seed-stocks (<50 

km). The observed levels of differentiation between nearby populations, and in particular 

differentiation between environments within the local area, suggested a wide pool of 

genetic diversity available for breeders under the recommended guidelines. Initial 

selection programmes will be able to exploit the high levels of diversity effectively in the 

development of cultivars, whilst minimising the risk of introducing foreign genotypes to 

the area (Goecke, Klemetsdal and Ergon, 2020). The investigation demonstrated the 

importance of regional scale population surveys. Sampling scales and approach require 

careful planning and consideration with regards to aims and objectives of the study. 

Nevertheless, genomic population data can offer important insights for aquaculture 
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development as well as for conservation and ecosystem management (Hunter et al., 2018). 

Further efforts should be made to target finer scale sampling across the estimated range 

of S. latissima dispersal, as well as across strong environmental transition zones. Efforts 

should also be made to improve environmental monitoring for cultivation purposes, in 

particular inshore salinity measures. Inferences of dispersal potential from genomic and 

biophysical modelling will inform further management concerns and will feed directly into 

future studies of farm to wild interactions in macroalgae.  
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Abstract 

Environmental and oceanographic features drive processes of genetic differentiation and 

adaptation over species distributions. The relative influences of connectivity and 

directional selection can determine the levels of genetic differentiation and adaptation 

across landscapes, as well as influencing the overall capacity for adaptation and resilience 

in populations and meta-population networks. The spatial scales of adaptation and genetic 

variation can also vary depending on environmental and physical processes. 

Understanding these influences can offer valuable insights that can feed in to the effective 

management and maintenance of genetic diversity and adaptation potential in marine 

ecosystems. Here we investigated how oceanographic connectivity and environmental 

heterogeneity affect local adaptation and genetic diversity in the cosmopolitan brown 

macroalgae Saccharina latissima across an environmental transition zone between the North 

Sea and Baltic Sea. A genome-wide marker set of 9,222 SNPs was combined with 

environmental data and a hydrographic model of spore dispersal to give insights into the 

complex relationship between population connectivity and local adaptation. The results 

showed hierarchical structuring amongst populations with stations in the southern 

Kattegat demonstrating clear genetic differentiation from central and northern 

populations. Tests for spatial genetic influences showed the significant effects of 

asymmetric oceanographic processes on genetic distance. Candidate loci from the 

genomic environmental association (GEA) analysis additionally highlighted the presence 

of strong putative adaptation gradients along the transition zone. Investigations into 

separate drivers of putative adaptation showed contrasting patterns and spatial scales of 

temperature and salinity adaptation. The results pointed to combined effects of 

oceanographic isolation and environmental selection in driving genetic differentiation 

across the region. The findings highlighted potential sources of unique adaptation as well 

as highlighting increased levels of putative adaptive diversity towards the centre of the 

transition zone. Insights gained will inform the management and conservation of 

macroalgal ecosystems in the Skagerrak-Kattegat region as well as the emerging seaweed 

cultivation industry. 
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Introduction 

The capacity for species and populations to adapt to change in the environment is of 

increasing concern under projected anthropogenic climate change (O’Leary et al, 2017; 

Duarte et al, 2018; Waldvogel et al, 2019). The resilience of a species to change is partly 

determined by the underlying genetic diversity and population connectivity across its 

distribution (Hoffmann and Sgrò, 2011; Nosil et al., 2019). Existing genetic diversity 

within populations offers the evolutionary portfolio from which advantageous genotypes 

and phenotypes might be selected for by changes in the environment (Schindler, 

Armstrong and Reed, 2015). Genetic diversity is in turn driven by the degree of 

population connectivity through migration and gene-flow, or conversely, isolation and 

population drift (Gibbs, 2001; Allendorf and Luikart, 2013). Functional genetic diversity 

across meta-populations can be influenced further by the degree of connectivity between 

locally adapted populations, and the exchange of differentially selected genotypes and 

phenotypes between them (Nosil et al., 2019). Understanding the relative contributions of 

connectivity and local adaptation to wider community adaptation and resilience can offer 

important insights in to how populations respond to environmental pressures and 

disturbances (Hansen et al., 2012; Miller et al., 2020). 

Macroalgae are key foundation species in cold-temperate waters, providing a host of 

services to both marine ecosystems and human socio-economic needs (Christie, 

Norderhaug and Fredriksen, 2009; Smale et al, 2013; Bennett et al, 2016; Layton et al, 2019; 

Ortegaet al, 2019). However, the effects of anthropogenic climate change, as well as the 

intensification of human activities in the ocean, have led to major declines in macroalgal 

communities around the world (Krumhansl et al., 2016; Wernberg et al., 2019; Filbee-

Dexter et al., 2020). The increasing occurrence of marine heatwaves has in particular been 

linked to sharp, and often long-term declines in macroalgae in terms of health, abundance, 

and genetic diversity (Wernberg et al., 2012; Filbee-Dexter et al., 2020; Gurgel et al., 2020; 

Smale, 2020). Longer term chronic effects of repeated disturbance, environmental 

pollution, and gradual environmental change, in combination with extreme events such 

as marine heatwaves, can lead to irreversible changes to species and communities (Filbee-

Dexter and Wernberg, 2018; Straub et al., 2019). Determining mechanisms and the 

capacity for adaptation is therefore of key importance in the management and 

conservation of macroalgal ecosystems. 
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Insights into the spatial scales of adaptive diversity can inform the spatial management 

and prioritisation of conservation objectives to support ecosystem responses to climate 

change and disturbance (Wilson et al, 2020; Xuereb et al, 2020). Understanding the 

influence of oceanographic processes on the distribution and exchange of adaptive 

variation can also inform the management and prioritisation of differentially adapted 

populations (Xuereb et al., 2018; Selmoni et al., 2020). Seascape genomic approaches have 

offered a combined framework for investigating spatial and environmental factors on the 

genetics of wild populations (Liggins, Treml and Riginos, 2019). By analysing genomic, 

environmental and oceanographic data in combined statistical frameworks, seascape 

genomic studies can be used to characterise spatial patterns of neutral and adaptive genetic 

diversity across seascapes, as well as to investigate the underlying physical, environmental, 

and demographic processes driving such patterns (Riginos et al., 2016; Selkoe et al., 2016; 

Liggins, Treml and Riginos, 2019). Seascape genomic approaches have offered important 

insights into evolutionary process in marine systems, including the importance of 

oceanographic dispersal potential versus geographic distance in determining genetic 

relatedness (Xuereb, 2018; Selmoni et al., 2020); differences between potential and realised 

connectivity (Van Wyngaarden et al., 2018); the prevalence of local adaptation in large, 

apparently mixed marine populations (Sandoval-Castillo et al., 2018; Clucas et al., 2019; 

Dorant et al., 2019); the importance of environmental selection in marine population 

structuring (Barth et al., 2017; Sandoval-Castillo et al., 2018; Stanley et al., 2018; Clucas et 

al., 2019); and the importance of standing genetic variation in facilitating local adaptation 

(Miller et al., 2020). Insights such as these can in turn inform the maintenance of genetic 

diversity and adaptive potential in ecosystem management and conservation efforts (Funk 

et al., 2019; Xuereb et al., 2020) 

Genomic environmental association (GEA) methods provide a powerful tool for 

distinguishing spatial patterns of adaptation and environmentally driven genetic 

differentiation (Rellstab et al, 2015; Flanaganet al, 2018; Storfer, Patton and Fraik, 2018). 

In particular, the ability to unpick signals of selection from separate environmental 

variables in GEA approaches can offer an informed picture of the different spatial scales 

and distributions of adaptive responses to drivers of selection (Rellstab et al., 2015). 

Though more general approaches, such as outlier scans, can offer an overview of the 

dominant selection gradients affecting a population, the results represent an 

amalgamation of multiple drivers of selection over different spatial scales and across 

different directional gradients and inclines (Hoban et al., 2016; Flanagan et al., 2018). 
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Weaker signals of adaptation, and non-linear gradients, can subsequently be lost amongst 

mixed signals and gradients of selection (Hoban et al., 2016). Information on adaptive 

variation is being increasingly used in a wide variety of applications, including predictive 

models of species distributions, spatial conservation planning and management, and 

assisted evolution and restoration programmes (Rochat and Joost, no date; Garzon and 

Robson, 2019; Miller et al., 2020). An understanding of the drivers and scales of adaptation 

is vital for the effective prediction, management, and application of adaptive diversity in 

such programmes (Gellie et al., 2016; Miller et al., 2020; Wood et al., 2020). GEA 

approaches provide an economic and practical approach to determining these factors and 

can be applied to a wide range of non-model organisms and environments (Rellstab et al., 

2015; Storfer, Patton and Fraik, 2018; Grummer et al., 2019). 

GEA approaches and seascape genomic studies have highlighted a wide range of 

ecological and evolutionary forces shaping adaptation and population structure in the 

marine environment (Selkoe et al, 2016; Liggins, Treml and Riginos, 2019; Selmoni et al, 

2020). Here we aim to apply this approach in the major foundation kelp species, Saccharina 

latissima, across an environmentally constrained distribution in the Swedish Skagerrak-

Kattegat transition zone. The transition region between the North Sea and the Baltic Sea 

presents a model system within which to investigate the nature of local adaptation and 

population connectivity (Barth et al., 2017; Johannesson et al., 2020). The region is 

dominated by the mixing of brackish water from the Baltic with fully marine water from 

the North Sea creating strong salinity and temperature gradients over the 300 km 

Skagerrak-Kattegat transition zone. Organisms inhabiting the region are often 

constrained by strong abiotic pressures (Johannesson and Andre, 2013; Johannesson et 

al., 2020). A number of physiological, morphological and reproductive adaptations have 

subsequently been documented in macroalgae and other species groups in association 

with these (Serrão et al., 1999; Pearson, Kautsky and Serrao, 2000; Mette Molle Nielsen et 

al., 2016).  

S. latissima has a widespread occurrence in the region from the Skagerrak to the central 

Kattegat, though only a limited presence in the southern Kattegat where lower salinity 

and reduced habitat availability are thought to limit its distribution (Middelboe, Sand-

Jensen and Brodersen, 1997; Mette Moller Nielsen et al, 2016). The establishment of S. 

latissima in the region is thought to be a relatively recent event (Mette Moller Nielsen et al., 

2016). The opening of the Baltic Sea occurred around 8.0 ka BP, and the expansion of S. 

latissima in to the region is thought to have occurred after this (7.5-3.0 ka BP), coinciding 
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with a period of elevated salinity in the region which may have facilitated migration in to 

the region (Bjorck, 1995; Middelboe, Sand-Jensen and Brodersen, 1997; Mette Moller 

Nielsen et al., 2016). As such the current extent of S. latissima in the region represents a 

marginal distribution at the ecological limits of its range (Nielsen et al., 2014; Mette Moller 

Nielsen et al., 2016). Saccharina latissima is in general a cosmopolitan and opportunistic 

species and displays a tolerance to a wide range of environments. An upper temperature 

tolerance of 18-20°C has been reported beyond which stage fertilization, growth, and 

development become inhibited (Bolton and Lüning, 1982; Gerard and Du Bois, 1988). 

An optimum salinity range has been reported between 23-31 PSU (Bartsch et al., 2008).  

By applying an integrated seascape genomic approach combining genomic data with 

environmental data and hydrodynamic modelling, we aimed to further understand the 

physical, ecological, and evolutionary processes shaping adaptation and population 

connectivity in the Skagerrak-Kattegat. The application of a high resolution, genome-wide 

marker set of SNPs offered a detailed assessment of genetic differentiation, connectivity, 

and signals of adaptation across the region. The integration of the genomic data with 

detailed physico-chemical data from the region and an associated particle dispersal model 

offered further insights into the influences of oceanographic processes and environmental 

variation on spatial patterns of genetic differentiation.  
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Materials and Methods 

Study Area and Sampling 

The study covered the Skagerrak-Kattegat regions of the North Sea (Fig. 4.1; Table 4.1). 

180 S. latissima individuals were collected from nine stations along the west coast of 

Sweden (20 per station). Samples were collected by snorkelling at all stations between 1-

2 m, barring stations SW8 and SW9 which were collected by trawling (depth  10 m). For 

the snorkel stations, individuals were sampled along ~100 m transects maintaining a 

distance of 2 m between individuals to reduce the sampling of clonal sporophytes. For 

the trawled stations (SW8 and SW9) it was not possible to verify distance between 

individuals. For each individual two 1 cm2 squares of meristem tissue were collected at 

the base of each blade and immediately frozen for preservation. 

 

Station Location Lat. Lon. H(o) H(e) π F-is Private 

Alleles 

SW1 Slevik 59.1758 10.8139 0.261 0.237 0.246 -0.038 1 

SW2 Ursholmen 58.8345 10.9936 0.244 0.231 0.237 -0.016 9 

SW3 Hamburgö 58.5412 11.2420 0.247 0.239 0.245 -0.005 5 

SW4 Tuvesvik 58.2155 11.4114 0.254 0.244 0.251 -0.005 15 

SW5 Kovikshamn 57.8413 11.6798 0.243 0.233 0.239 -0.007 2 

SW6 Aspholmen 57.6626 11.8365 0.262 0.249 0.256 -0.011 3 

SW7 Sturöd 57.3938 11.9090 0.243 0.239 0.246 0.009 3 

SW8 Mölle 56.2644 12.4972 0.264 0.249 0.256 -0.021 2 

SW9 Ven 55.8851 12.6965 0.250 0.240 0.247 -0.007 2 

Average    0.252 0.240 0.247 -0.011 5 

Table 4.1 Summary of sampling stations and population statistics for the full marker set of 9,222 SNPs. H(o) is 

the observed heterozygosity across sampled SNPs, H(e) is the expected heterozygosity across sampled SNPs, π is the 

genetic diversity, and F-is is the inbreeding co-efficient. 
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Figure 4.1. (A) Map of sampling sites (black dots) for S. latissima in the Skagerrak-Kattegat region of the North 
Sea. The background heat map shows diffusion interpolation of minimum salinity values from the ICES data-base 
(1980-2018). The red stars indicate the location of the closest available monitoring station with information on 
water chemistry and other environmental variables. The arrows indicate mean field circulation (averaged over a 
year), the hyphenated arrows indicate deeper “counter-currents” in the Kattegat (Svansson 1972). (B) Individual 
population membership plotted in fastStructure for the three inferred clusters (Kmax = 3) based on the full marker 
set corresponding to the sampling locations indicated on the left panel. 

 

 



Chapter IV: Populations Genomics of Swedish S. latissima  

203 
 

Particle Dispersal Modelling and Connectivity Analysis  

Spore dispersal probability and multi-generational connectivity were estimated with 

biophysical modelling based on the NEMO-Nordic ocean circulation model a particle 

tracking model. NEMO-Nordic is a regional Baltic/North Sea configuration of the 

NEMO ocean model with a horizontal resolution of 3.7 km (2 nautical miles) and a 

vertical resolution of 56 layers of variable depth (for details see Hordoir et al. 2019). 

Particle trajectories were simulated with the off-line Lagrangian model TRACMASS (De 

Vries and Doos, 2001) using interpolated velocity fields from the NEMO-Nordic model. 

Velocity fields were updated in the model domain every three hours and the trajectory 

calculations were performed with a 15-minute time step. Particle behaviour was designed 

to simulate spore dispersal in S. latissima. Spore dispersal in S. latissima is thought to be 

localised (0.1-3 km) though with some evidence of sporadic longer distance dispersal also 

occurring (Schiel and Foster, 2006; Andersen, 2013). Dispersal and recruitment are 

facilitated by large numbers of spores being released at once as well as potential 

reproductive synchrony between adjacent populations (Andersen, 2013). Particles 

representing drifting spores were released from a total of 345 model grid cells that 

overlapped with the known habitat distribution for the Danish Straits, the Kattegat and 

the Skagerrak. Habitat presence was modelled conservatively based on known S. latissima 

populations within the region that are likely to be major sources of gene-flow. Release 

times included the months of October, November and December based on known 

observations for the area. The model simulated particles drifting in the surface layer (0-2 

m) and with a drift duration of five days in line with previous models (Mooney et al, 2018).  

Particle release occurred once each month and was repeated for eight years (1995-2002) 

representing years with a range of North-Atlantic oscillation index (Hurrell and Deser, 

2010), which is known to correlate well with the variability in circulation pattern. From 

each grid cell and each month 392 particles were released making a total of two million 

particle trajectories in this study. Dispersal probabilities between all nine sampling sites, 

over a single generation, were summarised in a connectivity matrix where each element 

represents the probability of a particle starting in site i and ending up in site j. We also 

estimated multi-generation connectivity where stepping-stone dispersal was calculated 

over four and 32 single-generation dispersal events by multiplication of the single 

generation dispersal matrix with itself up to 32 times producing connectivity probabilities 

when summed over all possible dispersal routes (White et al, 2010). Stepping-stone 
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dispersal over 32 generations was considered sufficient to span the approximate spatial 

scale (500 km distance) of the model domain.  

gDNA Extraction and Library Preparation 

Genomic DNA was extracted from each sample using the NucleoMag Plant kit (Machery 

Nagel) as per Fort et al., (2018) with the addition of a gel-purification step using the 

Monarch Gel DNA Extraction Kit (New England Biolabs) following the initial extraction. 

Purified gDNA samples were quantified using AccuBlue dsDNA High Sensitivity 

quantitation kits (Biotium) and normalised to 1 ng µl-1 in preparation for library 

construction. A double-digest RADseq library was prepared based on a modified version 

of Peterson et al., (2012). 50 ng of gDNA per sample was digested using restriction 

enzymes PstI and MseI and ligated to the corresponding adapters specified in the original 

protocol. Successfully ligated samples were pooled by station before size-selection by gel 

excision at 400-600 bp. Size-selected station pools were then enriched over 12 PCR cycles 

in five parallel reactions per station. The enriched stations were finally pooled, 

concentrated and PCR hangovers removed using the JetSeq Clean (Bioline) SPRI kit. 

Sequence Data Processing 

The library was sequenced on two lanes of Illumina NovaSeq S1 (150 bp PE) at 

Edinburgh Genomics. Reads were filtered for ambiguous barcodes, demultiplexed, and 

trimmed to 110 bp to remove barcodes, restriction sites, and overlapping adapters using 

the programme process_radtags.pl in STACKS v2.3e (Catchen et al, 2013). Loci were 

assembled denovo in STACKS v2.3 following parameter optimisation (m = 3, M = 3, n = 

3) using the STACKS pipeline denovo_map.pl.  

SNP filtering was undertaken using the programme VCFtools (Danecek et al, 2011). The 

principle filters tested for the presence of loci across all samples (90%), loci coverage per 

individual (60%), mean depth of loci across the population (x12), Hardy-Weinberg 

equilibrium (P <0.05) and minimum allele frequency across the population (0.03). 

Additionally, physically linked loci were thinned to leave one marker per RAD-locus. The 

filtering of individuals and loci was carried out in iterative steps to reduce the loss of loci 

due to poor individuals and vice versa (O’Leary et al., 2018).  
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Candidate Loci in Association 

Environmental associations within the SNP dataset were investigated using the 

programme Bayescenv (Villemereuil and Gaggiotti, 2015). Bayescenv identifies loci in 

association with environmental factors based on a Bayesian FST-based differentiation 

method that accounts for neutral FST whilst comparing environmental and genetic 

distance between populations. Loci in putative association with the environmental 

parameter were identified using a Posterior Error Probability (PEP) of <0.05 giving a 

more conservative false discovery rate than the q-value of the environmental factors.  

Environmental datasets were assembled for each station from field data available on the 

SharkWeb database (https://sharkweb.smhi.se) hosted by the Swedish Meteorological 

and Hydrological Institute (SMHI). Environmental datasets were compiled for 

temperature (°C), salinity (PSU), nitrogen (µmol l-1), phosphate (µmol l-1), chlorophyll (µg 

l-1), and light penetration from Secchi disk readings (m) (Table. 4.2). Yearly and seasonal 

averages were calculated from monthly datasets over a 25-year period from 1993 to 2018. 

Minimum and maximum yearly values were also examined for each variable. Wave fetch 

data was extracted for stations SW2 – SW7 as a proxy of wave exposure for each 

population. High resolution wave fetch data was acquired for stations SW2-SW7 from the 

Simplified Wave Model method SWM (Isaeus, 2004). Stations SW8 and SW9 were 

excluded on the basis of their depths and station SW1 was outside the area of 

consideration for the high-resolution wave model. Depth and location information were 

taken in the field during sampling.  
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Population Analysis 

Population statistics, including genetic diversity (π), expected and observed heterozygosity 

(He, Ho), and the number of private alleles were calculated in STACKS by the populations.pl 

module. Pairwise population differentiation was calculated using two approaches. Allelic 

differentiation was estimated using Jost’ D in the programme diveRsity, whilst traditional 

fixation based differentiation was estimated using FST in populations.pl (Meirmans and 

Hedrick, 2011; Keenan et al, 2013; Jost et al, 2018).  

Population structure was assessed through parametric and non-parametric means. 

Principal Component Analysis (PCA) in the R-package adegenet allowed inference of 

structure without prior assumption of population clustering (Jombart, Devillard and 

Balloux, 2010). Structure was further assessed using a model-based Bayesian clustering 

approach in fastStructure (Raj, Stephens and Pritchard, 2014), with results from fastStructure 

output in distruct-2.3 (Chhatre, 2019). 

To test for the effects of isolation by distance and spatial autocorrelation in population 

structuring we first applied a classic Mantel test in the R-package vegan (Oksanen et al, 

2018). Pairwise genetic differentiation for the Mantel tests was calculated using linearised 

Station Mea

n S 

Min 

S 

Sprin

g S 

Mea

n T 

Max 

T 

Summe

r T 

P N Chl. 

a 

Secc

hi 

Fetch  

SW1 21.2 8.7 22.6 10.7 19.6 15.9 N/A 
N/

A 
N/A N/A N/A 

SW2 26.5 17.7 24.8 10.0 19.5 17.0 0.612 17.0 2.5 8.3 51168 

SW3 25.5 21.6 22.4 9.9 19.7 17.5 0.753 22.2 2.3 3.2 4360 

SW4 24.5 16.4 23.4 10.0 21.2 17.3 0.642 18.2 2.4 6.5 2917 

SW5 20.1 11.1 19.1 9.8 21.1 17.3 0.607 23.1 3.1 4.2 67382 

SW6 21.1 7.6 16.8 9.7 20.6 17.0 0.678 27.1 3.6 3.0 13700 

SW7 20.7 14.5 18.8 10.1 20.2 17.7 0.594 19.3 2.8 7.2 361018 

SW8 26.4 17.0 23.8 9.1 17.3 13.3 0.759 19.0 3.4 7.5 N/A 

SW9 27.5 14.5 22.7 9.2 18.5 12.9 0.910 18.9 1.8 7.5 N/A 

Table 4.2. Summary table of monitored environmental variables from the last 25 years (between 1993-2018) from 
0-5m depth (stations 1-7) and 10-15m depth (stations 8-9) closest to each of the 9 sampling populations in the 

Skagerrak-Kattegat region of the North Sea. S is salinity (psu), T is temperature (C), P is phosphate concentration 

(mol l-1), N is total nitrogen  concentration (mol l-1), Chl. a is chlorophyll a concentration (g l-1), and Secchi 
is the Secchi depth (m). Mean spring salinity was averaged from March to May, whilst mean Summer temperature 
was averaged from June to August for each year. Wave fetch data (Exp m2 s-1) is taken from the Simplified Wave 
Model method SWM (Isaeus, 2004). 
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pairwise-FST from populations.pl (Meirmans and Hedrick, 2011; Keenan et al., 2013). 

Geographic distances were square root transformed to further improve the power of 

detection in the Mantel tests (Legendre, Fortin and Borcard, 2015). Spatially explicit 

population structure was investigated in greater detail using a spatial Principal Component 

Analysis in adegenet. sPCA offers a multivariate approach that maximises separation based 

genetic and spatial components of variation in the genetic data and returns a list of global 

and local components explaining population differentiation. Variation explained by 

genetic distance and spatial autocorrelation are returned as global components, whereas 

genetic differences inversely related to spatial autocorrelation are returned as local 

components (Athanasiadis and Moral, 2013). sPCA was run on population level allelic 

frequency data for the full marker set computational ease.  

All population analyses were performed on the full marker set as well as the candidate 

marker set for adaptation identified in the GEA analysis.  

Oceanography vs IBD 

The influence of geographic distance and oceanographic processes on gene flow and 

connectivity were investigated by testing for correlation between linearized genetic 

distance (FST/(1-FST)) and geographic distance by sea, as well as oceanographic distance 

as determined by the biophysical dispersal model. Linear correlation was tested using a 

Pearson’s test for correlations over 1000 permutations, whilst monotonic correlation was 

tested through Spearman’s ranked correlation over 1000 permutations. Oceanographic 

distance was input as the inverse probability of connectivity over 1 generation, 8 

generations, and 32-generations.  

Directional Migration 

Relative proportions of shared alleles between populations were assessed from genomic 

data using DivMigrate in diveRsity (Sundqvist et al, 2016). DivMigrate can be used to assess 

migration by comparing the relative differentiation of each population from a hypothetical 

migrant pool. Increased genetic distance from the hypothetical pool of migrants can infer 

the presence of asymmetric migration away from the genetically distant population. 

Asymmetric migration was tested at a significance value of α = 0.05 (1000 bootstraps), 

and results were output as relative Gst and relative D.  

DivMigrate was also applied to the GEA candidate marker set. Unlike the neutral marker 

set, each candidate in the GEA marker set is assumed to have undergone directional 

selection across the environmental gradient. As such, asymmetric differences in the 
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relative proportion of shared alleles do not only reflect neutral processes of migration. 

Directional selection may also result in asymmetric patterns in the proportional 

representation of shared alleles. Asymmetric patterns, identified as asymmetric migration 

by DivMigrate, may then reflect processes of selection against immigrating alleles, or 

directional selection away from the hypothetical pool of migrants posited by Sundqvist et 

al. (2018). Crucially, asymmetric trends across multiple candidate loci support the 

presence of non-random directional selection. Though Bayescenv inherently targets loci 

with increased FST, and therefore differential allele frequencies, it treats every candidate 

locus independently. As such, the direction of the allele frequency gradient could be in 

either direction along the environmental gradient for each locus in the absence of 

directional selection. Trends in allele frequency observed over multiple loci therefore 

support the presence of biologically meaningful directional selection. Relative asymmetric 

patterns identified by DivMigrate using candidate markers can therefore infer relative 

strengths of selection, as stronger directional selection results in stronger selection against 

immigrants, or stronger selection away from the historic shared allele pool.  
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Figure 4.2. Heat maps of dispersal and stepping-stone connectivity based on the oceanographic particle model applied 
on the inferred distribution of S. latissima in the Skagerrak-Kattegat region. Connectivity is indicated by the colour-
coded scale as the probability of dispersal or connectivity from column i to row j for (A) dispersal over one generation, 
(B) stepping stone connectivity over four generations, (C) stepping-stone connectivity over 32 generations.  

(A) 

(B) 

(C) 
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Results 

Sequencing  

179 individuals collected from nine sites along the west coast of Sweden were sequenced 

across two lanes of Illumina NovaSeq giving a total of 603 M 150 bp read pairs (av. 3.5 

M PE/sample). Assembly in STACKS resulted in a catalogue of 347,068 RAD markers 

covering 481,796 variant loci. 9 individuals were removed from the analysis for low 

marker coverage following quality assessment and filtering in VCFtools. The final dataset 

set contained 170 individuals and 9,222 SNPs with a mean marker coverage of 96.8%. 

Particle Dispersal Modelling  

Dispersal modelling of S. latissima zoospores was investigated using a regional ocean 

circulation model combined with a Lagrangian particle tracking model. Results from the 

model suggested the potential for dispersal of S. latissima spores between sites separated 

by up to 113 km in one generation with a five day drift period (Fig 4.2a). Multi-

generational analysis using a stepping stone model suggested greater connectivity over 

multiple generations, with cross-regional connectivity achieved within four generations 

from south to north (Fig. 4.2b). The model also highlighted an asymmetrical south to 

north dispersal trend with only four stations showing any single generation dispersal to 

the south of their position. Long-term multi-generational connectivity similarly suggested 

a strong barrier to southerly but not northerly dispersal situated between SW3 and SW4 

(Fig. 4.2c). Of the populations, the central populations, in particular SW6 and SW7, 

demonstrated the greatest degree of potential connectivity. In contrast the most distant 

populations, SW1 and SW9, showed the lowest dispersal potential.  

Population and Spatial Analyses 

Population summary statistics were calculated for all stations in STACKS populations.pl. 

Heterozygosity and nucleotide diversity for the full SNP set were high with a mean Ho of 

0.252 and π of 0.247 (Table 4.1). Heterozygosity and nucleotide diversity were consistent 

across populations with no significant patterns of change observed along the transition 

zone. 

Pairwise differentiation across the region was relatively low. Absolute differentiation 

based on the allelic difference was low with a mean pairwise-D’ of 0.003 (Table S4.1). 

Mean pairwise-FST was also low at 0.039 (Table S4.1). SW9 showed the highest 
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differentiation with a pairwise-FST of 0.05 versus all northerly populations (SW1, SW2, 

SW3 and SW5). 

Investigation of population structuring in fastStructure showed a maximum likelihood of 

K = 3 clusters for the full marker set and separated the population roughly into a southern 

cluster (SW8, SW9), a central cluster (SW7, SW6, SW4) and a northerly cluster (SW1, 

SW2, SW3, SW5) (Fig. 4.1b). However, the pattern was not entirely linear with stations 

SW4 and SW5 associating with populations that were more distant. fastStructure 

additionally highlighted a large proportion of admixture within stations SW1 and SW3. 

PCA analysis for the full marker set confirmed the separation of SW8 and SW9 from the 

other stations, however the northerly stations SW1 to SW7 showed a more gradual 

separation (Fig. 4.3). Inspection of individual components of the PCA showed structuring 

to be weak, with <6% of the variance explained by the first 3 principal components. 

 

 

Figure 4.3. Principal component analysis (PCA) based clustering of populations using 9,222 SNPs for 170 
individuals from the Skagerrak-Kattegat region showing 95% confidence interval ellipses for the nine sampling 
stations. 
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Figure 4.4. Spatial principal component analysis (sPCA) by population based on the full marker set showing the 
first global and local components. 

 

sPCA applied a spatially explicit analysis of principle components to investigate the effects 

of spatial autocorrelation on population differentiation in the dataset. sPCA identified one 

significant principal global component (36.4%) indicating the strong influence of spatial 

autocorrelation on genetic differentiation between the southern cluster (SW8 and SW9) 

and the central cluster (SW7) (Fig. 4.4). Mantel tests of genetic distance against geographic 

distance showed significant IBD, supporting the strong role of IBD in driving population 

differentiation across the region (Table 4.3). Local components in the sPCA results 

highlighted the presence of localised, non-linear patterns of differentiation along the 

Swedish coastline (Fig. 4.4). Local components of differentiation also separated fringe 

populations at the limits of the distribution of S. latissima in the region, in particular 

separating SW1 from SW2, and SW8 from SW9 (Fig. 4.4) 

The effects of regional oceanographic processes on directional patterns of migration and 

differentiation were investigate in DivMigrate, as well as through tests of Isolation-by-
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Resistance using modelled connectivity data. Relative patterns of allelic differentiation 

between stations showed no significant signs of asymmetric migration between stations 

in the full marker set. In contrast, Mantel tests of genetic distance against oceanographic 

connectivity as modelled in the particle dispersal model showed significant correlation 

suggesting the strong influence of directional currents in the region on genetic 

differentiation (Table 4.3) 

 

Linear (Pearson’s) Monotonic (Spearman’s) 

Test Full GEA Test Full GEA 

FST vs Dist. 0.588** 0.409* FST vs Dist. 0.633** 0.531** 

FST vs 1 gen. 0.143 -0.118 FST vs 1 gen. 0.475** 0.097 

FST vs 8 gen. 0.240 0.137 FST vs 8 gen. 0.478** 0.293 

FST vs 32 gen. 0.034 0.032 FST vs 32 gen. 0.366* 0.235 

Relative D’ vs. 1 gen. n/a n/a Relative D’ vs. 1 gen. n/a 0.433** 

Relative D’ vs. 8 gen. n/a n/a Relative D’ vs. 8 gen. n/a 0.426 

Table 4.3. Mantel r2 correlation values for tests of IBD, genetic distance versus modelled oceanographic connectivity 
over 1, 8, and 32 generations, and relative differentiation from DivMigrate (D’) versus 1 generation and 8 
generation modelled connectivity. Significant results at <0.05 are indicated in bold and by a *, and significant 
results at <0.01 are indicated in bold and by **. 

Candidate Loci in Association 

Environmental data was acquired from the SharkWeb database for all parameters 

excluding wave fetch data. Environmental data was available for all parameters at all 

stations apart from station SW1 where only salinity and temperature data was available 

from SharkWeb (Table 4.2). A total of 334 associations with 102 loci were identified as 

putatively in association with one or more of the 11 environmental variables tested (Fig. 

4.5). Of the 102 total candidate GEA loci, 26 were associated with five or more 

environmental variables (25%), suggesting a high degree of environmental co-linearity. 

Nevertheless, 50 loci were found in association with just one parameter (49.0%). The 

highest number of loci (n = 49) were found in association with wave fetch. Mean 

temperature (n=39), mean summer temperature (n=35), mean yearly chlorophyll a 

(n=35), and minimum salinity (n=33) also showed high numbers of associations. The 

final GEA marker set (referred to as candidate loci from now on) was composed of 102 

loci found in association with one or more variables.  
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Figure 4.5. Genotype environment association (GEA) analysis from Bayescenv indicating loci in association with 
the environmental variables assembled for each station. Stacked bars indicate the number of associations, either 
shared between multiple variables (blue) or unique to a specific environmental variable (red). Details of 
environmental variables tested are given in Table 4.2. 

Spatial Analysis of Candidate Loci 

As expected from an FST-based GEA method, pairwise-FST between populations was 

significantly higher using the candidate loci. Nucleotide diversity and heterozygosity were 

noticeably lower than in the full marker set (H(o) = 0.1710, π = 0.132). GEA candidate 

loci showed a very different pattern of diversity across the region to the full marker set, 

showing a strong decrease in H(o) and π towards the southern Kattegat (SW6-SW9) as well 

as in SW1 (Table 4.5, Fig. 4.6). Candidate loci also made up a large proportion of the 

unique alleles observed within the data set (78.6%). 

Assessment of genetic differentiation between stations in the candidate loci marker set 

showed a significant influence of IBD (Table 4.3). Parametric and non-parametric tests 

for population structure using the candidate loci showed clear separation of the southern 

cluster (SW8 and SW9) as well as some separation of SW1 and SW4 from the other 

stations. sPCA using the candidate marker set highlighted the spatially unrelated 

separation of SW4, as well as an element of spatial autocorrelation in the separation of 

SW8 and SW9 (Fig. S4.4).  
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Figure 4.6. Nucleotide diversity (π) along a latitudinal gradient for the 102 candidate GEA loci. 

The influence of oceanographic processes on the distribution of non-neutral candidate 

loci was investigated through Mantel tests of genetic distance versus modelled dispersal 

as well as through asymmetric differences in allele distributions in DivMigrate. No 

significant correlation was observed between genetic distance and modelled hydrographic 

connectivity (Table 4.3). In contrast, DivMigrate showed significant asymmetric allele 

distributions amongst stations indicating asymmetric migration or the influence of 

directional selection on candidate loci (Table. S.4.2b). In particular, significant asymmetric 

patterns of migration or directional selection were detected from station SW1 south as 

well as from stations SW8 and SW9 north. Significant asymmetry noted in stations SW4 

and SW2 indicated either their role as sink populations for immigration, or weaker drivers 

of directional selection acting on those populations. Relative D’ as measured by DivMigrate 

and one generation oceanographic connectivity from modelled dispersal data showed 

significant correlation in a Spearman’s ranked Mantel test suggesting a proportion of the 

asymmetric pattern in the candidate loci could be explained by oceanographic 

connectivity and asymmetric migration (Table 4.3).  

The influence of directional selection on the distribution of allele frequencies in the 

candidate loci was investigated further by focussing on separate drivers of putative 

directional selection. Candidate loci identified in association with variables related to only 

temperature, or only salinity, were taken out and investigated as separate marker sets. The 
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candidate loci for salinity variables (n = 19) were only identified in association with mean 

salinity, minimum salinity, or mean spring salinity, whereas the candidate loci for 

temperature variables (n = 30) were only identified in association with mean temperature, 

maximum temperature or mean summer temperature (Table 4.2).  

 

Station H(o) π Private 

Alleles 

π (Sal.) π (Temp.) 

SW1 0.134 0.107 0 0.054 0.159 

SW2 0.257 0.198 2 0.007 0.343 

SW3 0.182 0.144 5 0.076 0.290 

SW4 0.320 0.220 15 0.24 0.189 

SW5 0.205 0.170 1 0.008 0.316 

SW6 0.149 0.118 3 0.020 0.263 

SW7 0.173 0.134 3 0.158 0.169 

SW8 0.061 0.049 2 0.091 0.036 

SW9 0.057 0.046 2 0.086 0.024 

Average 0.171 0.132 4 0.054 0.159 

Table 4.4. Summary of population statistics for GEA candidate loci. π is the nucleotide diversity for all GEA 
candidates, H(o) is the observed heterozygosity for all GEA candidates, private alleles is the number of unique for 
all GEA candidates, π (Sal.) is nucleotide diversity for just the salinity associated candidates, π (Temp.) is 
nucleotide diversity for just the temperature associated candidates. 

 

Both sets of candidate loci showed a significant relationship between nucleotide diversity 

and the environmental variable in association. In the candidate loci for salinity this was 

represented by a loss of diversity with decreasing minimum salinity levels, whilst in the 

candidate loci for temperature this was represented by a decrease in nucleotide diversity 

with decreasing maximum temperature (Fig. 4.7). The spatial distribution of diversity in 

the two sets of candidate loci differed considerably however, with the temperature marker 

set showing low diversity in SW1 and the lowest diversity in SW8 and SW9, whilst the 

salinity dataset showed the lowest diversity in stations SW2, SW5, and SW6 (Table 4.4). 

DivMigrate tests on separate salinity and temperature candidate marker sets showed 

contrasting patterns of asymmetric distribution which reflected the patterns of diversity 

seen in the candidate loci. In the temperature candidate set asymmetric patterns of allele 

distribution were from the outer populations, SW8, SW9 and SW1, towards the central 

populations (Table S4.2c). This also reflected a general gradient from colder stations to 

warmer stations, in particular for minimum and mean summer temperatures (Table. 4.2). 
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In the salinity candidate set the patterns of significant asymmetry showed a similar trend 

from stations with lower salinity (SW5, SW6), to stations with higher salinity, though 

station SW2 also showed significant asymmetry towards lower salinities (Table S4.2d).  

 

Figure 4.7. Changes in nucleotide diversity versus environmental variables in candidate GEA loci. A) nucleotide 
diversity versus minimum salinity for the salinity associated GEA candidate loci, and B) nucleotide diversity versus 
maximum temperature for the temperature associated GEA candidate loci 

Discussion  

Population Structure and Connectivity in the Skagerrak-Kattegat 

Interacting drivers of selection and connectivity can have strong influences on 

evolutionary processes of genetic differentiation and local adaptation (Savolainen, 

Lascoux and Merilä, 2013; Borevitz et al, 2015; Tigano and Friesen, 2016). In the marine 

environment, strong physico-chemical gradients and hydrographic processes determine 

the scale and extent of genetic differentiation across species distributions (Riginos et al., 

2016; Selkoe et al., 2016; Liggins, Treml and Riginos, 2019). Functional diversity, driven 

by directional selection, as well as connectivity between differentially adapted populations, 

in turn confer resilience and greater potential for adaptation across the wider meta-

population (Nosil et al., 2019). Understanding the scale and influence of these processes 

can offer critical insights for the management and conservation of genetic and functional 

diversity and can help predict the responses of populations to future environmental 

changes and disturbances (Mable, 2019; Wilson et al., 2020). This study integrated 

genomic, environmental and physical modelling data to investigate aspects of population 

differentiation and adaption along a 300 km environmental transition zone on the 

Swedish west coast. The results showcased how drivers and constraints of connectivity 



Chapter IV: Populations Genomics of Swedish S. latissima  

218 
 

and adaptation interact across heterogeneous seascapes in a widespread marine 

macrophyte. 

Initial results from the genomic marker set showed a pattern of high genetic diversity 

within populations but low population differentiation across the region (Table. 4.1). 

Despite low levels of genetic differentiation, parametric and non-parametric tests of 

population clustering highlighted the presence of hierarchical structure amongst 

populations (Fig. 4.1, 4.3). The presence of population breaks was supported by 

connectivity estimates from the hydrographic dispersal modelling which showed a strong 

asymmetric pattern of dispersal towards central stations, as well as the presence of strong 

barriers to dispersal around SW3 and SW4. Significant correlation between oceanographic 

connectivity as measured by the dispersal model and genetic distance as measured in the 

genomic marker set confirmed the influence of asymmetric current patterns in the region 

on connectivity and gene flow. The presence of asymmetric drivers and barriers to gene 

flow suggested that the low genetic differentiation observed between stations was a result 

of the recent expansion history in the area rather than elevated levels of gene flow across 

the region (Excoffier and Ray, 2008; Mette Moller Nielsen et al, 2016).  

Populations in the Southern Skagerrak showed strong separation from central and 

northern populations (Fig. 4.3). Tests for IBD and the effects of spatial autocorrelation 

on genetic difference showed a strong spatial influence on the separation of SW8 and 

SW9 from the other stations (Fig. 4.4). However, reduced habitat and substrate for S. 

latissima, as well as environmental differences and strong advection in the southern 

Kattegat, supported the presence of hierarchical structuring between southern 

populations SW8 and SW9 and more central populations (Nielsen et al. 2016; Middelboe 

et al. 1997). Previous studies in the region have also identified significant differences 

between populations of S. latissima in the southern Kattegat and Skagerrak, as well as in 

the seagrass Zostera marina (Nielsen et al. 2016; Jahnke et al. 2018). In contrast to these 

studies however, the full marker set for S. latissima showed no significant reduction in 

genetic diversity towards the Kattegat (Table. 4.1).  

Signals of Selection in Candidate Loci 

GEA approaches offer a powerful statistical framework for identifying associations 

between allele distributions and environmental gradients (Rellstab et al, 2015; Flanaganet 

al, 2018). The strong environmental gradients, and relatively low levels of population 

differentiation along the transition zone made the study region a promising candidate for 
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GEA analysis (Hoban et al., 2016; Flanagan et al., 2018). The initial results pointed to 

widespread signals of adaptation in the dataset over a broad range of environmental 

variables. A large proportion of the candidate loci were identified in association with 

multiple variables. The presence of non-independent variables in the analysis, for instance 

Spring Salinity and Minimum Salinity, or Chlorophyll and Secchi Depth, may have 

contributed to the high number of shared associations. Though not applied in this case, 

reducing co-linear relationships between environmental variables into principle 

components can help remove problems of environmental co-linearity (Riginos et al., 

2016). On the other hand, the inclusion of seasonal and extreme environmental variables, 

as well as mean values, can offer greater powers of detection in some cases (Miller et al., 

2020). Of note, wave exposure, as determined by wave fetch, showed the highest number 

of shared and unique associations (n=49), supporting the significance of site exposure in 

driving diversification in coastal environments (Hays, 2007; Augyte et al., 2017; Westram 

et al., 2018).  

Candidate loci identified in the GEA analysis showed a notable decrease in nucleotide 

diversity and heterozygosity towards the southern Kattegat, as well as in the most 

northerly station (SW1) (Table 4.4). Bayescenv inherently targets loci exhibiting high FST 

and correlating with the environmental variables tested (Villemereuil and Gaggiotti, 2015). 

As such, a gradient in nucleotide diversity for each loci might be expected across the 

gradient of the environmental variable tested. However, in the absence of directional 

selection, the GEA test should identify loci exhibiting gradients of diversity and allele 

frequency in either direction. The strong directional trend in diversity observed across the 

candidate marker set therefore suggested an underlying biological factor such as 

directional selection reducing diversity towards the Kattegat (Oleksyk, Smith and Brien, 

2010)  

This was investigated further by examining allele frequency distributions in temperature 

or salinity associated candidate loci. Temperature associated candidate loci showed a 

similar trend to the full candidate marker set with decreasing nucleotide diversity observed 

towards the Kattegat (Table 4.4). Contrary to expectations regarding directional selection, 

genetic diversity was observed to decrease with decreasing temperature (Fig. 4.7). This 

was unexpected as higher temperatures and warming events in the region were predicted 

to be a greater driver of adaptation and directional selection in S. latissima (Bolton and 

Lüning, 1982; Filbee-Dexter et al, 2020). Though it remains possible that the directional 

selection trend towards colder environments represents a true signal of selection, the 
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results also suggested the possibility that co-linear environmental variables, or neutral 

allele surfing effects from the recent expansion history in the region, may have conflated 

signals of FST and association in the GEA approach (Klopfstein, Currat and Excoffier, 

2006; Storfer, Patton and Fraik, 2018; Liggins, Treml and Riginos, 2019).  

The co-linearity of environmental variables along the Skagerrak-Kattegat transition zone 

presented difficulties to the GEA approach (Rellstab et al, 2015; Storfer, Patton and Fraik, 

2018). This was reflected in the large number of shared associations observed in the 

candidate marker set (Fig. 4.4). The strong differentiation observed in loci identified in 

association with temperature may thus have been driven by similarly varying 

environmental factors (Rellstab et al., 2015; Riginos et al., 2016). In the case of SW8 and 

SW9, the two stations differed considerably from the others in that sampling was 

undertaken by trawling at depth (~10m). The strongly differentiated candidate signals of 

selection observed in the temperature associated loci for SW8 and SW9 may therefore 

have been influenced by adaptation to depth and associated environmental factors, rather 

than lower water temperatures, towards the southern Kattegat. 

In addition, neutral and demographic effects of expansion into the area might also have 

mimicked differential signals of selection which can conflate with environmental gradients 

along the transition region (Riginos et al, 2016; Liggins, Treml and Riginos, 2019). 

Stochastic changes at the leading edge of population expansions can result in so called 

allele surfing as stochastic shifts in allele frequencies are amplified by founder effects 

during expansion (Klopfstein, Currat and Excoffier, 2006; Excoffier and Ray, 2008). The 

recent, and relatively rapid opening and colonisation of the Skagerrak-Kattegat by S. 

latissima may have led to stochastic effects at the leading edges of expansion towards the 

Baltic, as well as in the fjordic system of Oslofjord (Bjorck, 1995; Mette Moller Nielsen et 

al., 2016). The stochastic nature of these allele shifts can result in neutral, non-adaptive 

loci exhibiting high FST over the region in parallel to the predominant environmental 

gradients. These can result in the false identification of neutral loci as adaptive candidate 

loci through FST-based GEA approaches (Hoban et al., 2016; Nadeau et al., 2016). 

Separating signals of expansion from local-adaptation signals can be difficult, in particular 

in linear systems such as the Skagerrak-Kattegat transition zone (Nadeau et al., 2016). 

However, the application of multiple and varied GEA approaches, for instance the 

addition of redundancy analysis (RDA) or latent factor mixed models (LFMMs), can help 

in controlling for false positive signals of selection from individual approaches (Frichot 

and Francois, 2015; Lotterhos et al., 2017; Forester et al., 2018).  
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Despite the potential for neutral expansion effects and conflating environmental 

variables, a signal of increased directional selection towards the southern Kattegat and in 

the Oslofjord station (SW1) would also be expected under the conditions observed. The 

strong environmental differences observed in the Southern Kattegat and northern 

Oslofjord would be expected to drive directional selection in marine populations (Liggins, 

Treml and Riginos, 2019). Large effective population sizes in broadcast spawners, as well 

as the high levels of standing variation can facilitate local adaptation across environmental 

gradients (Selkoe et al, 2016; Liggins, Treml and Riginos, 2019). Evidence of local 

adaptation in the form of ecotypes, genotypic variation, and phenotypic variation, has 

consequently been observed across a wide range of environmental seascapes in 

macroalgae, including in S. latissima in the Skagerrak-Kattegat (Monteiro et al. 2019; Miller 

et al. 2019; Nielsen et al. 2016; Nielsen et al. 2016). In addition, correlation between 

genetic and oceanographic processes in the region indicated a degree of genetic isolation 

in SW8 and SW9, as well as in SW1. Isolation can further facilitate the process of local 

adaptation through reduced migration and the maintenance of locally adapted complexes 

(Lenormand, 2002; Stuart et al., 2017). Though difficult to determine the relative 

contributions, the signal of directional selection detected in the candidate loci across the 

transition zone was therefore likely to be a combination of directional selection driven by 

co-varying environmental variables including depth and temperature, as well as a factor 

of allele surfing and stochastic effects along the expansion range.  

Nucleotide diversity and heterozygosity amongst salinity associated candidate loci showed 

a similar trend to temperature candidate loci in that diversity decreased observed towards 

lower salinity conditions (Fig. 4.7). In contrast, the spatial distribution of salinity variation 

was much less linear than for temperature associated variables (Table 4.2). This resulted 

in a much more heterogeneous pattern of allele frequency distribution amongst stations 

for salinity associated loci (Table 4.4). Despite the Skagerrak-Kattegat region being 

dominated by the transition between brackish water from the Baltic and marine waters 

from the North Sea, our environmental data highlighted the heterogeneous nature of 

salinity levels in coastal environments along the west coast of Sweden (Table 4.2) (Bjorck, 

1995). Data from SMHI showed highly variable salinity levels between localities, likely 

influenced by terrestrial freshwater input as well as the input of Baltic waters. Coastal 

salinity levels in the region are also influenced by variations in atmospheric pressure and 

wind as localised pressure systems compress brackish Baltic surface currents into coastal 
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waters (Gustafsson and Andersson, 2001). As a result, minimum salinity levels varied over 

a number of spatial scales across the region.  

This was reflected in the putative signals of directional selection observed in the salinity 

candidate loci. Reduced diversity levels, as well as asymmetric patterns of relative allele 

frequency, suggested the presence of strong directional selection in association with 

salinity in stations SW5 and SW6, as well as in SW1 and SW2 (Table 4.4, S4.2d). In 

contrast, elevated levels of nucleotide diversity in SW4, as well as significant asymmetric 

patterns of relative allele frequency, suggested that SW4 acted as a pool or sink for salinity 

associated adaptive diversity. This may have reflected potential directional migration of 

salinity associated alleles towards SW4, or alternatively, milder salinity levels at station 

SW4 facilitating a form of balancing selection. The area around SW4 showed notably high 

levels of oceanographic connectivity in a similar hydrographic dispersal modelling study 

in Z. marina supporting its role as a sink for adaptive diversity in the region (Jahnke et al, 

2018). 

In contrast to temperature variation, salinity variation in the region was not linear, and 

did not co-vary with historic expansion ranges or neutral patterns of hierarchical structure. 

As such, the candidate loci identified in association with salinity were less likely to have 

been influenced or conflated by neutral patterns of expansion, or population structuring 

(Nadeau et al, 2016; Riginos et al, 2016). In addition, the non-linear pattern of salinity 

variation meant that the effects of depth variation in SW8 and SW9 were less likely to 

conflate environmental drivers of selection in the salinity candidate loci, improving 

confidence in the interpretation of the salinity GEA results (Rellstab et al., 2015; Storfer, 

Patton and Fraik, 2018).  

Structuring analysis of the candidate loci further highlighted the presence of non-linear 

relationships along the transition zone. Reduced differentiation and tight clustering 

between stations SW4 and SW7, and SW2 and SW5, suggested enhanced connectivity 

between distant, rather than adjacent stations, in certain cases (Fig. 4.2). The presence of 

non-linear connectivity along the transition zone demonstrated the difference between 

potential and realised connectivity in pelagic dispersal organisms. The particle dispersal 

model showed widespread physical mixing and dispersal, with spore dispersal of up to 

113 km in one generation. However, genomic data inferred limited gene-flow between 

certain adjacent stations. Realised recruitment of migrants can be determined by a number 

of additional factors beyond dispersal potential. Pre and post-zygotic selection can 
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determine the success of spores and settlement in the new area (Bierne et al, 2011). 

Similarly, fitness of migrants versus local phenotypes can select for locally adapted alleles 

or against mal-adapted incomers over longer timescales (Selkoe, Henzler and Gaines, 

2008; Verhoeven et al., 2011).  

The strong differentiation between SW4 and SW5 in both neutral and salinity candidate 

loci, despite clear potential for the exchange of migrants, suggested the potential presence 

of environmental isolation processes between the two stations. Disparities between 

dispersal potential and realised settlement and recruitment have been described in a 

number of marine systems, including in macroalgae (Andersen, 2013; Van Wyngaarden et 

al, 2017). Similarly, a number of macroalgal studies have demonstrated the presence of 

ecotypes and genetic isolation over localised environmental gradients. Salinity in particular 

has been shown to influence sexual reproduction in certain brown algae, facilitating the 

process of genetic isolation (Pearson, Kautsky and Serrao, 2000; Shafer and Wolf, 2013). 

Numerous studies have subsequently reported significant genotypic and phenotypic 

differentiation of macroalgae over local scale salinity gradients (Zardi et al., 2013; Coleman 

et al., 2018).  

The identification of candidate loci in association with environmental variables represents 

only the first prospective step in determining processes of local adaptation and directional 

selection acting upon a population. The candidate loci identified represent statistical 

associations rather than direct evidence of adaptation. Markers identified through GEA 

approaches should ideally have been investigated further through further observational, 

analytical, and experimental analysis. The functional association of candidate loci with 

annotated genes offered one potential path to determine the molecular mechanisms 

underlying the associations identified through GEA approaches (Manel et al, 2016; 

Ahrenset al, 2018). However, problems with linkage, low marker coverage, multilocus 

effects, and autocorrelation can impose limits on ecological inferences (Pavlidis et al., 

2012; Hoban et al., 2016). This was further compounded in S. latissima by the lack of 

genomic resources and annotation in the species and in the wider brown macroalgae 

(Valero et al., 2012; Monteiro et al., 2019). Attempts to link candidate markers to functional 

annotations were subsequently set aside for later analysis.  

Significance to Management and Conservation 

The examination of the GEA candidate loci highlighted the varied spatial scales over 

which selection can drive local adaptation. Signals of putative temperature and salinity 
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adaptation varied over different spatial extents reflecting the contrasting distributions of 

salinity and temperature gradients in the region. Signals of salinity association in particular 

highlighted the influence of local environmental variations across heterogeneous 

seascapes. Localised effects of riverine input and surface run-off appeared to have as 

strong an effect on regional population genetic differentiation as larger scale regional 

patterns of temperature variation. An understanding of multi-scale environmental 

variation and its influence on adaptation is key to managing adaptive and functional 

diversity over regional scales (Mahony, Maclachlan and Lind, 2019; Miller et al, 2020). 

Studies linking genotypic data with phenotypic responses to environmental variables have 

shown significant ecotypic variation over a range of spatial scales (Zardi et al., 2013; King 

et al., 2019, 2020; Liesner et al., 2020; Miller et al., 2020). These observations suggest that 

differentially adapted populations will vary in their reaction to environmental changes and 

pressures, and moreover, will react differently to distinct environmental drivers (Miller et 

al., 2020). Encompassing these factors in to the management of adaptive genetic diversity 

will be a key step in supporting and maintaining adaptive resilience in populations under 

increasing environmental and anthropogenic pressures (Mable, 2019; Nielsen et al., 2020; 

Wilson et al., 2020; Xuereb et al., 2020). 

Genetic diversity and candidate loci for adaptation identified from genomic data are 

playing a growing role in the spatial management and conservation of marine populations 

and systems (Nielsen et al, 2020; Xuereb et al, 2020) Assessments of intraspecific 

population connectivity are increasingly being integrated into the planning and design of 

marine protected areas (MPAs) (Gallego et al., 2017; Jonsson et al., 2020). Assessments of 

differential adaptation to key environmental pressures or drivers are likewise expected to 

play a more prominent role in determining spatial conservation and management 

objectives, in particular in light of intensifying climate change impacts (Wilson et al., 2020; 

Xuereb et al., 2020). Combining connectivity and differential adaptation data can offer 

additional insights into wider levels of meta-population resilience, highlighting networks 

of potentially advantageous adaptive diversity, as well as identifying populations at greater 

risk from isolation and reduced adaptive potential (Nosil et al., 2019).  

The results from the genetic and hydrographic connectivity data highlighted the isolated 

nature of marginal populations in the southern Kattegat and north-east Skagerrak. 

Isolation due to regional oceanographic processes, in combination with increased 

environmental selection pressure, is likely to have driven strong directional selection and, 

over time, genetic differentiation between marginal and central populations (Johannesson 
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and Andre, 2013; Weber et al, 2016). Phenotypic analysis of S. latissima across the 

Skagerrak-Kattegat transition zone found significant differences in biochemical 

compositions and growth profiles associated with salinity variation, supporting the role 

of environmental variation in the region driving genetic and phenotypic differentiation 

(Nielsen et al. 2014; Nielsen et al. 2016). Isolation and strong directional selection towards 

specific environmental conditions can leave marginal populations at greater risk from 

environmental changes and disturbances (Wernberg et al., 2010; Johannesson and Andre, 

2013). Adaptation towards one driver of selection can result in compromises in 

metabolism and resilience to other drivers or pressures (Wernberg et al., 2010; Scheschonk 

et al., 2019). Lower adaptive genetic diversity, and reduced gene flow from differentially 

adapted populations, can further limit adaptive capacity and leave isolated populations 

vulnerable to environmental change (Aitken and Whitlock, 2013). The Skagerrak and 

Kattegat have been identified as particularly vulnerable to the impacts of climate change, 

as marine heatwaves are predicted to become more common in the region, and increased 

run-off in the Baltic is expected to decrease salinity levels in the southern Kattegat 

(Kniebusch, Meier and Radtke, 2019; Filbee-Dexter et al., 2020). Populations of S. latissima 

in the region are already considered to be at the limits of their tolerance in terms of salinity 

and temperature (Nielsen et al. 2016; Bartsch et al. 2008; Bolton & Lüning 1982). Further 

changes or disturbances, particularly in marginal populations in the southern Kattegat, are 

therefore expected to lead to losses in southern populations as well as severe effects on 

genetic diversity, productivity, and function in wider macrophyte ecosystems across the 

region (Nielsen et al., 2016; Jahnke et al., 2018; Filbee-Dexter et al., 2020; Gurgel et al., 

2020; Norderhaug et al., 2020). The loss of such a keystone species would affect much 

wider ecosystem and socioeconomic sectors in the area (Nielsen et al. 2016; Bennett et al. 

2016) 

The genomic data also highlighted the isolated populations in the southern Kattegat and 

north-east Skagerrak as important sources of unique adaptive diversity. In contrast central 

populations supported higher levels of diversity amongst candidate loci, likely driven by 

advection inwards from marginal populations, as well as potentially milder environments 

facilitating a degree of balancing selection (Mäkinen, Cano and Merilä, 2008). Increased 

diversity in putatively adaptive loci indicated a greater potential for adaptation under 

change and highlighted the importance of connectivity in supporting the exchange of 

adaptive diversity (Mable, 2019; Nosil et al, 2019). The identification of hotspots of 

adaptive diversity, and of isolated populations harbouring unique adaptive diversity, can 
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allow the much more effective prioritisation of conservation and management efforts 

(Selmoni et al., 2020; Xuereb et al., 2020). Integrating data from candidate marker sets into 

spatial conservation prioritisation (SCP) approaches for instance can allow the balanced 

conservation of adaptive diversity as well as potentially advantageous unique adaptation 

from marginal populations to best support the adaptive potential and resilience of the 

overall meta-population or region (Wilson et al., 2020; Xuereb et al., 2020). Genomic 

understanding of the spatial scales of adaptation and connectivity amongst differentially 

adapted populations will also play a key role in informing the design and development of 

restoration and assisted evolution programmes in macroalgae (Breed et al., 2019; Filbee-

Dexter and Smajdor, 2019; Wood et al., 2019, 2020).  

Conclusions 

The investigation highlighted the complex and multi-factor drivers that influence local 

adaptation in the marine environment (Selkoe et al, 2016; Liggins, Treml and Riginos, 

2019). Factors of population history, environmental heterogeneity, and regional 

oceanography, all contributed to shaping patterns of genetic differentiation and 

adaptation across the region. Hydrographic and genomic data highlighted the influence 

of oceanographic processes on gene flow across the region. The results supported the 

presence of barriers to dispersal and mixing between the Kattegat and Skagerrak, in line 

with previous studies of the region (Barth et al., 2017; Jahnke et al., 2018). Genomic data 

also supported the potential isolating effects of current regimes, habitat sparsity, and 

environmental pressures on populations in the Southern Kattegat, agreeing with previous 

investigations on S. latissima in the region (Nielsen et al., 2016).  

Putatively adaptive markers identified in association with environmental drivers offered 

support for the influence of environmental selection and local adaptation in S. latissima in 

the region, as well as highlighting the additional influences of oceanographic processes 

and population history on adaptation. Candidate loci in association with temperature 

variables showed a strong linear gradient of allele distribution along the study region, with 

the lowest adaptive diversity recorded in the southern Skagerrak. Stochastic effects of 

allele surfing during the expansion of the population, as well as confounding effects of 

co-linear environmental variables and depth introduced potential sources of false 

discovery or conflation. However, the strong directional selection pressures and isolated 

nature of the southern Kattegat were also likely to have driven some of the observed 

differences. In contrast, salinity associated markers showed a much more localised and 
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heterogeneous pattern of allele distribution, in line with heterogeneous patterns of salinity 

variation along the Swedish coast. Salinity candidates notably showed a decrease in genetic 

diversity with decreasing salinity, demonstrating the effects of directional selection on 

diversity and putative adaptive potential. Salinity candidates also confirmed the 

importance of the central Kattegat as a potential hub for putatively adaptive diversity and 

mixing in the region (Jahnke et al, 2018).  

The results of the study highlighted the roles of local adaptation and connectivity in 

driving differentiation and diversification across different spatial scales. Developing our 

understanding of such processes in foundation species such as S. latissima will be a key 

challenge under a changing climate (Duarte et al, 2018; Theodoridis et al, 2018; Miller et al, 

2020). Understanding the capacity for adaptation and resilience under environmental 

pressure will enable the effective management and prediction of changes within marine 

ecosystems (King et al., 2017; Capblancq et al., 2020). Of note, the sampling for this study 

was undertaken in the spring of 2018, just prior to one of the most severe marine 

heatwaves experienced in the Skagerrak in recent history (Filbee-Dexter et al., 2020). 

Population datasets such as this will therefore be crucial in acting as temporal baselines 

for monitoring and impact assessment as environments and species ranges shift (Mihoub 

et al., 2017; Hunter et al., 2018; Soga and Gaston, 2018).  
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Abstract 

The rise in popularity and use of population genomics has led to investigations and 

comparisons across wider systematic and geographic scales. Genomic comparisons across 

populations can offer important insights in to the influences of expansion history and 

landscape effects on population genetics. However, the influences of population history 

in combination with assembly and filtering parameters can introduce various forms of 

ascertainment bias when comparing populations from different backgrounds. Here we 

investigated the effects of demographic population history on the genomics of two semi-

independent populations of the sugar kelp Saccharina latissima. dd-RAD markers from 

Swedish and Scottish S. latissima populations were obtained from a common assembly 

pipeline before being processed through combined and separate marker filtering 

approaches. The results showed strong contrasts in levels of heterozygosity and 

polymorphism between Swedish and Scottish populations that reflected the respective 

population histories of each region. Scottish populations demonstrated higher levels of 

polymorphism and a higher proportion of low frequency alleles, as expected from a longer 

expansion history. In contrast, Swedish populations exhibited higher levels of 

heterozygosity but much lower levels of population-wide polymorphism. The choice 

between using a shared or separate marker set made a significant difference to reported 

diversity levels and resulted in significant biases in diversity estimates. The effects of a key 

filtering parameter, minimum allele frequency, was also tested on the output of the two 

population datasets to investigate the influence of history on marker behaviour under 

varying thresholds of MAF. Exploration of the data showed how the behaviour of the 

population marker sets varied under different MAF thresholds based on the population 

history. The results offer insights into how varying demographic and expansion histories 

affect genetic diversity in a widespread kelp species. The findings also highlight the 

importance of taking into account differences in population history and fully exploring 

the effects of assembly and filtering parameters when comparing populations from 

different backgrounds. The results offer guidelines for future genomic comparisons 

between populations.  
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Introduction 

The availability and accessibility of genomic sequencing has made population level 

genomic surveys accessible to a much wider range of studies (Davey and Blaxter, 2010; 

Hunter et al, 2018). Non-model organisms and smaller scale studies in particular have 

benefited from the economic and technical feasibility of reduced representation 

sequencing approaches (Davey and Blaxter, 2010; Andrews et al., 2016). As sequencing 

technologies and computational resources continue to improve, the application of 

population genomic approaches is expected to increase, and with it the availability of 

larger genomic datasets and wider scale genomic surveys across landscapes, meta-

populations, and multi-species groups (Hunter et al., 2018; Storfer, Patton and Fraik, 2018; 

Grummer et al., 2019; Nielsen et al., 2020). The expansion of population genomics will 

also lead to wider comparisons and meta-analyses as researchers aim to understand how 

different populations and species vary in terms of their genetic diversity and evolutionary 

responses (Gagnaire, 2020).  

Comparisons of populations across different landscapes and histories can offer a wide 

range of insights into how landscape characteristics and population histories can affect 

contemporary aspects of diversity and connectivity, as well as broader evolutionary 

processes of adaptation and speciation (Ahrens et al, 2018; Grummer et al, 2019; Blanchet 

et al, 2020; McGee et al, 2020). Population genomic comparisons can also offer important 

insights to applied research and development. Population genomics play an increasing 

role in breeding and domestication, and the comparison of genetic diversity and 

functional diversity between populations is a key part of breeding and cultivar 

development (Houston et al., 2020; Pyhäjärvi and Kujala, 2020). Comparisons of genomic 

diversity are also playing an increasingly important role in the management and 

conservation of ecosystems and natural resources (Hendricks et al., 2018; Hunter et al., 

2018; Isabel, Holliday and Aitken, 2020). Genetic diversity is being integrated more 

regularly into spatial conservation planning, and assessments of diversity across 

landscapes, species, and multi-species distributions play an important role in this (Beger 

et al., 2014; Nielsen et al., 2020; Xuereb et al., 2020). Comparisons of genetic and associated 

functional diversity are likewise expected to underpin the development of ecological 

restoration and assisted evolution programmes as ecosystems face ever greater pressures 

from anthropogenic impacts and climate change (Breed et al., 2019; Wood et al., 2020). 
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Comparative assessments of genetic diversity will be increasingly applied across a range 

of scales. However, direct comparisons of population genomic datasets and studies can 

be subject to risks relating to differences in spatial and genomic sampling between 

populations and studies (Heslot et al, 2013; Malomane et al, 2018). Ascertainment bias in 

population studies can be introduced throughout the investigation (Lachance and 

Tishkoff, 2013). Uneven spatial sampling for instance has been shown to have a strong 

effect on the inference of population structure (Meirmans, 2012, 2015). Sample 

extraction, library preparation and sequencing approaches can also introduce significant 

ascertainment bias to the final sequence data (Ahrens et al., 2018; O’Leary et al., 2018). 

The choice of genetic marker has been shown to have considerable influence on measures 

of population diversity and structure observed (Lachance and Tishkoff, 2013; Fischer et 

al., 2017).  Similarly, different reduced representation methods lead to considerable 

difference in the genomic regions sampled and can behave quite differently in populations 

and species with varying distributions of polymorphism and diversity (Lowry et al. 2017; 

Ahrens et al. 2018). Pipelines for the assembly of genomic markers from reduced 

representation datasets also vary in their approach and can influence the outputs of 

genomic datasets and their biological interpretation (Shafer et al., 2017; Wright et al., 2019). 

In addition, the choice of assembly parameters within different assembly pipelines can 

also influence error rates, as well as outputs and interpretations, from genomic marker 

sets (Mastretta-Yanes et al., 2015; Paris, Stevens and Catchen, 2017). 

The final step in assembling and preparing the population marker set from genomic data 

is in filtering the marker catalogue to ensure that markers are reliable, informative, and 

representative across the population (O’Leary et al, 2018). Marker filtering criteria have 

also been shown to affect the output and interpretation of population datasets (De La 

Cruz and Raska, 2014; Díaz-Arce and Rodríguez-Ezpeleta, 2019; Linck and Battey, 2019). 

Minor allele frequency (MAF) thresholds are commonly applied to remove sequencing 

errors and uninformative loci from marker sets (Roesti, Salzburger and Berner, 2012; 

O’Leary et al., 2018). Variation in MAF cut off values have been shown to significantly 

affect assessments of population structure and diversity measures, as well as reducing the 

efficacy of outlier and association scans (Roesti, Salzburger and Berner, 2012; De La Cruz 

and Raska, 2014; Linck and Battey, 2019). MAF thresholds present further complications 

in that they influence the representation of the site frequency spectrum across 

populations. Genetic diversity represents a multi-scale phenomenon and as such the 

removal of a subset of alleles across the frequency spectrum represents a loss of biological 
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information (De La Cruz and Raska, 2014). Thresholds for MAF therefore require careful 

consideration and exploration for genomic datasets in order to avoid the loss of 

informative markers and incomplete or biased assessments of population diversity and 

structure (Linck and Battey, 2019). 

Whilst technical sources of ascertainment bias can in many cases be mitigated or 

accounted for, biological influences on ascertainment bias can be much harder to predict 

and untangle. Ascertainment bias can arise through variations in populations creating 

unintended differences in marker representation from common spatial and genomic 

sampling approaches (Arnold et al, 2013; Meirmans, 2015; David B. Lowry et al, 2017). 

Differences in polymorphism, heterozygosity, and differentiation between populations 

can all affect how the marker set behaves under assembly and filter parameters (Paris, 

Stevens and Catchen, 2017). The choice of marker filtering and assembly parameters can 

then lead to potential ascertainment biases towards certain markers or allele frequency 

distributions (Mastretta-Yanes et al., 2015; Paris, Stevens and Catchen, 2017; O’Leary et 

al., 2018). Crucially, ascertainment bias can disproportionately affect certain aspects of 

polymorphism and diversity. MAF cut of values for instance can discriminate against 

populations with higher proportions of recent mutations and low frequency alleles, in turn 

biasing assessment of population structure towards older, historic population dynamics 

(Linck and Battey, 2019).  

Demographic history can represent one of the major factors differentiating genetic 

diversity amongst populations (Hou and Li, 2020; Perrier, Rougemont and Charmentier, 

2020). Untangling the influence of population history from landscape effects in different 

populations can be a major challenge, often confounding attempts to compare direct 

effects of landscape effects between populations (Lotterhos and Whitlock, 2014, 2015; 

Nadeau et al, 2016). Differences between rates of equilibrium across populations can be 

particularly problematic when comparing aspects of population diversity and 

differentiation. Populations undergoing expansions and not in equilibrium exhibit 

reduced levels of diversity and differentiation as a result of founder effects, allele surfing, 

and reduced levels of drift (Excoffier and Ray, 2008; White et al., 2013). Shared allele 

frequencies due to common history can in turn mask contemporary patterns of 

population connectivity and gene flow from genetic studies, as well as affecting FST based 

approaches for outlier detection and association scans (Lotterhos and Whitlock, 2014; 

Hoban et al., 2016; Nadeau et al., 2016). Differences in demographic history between 

populations can influence their respective allele frequency spectrums as well, with older 
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populations generally supporting larger proportions of minor alleles through increased 

effective population size and reduced effects of drift on accumulated mutations. Common 

filters applied across diverse populations can subsequently differ in their effects on 

population allele frequency spectrums, influencing the final marker set and eventual 

outcomes and interpretations from the dataset (De La Cruz and Raska, 2014; Linck and 

Battey, 2019). 

Here we investigate the influence of population history on two semi-independent meta-

populations of a widespread kelp species, Saccharina latissima. Growing interest in the 

cultivation of macroalgae in Europe has led to a demand for population genomic data in 

commercial macroalgal species, including S. latissima (Valero and Buschmann, 2017; 

Barbier et al, 2019; Goecke, Klemetsdal and Ergon, 2020). Comparisons of genomic 

diversity offer a roadmap for the establishment of breeding and domestication 

programmes in macroalgal cultivation, highlighting priorities for the management and 

utilisation of genetic resources in each area based on observed levels of genetic diversity, 

uniqueness and distinctiveness (Goecke, Klemetsdal and Ergon, 2020). Comparisons of 

genetic diversity also inform the selection and sampling distribution of genotypes for ex-

situ preservation and bio-banking, an important step in the sustainable preservation of 

diversity for future cultivation and breeding (Barrento et al., 2016; Visch et al., 2019). The 

wider management and conservation of kelp as important ecosystem foundation species 

will also be reliant on genomic assessments of diversity in future management, 

conservation, and restoration efforts (Hunter et al., 2018; Waldvogel et al., 2019; Wood et 

al., 2020).  

The influences of population history was investigated in each population and for a range 

of population measures. The investigation also investigated how filtering parameters 

during the variant filtering pipeline interact with different demographic histories in each 

population. Despite the central role of demographic history on population data, few 

studies have investigated the dangers of ascertainment bias in genomic assembly when 

comparing populations from different backgrounds. The results here offer insights into 

the behaviour of different population datasets under varying filter parameters, and offer 

guidelines and recommendations for future population comparison studies. 
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Methods 

Study Organism and Regions of Study  

S. latissima is a cosmopolitan brown alga with a European distribution ranging from 

Portugal to Northern Norway. It demonstrates a wide tolerance to temperature, turbidity, 

and salinity, settling across a broad range of environments and substrates. In Scotland, S. 

latissima are widely found along the west and north coast, with patchier distribution in 

areas of extended sandy coastline along the east coast. S. latissima is likely to have been 

established in Scottish coastal waters since the Last Glacial Maxima. The retreat of the ice 

sheets from the British Isles is thought to have allowed recolonization of much of the 

coast between 17 ka BP to 12 ka BP (Siegert and Dowdeswell, 2017; Cauwelier et al, 2018). 

Expansion of the population is likely to have occurred from suggested glacial refugia in 

the English Channel, or potential refugia on the west coast of Ireland (Provan, Wattier, 

Remi and Maggs, Christine, 2005). This expansion may also represent the divergence 

between the Scottish and Swedish populations, though the presence of refugia further 

north than the English channel may make the original divergence between lineages much 

older (~100-200 ka BP) (Luttikhuizen et al., 2018). The Scottish coast is characterised by 

a complex topography of islands and fjord-like sea lochs. Coastal currents in the area are 

predominantly from South to North, however the topography of the islands and coastline 

make for complex local tide and current patterns (Hill and Simpson, 1988; Rabe et al., 

2020). Environmental gradients along the enclosed sea lochs also add to environmental 

heterogeneity in the region.  

In contrast Swedish S. latissima have been subject to a much more recent expansion history 

than Scottish populations. The Skagerrak and Kattegat seas along the west coast of 

Sweden form a transition zone between the fully marine North Sea and the brackish 

waters of the Baltic Sea. S. latissima is widely found in the Skagerrak, however its 

distribution in the southern Kattegat is constrained by strong environmental clines and 

the limited availability of hard substrate. Colonisation of the outer Skagerrak likely 

occurred from 10-8 ka BP during the initial retreat of the ice sheets in the region (Bjorck, 

1995). Colonisation of the Kattegat is thought to have taken place later, from around 7.5 

ka BP onwards, as the straits connecting the North Sea and the Baltic Sea opened up fully 

(Nielsen et al, 2016). The population in the Skagerrak and Kattegat therefore represents a 

recent expansion event, and the population is presumed to be in continued expansion and 
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non-equilibrium (Luttikhuizen et al., 2018). The Skagerrak-Kattegat region is dominated 

by strong environmental gradients along the transition zone between the North Sea and 

Baltic Sea. Coastal fjord systems, islands, and riverine systems also add to environmental 

heterogeneity along the coast. Hydrographically the region is dominated by strong south 

to north currents, however a number of studies have also reported strong hydrographic 

barriers to mixing between the Skagerrak and Kattegat (Jahnke et al., 2018; Jonsson et al., 

2020) 

Sampling and Library Preparation 

Sampling and library preparation for the two S. latissima population libraries were 

undertaken as described in the previous chapters. In brief, samples of S. latissima were 

included from 9 stations along the Swedish west coast and 9 stations along the Scottish 

north and west coasts (Table 5.1). 20 individuals were sampled from each station by 

shoreline sampling (Scotland) or from trawl or snorkel surveys (Sweden). Population 

libraries were prepared from extracted and purified gDNA using a modified dd-RAD 

protocol (Peterson et al, 2012). Libraries were digested using the restriction enzymes MseI 

and PstI before adapter ligation, size selection, and amplification over 12x PCR cycles. A 

number of individuals (N = 11) from the Scottish population were additionally included 

in the Swedish population library as replicates to ensure consistency and replicability in 

library preparation and sequencing (Mastretta-Yanes et al., 2015). Size selected libraries 

between 400-600 bp were sequenced over 3 lanes of Illumina Novaseq S1 (150 bp PE) at 

Edinburgh Genomics. 

 

Scotland    Sweden    

Site Lat. Lon. Sample 

(N) 

Station Lat. Lon. Sample 

(N) 

WIC 58.4473 -3.0586 16 SW1 59.1758 10.8139 16 

ERI 58.5029 -4.7005 20 SW2 58.8345 10.9936 20 

BRO 57.9240 -5.2187 18 SW3 58.5412 11.2420 19 

BAR 56.9464 -7.4835 15 SW4 58.2155 11.4114 18 

KIL 56.6952 -6.1186 20 SW5 57.8413 11.6798 20 

STR 56.6878 -5.5830 19 SW6 57.6626 11.8365 20 

ETI 56.4707 -5.5398 19 SW7 57.3938 11.9090 20 

GIG 56.4569 -5.3593 18 SW8 56.2644 12.4972 19 

INV 55.6572 -5.6706 19 SW9 55.8851 12.6965 18 

Table 5.1 Summary of sampling stations and samples included (N) in the combined analysis from the Scottish 

and Swedish population libraries.  
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Genotyping and Marker Filtering 

Raw sequence data was filtered for ambiguous barcodes, demultiplexed, and trimmed to 

110 bp to remove barcodes, restriction sites, and overlapping adapters using the 

programme process_radtags.pl in STACKS v2.3 (Catchen et al., 2013). An initial shared 

catalogue of loci containing both Swedish and Scottish individuals was assembled denovo 

in STACKS v2.3 following parameter optimisation (m = 3, M = 3, n = 3) using the 

STACKS denovo.pl pipeline without population filters.  

SNP filtering was undertaken using the programme VCFtools (Danecek et al, 2011). The 

principle filters tested for the presence of loci across the population (90%), loci coverage 

per individual (60%), mean depth of loci across the population (x12), Hardy-Weinberg 

equilibrium (P <0.05) and minimum allele frequency across the population (0.03). 

Individuals from different populations with a relatedness of 0.3 were removed from the 

dataset in case of physical cross-contamination during library preparation (Yang et al., 

2011). Finally, physically linked loci were removed to leave one marker per RAD locus. 

All filtering of individuals and loci was carried out in iterative steps to reduce the loss of 

loci due to poor individuals and vice versa (O’Leary et al., 2018). 

Three marker sets were prepared for the comparison analysis. These consisted of 

separately prepared marker sets for each population, and one shared SNP marker set for 

both. For the separately prepared marker sets the initial catalogue output from STACKS 

was filtered in VCFtools for each population individually. For the shared marker set the 

filtering approach was applied to the combined Swedish and Scottish individuals.  

Population Statistics 

Population statistics, including genetic diversity (π), expected and observed heterozygosity 

(He, Ho), and the inbreeding co-efficient (Fis) were calculated from the vcf file in STACKS 

by the populations.pl module. Effective population size (Ne) was calculated for each 

sampling station using the refined LD approach in the R package RLDNe (Hill, 1981; Do 

et al, 2014). Ne was initially estimated for individual stations, hierarchical station clusters 

as defined in the parametric and non-parametric structure analysis, and for whole meta-

populations based on country. However the analysis of Ne for meta-populations has been 

shown to lead to issues caused by mixing LD and can subsequently lead to the 

underestimation of Ne (Wang, 2016). For individual sampling stations, the spatial scale of 

sampling offers an estimate of Ne more akin to neighbourhood size (Ns) as the sampling 
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window is likely to be smaller than the breeding and dispersal window for S. latissima (Neel 

et al., 2013).  

Spatial Analysis 

Population structure was assessed through non-parametric Principal Component Analysis 

(PCA) in the R-package adegenet allowing inference of structure without prior assumption 

of population clustering (Jombart et al, 2018). Parametric tests for population structure 

were undertaken using the snmf non‐negative matrix factorization approach in the LEA 

R-package to estimate admixture coefficients (Frichot and Francois, 2015). The best 

fitting model for the number of ancestral populations K was chosen based on the entropy 

criterion. a classic Mantel test was applied in the R-package vegan to test for the effects of 

isolation by distance (IBD) and spatial autocorrelation in population differentiation 

(Oksanen et al., 2018). Pairwise genetic differentiation (FST/(1-FST) for the Mantel tests 

were calculated in populations.pl (Meirmans and Hedrick, 2011; Keenan et al., 2013; Jost et 

al., 2018). Geographic distances were square root transformed to further improve the 

power of detection in the Mantel tests (Legendre, Fortin and Borcard, 2015).  

MAF Threshold Analysis 

The effects and influence of minor alleles in the two populations were investigated by 

varying the VCFtools MAF filter for the separate population marker sets. Each of the 

marker sets were processed at MAF cut off values of 0.01, 0.03, 0.05 and 0.1. Basic 

population statistics for each MAF value were output in STACKS: populations. Parametric 

and non-parametric population structure, as well as population FST, and Ne, were also 

assessed for each value of MAF. 

Results 

Sequencing and Data Processing 

For the comparison, Scottish and Swedish individuals processed in the previous chapters 

(Chapters III and IV) were combined into one library and processed through STACKS 

denovo.pl pipeline. Combined assembly in STACKS resulted in a catalogue of 1,628,129 

RAD loci covering 1,500,192 variant sites. Following quality assessment and filtering in 

VCFtools, the separate Scottish marker set contained 10,088 SNPs on average present in 

96.8% of the 164 individuals. The separate Swedish marker set contained 9,028 SNPs on 

average present in 98.2% of the 170 individuals. The combined filtering approach, 
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whereby all individuals from both populations were filtered in the same pipeline, resulted 

in 4,340 SNPs being identified across both populations (Table. 5.2).  

 

Sequencing summary Scotland Sweden 

Total read no.  1,185 M + 1,185 M reads 603 M + 603 M reads 

Av. Read No. (Sample) 5.6 M + 5.6 M reads 3.5 M + 3.5 M reads 

Marker summary   

No. of RAD-Markers (Catalogue) 1,628,129 1,628,129 

Final SNP Count - Separate 10,088 9,020 

Final SNP Count - Shared 4,340 4,340 

Table 5.2 Sequencing and marker filtering summary for the separately processed and jointly processed Scottish and 

Swedish S. latissima dd-RAD libraries. 

 

Population Analysis 

The separate marker sets revealed a strong contrast between Scottish and Swedish 

populations. Swedish populations supported considerably higher levels of heterozygosity 

and nucleotide diversity than Scottish populations. Private alleles and Ne estimates on the 

other hand were higher in Scottish populations (Table. 5.3). Frequency distributions of 

locus heterozygosity and diversity offered more detail on the behaviour of the markers in 

each population (Fig. 5.1a. 5.1b). Diversity in Scottish populations was weighted towards 

numerous low frequency alleles with a peak in distribution at 0.06. In contrast Swedish 

populations showed a bimodal distribution with a peak at 0.5 as well as a lower peak at 

0.07 

 Scotland Sweden 

 Shared Separate Shared Separate 

Loci 4,340 10,088 4,340 9,020 

Polymorphic SNPs 4,138 10,088 2,918 9,020 

Nucleotide Diversity (π) 0.141 0.140 0.107 0.246 

Observed Heterozygosity 0.151 0.145 0.113 0.250 

Expected Heterozygosity 0.136 0.136 0.104 0.239 

F-is -0.026 -0.012 -0.017 -0.009 

Pairwise FST 0.055 0.056 0.033 0.039 

Estimated Ne Infinite Infinite 4,753 2,137 

Table 5.3 Summary of mean population statistics for shared and separately processed SNP marker sets. 
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Heterozygosity and nucleotide diversity were similar between the shared and separate 

marker sets for Scotland, though observed heterozygosity showed a slight increase in the 

shared marker set (Table 5.3). Sweden however showed a marked change in diversity and 

heterozygosity in the shared marker set.  Mean observed heterozygosity fell from 0.25 in 

the separate marker set to 0.11 in the shared markers. The shared marker set also led to 

higher measures of nucleotide diversity and heterozygosity in Scotland compared to 

Sweden. Closer inspection of the marker set showed that the significant drop in 

heterozygosity and diversity in the shared Swedish marker set was driven by the large 

proportion of non-polymorphic markers for Sweden present in the shared SNP set (Table 

5.3). Frequency distributions of heterozygosity also highlighted the loss of high 

heterozygosity markers (0.45 - 0.5) that had been present in the separate Swedish marker 

set (Fig. 5.1a). Private alleles were negligible for the shared marker set when Scotland and 

Sweden were analysed together. However, analysis of the individual populations using the 

shared marker set identified a high number of private alleles that did not match the 

distribution seen in the separate marker sets (Table S5.1).  

Ne was taken at the sampling station level for the final estimates of effective population 

size. Estimates taken from the meta-population level analysis (hierarchical or country) 

suggested high levels of mixed LD and subsequent underestimation of Ne (Fig. S5.1). At 

the station level Ne (or Ns) was higher in Scotland for both marker sets (Table 5.3). The 

shared marker set showed a higher Ne possibly caused by the unintended presence of low 

frequency alleles (<0.1) in the shared marker set.  

Spatial Analysis 

Mean pairwise FST was higher in Scotland than in Sweden for the shared and separate 

markers sets (Table 5.3). FST showed a stronger and steeper pattern of isolation by distance 

in Swedish populations (Fig. 5.2). This was confirmed by higher r2 values in the Mantel 

tests (Table S5.2). The separate marker set and shared marker set showed similar patterns 

of differentiation within populations based on pairwise FST. However, the Swedish dataset 

showed reduced IBD in the shared marker set, likely due to the number of non-

polymorphic SNPs for Swedish populations in the shared dataset. Parametric and non-

parametric tests of population structure similarly showed little difference in overall 

population inference between the shared and separate marker sets. The shared marker set 

was less informative when Swedish and Scottish populations were combined in PCA and 

snmf.  
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Figure 5.1a. Frequency distribution of nucleotide diversity (π) for each country in the separately processed marker 
sets. 

 

Figure 5.1b. Frequency distribution of nucleotide diversity (π) for each country in the shared, jointly processed 
marker set. 

 

Figure 5.2. Pairwise FST against distance (square root) for the shared and separate markers sets for each country 
showing Pearson’s correlation R2 values for each marker set. 
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Figure 5.3. Change in population measures under varying MAF thresholds for the separate Swedish and Scottish 
marker sets. Clockwise from top left; change in polymorphism (SNPs), number of private alleles, pairwise FST, 
and observed heterozygosity. 
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Figure 5.4. Change in Ne estimate with increasing MAF cut off values in the separate Swedish marker set. Points 
represent station estimates. Mean Ne is represented by the diamond. Results above the dashed line represent 
“infinite” estimates, or results beyond the point of possible estimation. 

MAF Analysis 

Increasing the thresholds for MAF showed a similar overall direction of effect on the 

Scottish and Swedish marker sets. Increasing the MAF cut-off value led to fewer SNPs in 

the final datasets and fewer private alleles (Fig. 5.3). Higher MAF cut-offs also resulted in 

higher levels of heterozygosity, nucleotide diversity, and pairwise FST (Fig. 5.3). Ne 

estimates were shown to decrease with increasing MAF suggesting lower levels of LD 

amongst lower frequency alleles (Fig. 5.4).  

The Scottish and Swedish marker sets behaved quite differently in their rate of change 

with increasing MAF. Number of SNP markers and number of private alleles showed the 

greatest difference in behaviour between Scotland and Sweden. Scottish markers showed 

a steeper decline in SNPs and private alleles with increasing MAF suggesting a greater 

proportion of low frequency alleles. FST also showed a slightly steeper increase with 

increasing MAF in the Scottish population possibly due to higher numbers of low 

frequency alleles decreasing average differentiation across all populations when only 

present in a few individuals.  
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Parametric and non-parametric assessments of population structure were more robust to 

changes in MAF cut off values. Comparison of PCA assessments at different MAF values 

showed little difference in population clustering or in the strength of principal 

components (Fig. S5.3). Parametric tests using snmf in the R package LEA showed no 

trend in K value, however cross entropy values were seen to decrease with decreasing 

MAF (Fig. S5.2). 

Discussion 

This study presented a comparative analysis of population history and landscape effects 

on the population genomics of the sugar kelp, S. latissima. By comparing two semi-

independent meta-populations of S. latissima the study aimed to explore the relative 

influences of population history and landscape effects on signatures of diversity and 

population structure. The investigation also examined the effects of minor allele 

frequency filters on two populations of diverse background and population history, and 

compared the effects of analysing populations of different backgrounds in independent 

or combined approaches. The information gained from the analysis offers insights for 

future population comparison studies and guidelines on how to avoid pitfalls and biases 

when comparing populations from different backgrounds.  

S. latissima from Sweden and Scotland offered strongly contrasting populations within 

which to investigate the effects of history and landscape. Swedish S. latissima supported 

higher levels of heterozygosity and nucleotide diversity in the separate marker sets, along 

with reduced levels of population differentiation. Population structure inference, along 

with spore dispersal modelling in the region (Chapter IV), suggested the presence of 

hierarchical structuring and directional barriers to gene flow in the region. The high levels 

of heterozygosity and low levels of population differentiation were attributed to moderate 

levels of directional gene flow as well as the relatively young expansion age of the Swedish 

population (Nielsen et al, 2016; Luttikhuizen et al, 2018). The relatively young age of the 

system was also reflected in a lower Ne for Swedish populations. The Scottish populations 

on the other hand showed lower levels of nucleotide diversity and heterozygosity, but 

higher estimates of Ne, FST, and larger numbers of private alleles. The data was consistent 

with Scottish S. latissima representing an older population, with a longer period of 

expansion resulting in the build-up of new mutations and minor alleles (Widmer and 

Lexer, 2001). The complex heterogeneous landscape of the Scottish coastline is also likely 
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to have driven increased population differentiation through the effects of isolation and 

local adaptation (Savolainen, Lascoux and Merilä, 2013; Miller et al., 2019). 

The shared marker set produced by a combined analysis presented a different picture of 

diversity in the two populations. Shared markers showed much lower diversity and 

heterozygosity in Sweden compared to Scotland. Closer inspection of the shared SNPs 

revealed a proportion of the markers were non-polymorphic in one population or the 

other, with a much larger proportion being non-polymorphic in the Swedish S. latissima 

(Fig. 5.1b). This was as a result of the combined marker processing pipeline which allowed 

non-polymorphic markers to be included in the Swedish dataset as the markers passed 

filters based on Scottish populations and vice versa. The large number of non-

polymorphic markers in the Swedish population explained some the reduced diversity, 

heterozygosity, and FST recorded in the shared marker set for Sweden. A secondary 

artefact of the combined filtering process, noticeable in the presence of low (<0.1) 

frequency alleles in both populations, was the inclusion of a high number of private alleles 

in the shared marker set for each population (Fig. 5.1b). Private alleles in one population, 

that would otherwise be filtered, were included based on their presence in the other 

population. These could represent true alleles, however, are likely to reflect sequencing 

errors in each sampling station that evaded MAF filters by being present as true alleles in 

the other population. 

Artefacts in the shared marker set suggested that combined analyses should be used with 

caution. However, the shared approach, where filtering steps were applied to the 

combined populations based on a common catalogue of markers, did offer useful insights 

into comparative levels of polymorphism that may otherwise have been missed. Assuming 

all sequencing and variant calling steps were unbiased, loci that were polymorphic in one 

population but not in the other were factors of the evolutionary histories of the two 

populations and true reflections of polymorphism. Higher heterozygosity and nucleotide 

diversity in the shared Scottish markers reflected higher levels of polymorphism 

compared to Sweden. Importantly the higher levels of polymorphism were at a meta-

population (country-wide) level. Levels of marker polymorphism for individual stations 

in the Scottish dataset were relatively low (mean 59.4%). The high rate of polymorphism 

across the Scottish library was therefore driven by greater differentiation between stations. 

This was further supported by the higher levels of FST observed between Scottish sites 

(Fig. 5.2). 
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Loci observed as polymorphic in Scotland but not in Sweden may also have reflected 

mutations that have arisen since the two lineages diverged (Gompert, Lucas and Buerkle, 

2014). The small number of non-polymorphic loci in the Scottish population reflected 

the relatively low number of new mutations in the Swedish population, as expected from 

its more recent expansion history (Nei, Maruyama and Chakraborty, 1975; Nielsen et al, 

2016). Closer investigation of those markers in each population might then offer further 

insights into patterns of genetic differentiation and fine-scale population structure that 

have arisen in the intermediate time period (Gompert, Lucas and Buerkle, 2014).  

A direct comparison of the number of SNPs in each population library under separate 

analyses may have offered a simpler approach to comparing polymorphism levels between 

the populations. However different levels of ascertainment bias from sampling, library 

preparation, sequencing, and marker assembly have all been shown to affect SNP 

numbers in genomic studies (Mastretta-Yanes et al, 2015; O’Leary et al, 2018). As such 

direct comparisons of polymorphism based on SNP numbers alone can be difficult 

(O’Leary et al., 2018). A common catalogue and filtering approach therefore offered a 

degree of normalisation which allowed more direct comparison across the two 

populations and study areas.  

MAF Thresholds and Population History 

MAF thresholds have previously been shown to have a considerable influence on the 

inference of population structure from genomic data (Linck and Battey, 2019). Higher 

MAF thresholds have been associated with a loss of resolution of population structure, 

whilst the inclusion of a higher proportion of minor alleles has been associated with 

additional noise in population inference through the presence of uninformative loci (De 

La Cruz and Raska, 2014).  Effects of MAF thresholds on population inference were not 

observed in S. latissima, though snmf cross-entropy criterion did increase with decreasing 

MAF (Fig.  S5.2). The number of SNPs and private alleles observed, and the levels of 

nucleotide diversity and heterozygosity in each population, showed considerable variation 

with varying MAF (Fig. 5.3). Nucleotide diversity and heterozygosity were seen to increase 

with increasing MAF cut offs. Low frequency SNPs are by their nature homozygous for 

the dominant allele across the majority of the population. As such reducing their 

representation resulted in a increase in the overall diversity and differentiation across the 

marker set (Roesti, Salzburger and Berner, 2012). In relation to this, increasing MAF, and 
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thereby decreasing low frequency SNPs and the contributions of their dominant alleles, 

also resulted in increased pairwise-FST values across the populations (Fig. 5.3). 

The Scottish marker set showed a stronger response to changing MAF, in particular in 

terms of the number of SNPs in the final marker set, and the number of private alleles in 

the population. The steep decrease in SNP numbers with increasing MAF suggested a 

large proportion of polymorphism in the Scottish population lay within less frequent 

alleles. This was supported by the frequency distribution of diversity and heterozygosity 

in the Scottish marker set (Fig. 5.1a). The build-up of low frequency SNPs and private 

alleles is typical of longer population histories (Widmer and Lexer, 2001). Larger effective 

population sizes and smaller effects of population drift on rare alleles mean new mutations 

that arise within the population are also more likely to be integrated and sustained over 

longer periods of time (Nei, Maruyama and Chakraborty, 1975). The shared marker set 

offered further evidence of this in the number of non-polymorphic markers that were 

present in each population (Table 5.3). Non-polymorphic markers in one population 

suggested the presence of more recent alleles in the other population that may have arisen 

since the populations separated (De La Cruz and Raska, 2014). 

The effects of MAF cut-off values helped shine a light on the influence of population 

history on the separate Scottish and Swedish results. Lower heterozygosity and nucleotide 

diversity levels in the Scottish population were likely influenced by the high number of 

low frequency alleles. This was reflected in the lower diversity results observed under 

lower MAF thresholds (Fig. 5.3). Conversely, higher heterozygosity and nucleotide 

diversity levels in the Swedish population may have been influenced by the lower 

proportion of low frequency alleles, as was observed under higher MAF thresholds. The 

recent expansion history of the Swedish population into the Skagerrak and Kattegat 

explains some of the low proportions of low frequency alleles. Lower effective population 

sizes, founder effects, and increased population drift are likely to reduce the presence of 

low frequency alleles across the population (Nei, Maruyama and Chakraborty, 1975; 

Excoffier and Ray, 2008). Lower estimations of Ne in Sweden were also associated with 

the relatively young age of the system and the lower proportion of low frequency alleles. 

This was mirrored in the MAF effects on Ne where Ne decreased with increasing MAF 

thresholds and the removal of lower frequency alleles (Fig. 5.4).  

The results from the MAF analysis also reflected those observed in the shared versus 

separate marker sets. Combining the two populations effectively raised the MAF for each 



Chapter V: A Population Genomic Comparison of Kelp 

 

262 
 

population as the number of individuals doubled. This led to a decrease in the number of 

SNPs, and for the Scottish population, an increase in nucleotide diversity and 

heterozygosity, matching the patterns observed in the MAF analysis. Interestingly 

estimated Ne was higher in the shared marker set, in contrast to the expected results under 

higher MAF. This was attributed to the presence of numerous singletons and low 

frequency alleles in each population created by the combined filtering process. Applying 

minimum allele frequencies by count rather than by frequency can help in removing 

singletons and any bias caused by their presence (Linck and Battey, 2019).   

The influence of MAF thresholds on the two population datasets highlighted the 

importance of carefully considering marker filtering effects, in particular when thresholds 

determine the final allele frequency spectrums investigated. Differences in MAF cut-off 

have been shown to have considerable effects on diversity and heterozygosity estimates 

and can strongly influence the inference of genetic population structure (De La Cruz and 

Raska, 2014; Linck and Battey, 2019). In particular, the loss of certain aspects of 

polymorphism, for instance through the filtering of low frequency alleles, can 

disproportionately affect assessments of polymorphic diversity and allelic richness, more 

so than heterozygosity based nucleotide diversity. In the case of S. latissima, comparison 

of the Scottish populations at MAF values of 0.05 and 0.01 yielded a difference in 

polymorphism of over 50% of SNPs and 10% heterozygosity levels (Fig. 5.3). 

Conclusions derived from either marker set would in turn differ strongly in their direction 

and recommendations.  

One option to ensure minor frequency alleles are reliable and informative across the meta-

population is to apply separate global and population level thresholds for minor allele 

frequencies (Benestan et al, 2015; Guzinski et al, 2018). By applying a global MAF 

threshold of 0.03 for instance, and ensuring that at least one population has a threshold 

of 0.1, studies can ensure representation of alleles across the frequency spectrum, but also 

ensure that minor frequency alleles are reliable and informative to the study (Benestan et 

al., 2015). The results of the combined analysis also suggested the usefulness of applying 

thresholds of MAF on sub-groups or hierarchical population clusters within studies. 

Ensuring that minor frequency alleles had a representation of 0.03 across Swedish 

populations and Scottish populations separately in the combined analysis would likely 

have resulted in a very different shared marker set and fewer non-polymorphic loci or 

false unique variants associated with each country. Similarly, applying thresholds for 

clusters within meta-populations, such as SW8 and SW9 in the Swedish population library, 
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may also have influenced the representation of polymorphic markers across populations, 

and in turn affected the observed diversity and population structure between clusters.  

The objectives of the study and the application of the final marker set are important 

considerations when determining appropriate MAF thresholds. Previous studies have 

indicated increased levels of bias and reduced powers of detection in outlier and 

association methods when lower thresholds of MAF have been applied to genomic 

datasets (Roesti, Salzburger and Berner, 2012). This relates to the influence of the 

predominantly homozygous dominant alleles in minor frequency loci reducing global FST 

under reduced MAF thresholds (Fig. 5.3). FST based outlier approaches, and in particular 

the detection of multilocus and weak signals of selection, have been shown to suffer from 

reduced powers of detection under low levels of population-wide FST  (Narum and Hess, 

2011; Landguth et al, 2020). Lower frequency alleles are additionally more often under 

weaker linkage in populations, in particular in the case of more recent mutations, and are 

less likely to be in linkage with genomic regions under selection (Roesti, Salzburger and 

Berner, 2012).  

Conversely, investigating patterns of population structure under varying thresholds of 

MAF can offer insights into different aspects of relatedness and genetic variation between 

populations (De La Cruz and Raska, 2014; Gompert, Lucas and Buerkle, 2014). Different 

patterns of population structure observed under varying MAF levels in humans 

highlighted the multiscale nature of population genetic structure, with varying levels of 

divergence and relatedness occurring at different spatial and temporal scales across species 

and meta-populations (De La Cruz and Raska, 2014). In general, rarer variants are likely 

to be shared between more closely relate individuals and over smaller spatial scales (De 

La Cruz and Raska, 2014). Patterns of genetic structure in rare alleles for example were 

used in Lycaeides butterflies to investigate more recent hybridisation and differentiation 

events (Gompert, Lucas and Buerkle, 2014). Similar approaches in the Scottish and 

Swedish population datasets might offer further insights in to more recent changes in 

population connectivity and differentiation. 

Significance and Recommendations for Research and Management 

The results from the comparison study highlighted the inherent difficulties in comparing 

populations with different backgrounds and histories directly. Differences in population 

history can lead to significant differences in polymorphism levels, frequency distributions, 

and levels of heterozygosity. In addition, different levels of polymorphism, minor allele 
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frequency, and heterozygosity will behave differently under different assembly parameters 

and marker filtering pipelines. Comparisons based on independently analysed population 

marker sets are therefore likely to be impacted by variation in assembly and filter 

parameters.  

Assembly parameters used for variant calling can cause similar, if not more significant 

differences in results. Parameters in STACKS control a range of variables that influence 

the final locus and SNP count. Differences in parameters used, and in the level of 

optimisation applied, have been shown to have a significant effect on the number of 

markers, SNP error, and population statistics reported (Mastretta-Yanes et al, 2015; Paris, 

Stevens and Catchen, 2017). Other variant calling pipelines may hold similar levels of 

variability, and comparison between marker sets assembled by different variant calling 

pipelines may prove even more fickle (Shafer et al., 2017). The variability of output from 

different assembly and filtering pipelines highlights the need for transparency and the full 

reporting of parameters used in genomic studies (Mastretta-Yanes et al., 2015). Better still, 

access to the raw sequence data from population studies can allow future comparison 

studies to normalise variant calling and filtering parameters between population datasets 

and reduce the variability in ascertainment bias introduced during these steps.   

The behaviour of the Swedish and Scottish marker sets under separate and combined 

analyses also highlighted the need to explore aspects of population diversity from 

different perspectives. In spatial conservation planning, genetic diversity, as measured by 

heterozygosity or nucleotide diversity, offers one of the main assessment criteria for 

genetic conservation (Beger et al, 2014). Genetic uniqueness and genetic distinctiveness 

are also recognised as key considerations in genetic conservation planning, offering 

genetic and functional variation over wider spatial and meta-population scales (Beger et 

al., 2014; Xuereb et al., 2020). In S. latissima, the high levels of polymorphism observed 

across the Scottish library were driven by diversity between populations rather than within 

populations, reflecting high distinctiveness and uniqueness across the population. In 

contrast the Swedish populations were characterised by high within population diversity 

but lower distinctiveness and uniqueness across the region. Polymorphism in the Scottish 

population highlighted the need for diverse genetic metrics in conservation and 

management, as well as highlighting the importance of exploring genomic data from 

multiple angles. From a management perspective, focussing on allelic richness and 

polymorphism can have as much if not more success in maintaining population genetic 

health and evolutionary potential than focussing on levels of heterozygosity based 
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diversity (Fernandez, Toro and Caballero, 2004; Lopez-Cortegano et al., 2019). Balancing 

the prioritisation of genetic diversity and genetic uniqueness in spatial conservation 

planning has therefore been a key area of focus in conservation research and management 

(Beger et al., 2014; Nielsen et al., 2020; Xuereb et al., 2020).   

The effects of population history when comparing datasets require careful consideration. 

Results from this study showed how differences in the age and expansion history of 

populations can significantly affect how markers behave under different parameters and 

filtering constraints. Applying common assembly and filtering steps can lead to 

ascertainment bias towards one or the other population and in turn inaccurate measures 

of population metrics and inference. Consideration should also be made as to whether 

comparison populations should be filtered as one population, as in the case of the shared 

SNP set for S. latissima, or whether it is advisable to run individual groups through filtering 

processes before comparison. In each case the optimisation and exploration of the 

behaviour of the marker set under various parameters and filter thresholds should be 

undertaken as part of the comparison approach (De La Cruz and Raska, 2014; Mastretta-

Yanes et al, 2015). Exploration of the data set not only increases the accuracy and removes 

potential ascertainment biases in the marker set, but also offers fundamental insights into 

the multi-scale evolutionary and landscape processes influencing each population. 

Ultimately, the method of comparison and the approach taken in reducing the effect of 

ascertainment bias will depend on the objectives of the investigation. Groups sharing a 

common population history and background are likely to be much more straightforward 

to compare. The influence of population history can be normalised in such cases allowing 

greater focus on landscape and behavioural effects on the population. Investigations using 

non-parametric approaches to differentiate population groups are also likely to be more 

robust to biases and variation in the population data (Linck and Battey, 2019). On the 

other hand studies looking to compare levels of genomic diversity between populations 

of different backgrounds should carefully consider the effects of sampling, marker 

assembly, and filtering processes on their datasets. Meta-data analysis combining 

numerous and wide-ranging population studies should similarly take into consideration 

the effects of methodological and historical differences on their data and conclusions.   

The final recommendations for future genetic diversity studies encompass the above 

points. Population genomic studies will benefit from running marker assembly and 

filtering processes on subsets of the data separately, such as hierarchical groups identified 
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from the initial exploration, as well as on whole datasets. Comparisons of outputs from 

combined and separate analysis may then offer important insights into differential 

processes and diversity levels between groups, as well as highlighting the presence and 

influence of artefacts from combined assembly and filtering. Exploring the effects of 

MAF thresholds for subsets of the data will likewise offer important insights into the 

significance of low frequency alleles on genetic diversity, and in turn offer insights into 

past demographic history and evolutionary processes in different populations. The 

influence and significance of minor frequency alleles on evolutionary processes, in 

particular functional and adaptive processes, should be investigated further in future 

studies. Finally, studies should consider various aspects of genetic diversity, including 

diversity at a population level, and genetic uniqueness and distinctiveness between 

populations at a meta-population level, when comparing genetic diversity across 

landscapes and populations.  

Conclusions 

The investigation highlighted the influence of population and expansion history on 

genetic diversity in wild kelp populations. A comparison of Scottish and Swedish S. 

latissima populations showed how evolutionary scale effects of history and expansion 

interact with ecological scale effects from landscape processes. The results from Scotland 

demonstrated how a longer population history can lead to large effective population sizes 

supporting a large proportion of localised low frequency alleles. In comparison the more 

recent expansion history of the Swedish population was typified in the genomic data by a 

smaller effective population size, and a smaller proportion of low frequency alleles.  

Combined analysis of the two population highlighted the importance of low frequency 

alleles to genetic diversity in the Scottish population. In contrast, genetic diversity in the 

Swedish population was characterised by high within population heterozygosity and 

nucleotide diversity, but lower diversity between populations. The findings reinforced the 

importance of considering multiple aspects and metrics of genetic diversity when 

assessing and comparing population genomic data.  

The study also offered important insights into potential sources of bias and unintended 

effects of combined marker assembly and filtering approaches on differentiated 

populations. As comparisons between populations using genomic data sets become more 

common, the need for considered approaches, and the clear reporting of parameters used, 

becomes more vital. Studies should aim to explore the behaviour and optimisation of 
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genomic datasets thoroughly under a range of assembly and filtering parameters. The 

behaviour of the population results should also be considered separately and when 

analysed together. Emphasizing the need to fully explore the behaviour of population 

datasets will offer benefits to researchers that reach beyond the effects of ascertainment 

bias. In S. latissima, exploration of marker distributions and behaviour under different 

MAF values highlighted the contrast in levels of polymorphism and heterozygosity-based 

diversity measures. Insights gained from comparisons of population diversity in different 

regions will guide the development of bio banking and breeding efforts in the growing 

macroalgal cultivation industry. The results will also add to the wider understanding of S. 

latissima diversity and population resilience for management and conservation purposes. 
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Abstract 

Genomic advances are offering novel ways of investigating patterns and drivers of neutral 

and functional genetic diversity in macroalgal species. This thesis described the 

development and application of one particular approach, dd-RADseq, to characterise 

genetic diversity and connectivity amongst populations of Saccharina latissima, as well as to 

investigate potential signals of selection and local adaptation across environmental 

gradients. This chapter concludes the thesis, summarising the main developments and 

findings from the work, as well as highlighting how those findings contribute to aspects 

of macroalgal cultivation and wild population management. Finally, the chapter highlights 

areas of research in macroalgal cultivation and conservation where genomic data is 

expected to play a key role in the future.  

Aims and Objectives of the Thesis 

The background of this thesis was to establish a knowledge platform for the development 

of the growing macroalgal cultivation industry in Norway and Europe (MACROSEA and 

RCN, 2016). In particular, the project aimed to characterise the genetic diversity, 

connectivity, and adaptation in one of the principle species of cultivation interest, the 

sugar kelp Saccharina latissima. The thesis further aimed to investigate how environmental 

drivers, oceanographic processes, and population history influenced genetic 

differentiation in S. latissima over varied scales. The knowledge gained from the 

investigation aimed to inform the development of the growing macroalgal cultivation 

industry in Europe.  In addition, the investigations sought to widen the understanding of 

genetic diversity in S. latissima through the investigation of spatial, environmental, and 

oceanographic influences on genetic differentiation. The knowledge gained would offer 

important insights into wider aspects of genetic diversity in kelp populations, and would 

support the management and maintenance of macroalgal ecosystem function and 

resilience under increasing environmental pressures (Wilson et al. 2020; Nielsen et al. 

2020; Miller et al. 2019; Wood et al. 2020). 

Key Developments and Findings from the Research 

The aims of the thesis were addressed through several key objectives (Table 6.1). The 

thesis firstly focussed on the methodological development of a double-digest RADseq 

population library for S. latissima, and in particular in overcoming the developmental 

hurdle of extracting high quality gDNA for NGS application from macroalgae. The 
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successful optimisation of the gDNA extraction process enabled the preparation of the 

sequencing libraries, and the subsequent assembly of genome-wide marker sets for the 

Scottish and Swedish S. latissima populations. Separate panels of 12,144 and 9,222 SNPs 

were then employed to investigate spatial patterns of diversity, connectivity, and putative 

adaptation in S. latissima along the west coasts of Scotland and Sweden respectively. 

 

Objectives Outcomes 

To develop an effective NGS-

ready gDNA extraction method 

and ddRAD-seq library 

preparation protocol for S. 

latissima  

- Development of an extraction and purification 

method for NGS-ready gDNA from S. latissima 

- Development of two dd-RADseq population 

sequencing libraries for S. latissima  

 

To assemble a genome-wide 

marker set of SNPs for high 

resolution genotyping and the 

investigation of non-neutral 

candidate loci 

 

- Parameter optimisation, marker filtering, and error 

rate estimation for marker assembly 

- Final genome-wide marker sets of 9,222 and 12,144 

SNPs 

To assess neutral and non-

neutral genetic diversity across a 

range of spatial scales in order to 

inform the development of 

macroalgal cultivation and 

preliminary breeding 

programmes in S. latissima  

 

- Assessment of genetic diversity, differentiation, 

and population structuring for neutral and non-

neutral markers 

- Assessment of spatial influences on genetic 

differentiation between populations 

- Development of a genetic management framework 

for the development of seaweed cultivation in 

Scotland 

To investigate the influences of 

oceanographic processes and 

environmental variation on 

connectivity and adaptation 

across a range of spatial scales in 

order to better inform the 

management and conservation 

of S. latissima. 

 

- ID of candidate loci under selection and in 

association with environmental variables 

- Combined hydrographic and genetic connectivity 

analyses 

- Characterisation of selection gradients and spatial 

scales in S. latissima 

- Insights into spatial scale of adaptive variation and 

connectivity for cultivation and ecosystem 

management 

Table 6.1. Key objectives and outcomes of the thesis 

 

The results of the spatial analysis confirmed previous findings from population genetic 

studies in macroalgae, highlighting a limited dispersal range in S. latissima, and the  

influence of IBD on genetic differentiation (Durrant et al, 2013; Breton et al, 2018; 

Mooney et al, 2018). Investigations into hydrographic influences on population 

connectivity and genetic variation in the Swedish study demonstrated the additional 
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influence of oceanographic processes on genetic differentiation in S. latissima. Preliminary 

results from hydrographic dispersal modelling of connectivity in Scottish populations 

likewise indicated the putative influence of local scale current patterns on hierarchical 

population structuring, though more analysis remains to be done.  

Genetic differentiation over environmental gradients in both studies further highlighted 

how genetic variation over local and regional scales can be influenced by environmental 

drivers of selection and local adaptation. Small scale patterns of genetic variation in 

response to drivers of selection represent an additional source of genetic variation across 

potentially small geographic scales in macroalgae (Zardi et al, 2013; Coleman et al, 2018; 

Clark et al, 2020; Miller et al, 2020). Spatially varying selection has been identified as an 

importance driver of genetic and functional variation in the marine environment (Liggins, 

Treml and Riginos, 2019; Miller et al., 2020). Over local scales directional selection 

represents an important source of unique adaptation, whilst on wider regional scales the 

variation in function and adaptation can offer greater genetic and functional diversity 

enhancing meta-population resilience (Nosil et al., 2019; Wilson et al., 2020).  

The prominent signal of directional selection observed in the Swedish dataset 

demonstrated the potential for synergistic effects of oceanographic and environmental 

influence on putative adaptation. The genetic differentiation observed along a Scottish 

sea loch suggested similar combined effects of environmental and hydrographic isolation, 

though this was not tested against environmental or hydrographic modelling data. The 

combination of low dispersal capacity and large effective population size, along with 

influences of oceanography on dispersal and spatially varying selection, point to the 

widespread occurrence of local adaptation in S. latissima and other kelp species. 

Determining the relative contributions of genetic variation and phenotypic plasticity, as 

well as other forms of adaptation, remains an important question in macroalgal research 

with implications for conservation and cultivation (Koehl et al, 2008; King et al, 2017; 

Duarte et al, 2018). 

Applications of the Work 

The findings from the thesis offer important insights for the management and 

development of macroalgal cultivation, as well as the management and conservation of 

macroalgal ecosystems. In particular, the results from both studies highlighted the high 

levels of genetic and putatively functional diversity present in S. latissima populations over 

local scales. This represents a rich pool of genetic resources for selective breeding 
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programmes in cultivation, as well as an important source of functional variation and 

adaptive resilience for wild population networks (Nosil et al, 2019; Goecke, Klemetsdal 

and Ergon, 2020). The genomic datasets assembled represent valuable resources for the 

management and conservation of wild kelp populations in Europe, acting as a catalogue 

of genetic resources for breeding efforts in cultivation, as well as a baseline for monitoring 

the potential impacts from climate change, human disturbance, and cultivation on genetic 

diversity (Hunter et al., 2018; Goecke, Klemetsdal and Ergon, 2020).  

The genetic baselines may also feed in to wider indicators of genetic diversity, and inform 

higher level legislation and policy surrounding biodiversity conservation (Funk et al, 2019; 

Hoban et al, 2020; FAO, 2021). In Scotland, the findings from the population study fed 

into the development of a genetic scorecard, which laid out the current status and threats 

to genetic diversity in S. latissima in Scottish waters (Table 6.2). The approach aimed to 

offer a simple and practical method of assessing risks to genetic diversity in key species 

of socio-economic and conservation interest, and provided a mechanism for addressing 

the objectives of the Aichi Target 13 biodiversity target, as well as providing simple and 

effective communication tools for legislators and policy makers (CBD, 2010). 

(Hollingsworth et al., 2020). 

The genomic data also contributed to the development of a draft genetic management 

framework for the cultivation of S. latissima on the west coast of Scotland. This aimed to 

support the management of genetic resources in wild S. latissima as the cultivation industry 

transitioned from the use of wild-sourced seeding material to selectively bred seed-lines. 

In particular, the genetic data supported the designation of distinct population 

management units that offered a clear framework for the determination of local genotypes 

across the region. By maintaining the sourcing of seed material for farms from within the 

local management units, the management approach aimed to mitigate the potentially 

harmful effects of introgression from non-local and mal-adapted genotypes (Loureiro, 

Gachon and Rebours, 2015; Barbier et al, 2019; Campbell et al, 2019). However, deliberate 

and unintended effects of anthropogenic selection in the hatchery and farm environment 

may cause significant changes to cultivar genetics regardless of the source population 

(Lynch and Hely, 2001; Araki et al., 2008; Fraser et al., 2019).  
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Scientific name Saccharina 
latissima 

Common name Sugar kelp, Sea belt 

GB IUCN 
Category 

NE T13 Status Negligible risk 
Mitigation effective 

 

 
  

C
o

n
te

x
t 

Background A large heteromorphic brown algae. Haploid zoospores are released into the 
water column by large diploid sporophytes. Locally dispersed zoospores 
develop into microscopic benthic gametophytes which produce the sperm 
and egg for the next generation of sporophytes. Widespread and abundant 
in UK coastal waters, in particular in more sheltered locations where they are 
important habitat providers. Estimated to be the second highest biomass 
producer amongst macroalgae in Scottish waters (Burrows et al, 2018) with 
high turnover and fast growth compared to other Laminarian species. 
Potential for significant carbon sequestration through detrital export and a 
significant role in local and atmospheric biogeochemical cycles (Krause-
Jensen and Duarte, 2016; Keng et al., 2020; Murie and Bourdeau, 2020). One 
of the main species of interest in the growing macroalgal cultivation industry 
(Stanley et al., 2019). 
 

Current threats Trailing edge populations in Spain and France are at risk of climate driven 
range shifts, whilst populations in Norway have suffered severe losses 
through eutrophication and climate driven ecosystem shifts (Moy and 
Christie, 2012; Assis, Serrao and Araujo, 2018; Filbee-Dexter et al, 2020). 
However, Scottish populations are not predicted to be affected by warming 
sea temperatures in the near future. The development of the macroalgal 
cultivation industry in Scotland introduces the risk of non-native strain 
introductions and farm-to-wild interactions, however the associated risks to 
wild populations are minor.  
 

Contribution of 
Scottish 
population to 
total species 
diversity 

Unpublished data suggests the presence of at least three differentiated 
populations around Scotland with populations dividing into three distinct 
clusters based around the Clyde Sea, the Lorne and Inner Hebrides, and the 
Outer Hebrides and North-West beyond Skye. Wider phylogeographic 
studies in Laminaria spp. have highlighted Ireland and the West Coast of 
Scotland as potential hotspots for genetic diversity, possibly associated with 
historic glacial refugia in the region (Neiva et al, 2020).   
 

G
e
n

e
ti

c
 

R
is

k
s 

Diversity Loss: 
Population 
declines 

There is no evidence of population decline and little risk of diversity loss 
through population changes in the near future 
 

Diversity loss: 
Functional 
variation 

There is no evidence of loss of functional variation at present and the risk is 
small. However marine heatwaves do present a risk to functional diversity in 

NBN Atlas data 
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the near future, along with longer term risks of range shifts and associated 
invasive species (Teagle and Smale, 2018; Straub et al, 2019).  
 

Diversity loss: 
Divergent 
lineages 

No evidence of isolated population loss or decline in specific populations or 
lineages. Clyde Sea populations may be more at risk of marine heatwave 
events in the future.  
 

Hybridisation/ 
introgression 

Introgression from farm to wild populations presents a minor risk through 
the introduction of maladapted genotypes. Current farm practices stipulate 
the use of local source populations for seeding reducing the risk. The scale 
of cultivation in the west coast of Scotland compared to the large effective 
population size of S. latissima in the wild also precludes significant effects 
from introgression. This should be monitored however in the future as the 
scale of cultivation and the breeding of cultivars intensifies.  
 

Low 
turnover/constrai
nts on adaptive 
opportunities 

Short range of dispersal, however, high turnover in populations and 
functional diversity over local environmental gradients suggests plenty of 
opportunities for adaptation. 

C
u

m
u

la
ti

ve
 r

is
k

 S
u

m
m

a
ry

 

In situ genetic 
threat level 

Negligible (very minor risk from cultivation practices, longer term risk from 
marine heatwaves and range shifts) 
 

Confidence in in 
situ threat level 

High (detailed genetic and demographic data available). 

Ex situ 
representation 

Work is currently underway to collect seeding material from around Scotland 
for genotype banking. Cultivation efforts also represent a form of ex situ 
representation as local populations are kept for seeding in hatcheries. 
 

Current 
conservation 
actions 

No direct conservation efforts (apart from genotype bank), but indirect 
habitat conservation of marine areas boosts population resilience (MPAs, 
MCZs, SPAs, SACs). 
 

Ex 
situ 

Translocati
on 

Habitat 
Manageme
nt 

Legal 
protecti
on of 
habitat 
or 
species 

Control of 
INNS/pests/patho
gens 

x  x   

Overall T13 
status 

Negligible risk, mitigation effective. 
 

Overall T13 
status 
explanation 

Widespread distribution, large effective population size, and high abundance 
and turnover ensure negligible risks from cultivation or harvesting. MPA 
networks and ex situ representation further support resilience. Greatest 
threats in the future are from marine heatwave events and potential 
ecosystem shifts, as well as longer term range shifts of species and 
populations. 

 Assessor Alex Thomson – Scottish Association for Marine Science 

 

Table 6.2 A genetic scorecard assessment of the status and risks to genetic diversity in the sugar kelp S. latissima 
in Scottish waters, as developed by Hollingsworth et al. (2020) in fulfilment of the Aichi Target 13 criteria for 
other species of socio-economic importance.   
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Future perspectives on macroalgal genomics 
The risks to wild populations from the introgression of maladapted farm genotypes 

remains a key question and area of uncertainty for macroalgal cultivation. Further efforts 

will be required to better characterise the risks, which in turn will enable better-informed 

and proportional mitigation actions to be effected. Modelling approaches incorporating 

rates of migration, maladaptation, fitness, and population sizes may offer one approach 

to investigate the risks from farm-to-wild introgression in macroalgae. Similar approaches 

have been employed in finfish cultivation and ex-situ conservation programmes 

(Castellani et al, 2018; Capblancq et al, 2020). Hydrographic modelling approaches are 

likewise expected to improve the understanding and monitoring of farm-to-wild 

migration and introgression rates from cultivation installations. Applying frameworks 

such as those seen in finfish aquaculture to the design and installation of seaweed 

cultivation sites might help in the mitigation and monitoring of the impacts of 

introgression (Adams et al., 2012; Aleynik et al., 2016). Detailed assessments of genetic 

kinship or neutral cline decay over local and micro-scale distances may also offer a more 

direct approach to determining levels of dispersal and introgression from cultivation sites 

(Rieux et al., 2014; Jasper et al., 2019).  

The development of selective breeding programmes will be another key area of research 

in macroalgal cultivation. Genomic approaches such as GEA and GWAS are expected to 

offer fast and effective methods of identifying putative functional markers for breeding 

(Goecke, Klemetsdal and Ergon, 2020; Houston et al, 2020). Combining GEA approaches 

for the identification of driver-specific candidate loci with niche distribution models and 

projected climate change scenarios may also offer ways of integrating climate resilience 

into cultivar development and site selection (Rochat and Joost, no date; Garzon and 

Robson, 2019).  

The development of genomic tools for macroalgal species will accelerate the 

understanding of genetic variation in other areas too, in particular in studying aspects of 

functional variation in macroalgae (Valero et al, 2011; Bringloe et al, 2020; Goecke, 

Klemetsdal and Ergon, 2020). Whilst the development of a successful gDNA extraction 

and NGS protocol in this project represents a significant steps forward in the technology 

and techniques available for population genomic research in macroalgae, genomic 

techniques and approaches continue to evolve rapidly (Valero et al., 2011; Valero and 

Buschmann, 2017; Goecke, Klemetsdal and Ergon, 2020). Population-scale whole 

genome re-sequencing approaches for instance are becoming increasingly feasible and 
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economic for non-model organisms (Parejo et al., 2016; Fuentes-pardo and Ruzzante, 

2017). These offer the benefit of covering the entire spectrum of genetic variants from 

SNPs to large SVs, and offer particular advantages to investigating signals of selection and 

the mechanisms maintaining local adaptation across populations (Westram et al., 2018; 

Wellenreuther et al., 2019; Mérot et al., 2020).  

An improved understanding of the spectrum of genetic variation and its influence on 

adaptation will be crucial for the effective management and conservation of macroalgal 

ecosystems as the effects of climate change and human activity in the ocean continue to 

intensify (Wellenreuther and Bernatchez, 2018; Wellenreuther et al, 2019; Wilson et al, 

2020). Increased temporal and spatial resolution of genomic studies on macroalgal 

ecosystems will also be key in improving our understanding of adaptation (Mariac et al., 

2016; Mihoub et al., 2017; Bi et al., 2019). For instance, how do stochastic effects of current 

variation and associated temperature changes year-on-year affect adaptation, spatially 

varying selection, and population genetics in macroalgal communities? 

The rate of climate change however, is such that changes in environmental conditions are 

expected to exceed the rate of evolutionary adaptation in many marine systems (Gellie et 

al, 2016; Duarte et al, 2018; Coleman and Goold, 2019). Assisted evolution programmes 

and the restoration of impacted ecosystems are therefore likely to be increasingly 

employed as options in maintaining ecosystem resilience and function under predicted 

climate change scenarios (Coleman and Goold, 2019; Filbee-Dexter and Smajdor, 2019; 

Morris et al., 2020). The provenance of seed-source material used for restoration efforts 

will underpin their success, and genomic approaches will play a key role in this (Breed et 

al., 2013, 2019; Gellie et al., 2016; Wood et al., 2020). Genomic understanding of the spatial 

scales and strength of adaptation and connectivity amongst differentially adapted 

populations will be a crucial factor in ensuring that restoration efforts are effective in 

supporting longer term resilience and adaptation (Gellie et al., 2016; Breed et al., 2019; 

Wood et al., 2020). Restoration, assisted migration, and synthetic biology approaches will 

also need to consider unintended effects on populations (Laikre et al., 2010; Brady et al., 

2019; Coleman and Goold, 2019). Modelling approaches incorporating projected climate 

scenarios, as well as effects of maladaptation and population genetic effects, will once 

again play an important role in guiding these areas of development (Castellani et al., 2018; 

Capblancq et al., 2020).  
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Closing Summary 
Increasing environmental pressures from anthropogenic climate change and human 

activities have driven changes in community composition, distribution, and function in 

macroalgae that have been underpinned by significant changes and impacts to genetic 

diversity (Wernberg et al, 2018; Straub et al, 2019; Coleman et al, 2020; Filbee-Dexter et al, 

2020; Gurgel et al, 2020). Impacts to macroalgal community function and genetic diversity 

pose significant threats to wider ecosystem functions, as well as to the human socio-

economic services marine ecosystems provide (Arrieta, Arnaud-Haond and Duarte, 2010; 

Bennett et al., 2016; Wernberg et al., 2018; Smale et al., 2019; Jouffray et al., 2020; 

Norderhaug et al., 2020). Patterns and drivers of genetic differentiation underpin the 

ecological and evolutionary processes governing ecosystem function and resilience 

(Hoffmann and Sgrò, 2011; Raffard et al., 2018; Nosil et al., 2019). Improving the 

understanding of patterns and processes of genetic differentiation is therefor of central 

importance in the maintenance, management, and conservation of the world’s macroalgal 

ecosystems (Wernberg et al., 2018; Wood et al., 2019) 

The developing macroalgal cultivation industry poses additional pressures and risks on 

wild kelp populations (Cottier-Cook et al, 2016; Barbier et al, 2019; Campbell et al, 2019). 

Equally, macroalgal cultivation represents a promising source of sustainable and 

renewable food and bio-products, and its expansion will play a central role in the 

sustainable development of the world’s oceans (Hasselström et al., 2018; Broch et al., 2019; 

Stanley et al., 2019). As with the management of wild populations, an understanding of 

the underlying genetic diversity and differentiation in species of cultivation interest will 

allow the informed and effective development of monitoring and management 

programmes (Barbier et al., 2019; FAO, 2021). Genomic data will also guide and accelerate 

the domestication and genetic improvement of cultivated macroalgae (Goecke, 

Klemetsdal and Ergon, 2020; Houston et al., 2020).  

The findings and developments from this thesis contribute to both the conservation and 

management S. latissima, and the development of the cultivation industry surrounding it. 

The methods developed, and the resources produced, will offer support to both sectors, 

and will enable further research in key areas of macroalgal domestication and 

conservation. The findings from the population analyses contribute to the growing body 

of research surrounding spatial, physical, and environmental drivers of genetic diversity 

and adaptation in macroalgae, and will offer important insights for future conservation 

and cultivation efforts. The application of genomic approaches in macroalgal studies 
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remains a fast-moving and dynamic sector of research. Its continued use and development 

will drive our understanding of macroalgal ecology and evolution and will accelerate 

progress in the cultivation, as well as the conservation, of macroalgae worldwide. 
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Appendix A - Supplementary Figures and Tables 

 

Chapter II 
 

 
Scotland  Sweden  

 
n2 n3 n4 n5 

 
n2 n3 n4 n5  

M2 0.161 0.162 0.162 0.162 
 

0.25 0.249 0.249 0.249 

π
 

M3 0.162 0.162 0.162 0.162 
 

0.251 0.250 0.250 0.250 

M4 0.162 0.162 0.162 0.162 
 

0.251 0.251 0.251 0.251 

M5 0.162 0.162 0.162 0.162 
 

0.251 0.251 0.251 0.251 
          

 

M2 0.181 0.181 0.181 0.182 
 

0.257 0.257 0.257 0.257 

H
o  

M3 0.182 0.182 0.182 0.182 
 

0.258 0.258 0.258 0.258 

M4 0.182 0.181 0.181 0.182 
 

0.259 0.258 0.258 0.259 

M5 0.182 0.182 0.182 0.182 
 

0.259 0.259 0.259 0.258 

Table S2.1. Optimisation results for the two subset libraries showing changes in nucleotide diversity (π) and 
observed heterozygosity (Ho) with varying input parameters M and n. 

 

Sample  Replicate Relatedness 

Inv_04 Inv2_04 0.94 

Inv_17 Inv2_17 0.90 

Rhu_18 Rhu2_18 1.05 

Rhu_05 Rhu2_05 1.01 

Str_20 Str2_20 0.85 

Eti_17 Eti2_17 0.96 

Eti_16 Eti2_16 0.90 

Wic_12 Wic2_12 0.92 

Wic_17 Wic2_17 0.97 

Kil_15 Kil2_15 0.76 

Kil_05 Kil2_05 0.74 

Table S2.2. Relatedness measures based on the method in Yang et al. (2011) for all 11 replicate samples 

AlextheInnes
Rectangle

AlextheInnes
Typewriter
0.250
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Figure S2.1a. FastQC example for the second library showing the distinct drop in sequencing quality around the 
cut site region 

 

Figure S2.1b. FastQC example for the second library showing the distinct drop in sequencing quality per tile 
around the cut site region 
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Chapter III 
 

 

Figure S3.1. Map of paired sampling stations on the west coast of Scotland. Red stations represent sampled stations 
that were not included in the final analysis due to library errors. 
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Figure S3.2. Cross-entropy criterion for estimated ancestry co-efficients in snmf showing the maximum likelihood 
K-value of K = 7.4 

 

Figure S3.3. Principal component analysis of environmental variables for each station.5 
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Figure S3.4. Principal component analysis showing PC2 and PC3. The two samples from CLA are included to 
highlight the seperation between INV and CLA.6 
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Figure S3.5. PCA of south west populations only showing the separation of STR and ETI in PC1 and PC2.7 
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Figure S3.6. Mean 5-day connectivity data as log probability of dispersal taken from the initial biophysical 
modelling run.8 

 

Figure S3.7. Particle density across the west of Scotland over a 5 day window.9 
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Chapter IV 

 SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 

Jo
st

’ 
D

 

SW1 X 0.003 0.003 0.002 0.004 0.003 0.003 0.004 0.005 

SW2 0.040 X 0.003 0.005 0.001 0.004 0.005 0.006 0.007 

SW3 0.042 0.037 X 0.003 0.002 0.002 0.004 0.004 0.006 

SW4 0.038 0.045 0.037 X 0.004 0.001 0.000 0.003 0.004 

SW5 0.041 0.022 0.032 0.040 X 0.003 0.004 0.005 0.007 

SW6 0.039 0.039 0.034 0.029 0.037 X 0.001 0.002 0.004 

SW7 0.038 0.044 0.039 0.021 0.041 0.028 X 0.003 0.004 

SW8 0.042 0.047 0.043 0.038 0.044 0.032 0.038 X 0.000 

SW9 0.050 0.055 0.051 0.044 0.052 0.042 0.044 0.020 X 

Fst  

Table S4.1. Pairwise-Fst and Jost' D for the full 9,222 SNP marker set 3  

 

 
SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 

SW1 X 0.276 0.304 0.343 0.255 0.354 0.322 0.277 0.239 

SW2 0.294 X 0.350 0.253 0.755 0.339 0.259 0.243 0.199 

SW3 0.324 0.324 X 0.322 0.372 0.386 0.287 0.298 0.228 

SW4 0.324 0.223 0.348 X 0.261 0.564 1.000 0.331 0.255 

SW5 0.273 0.554 0.375 0.271 X 0.332 0.277 0.257 0.202 

SW6 0.294 0.255 0.321 0.446 0.251 X 0.407 0.401 0.253 

SW7 0.307 0.227 0.282 0.710 0.234 0.469 X 0.346 0.256 

SW8 0.239 0.194 0.224 0.266 0.201 0.371 0.258 X 0.649 

SW9 0.212 0.176 0.196 0.241 0.170 0.293 0.234 0.756 X 

Table S4.2a. Relative Jost D' for the full marker set showing asymmetric allele representation calculated in 
DivMigrate. Significant assymetric results are indicated in bold. Tests were run with 1000 bootstraps with an 
alpha of <0.05.4 

 

 
SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 

SW1 X 0.183 0.091 0.301 0.115 0.118 0.297 0.051 0.047 

SW2 0.021 X 0.025 0.016 0.142 0.024 0.013 0.013 0.012 

SW3 0.030 0.082 X 0.040 0.076 0.052 0.031 0.019 0.017 

SW4 0.010 0.010 0.010 X 0.010 0.011 0.017 0.008 0.007 

SW5 0.032 0.656 0.050 0.028 X 0.027 0.024 0.019 0.019 

SW6 0.050 0.127 0.100 0.123 0.069 X 0.112 0.042 0.030 

SW7 0.076 0.047 0.044 0.307 0.044 0.064 X 0.033 0.027 

SW8 0.324 0.438 0.320 0.328 0.433 0.638 0.283 X 1.000 

SW9 0.279 0.399 0.420 0.585 0.430 0.482 0.204 0.871 X 

Table 4.2b Relative Jost D' for the GEA marker set. Significant assymetric results are indicated in bold. Tests 
were run with 1000 bootstraps with an alpha of <0.055 
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SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 

SW1 X 0.007 0.003 0.002 0.003 0.006 0.002 0.000 0.000 

SW2 0.000 X 0.000 0.000 0.001 0.000 0.000 0.000 0.000 

SW3 0.000 0.001 X 0.000 0.001 0.000 0.000 0.000 0.000 

SW4 0.001 0.001 0.002 X 0.002 0.005 0.009 0.000 0.000 

SW5 0.000 0.003 0.001 0.000 X 0.000 0.000 0.000 0.000 

SW6 0.000 0.001 0.001 0.002 0.000 X 0.001 0.000 0.000 

SW7 0.001 0.001 0.002 0.014 0.001 0.008 X 0.001 0.000 

SW8 0.005 0.005 0.002 0.005 0.003 0.008 0.007 X 0.169 

SW9 0.006 0.007 0.006 0.016 0.006 0.016 0.012 1.000 X 

Table 4.2c. Relative Jost D' for markers associated with a temperatures variable only showing asymmetric allele 
representation calculated in DivMigrate. Significant assymetric results are indicated in bold. Tests were run with 
1000 bootstraps with an alpha of <0.05.6 

 

 
SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 

SW1 X 0.000 0.000 0.011 0.000 0.000 0.006 0.000 0.000 

SW2 0.006 X 0.028 0.003 1.000 0.036 0.012 0.097 0.028 

SW3 0.000 0.000 X 0.000 0.000 0.000 0.000 0.000 0.000 

SW4 0.000 0.000 0.000 X 0.000 0.000 0.000 0.000 0.000 

SW5 0.006 0.163 0.033 0.003 X 0.025 0.005 0.039 0.033 

SW6 0.007 0.012 0.002 0.003 0.008 X 0.024 0.083 0.002 

SW7 0.000 0.000 0.000 0.000 0.000 0.000 X 0.000 0.000 

SW8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 X 0.000 

SW9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 X 

Table 4.2d. Relative Jost D' for markers associated with a salinity variable only showing asymmetric allele 
representation calculated in DivMigrate. Significant assymetric results are indicated in bold. Tests were run with 
1000 bootstraps with an alpha of <0.05.7 

 

 

 

Figure S4.1. fastStructure inference of hierarchical population structuring using the candidate loci.10 
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Figure S4.2. PCA for markers in association with just temperature GEA variables 11 

 

 

Figure S4.3. PCA for markers in association with just salinity GEA variables 12 
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Figure S4.4 sPCA output for GEA markers 13 
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Chapter V 

 Scotland Sweden 

Loci 4,340 4,340 

Polymorphic SNPs 4,138 2,918 

Nucleotide Diversity (Pi) 0.154 0.112 

Observed Heterozygosity 0.149 0.113 

Expected Heterozygosity 0.153 0.112 

F-is 0.028 -0.001 

Private Alleles 1,422 202 

Table S.5.1. Summary of population statistics in the jointly processed marker set for each population.8 

 

 

 Pearson’s Spearman’s 

 Shared Separate Shared  Separate 

Scotland 0.587 0.587 0.523 0.523 

Sweden 0.575 0.599 0.603 0.639 

Table S5.2. r2 values for Mantel tests of FST vs distance for shared and separate marker sets 9 

 

 

Figure S5.1. Ne estimates for countrywide meta-populations.14 
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Figure S5.2. Change in cross-entropy criterion for estimated ancestry co-efficients in snmf showing the maximum 
likelihood K-value of K = 7 at different MAF cut off values.15 
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Figure S5.3. PCA analysis of Scottish and Swedish separate marker sets at varying thresholds of MAF 16 
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