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Abstract 14 

The most successful study systems are built on a foundation of decades of research 15 

on the basic biology, ecology and life history of the organisms in question. 16 

Combined with new technologies, this can provide a formidable means to address 17 

important issues in evolutionary biology and molecular ecology. Littorinid marine 18 

snails are a good example of this, with a rich literature on their taxonomy, 19 

speciation, thermal tolerance and behavioural adaptations. In August 2017, an 20 

international meeting on Littorinid evolution was held at the Tjärnö Marine 21 

Research Laboratory in Western Sweden. In this meeting review, I provide a 22 

summary of some of the exciting work on parallel evolution, sexual selection and 23 

adaptation to environmental stress presented there. I argue that newly available 24 

genomic resources present an opportunity for integrating the traditionally 25 

divergent fields of speciation and environmental adaptation in Littorinid research.   26 

 27 

Introduction 28 

The view from the Tjärnö Marine Research Laboratory is equal parts stunning and 29 

Scandic noir, depending on the weather. The tranquil and remote surroundings of 30 

the Kosterhavet National Park, would alone be reason enough to organise a 31 

scientific conference here. For the XII International Symposium on Littorinid 32 

Biology and Evolution (or ISOLBE XII for short), held on here during 13th-16th 33 

mailto:mark.ravinet@ibv.uio.no


August 2017, there is special resonance. Barely a 20-minute walk from the talks 34 

lie the rocky boulder beaches and steep, slippery cliffs of the neighbouring island 35 

of Saltö. This island, among others in the Koster archipelago, is home to the crab 36 

and waves ecotypes of Littorina saxatilis; a small marine snail and a remarkable 37 

example of repeated parallel ecological adaptation (Fig 1C; Johannesson et al. 38 

2010). The Tjärnö Laboratory has been a hub for research into this species, and 39 

other important work on marine evolutionary biology, for over three decades 40 

now, largely due to the efforts of Kerstin Johannesson. On top of this, the second 41 

ISOLBE meeting was held in exactly the same location nearly 30 years previously 42 

and even included some of the same participants. 43 

 44 

Like the most successful and well-known modern model species, the biology, 45 

ecology, taxonomy and phylogeny of Littorinid snails have been quite extensively 46 

studied for some time, providing a clear basis for future work (Reid 1996; 47 

Johannesson et al. 2010; Johannesson 2015). At least 152 species of Littorininae 48 

are currently recognised although there may be as many as 200 (Williams et al. 49 

2003) and there are 11 genera, eight of which contain multiple species with the 50 

majority of diversity centred on the tropics (Reid et al. 2012). The two best-51 

studied genera are Echinolittorina and Littorina, the most speciose genera 52 

occurring in the tropics and temperate regions respectively (Reid et al. 2012). 53 

Curiously, these genera also represent somewhat of a split in the field of Littorinid 54 

research: evolutionary biologists have mainly focused on Littorina, especially L. 55 

saxatilis while marine ecologists interested in thermal adaptation have 56 

traditionally focused on Echinolittorina.  57 

 58 

Both groups of researchers converged at the twelfth ISOLBE meeting. Talks and 59 

discussions ranged from genomics, speciation, parallel evolution, thermal 60 

tolerance and adaptation to environmental change – all of which are important 61 

topics in evolutionary biology and ecology. Studies on small marine snails might 62 

seem quite a niche subject to most, but there was a clear sense at the meeting that 63 

research on Littorinid species is on the cusp of transitioning to something much 64 

bigger. Thanks to several draft genomes, some inventive and sophisticated 65 

experimental approaches and a well-grounded knowledge of the ecology and 66 



biology of the species, it is clear that this diverse group of sea snails has the 67 

potential to become a well-established model system for research on speciation, 68 

sexual selection and adaptation to environmental change.  69 

 70 

Population genomics of parallel evolution 71 

Over the last few years, a growing number of studies have used population 72 

genomics to examine parallel speciation and evolution in a variety of different 73 

organisms (Perrier et al. 2013; Roesti et al. 2014; Meier et al. 2016). Repeated, 74 

independent incidences of speciation and adaptation are a powerful measure of 75 

the deterministic role of selection in the process of divergence and provide often-76 

needed statistical replication (Schluter & Nagel 1995; Taylor & McPhail 2000). 77 

However, repeated in situ divergence may not always be the correct explanation. 78 

Other scenarios such as secondary contact of divergent lineages or adaptive 79 

introgression between populations are equally plausible (Johannesson et al. 80 

2010). They are not necessarily mutually exclusive either; the evolutionary 81 

histories of different barrier loci (i.e. genes underlying reproductive isolation) are 82 

unlikely to be the same and parallel speciation may be a case of repeated sorting 83 

of these loci (Guerrero & Hahn 2017). Testing the demographic history of 84 

population pairs is necessary for any study on parallelism (Bierne et al. 2013; 85 

Meier et al. 2016) but it is also important to do this for barrier loci themselves. On 86 

the other hand, demographic inference – for populations or genes - should not be 87 

considered unequivocal (Harrison & Larson 2016). Parallelism should not be the 88 

sole focus either; replicate species pairs also provide insight into non-parallel 89 

aspects of adaptation and divergence, allowing us to quantify environmental 90 

contributions to phenotypic evolution (Stuart et al. 2017). 91 

 92 

Littorina saxatilis is an excellent study system for understanding both parallel and 93 

non-parallel divergence.  Repeated, phenotypic and genomic divergence has been 94 

shown between similar ecotypes at local, regional and continental scales (Fig 1C; 95 

Panova et al. 2006; Butlin et al. 2013; Westram et al. 2014; Ravinet et al. 2015). 96 

Parallelism in L. saxatilis has likely arisen from a combination of standing genetic 97 

variation and de novo mutation (Johannesson et al. 2010); however, like repeated 98 

lake-stream three spine stickleback species pairs, non-parallelism is probably 99 



driven by environmental variation (Stuart et al. 2017). Demographic modelling 100 

suggests a scenario of repeated in situ divergence is well supported for L. saxatilis 101 

ecotypes in Western Europe (Butlin et al. 2013). However, to date, patterns of local 102 

genomic parallel divergence in L. saxatilis ecotypes have largely been examined in 103 

Swedish snail populations (Westram et al. 2014; Ravinet et al. 2015; Westram et 104 

al. 2016). Tony Kess & Liz Boulding (University of Guelph, Canada) introduced 105 

work using RAD-seq to dissect parallelism among L. saxatilis ecotypes in Spain. 106 

Consistent with previous studies (Westram et al. 2014; Ravinet et al. 2015; 107 

Westram et al. 2016), the extent of genomic compared to phenotypic parallelism 108 

was small, with relatively little sharing of loci putatively under selection.  Previous 109 

population genomic studies of L. saxatilis have relied heavily on outlier detection, 110 

a method that is open to false positives when the underlying demographic history 111 

is incorrectly assumed (Lotterhos & Whitlock 2014; 2015; Hoban et al. 2016) and 112 

that can be imprecise due to stochasticity at sites in linkage with targets of 113 

selection (Ravinet et al. 2017). Aware of this, Tony used a genome-wide 114 

association approach that indicated a small effect on phenotype for multiple loci; 115 

this suggests that many of the traits that characterise the parallel ecotype 116 

divergence in L. saxatilis may have a polygenic architecture. Many loci of small-117 

medium effect are difficult, if not impossible, to detect and are likely to be much 118 

more common in nature than large-effect loci (Orr, 1998: Rockman 2011; Baird 119 

2017). Efforts for dissecting the genomic architecture of parallelism in L. saxatilis, 120 

other Littorinids and indeed most model systems still need to move beyond the 121 

low-hanging fruit of traits determined by major effect loci (Rockman 2011). 122 

 123 

Estimating the proportion of parallelism from genomic data is complex. The extent 124 

of sharing in the genome depends on the hierarchical level examined – i.e. SNPs 125 

vs. genomic regions, genes vs. gene classes (Roda et al. 2013b; a). The effects of 126 

hierarchy also extend beyond the genome with geographical scale potentially 127 

determining how parallelism might arise. For example, populations in close 128 

spatial proximity may be more likely to evolve parallel phenotypes because of 129 

gene flow among them, whereas for large, geographically widespread populations, 130 

adaptation may be more likely to proceed from a shared pool of standing genetic 131 

variation. With parallel divergence occurring across spatial scales L. saxatilis is an 132 



ideal system to investigate these dynamics in more detail. Genomic hierarchy also 133 

holds true in L. saxatilis – sharing is higher when measured at the contig vs. the 134 

locus level (Westram et al. 2014; Ravinet et al. 2015; Westram et al. 2016). 135 

However, these estimates have been made with reduced-representation 136 

techniques meaning that the loci studied are unlikely to be the targets of selection 137 

(Hoban et al. 2016; Lowry et al. 2016). The work of Hernan Morales and colleagues 138 

(University of Gothenburg, Sweden) seeks to overcome this limitation by using 139 

pooled, whole-genome resequencing data from Swedish L. saxatilis crab and wave 140 

ecotypes. Hernan's analysis actually shows a much higher proportion of sharing 141 

when windows across the genome are considered as opposed to the SNP or RAD 142 

tag level (Westram et al. 2014; Ravinet et al. 2015; Westram et al. 2016). 143 

Partitioning the variation in genomic differentiation among ecotypes and islands, 144 

there is a strong ecotype and island effect, which again suggests that polygenic 145 

traits may underlie, repeated phenotypic divergence. Furthermore, due to careful 146 

experimental design, Hernan and colleagues have been able to dissect parallelism 147 

across multiple spatial scales too. Genomic divergence not only appears to be 148 

proceeding horizontally along the shoreline but also vertically, between the high 149 

and low shore. 150 

 151 

A vertical axis of divergent selection is not a new finding in L. saxatilis – over 20 152 

years previously, Johannesson et al., (1995) used allozymes to show that snails on 153 

the high and low shore are almost completely fixed for different isoforms of 154 

cytosolic aspartate aminotransferase (AAT), an enzyme involved in anaerobic 155 

energy production in molluscs (Panova & Johannesson 2004). Given this, it is 156 

candidate gene underlying adaptation to the desiccation that more exposed 157 

individuals on high shores are likely to experience. Confusingly however Spanish 158 

L. saxatilis populations showed the fixation of isoforms in the opposite direction 159 

to Scandinavian populations. Using a diverse array of more modern genomic 160 

techniques, Marina Panova and colleagues (University of Gothenburg, Sweden) 161 

have investigated AAT in further detail, continuing the story where allozyme work 162 

left off. Enzymatic activity does differ between AAT genotypes and there are clear 163 

non-synonymous mutations in coding regions that differentiate the AAT100 and 164 

AAT120 that dominate the low and high Swedish shoreline respectively (Panova & 165 



Johannesson 2004). Such a functional difference makes the reversed pattern in 166 

Spanish snails confusing; however sequencing efforts by Marina and colleagues 167 

show that the AAT120 isoforms from Spain and Sweden are not the same but have 168 

arisen independently; Spanish isoforms differ by a further two non-synonymous 169 

mutations. This fits into a pattern of high molecular variation among AAT alleles, 170 

suggesting very ancient divergence and again pointing to the conclusion that the 171 

explanations for parallel adaptation and speciation likely differ from gene to gene. 172 

 173 

Surfing on cline waves – spatial variation in genes and phenotypes 174 

During a break in the talks, participants took a short stroll to Ängklåvebukten – a 175 

small but dramatic boulder beach lying between two sheer granite cliffs on the 176 

island of Saltö (Fig 1A). More than a conference excursion, this picturesque beach 177 

formed the basis for several exciting talks on clinal variation in phenotypes and 178 

genotypes. Ängklåvebukten was the initial sampling site of a large-scale project on 179 

Swedish L. saxatilis populations, to which Roger Butlin (University of Sheffield, 180 

UK) gave us an introduction.  181 

 182 

Roger underlined an important broader point about speciation: despite the 183 

popularity of continuum thinking, most empirical research focuses on false 184 

dichotomies, imposed upon the continuous nature of reality (Butlin et al. 2008). 185 

When we look for traits involved in speciation, we tend to focus on differences 186 

between ecotypes or between populations of a wide variety of taxa. This has 187 

certainly been fruitful, we have learned a lot about the processes and genes 188 

involved in divergence from focusing on ecotypes and species pairs in sticklebacks 189 

(Peichel & Marques 2017), Heliconius butterflies (Nadeau et al., 2012) and 190 

Mimulus monkey flowers (Twyford et al., 2015), among many others.  However, 191 

this approach means we likely overlook important variation in traits or genes at 192 

transition zones between habitats. Perhaps once we have looked at the extremes, 193 

we should strive to study how diverging forms of different taxa gradate into one 194 

another. Clinally distributed along the boulder beaches and cliffs along the 195 

shoreline, it is hard to think of a better model system for this approach than L. 196 

saxatilis. Roger explained how his team had painstakingly characterised 197 

phenotypes such as shell morphology, size and mate choice for snails collected 198 



across multiple Swedish shores. At each location, snail position was mapped using 199 

a total station, a tool usually employed by building surveyors, making it possible 200 

to interpret variation in a truly fine-scale spatial context. Focusing on 201 

Ängklåvebukten, Roger showed that clines vary even within the same type of 202 

microhabitat, meaning that where the transition between ecotypes occurs 203 

depends on the trait you examine – a good reason to steer clear of dichotomies 204 

when examining ecotypic differences.  205 

 206 

One of the advantages of collecting such a wealth of data during this clinal 207 

sampling project is that there are so many different phenotypes available to study. 208 

A particularly striking example was a study on clinal variation in dislodgement 209 

resistance by Guénolé Le Pennec (University of Oldenburg, Germany). At the 210 

extremes of the cline, the wave and boulder habitats are clearly very divergent in 211 

terms of wave exposure, so an expectation is that wave-ecotype snails, exposed to 212 

near constant wave action, might be adapted in some way to prevent or avoid 213 

dislodgement.  This is a tricky phenotype to study but using water-flume 214 

experiments and particle image velocimetry (a means of visualising and 215 

quantifying water flow), Guénolé was able to score the performance of snails 216 

collected from along a shore-based transect. His results quite clearly show a 217 

marked positive transition in resistance to flow from a boulder to a cliff 218 

environment (Le Pennec et al. 2017). Identifying the traits that underlie improved 219 

resistance to high flow speeds is less straighforward – nonetheless foot size, shape 220 

and aperture area seem to correlate with the ability to resist dislodgement. 221 

Finally, resistance does appear heritable – Guénolé neatly confirmed this using a 222 

common garden experiment.  223 

 224 

Phenotypes are not the only thing varying clinally along the seashore. Anja 225 

Westram (University of Sheffield, UK) gave an introduction to how genomic clines 226 

are distributed at Ängklåvebukten and was the first of a trio of talks outlining 227 

different aspects of a very thorough study on divergent selection on Swedish 228 

snails. Anja and her colleagues used target-capture sequencing to identify 140,000 229 

SNPs from 380 individuals and avoiding a classical outlier approach between 230 

spatially separated ecotypes, focused on genetic clines across the hybrid zone. 231 



Under classical cline theory, sharp spatial changes in allele frequencies across 232 

habitat transition zones due to divergent selection produce steep genetic clines, 233 

providing a means to identify loci under selection. In contrast, neutral loci are 234 

expected to show shallow, gentle slopes. Anja and colleagues fitted clines to 235 

thousands of loci, identifying those potentially under divergent selection between 236 

the crab and wave L. saxatilis ecotypes. Making use of the latest draft of the 237 

reference genome, Anja showed that these selected loci are not randomly 238 

distributed, but instead largely cluster within tight regions on four separate 239 

linkage groups – suggesting the tantalising possibility that rearrangements play a 240 

large role in parallel speciation in L. saxatilis. 241 

 242 

Cline theory and its application to hybrid zones is not new (Barton 1983; Barton 243 

& Hewitt 1989; Gompert & Buerkle 2011), but it is a surprisingly underused tool 244 

in the era population genomics. For conventional outlier scans, a null distribution 245 

of differentiation is essential for identifying loci that might be under selection. 246 

With huge numbers of genomic loci, the empirical distribution is often used but 247 

this can be unreliable due to stochasticity and certain demographic scenarios such 248 

as bottlenecks (Lotterhos & Whitlock 2014; Ravinet et al. 2017). An alternative is 249 

to use coalescent simulations of neutral loci to derive an expected distribution of 250 

differentiation (Beaumont & Nichols 1996). However, such a strategy is relatively 251 

unexplored for clinal studies, perhaps explaining why this approach is less 252 

popular than conventional outlier analysis. To redress this balance, Marina 253 

Rafajlović (University of Gothenburg, Sweden) derived a null expectation for clinal 254 

allele frequency differences. Using a simulations based on empirical measures of 255 

L. saxatilis densities, dispersal distance and population sizes, Marina has been able 256 

to build a sophisticated model that uses a chain of in silico snail demes to simulate 257 

neutral variation along the shore. Her theoretical work has been fundamental to 258 

identifying the signatures of selection from the empirical target-capture dataset 259 

and underlines the strength of this collaborative project, bringing together 260 

empiricists, theoreticians and solid knowledge of the organism at hand.  261 

 262 

Recombination is antagonistic to selection when two or more loci are involved in 263 

speciation, as it acts to break apart advantageous allelic combinations 264 



(Felsenstein, 1981). Genomic rearrangements such as inversions can suppress 265 

recombination in heterokarotypes, essentially shielding sets of adaptive alleles 266 

(Kirkpatrick 2006). A considerable body of population and comparative genomic 267 

work has indicated that inversions play a role in speciation, particularly where 268 

gene flow is concerned (Noor et al. 2001; Guerrero et al. 2011). Structural 269 

variation may therefore play a role in the remarkable repeated evolution of L. 270 

saxatilis ecotypic divergence across Europe. Rui Faria (University of Sheffield)  has 271 

been working on testing whether recombination suppression might occur in 272 

putative inversion areas. He showed that loci falling within the four regions 273 

enriched with non-neutral SNPs show high levels of linkage disequilibrium. 274 

However, this alone is not sufficient to conclude inversions are at play in this 275 

system. Rui is now working on combining long-read Pac Bio sequencing data 276 

spanning putative inversion regions and linkage mapping in order to test this 277 

hypothesis more clearly. 278 

 279 

Sexual selection and mate choice 280 

Mate choice plays an important role in speciation and reproductive isolation. 281 

Evolution of differences in mate preference, or the traits on which such 282 

preferences are based, can potentially result in the rapid evolution of strong 283 

reproductive isolation. This may also arise as a side effect of ecological divergence: 284 

for example, differences in body size and shape between limnetic and benthic 285 

stickleback ecotypes result in assortative mating, at least under experimental 286 

conditions (Rundle et al. 2000). Littorinids typically occur in high densities and 287 

are (usually) easy to sample. This makes them well suited for studies of their 288 

behavioural and reproductive ecology. A typical assay for mate choice in high-289 

density populations is to identify mating pairs along the shoreline and to test for 290 

a correlation between traits that might play a role in mate choice – i.e. shell 291 

colouration or size (Erlandsson & Johannesson 1994; Hollander et al. 2005; 292 

Johannesson et al. 2016). However, there is a need to exercise caution when 293 

studying mating behaviour in this way – the scale at which researchers sample is 294 

typically larger than the scale at which the mate choice of an individual snail plays 295 

out (Rolán-Alvarez et al. 2015). Emilio Rolán-Alvarez (University of Vigo, Spain) 296 

presented a comparative study on L. saxatilis and L. fabalis in Spain (Rolán-Alvarez 297 



et al. 2015) and Echinolittorina spp in Hong Kong (Ng et al. 2016). He showed that 298 

apparent choosiness – i.e. the strength of the correlation between members of 299 

mate pairs for traits such as body size – actually increases with the size of the area 300 

studied. However, actual choice is much more likely to play out on a smaller spatial 301 

scale and by pooling samples from across large areas where traits are non-302 

randomly distributed, perhaps due to habitat-phenotype associations, it is 303 

possible to infer the direction of mate choice incorrectly (Rolán-Alvarez et al. 304 

2015). Combining previous simulation data with actual field studies on Littorinids 305 

in different regions, Emilio neatly demonstrated how the population ecology of 306 

these marine snails is an asset for fine-tuning methodological approaches.   307 

Morphological parallelism is common in L. saxatilis ecotypes in Europe (Butlin et 308 

al., 2013). An obvious question is whether this is true of behavioural phenotypes 309 

too, and particularly those involved in mate choice. For crab and wave ecotypes in 310 

Sweden, the parallel disparity in body size could generate parallel mate choice 311 

behaviours. Creative use of transparent plastic Christmas tree baubles (more 312 

technically, snail mating arenas) allowed Samuel Perini and colleagues (University 313 

of Gothenburg, Sweden) to perform several thousand mate choice experiments on 314 

snails collected along clines from different islands in the Koster archipelago. 315 

Indeed, this revealed that there are both parallel and non-parallel components to 316 

mate choice behaviour. Mating appears to have a consistent male-female size 317 

ratio, with the optimum when the female is 50% larger than the male. However 318 

the effect of ecotype on mate choice differed among islands – suggesting some 319 

snails are choosier than others, whereas some are happy to mate regardless of the 320 

ecotype of the partner presented to them. A recent experimental cross in limnetic-321 

benthic sticklebacks has shown that QTL underlying mate choice and body 322 

morphology overlap with a QTL that determines ecological niche, providing 323 

support for coupling (either by linkage or pleiotropy) of assortative mating and 324 

ecological divergence (Bay et al. 2017). Littorinids are amenable to experimental 325 

rearing and could easily be investigated with a similar approach, perhaps also 326 

incorporating aaptive traits such as thermal tolerance (see below).   327 

Phenotypic polymorphsim in Littorinids is not just limited to L. saxatilis; Daniel 328 

Estévez (University of Vigo, Spain) gave a talk on L. fabalis, a snail species that 329 



occurs on brown algae along European shores and shows a clear polymorphism 330 

for shell colour with striking brown and yellow individuals (Rolán-Alvarez et al. 331 

2012). How this polymorphism is maintained is unclear; a previous study 332 

suggested it might be maintained by negative assortative mating, with males 333 

choosing females of different colours (Rolán-Alvarez et al. 2012). Longitudinal 334 

data offers an opportunity to test the predictability of evolution, which is 335 

dependent on many factors, including the nature of selection, environmental 336 

variation and genomic interaction (Nosil et al. 2018). In Spain, there is inter-337 

annual variation in the frequency of L. fabalis colour morphs; however, this 338 

appears best explained by drift rather than selection. It is likely that the 339 

polymorphism is maintained to some extent by its role in mate choice, but that 340 

drift also contributes to the frequency of the different morphs in the wild. 341 

Predictability is low for colour morph frequency in Timema stick insects too, 342 

suggesting that multiple, poorly understood selective forces may be at work on a 343 

simple looking trait (Nosil et al. 2018). 344 

 Adaptation to a changing environment 345 

Crucially, Littorinids are not only of interest to speciation biologists. Research on 346 

thermal adaptation and resilience to environmental change has focused heavily 347 

on rocky intertidal species because they occur close to the limits of their thermal 348 

tolerance (Helmuth et al. 2002) and are regularly exposed to desiccation by tidal 349 

action (Monaco et al. 2017). Given their widespread distribution, Littorinids have 350 

also been established as a model system for studying environmental stress, with 351 

particular focus on species in tropical regions, where adapting to extreme 352 

temperatures is a necessity for survival (Ng et al. 2017). A good contingent of 353 

researchers working on these questions was also present at the ISOLBE meeting.  354 

 355 

Arina Maltseva, (University of St Petersburg, Russia) introduced the idea that 356 

Littorina species offer promise as a proxy for measuring impacts of pollution. 357 

Using a study of polluted and unpolluted sites in Kola Bay and on the Barents Sea 358 

coastline, she demonstrated that intertidal species diversity decreased in highly 359 

polluted areas. L. saxatilis however proved to be hardy, occurring at all sites 360 

regardless of pollution levels. Despite no obvious impact on the presence or 361 



absence of the species, higher pollution did appear to impact fecundity, with a 362 

higher number of egg abnormalities in these populations. Furthermore, using 363 

metabolomics, Arina and her colleagues demonstrated physiological differences 364 

between these L. saxatilis populations, suggesting evidence of a stress response in 365 

polluted areas. 366 

 367 

Understanding how species respond to thermal gradients is fundamental for 368 

understanding how species are likely to respond to climate change. Gray Williams 369 

(University of Hong Kong) provided a clear introduction to this topic, outlining the 370 

accepted wisdom that high-shore species are under the greatest thermal stress. 371 

For Echinolittorina species, thermal tolerances peak at surface temperatures of 372 

around 50C in the laboratory (Dong et al. 2018), but real temperatures on the 373 

shore often greatly exceed this – surfaces reach up to 62C in the height of summer 374 

on Hong Kong rocky shores, for example. To cope with this extreme threat to 375 

survival, Echinolittorina (and other intertidal species) often use behavioural 376 

adaptations to exploit high-temperature refuges (Ng et al. 2017). For example, 377 

both E. malaccana and E. radiata snails use standing and towering behaviour in 378 

order to lift themselves off the warm rock and reduce their body temperature (Fig 379 

1B; Seuront & Ng 2016).  380 

 381 

Towering is just one of several behavioural adaptations that Echinolittorina spp. 382 

exhibit in the wild. Sarah Lok Yee Lau (University of Hong Kong) showed her work 383 

on Echinolittorina coping with shifts between temperature extremes due to tidal 384 

action. Using thermal imaging, she tracked snails on the rocky shore, showing that 385 

they typically track the height of the tide and are much more active during the 386 

awash phase of the tidal cycle. When not towering, Echinolittorina snails also 387 

aggregate in crevices in order to escape the worst of the heat. However, during 388 

periods of lower temperatures, snails are less active, suggesting the possibility of 389 

a mismatch between higher temperatures for optimal performance and exposure 390 

to a wide temperature range. 391 

 392 

Mismatches between thermal tolerance curves and behaviour laid the theme for a 393 

closely-related talk by Christopher McQuaid (Rhodes University, South Africa).  394 



While thermal tolerance curves form the basis for much of our understanding of 395 

response to environmental stress, it is important not to forget that different traits 396 

will often have different optimal temperatures. This is clearly demonstrated in 397 

intertidal tropical snails such as Echinolittorina that experience high temperatures 398 

and desiccation due to exposure. Desiccation will limit behaviour due to water loss 399 

before thermal tolerance limits are reached – meaning that the optimal 400 

temperature ranges for behaviours such as foraging will differ from physiological 401 

responses important for survival (Monaco et al. 2017). Extreme stress may 402 

therefore lead to a decoupling of tolerance curves as an adaptation and should be 403 

taken into account when considering how animals will evolve in the face of climate 404 

change (Ng et al. 2017); there is clearly a need to study multiple traits and 405 

stressors rather than a single one. This represents an opportunity to study 406 

thermal adaptation in the context of speciation, as mismatch between tolerance 407 

and ecology or morphology in hybrids will act as a barrier to gene flow 408 

(Vinšálková & Gvoždik 2007). There are also clear parallels with studying 409 

divergence between ecotypes – simplified, dichotomous approaches have been 410 

informative but do not necessarily reflect reality.  411 

 412 

Striving for a reference genome 413 

An accessible, useable and accurate reference genome is the cornerstone for 414 

understanding the genomic basis of adaptation in a model species for evolution 415 

and ecology. Currently, no published reference genome for a Littorinid exists, but 416 

this is set to change very soon. The Swedish Centre for Marine Evolutionary 417 

Biology (www.cemeb.science.gu.se), led by Kerstin Johannesson and Anders 418 

Blomberg initiated work on eight reference genomes for marine species and L. 419 

saxatilis is one of these. Tomas Larsson & Marina Panova (University of 420 

Gothenburg, Sweden) reported their work on the current draft of the L. saxatilis 421 

reference genome. Although there is still some way to go, the reference is much 422 

improved from earlier efforts, when it became clear that short-read sequencing 423 

alone would be unable to produce an accurate draft of the large (~1.5Gb), 424 

heterozygous and highly repetitive genome. A combination of Pac-Bio long reads, 425 

several short-read mate-pair libraries and a comprehensive assembly effort has 426 



now led to a working draft sequence which is already being used to answer a wide 427 

array of ecological and evolutionary questions. 428 

 429 

Importantly, L. saxatilis is no longer the only Littorinid species to have its genome 430 

sequenced; Jie Wang (Xianmen University, China) presented a parallel project on 431 

Echinolittorina malaccana, a species heavily studied for thermal tolerance, 432 

behaviour and exposure to ecological stress. Tackled with Illumina paired-end 433 

sequencing, the 1.16 Gb E. malaccana genome assembly has been hindered by 434 

many of the problems that have made the L. saxatilis genome a much more difficult 435 

challenge than first thought. Nonetheless the improvement of one closely related 436 

genome may provide a means to improve the other in the near future – 437 

particularly with the input of people like Tomas Larsson and Marina Panova who 438 

are by now considerably experienced in traversing the pitfalls of repetitive 439 

regions and combining multiple sequencing technologies. 440 

 441 

On the theme of genome projects, the collaborative nature of Littorinid 442 

researchers was well demonstrated with an L. saxatilis genome workshop at the 443 

end of the meeting. This workshop essentially crowd-sourced gene annotation 444 

among researchers working on various aspects of Littorinid biology, allowing 445 

them to pick their favourite genes and verify gene models. An interesting solution 446 

to accurate gene annotation, such a crowdsourcing initiative, is a strategy other 447 

groups working on assembling good references may wish to take note of, 448 

particularly given the difficulty of deriving and deciding upon accurate gene 449 

models. 450 

 451 

The future for Littorinids 452 

Nearly 30 years have passed between the two ISOLBE meetings held at the Tjärnö 453 

Marine Research Laboratory – in 1988 and 2017, respectively – a time period 454 

greater than or close to the ages of many of the newer participants in the field. 455 

Such a history of work on these marine snails obviously invites some reflection on 456 

how far research has come since the late eighties and where it should seek to go 457 

in the coming future. Looking over the proceedings of the 1988 meeting, many of 458 

the themes discussed were still of interest in 2017, with talks on speciation, 459 



population genetics (mainly allozymes), thermal tolerance and assortative 460 

mating.  461 

 462 

Nearly 30 years previously, Ward (1990) argued “…it is probably overoptimistic 463 

to think that we will ever have a complete understanding of the biological 464 

significance of allozyme variation in littorinids...”; He would probably be happy to 465 

have been proven wrong. We now understand a great deal about the processes 466 

that underlie Littorinid evolution, speciation and adaptation that we did not 30 467 

years ago. There is good evidence that L. saxatilis ecotypes have evolved in the face 468 

of gene flow and in parallel (Butlin et al. 2013). We also know that the extent of 469 

parallelism in genomic divergence between ecotypes varies across spatial scales 470 

(Westram et al. 2014; Ravinet et al. 2015; Westram et al. 2016). This has happened 471 

on many shores, in several countries, resulting in a high level of replication that is 472 

matched by few other model species for speciation research. We also know that 473 

behavioural and physiological performance curves are decoupled in Littorinids 474 

(Monaco et al. 2017) and that behavioural adaptations in Echinolittorina spp. are 475 

crucial for survival in extreme thermal conditions (Seuront & Ng 2016; Ng et al. 476 

2017). Comparisons can be drawn to other model species where a wide-array of 477 

interesting questions in molecular ecology and evolution can be addressed. 478 

Sticklebacks, for example, have provided insight into processes underlying 479 

parallel adaptation and speciation, but they are also a useful model species for 480 

parasitology and ecotoxicology. The talks at ISOLBE made it clear that Littorinids 481 

will have a similarly broad range of uses.  482 

 483 

The breadth of research into Littorinid biology is impressive – but it also reveals 484 

some level of division between fields. Traditionally, the temperate Littorina genus 485 

has been the focus of evolutionary biologists, whereas tropical Echinolittorina is a 486 

model for those interested in environmental stress. This divide still exists, but 487 

with the coming of reference genomes for species from both genera, there is a 488 

good opportunity to breakdown this division and for the two groups to interact 489 

even more productively. Returning to the still elusive question of genes, it is plain 490 

that understanding the genetic architecture involved in adaptation is a common 491 

goal for both spheres of Littorinid research.  With many younger scientists leading 492 



the pursuit for such genes and bridging disciplines to learn new techniques, new 493 

systems and new concepts, there is promise for a greater integration in Littorinid 494 

research in the near future. After all, it takes a community to raise a model species 495 

and with 30 years building to this point, it is exciting to see what will come next. 496 

 497 
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 685 

Figures  686 

Figure 1: A) A dramatic wave strikes the boulder field and cliffs of 687 

Ängklåvebukten, Saltö, Sweden, a sampling site within walking distance of the 688 

ISOLBE meeting and the focus of much of the research in the talks (Photo credit: 689 

Kerstin Johannesson). B) Three Echinolittorina malaccana scramble above one 690 

another to form a tower, a remarkable behavioural adaptation to the temperature 691 

extremes experienced on exposed tropical rocky shores (Photo credit: Terence 692 

Ng). C) The many ecotypes of L. saxatilis, clockwise from top left – Swedish crab 693 

morph, Swedish wave morph, Spanish ridge-banded crab morph and a smooth, 694 

unbanded Spanish wave morph (Photo credit: Frederik Pleijel).  695 
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