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ABSTRACT

Upwelling is an oceanographic process that strongly influences coastal species and the
communities they belong to. In upwelling areas, colder, denser, nutrient-rich subsurface
waters are transported to the nearshore surface, replacing warmer superficial waters that
are advected offshore. Such effects influence the composition and dynamics of coastal
communities, for example by affecting species abundance, recruitment, dispersal and
distribution. Upwelling areas are key model regions to study the responses of coastal
species to climate change because they are characterized by cooler conditions and
experience lower warming rates than adjacent regions. In particular, intertidal rocky shore
species are ideal coastal sentinel organisms to study distributional changes driven by
climate warming because they inhabit the interface between marine and terrestrial
habitats and are exposed to extremely severe environmental conditions. In fact, sharp
distributional shifts have been reported for multiple intertidal species as a response to
ocean warming. Although some studies have investigated the role of upwelling in
influencing abundance and distribution of intertidal species, little is known about its
potential as refugia against climate warming and the degree to which upwelling shapes
species genetic structure is yet not fully understood.

The aim of this thesis is to understand the influence of the Canary Current upwelling
system on intertidal community composition, including species distribution and the genetic
structure of intertidal species under current climate change. To do this, | investigated
community structure of intertidal assemblages along the Atlantic shores of Morocco and
Western Sahara, performed large scale surveys on species distribution, evaluated
species abundance and frequency of parasitism and examined species genetic patterns. |
further coupled biological data with upwelling indices, sea surface temperatures (SST)
and the rate of SST warming.

| demonstrate that strong upwelling influences abundance and distribution of intertidal

rocky shore species and that upwelling cells can act as refugia from climate change by



ameliorating thermal conditions. Upwelling cells also conserve the genetic diversity of the
marine macroalga Fucus guiryi, promoting intraspecific genetic diversity by preserving
unique genetic lineages. However, no evidence was found that upwelling affects the
genetic structure for either F. guiryi or the brown mussel Perna perna. Instead, the genetic
patterns presented in this thesis seem to result from a combination of species’ life history
traits, population size and habitat suitability. My results also suggest that upwelling
intensity affects the frequency of endolithic parasitism on the Mediterranean mussel
Mytilus galloprovincialis.

In times of climate change, upwelling events provide suitable environmental conditions for
species to counter act climatic change. As upwelling is project to intensify in the future, its

influence on benthic intertidal species might be greater than previously anticipated.
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1.1 INTRODUCTION

Biogeographical patterns and distributional shifts of species

Biogeography describes ‘the distribution of life across space, and how, through time, it
has changed’ (Whittaker et al., 2005, p4). Species biogeographical patterns are not only
the result of species-specific life history traits that influence the ability of an organism to
reach and occupy a certain area, they are determined to a large extent by the surrounding
environment (Fenberg et al., 2015). Species distribution and abundance are influenced by
abiotic factors such as light (Cole & Weltzin, 2005; Frade et al., 2008; Manuel et al.,
2013), temperature (Belanger et al., 2012; Lourenco et al., 2016), salinity (Joshi & Ghose,
2003; Josefson, 2016), soil and substratum (Tateno & Takeda, 2003; Steven et al., 2013)
and nutrients (Burt et al., 2011; Condit et al., 2013). For example, low light availability
prevents the establishment of photoautotrophic species in deciduous forests (Cole &
Weltzin, 2005). Temperature also determines species range limits as demonstrated, for
example, for mammals (Taulman & Robbins, 2014), reptiles (Medina et al., 2011), insects
(Heino, 2001), fish (Perry et al., 2005), bivalves (Morley et al., 2010), trees (Kollas et al.,
2014) and algae (Nicastro et al., 2013; Riera et al., 2015).

Biogeographical patterns commonly follow latitudinal gradients (Tuya et al, 2012,
Fenberg et al., 2015; Hughes et al., 2016) and consequently, changes in community
composition and species distribution have been described as a response to the large
scale variation of environmental variables (Fenberg et al., 2015; Klanderud ef al., 2015). A
well studied example that has long fascinated ecologists is the increasing number of
species towards the tropics (Hillebrand, 2004; Jablonski ef al., 2006 but see Marshall &
Baltzer, 2015). Distinct hypotheses mostly linked either to evolutionary (e.g. different rates
of speciation and extinction of species in the tropics and in temperate regions, see
Hillebrand, 2004; Jablonski et al., 2006) or ecological processes (e.g. the influence of
habitat heterogeneity, reviewed in Schemske & Mittelbach, 2017) have been identified as
the presumed drivers of this taxonomic pattern, but still no consensus exists on the
factors that cause this biodiversity gradient (Schluter & Pennell, 2017). Nonetheless,
changes in environmental conditions are strongly correlated to this equatorward gradient
in biodiversity (Francis & Currie, 2003; Mannion ef al., 2014; Belmaker & Jetz, 2015).
There is ample evidence, based on historical and present species distribution and
environmental data, that species are currently shifting their ranges in response to climate
warming due to changes in environmental conditions (e.g. trees, Berger et al., 2007;

corals, Yamano et al., 2011; birds, Coristine & Kerr, 2015). Under a changing
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environment, species are exposed to novel conditions that either challenge their
physiological thresholds, which can ultimately cause range contractions and population
extinctions (e.g. Parmesan, 2008; Jones et al., 2010; Coristine & Kerr, 2015) or promote
range expansions and increased abundance (e.g. Lourenco et al., 2012; Kooij et al.,
2016). Distributional shifts occur generally in three distinct dimensions: 1) over a
latitudinal range, as species move polewards or towards the equator (Perry ef al., 2005;
Parmesan, 2006; Nye ef al., 2009), 2) over an elevation gradient, as species move
upslope or downslope in mountains (Parmesan & Yohe, 2003; Parmesan, 2006; Lenoir et
al., 2010) and, less frequently documented, 3) over a depth gradient, as species move to
deeper depths in the ocean or towards shallower areas (Perry et al., 2005; Mueter &
Litzow, 2008; Nye et al., 2009).

Under a warming climate scenario, assuming resources, suitable habitat and dispersal
capacity allow (Walther et al., 2002; Parmesan, 2006), species may experience
distributional shifts, most often towards the poles or higher latitudes, as they try to track
the shifting climate (Walther et al.,, 2002; Parmesan, 2006). This is illustrated by range
expansions at the cold leading (higher latitude) edge and range contractions at the warm
rear (lower latitude) edge (Cahill ef al., 2012; Coristine & Kerr, 2015). Terrestrial taxa are
moving polewards approximately three times faster than previously reported (average of
16.9 km/decade in Chen et al., 2011 instead of 6.1 km/decade in Parmesan & Yohe,
2003). Additionally, the largest poleward advances are associated with the highest levels
of warming (Chen et al., 2011). Marine taxa exhibit even greater poleward distributional
shifts than terrestrial taxa, with species moving polewards on average by 72 km per
decade (Poloczanska et al., 2013; see also Sorte et al., 2010). Poleward distributional
shifts have been reported in taxa as variable as fish (Perry et al., 2005), invertebrates
(Hiddink et al., 2015), algae (Lima et al., 2007a) and birds (Coristine & Kerr, 2015) among
others. In mountain ecosystems, as lower elevations warm, some species respond to
temperature increases by shifting their distribution in altitude moving upslope as
demonstrated for plants (Bergamini et al., 2009; Jump et al, 2012) and for birds
(Freeman & Class Freeman, 2014). Conversely, in the marine realm, species may shift in
depth, for example by moving deeper to track colder environmental conditions (e.g. fish,
Perry et al., 2005; Dulvy et al., 2008; invertebrates, Hiddink et al., 2015, but see also
Mueter & Litzow, 2008; Nye et al., 2009).

Overall, climate change-driven distributional shifts may cause novel overlaps in species
distributions leading to the coexistence (at least temporarily) of ecologically similar
species (Johnson ef al.,, 2011). For example, the volcano barnacle Tetraclita rubescens

expanded >300 km northwards along the coast of California, overlapping its distribution
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on the mid intertidal zone with the native barnacles Balanus glandula and Semibalanus
cariosus (Sanford & Swezey, 2008). Identical, synchronized distributional shifts among
coexisting taxa may occur (Kleisner et al., 2016). A survey performed 210 years after
Alexander von Humboldt's expedition to the Chimborazo volcano in Ecuador revealed
striking changes in the distribution of vegetation zones and in the maximum elevation
limits of plants, consistent with increased temperatures and glacier retreat (Morueta-
Holme et al., 2015). However, species inhabiting the same area do not necessarily show
the same response to warming climate (e.g. Rubal et al., 2013). Contrasting distributional
shifts that vary in magnitude and direction, have been described from taxa that share the
same habitat, both terrestrial (Lenoir et al., 2010; Chen ef al., 2011) and marine (Lima et
al., 2007a; Pifeiro-Corbeira et al., 2016; Poloczanska et al., 2016). For example, Lima et
al. (2007a) showed that 22 out of 39 algal species showed displacement in their range
limits along the Portuguese coastline, but the shift was not uniform among taxa. All eight
warmwater species shifted northwards while seven of the 14 coldwater species moved
north and seven moved south (Lima et al., 2007a). The authors suggested that, although
divergent distributional shifts could result from chance alone through stochastic population
fluctuations, differences in metabolism (e.g. growth rate and sexual maturity), species
interactions (competition, predation) and species-specific physiological constraints (i.e.
resilience to adverse conditions) better explained the contradictory distributional patterns.

In addition to tracking a warming climate, species can counter climate change by
expressing (heritable) evolutionary adaptations or phenotypic plasticity, allowing them to
survive under altered environmental conditions (McCarty, 2001; Visser, 2008; Hoffmann &
Sgrd, 2011). This includes, for example, changes in flowering, spawning and breeding
dates, growing season, timing of reproduction and the timing of the initiation of larval
dormancy (McCarty, 2001; Bradshaw & Holzapfel, 2006). Failure to track or to adapt to a
new climate envelope poses serious risks to species persistence (McCarty, 2001,
Nicastro et al, 2013; Lourenco ef al.,, 2016). Although clear proof is still needed to
establish that warming alone is the main driving force of current global species extinctions
(McCarty, 2001; Cahill et al., 2012), organisms are increasingly being exposed to
extremely stressful thermal conditions (Helmuth et al., 2016), which may exceed their
thermal tolerance limits, leading to sublethal and lethal responses (e.g. Chan et al., 2006;
Archambault et al., 2014; Macho et al., 2016). When exposed to temperatures beyond
their tolerance thresholds, species frequently experience lower reproductive performance
(Zizzari & Ellers, 2011), reduced growth (Pértner & Knust, 2007), higher metabolic
demand (Williams et al., 2005) and lower abundances (Pértner & Knust, 2007), ultimately

resulting in events of mass mortality (Harley, 2008; Jones et al., 2010; Smale et al., 2017).
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Evidence of mass mortality culminating in local population extinction in response to
increased temperatures is mounting, particularly in the marine realm (Harley, 2011,
Nicastro et al., 2013; Lourencgo et al., 2016; Smale et al., 2017 but see also Franco et al.,
2006). For example, along the western Atlantic, populations of the marine mussel Mytilus
edulis at the southern edge of its distribution experienced catastrophic mortalities
associated with high summer temperatures (Jones et al., 2010). In the South China Sea,
the increases of 6 °C above normal summertime temperatures led to a mass mortality of
40% of the resident coral communities (DeCarlo et al., 2017). Dramatically, a marine heat
wave caused the loss of ~2500 km? of kelp forests along the Great Southern Reef in
Australia, driving a shift towards a regime of algae turfs (Wernberg et al., 2016).
Furthermore, species distributions are expected to continue to change worldwide
(Erasmus et al., 2002; Peterson et al., 2002; Morin et al., 2008; Cheung et al., 2009;
Raybaud et al., 2013; Jueterbock et al., 2013) as ‘continued emission of greenhouse
gases will cause further warming and long-lasting changes in all components of the
climate system’ (IPCC, 2014, p56).

Often, populations exhibit distinctive adaptive traits, genetic backgrounds and diverse
resistance to environmental stresses along the species range (Pearson et al., 2009,
Diekmann & Serréo, 2012; Zardi ef al., 2015a). For instance, along the south and eastern
shores of South Africa two distinct genetic lineages of the brown mussel Perna perna
exist, partly overlapping in their distributions (Zardi et al., 2007, 2015a). In addition to
distinct genetic backgrounds, recent studies showed that the two lineages differ in their
physiological tolerances of sand inundation and high temperatures, in gaping behaviour
(periodic closure and opening of the shell) and attachment to the substratum (Zardi et al.,
2011a, 2015a; Tagliarolo & McQuaid, 2015). Populations of the sea snail, Nucella
canaliculata, displayed distinctly different heat tolerances along their distributional range
across eastern Pacific shores (Kuo & Sanford, 2009). Specifically, central populations of
N. canaliculata in California are less heat tolerant than conspecific high-latitude
populations in Oregon, which could be explained by genetic-based differences (Kuo &
Sanford, 2009). The extinction of local populations containing genetic characteristics and
potentially unique adaptive value greatly hampers the long-term preservation of a species’
phylogenetic history, genetic diversity and evolutionary potential (Hampe & Petit, 2005;
Nicastro et al., 2013; Lourenco et al., 2016).
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Historical and contemporary refugia from climate change

The concept of refugia was originally used to refer to locations where species might have
survived the last glaciation with reduced numbers and distribution (Bennett & Provan,
2008; Ashcroft, 2010). Not only did these refugial areas offer a buffer against changing
climate conditions, they were crucial for species maintenance by serving as sources of
recolonization after the cold harsh climate (Hewitt, 2004; Provan & Bennett, 2008). During
the Last Glacial Maximum (LGM; 23 000-18 000 years ago), extensive higher latitude
areas of Europe and North America were covered by ice sheets and permafrost and the
sea level dropped by between 120 and 135 m (Clark & Mix, 2002). As a result, several
temperate species suffered a major impact in their geographical distribution and retreated
to lower latitude regions where they persisted under less extreme climatic conditions
(Gavin et al., 2014). In North America, multiple regions such as Beringia, the Driftless
Area, northeastern British Columbia or even the Appalachian Mountains (Loehr ef al.,
2006; Soltis et al., 2006; reviewed in Beatty & Provan, 2010), which harboured a great
variety of species including plants (Beatty & Provan, 2010), mammals (Loehr et al., 2006),
fish (Aldenhoven et al., 2010) and reptiles (Soltis et al., 2006) have been proposed as
putative glacial refugia. In parallel, the Iberian Peninsula, the ltalian Peninsula and the
Balkans were the major glacial refugia in Europe (Provan & Bennett, 2008). These
Mediterranean regions presumably supported a variety of taxa such as mammals (Meiri et
al., 2013; Vilaga et al., 2014), crustaceans (Reniers et al., 2013) and marine gastropods
(Albaina et al., 2012), to name a few. Surprisingly, recent studies revealed refugial areas
in the northern Mediterranean (e.g. Schmitt & Varga, 2012; Homburg et al., 2013),
suggesting that more refugial regions may yet remain to be identified.

Currently, the term refugia has been expanded to include areas that are buffered not from
cold glacial conditions, but from interglacial high temperatures (Stewart et al., 2010). In
particular, climate refugia are presently seen as ‘areas relatively buffered from
contemporary climate change over time’ (Morelli et al., 2016, p2) that, by providing
suitable environmental conditions, enable species persistence in regions threatened by
climate change (Keppel et al., 2012; Morelli et al., 2016), acting as safe havens against
rising temperatures, promoting species survival and allowing long-term maintenance of
global or regional biological and genetic diversity (Riegl & Piller, 2003; Hu & Guillemin,
2016; Lima et al., 2016; Lourencgo et al., 2016; Morelli ef al., 2016). For example, on a
larger scale, talus and mountainous rocky ecosystems of western North America facilitate
the persistent of American pikas, Ochotona princeps, by offering high diversity wetlands

and chilled vegetative areas, which are cooler than the surroundings, and also more
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persistent springs (Morelli ef al., 2016). On a smaller scale, site-specific topographical
complexity, illustrated by the presence of multiple shaded microhabitats, provide thermal
refugia to the limpet species Patella vulgata, by reducing exposure to high temperatures
and consequently leading to lower physiological stress (Lima ef al., 2016). In both cases,
the cool refugial effect provided by macro or microhabitats strongly influences species
density and population size (Lima et al., 2016; Morelli et al., 2016), ultimately potentially
dictating species distribution at a geographical scale or species persistence, respectively.
Refugial populations are confronted with reductions in the extension of suitable habitats,
partial or total isolation and novel ecological boundaries that can decrease migration rates
and genetic connectivity among remaining populations, reducing genetic variability and
increasing extinction risk (Mock & Miller, 2005; Provan & Bennett, 2008; Lourengo et al.,
2016). For example, a refugial population of the plant Rhododendron ponticum baeticum
in southern Spain is restricted to the coolest and wettest conditions of Sierra del Aljibe,
and shows signs of decline (Mejias et al., 2007). In addition, refugial population often
present unique genetic information and account for a large part of the species’ total gene
pool. While typically inhabiting rock pools throughout the entire distributional range,
refugial populations of the macroalga Bifurcaria bifurcata along northern Africa are highly
isolated and fragmented, but they are nonetheless considered important hotspots of
genetic diversity due to the unique gene pool associated with the southern distributional
range (Neiva et al., 2015).

Refugia can be identified based on multiple lines of evidence such as pollen/fossil
records, historical and current species distributions, genetic diversity signatures, climatic
conditions, availability of resources, disturbance and species distribution models (Keppel
et al., 2012; Gavin et al., 2014). By coupling distributional shifts with data on the genetic
diversity and genetic structure of the brown alga Fucus guiryi, Lourengo et al. (2016) were
able to detect important coastal refugial areas for this species along northern African
shores. A combination of paleoecological data (pollen and macrofossils) and genetic data
(nuclear and chloroplast markers) was used to infer the extent of refugia for the European
beech Fagus sylvatica (Magri et al., 2006). The results were supported by species
distribution models (Gavin et al., 2014).

Delineating the extent and limits of a refugium is manageable when the habitat is
associated with sharp topographic features (e.g. mountains; Migliore et al., 2013), but in
the marine realm, and in the absence of physical barriers, setting fixed limits is a
considerable challenge. Moreover, identifying marine refugia based on fossils records has
proven extremely difficult because species such as algae or invertebrates leave little or no

fossil record and sea level fluctuation can destroy or obscure fossils (Provan & Bennett,
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2008). Although in recent years the potential of marine habitats to act as refugia from
climate change has received increasing attention (Chollett & Mumby, 2013; van Hooidonk
et al., 2013; Cacciapaglia & van Woesik, 2015; Lourengo et al., 2016), the field remains
largely unexplored and deserves deeper investigation. Furthermore, because warming is
likely to interact with other variables (e.g. habitat loss, Travis, 2003; ocean acidification,
Poloczanska et al., 2016; species interactions, Traill et al., 2010; fishing pressure,
Poloczanska et al., 2016), detecting refugial areas is of paramount importance as
forthcoming species distributional shifts might be more complex than previously
anticipated. Thus, there is an urgent need to identify potential cold refugial areas where
species are able to persist under a scenario of climate warming. Riegl & Piller (2003) were
the first to propose that such cold refugia could potentially exist in regions affected by

upwelling events (see also Graham et al., 2007).

The diverse functional roles of upwelling

During an upwelling event, colder, denser, nutrient-rich subsurface waters are transported
to the nearshore surface, replacing warmer superficial waters that are advected offshore
by equatorward winds or topographic steering (Narayan et al., 2010; Wang et al., 2015).
The enhanced load of nutrients brought to the euphotic zone drives phytoplankton
dynamics and determines the cycles of species dominance and phases of succession
(Hutchings et al., 1995), leading to high primary production that is responsible for
sustaining highly productive fisheries worldwide (Sakko, 1998; Bakun & Weeks, 2008;
Kifani et al., 2008; Stock et al., 2017). A number of additional important roles have been
attributed to upwelling phenomena, at both the species and the community levels.
Specifically, upwelling is an oceanographic process that affects species distributions
(Sancinetti et al., 2014), recruitment (Reum et al., 2011), dispersal (Lett et al., 2007),
transport and settlement (Barshis ef al., 2011). Upwelling can also influence species
growth rates (Wieters, 2005; Xavier et al., 2007), structure species biogeographic patterns
(Fenberg et al., 2015) and be responsible for promoting speciation (Henriques et al.,
2016). At a higher level, upwelling controls coastal community dynamics by influencing
species richness, biomass and composition (Lanari & Coutinho, 2014) and has a key role
in determining the functional structure of coastal communities (Bosman et al., 1987).
However, the degree to which upwelling shapes species genetic structure is not fully
understood; experimental evidence has revealed important limitations and inconsistencies
leading to divergent hypotheses (e.g. Waters & Roy, 2004; Silva et al., 2009; Barshis et

al., 2011). Upwelling intensity may simultaneously explain strong and weak genetic
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structure of coastal species. For example, the strong upwelling cell off Cape Ghir has
been identified as a major factor driving genetic breaks in marine species along the
Moroccan coast, as this phenomenon presumably isolates distinct populations, hindering
genetic exchange among them (e.g. Chlaida et al., 2009; Neiva et al., 2015). In clear
contrast is the upwelling along the Oregon (USA) coast. In this region, strong upwelling
conditions presumably lead to lack of genetic structure of a marine invertebrate species,
by increasing larval offshore transport and promoting disruption and admixture among
distinct genetic groups prior to larval settlement (Barshis et al., 2011). As discrepancies
also arise because comparisons are often made within species or within restricted regions
or because seasonal fluctuations of upwelling intensity are not considered, recent studies
are currently encompassing larger areas (Reid et al., 2016), using multiple taxa (Kelly &
Palumbi, 2010) and considering distinct upwelling seasons (Barshis ef al., 2011). By
combining previously published and original mitochondrial DNA data, Kelly & Palumbi
(2010) analysed the genetic structure of 50 coastal species across the Pacific coast of
North America, revealing that the upwelling centre of Cape Mendocino coincides with
genetic shifts for species with a variety of dispersal capacities.

Upwelling events are temporally and spatially heterogeneous and are broadly distributed,;
however, the major upwelling systems are located at the eastern boundaries of both
Atlantic and Pacific Oceans, spanning a wide range of latitudes. The Benguela Current
system is located off southwestern Africa (~16-35° S; Narayan et al., 2010; Garcia-Reyes
et al., 2015), the Humboldt Current system along western South America (~10-40° S;
Bakun & Weeks, 2008; Narayan ef al., 2010; Garcia-Reyes et al., 2015), the California
Current system off western North America (~24-48° N; Narayan et al., 2010; Garcia-
Reyes et al., 2015) and the Canary Current system off northwestern Africa and the Iberian
Peninsula (~12—43° N; Aristegui ef al., 2009; Narayan et al., 2010; Garcia-Reyes et al.,
2015). Generally, at higher latitudes coastal upwelling is highly seasonal, starting in spring
and extending through summer and early autumn; the opposite downwelling effect occurs
primarily during winter (Wang ef al., 2015). Towards lower tropical-subtropical latitudes,
upwelling is characterized by a marked lack of seasonality, becoming a year-round
phenomenon (Wang ef al., 2015). For example, Varela et al. (2015) detected upwelling-
favourable wind conditions throughout the year along the southern regions of the
Benguela and the Canary systems, with the highest values occurring during the spring
and summer seasons, which was consistent with previous studies (McGregor et al., 2007;
Narayan et al., 2010; Patti et al., 2010; Cropper et al., 2014). Despite general
concordance among different authors, contradictory understandings may arise between

studies if the timing, scale, latitude and methodology applied are different (e.g. Varela et
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al., 2015 compared to Gébmez-Gesteira ef al., 2008 and Pardo et al., 2011). While the
timing, duration, intensity and spatial heterogeneity of upwelling might be system-specific
(Wang et al., 2015), the vigour of coastal upwelling is globally increasing and is expected
to further increase worldwide as a result of increased levels of atmospheric CO, and
global warming (Narayan et al., 2010; Varela et al., 2015; Wang et al., 2015). By the end
of the 21t century, at higher latitudes of the Benguela, Canary and Humboldt systems,
upwelling is expected to start earlier, end later and become more intense, potentially
influencing the geographical distribution of various marine species (Wang et al., 2015).

Although few studies have suggested a putative buffering effect of upwelling areas
against climate change (e.g. Riegl & Piller, 2003; Cacciapaglia & van Woesik, 2015),
upwelling definitely has a key role in facilitating the persistence of coastal temperate
species in the context of global warming (Lourencgo et al., 2016). Hu & Guillemin (2016)
recognized the refugial effect of upwelling areas in shaping historical and current species
distribution previously suggested by Assis et al. (2016, for the kelp species Saccorhiza
polyschides) and Lourengo et al. (2016; for the brown alga F. guiryi). Hu & Guillemin
(2016) additionally highlighted the need for sequential field and genetic studies along
coastal upwelling systems worldwide to understand if the buffering effect provided by
coastal upwelling is species-specific or can be generalized to other taxa also facing the

imminent threat of a warming climate.

The Canary Current system

The Canary Current system (CCS) is the only major upwelling system that encompasses
two continents; stretching from cold temperate northern Iberia (~43° N) in Europe to warm
tropical Senegal (~12° N; Aristegui et al., 2009) in Africa. The CCS has been the focus of
several studies exploring the oceanographic, hydrological and climatological features of
the system, based on sea surface temperatures (SST), wind or upwelling indices,
covering either its entire extent (Santos ef al., 2005; Aristegui et al., 2009; Barton et al.,
2013; Benazzouz et al., 2014) or limited regions within the system (Barton et al., 1998;
Knoll et al., 2002; Pelegri et al., 2005; McGregor et al., 2007; Cropper et al., 2014; Sousa
et al., 2017a, 2017b). This upwelling system is characterized by great spatial and
temporal variability along its range, coupled to large scale variation in wind patterns,
resulting in site-specific responses to upwelling phenomena even when locations are
subject to similar upwelling conditions (Aristegui ef al., 2009; Marcello et al., 2011).

Five different sub-regions have been defined within the CCS based on coastline

orientation, coastal freshwater input, characteristics of the dominant water mass,
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embayments and the seasonality and strength of upwelling (Aristegui et al., 2009; Fig.
1.1). The northernmost sub-region is the Galician sector (42—-43° N), located on the
northwestern Spanish coast, which is characterized by the presence of multiple flooded
river valleys, capes, a narrow shelf, input of freshwater and summer upwelling (Aristegui
et al., 2009), with upwelling maxima occurring between August and early September
(Benazzouz et al., 2014). The Portuguese sub-region (37—42° N) covers all the west coast
of that country and, like the Galician sector, it is strongly influenced by freshwater input,
rivers and capes. This sub-region also presents a narrow continental shelf and upwelling
develops during the summer months (Aristegui et al., 2009; Benazzouz et al., 2014). The
summer upwelling pattern is interrupted at the Gulf of Cadiz sub-region (33-37° N).
There, weak winds and the embayed coastline are generally unfavourable to the
development of upwelling (Aristegui et al., 2009), although weak intermittent upwelling
has been detected during autumn and winter (Marcello et al., 2011). The Strait of
Gibraltar, located in this sub-region, is commonly referred to in the context of
Mediterranean-Atlantic water exchange (Aristegui ef al., 2009), however, seasonal,
spatially restricted upwelling events have also been detected there (at 35.8-35.9° N;
Stanichny, 2005). The Moroccan sub-region (21-33° N) is characterized by great
mesoscale oceanographic variability due to geographical heterogeneity including a wide
shelf, multiple capes and the presence of offshore islands (Canary archipelago; Aristegui
et al., 2009; Marcello et al., 2011). In the northern part of this sub-region (26-33° N),
upwelling is stronger during summer and autumn (particularly in August-September;
Aristegui et al., 2009; Marcello et al., 2011; Benazzouz ef al., 2014), while in the southern
region (21-26° N) upwelling is quasi-permanent throughout the year (Aristegui et al.,
2009; Marcello et al., 2011; Benazzouz et al., 2014), but especially strong from spring to
autumn (Marcello et al., 2011). At the southernmost limit of the CCS lies the Mauritanian-
Senegalese sub-region (12-21° N), characterized by freshwater input from rivers, a wide
continental shelf and the strongest upwelling and highest nutrient concentrations in the
entire CCS system. This sub-region is the most productive of the five, experiencing
upwelling during winter (varying from late autumn to early spring; Aristegui et al., 2009;
Marcello et al., 2011; Benazzouz et al., 2014). Various studies along the CCS have
provided broad coverage of the oceanographic processes occurring across its five distinct
sub-regions, greatly increasing our knowledge of the region and exposing striking
differences regarding the physical environment, circulation patterns and shelf dynamics
(Aristegui et al., 2009; Marcello et al., 2011; Benazzouz et al., 2014).
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Figure 1.1 - Monthly averaged map of sea surface temperature (SST) of the Canary Current system over
June 2017 (modified from Anstegui et al., 2009). The five sub-regions described in the text are depicted as
R1, Galician sub-region; R2, Portuguese sub-region; R3, Gulf of Cadiz sub-region; R4, Moroccan sub-region

and R5: Mauritanian sub-region. PT: Portugal; SP: Spain; MO: Morocco; MA: Mauritania; SN: Senegal.

The multiple strong, cold upwelling phenomena across the CCS are embedded in a
phenomenon of region-wide warming of sea surface temperatures (SST) occurring along
the system, of up to 0.73 oC/decade over the last three decades (Lima & Wethey, 2012).
This increase of temperatures has coincided with several changes in species distributions
across the region, a biogeographical pattern that has been particularly investigated along
the Iberian Peninsula (Lima et al., 2007; Lourengo et al., 2012; Rubal et al., 2013). The

Iberian coast constitutes an interface region where numerous cold and warmwater
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species reach their southern or northern distributional limits (Boaventura et al., 2002;
Pereira et al., 2006; Pineiro-Corbeira et al., 2016; Gaspar et al., 2017). Since the studies
performed by Fischer-Piétte along Iberia in the late 1950’s and early 1960’s (e.g. Fischer-
Piétte, 1958, 1963), many species have been found to exhibit poleward range expansions
and contractions in response to a shifting climate, particularly the increase of SST (Lima
et al.,, 2007; Lourenco et al., 2012; Rubal et al., 2013). The brown alga Himanthalia
elongata showed a 130 km geographical contraction over a five year period (2004-2006
to 2008-2009) along northern Spain (Duarte et al., 2013). Rubal ef al. (2013) reported a
400 km southern range contraction of the sea snail Littorina saxatilis and the dogwhelk N.
lapillus, and a 185 km poleward range expansion of the pulmonate limpet Siphonaria
pectinata along Portuguese shores over approximately 70 years. Considerably fewer
studies have been performed on biogeographical changes in species distributions within
the African sub-regions of the CCS. Some catalogues describing the distributions of
specific taxonomic groups along northern African shores have been compiled (algae,
Benhissoune et al., 2001, 2002a, 2002b, 2003; John ef al., 2004), however a large scale
contemporaneous assessment of species distribution has yet to be performed to evaluate
distributional shifts within the region. An exception is a recent study of a shift in the
distribution of the habitat-structuring species F. vesiculosus. This brown alga showed a
range contraction of approximately 1250 km from southern Morocco to central Portugal
consistent with coastal SST warming (Nicastro et al., 2013).

Patterns of genetic structure in coastal species along Iberian shores have been more
extensively investigated (e.g. Barreiro et al., 2006; Ribeiro et al., 2010; Coyer et al.,
2011a; Sa-Pinto et al, 2012; Lourengo et al, 2015), although less explored along
northern African shores (but see Chlaida et al., 2006; Atarhouch ef al., 2007; Quinteiro et
al., 2007; Nicastro et al., 2013; Tavares et al., 2017). In the former region, reported high
and unique genetic diversity are seen as being crucial to the long-term persistence of
species gene pool (Diekmann & Serréo, 2012). Similarly, studies shedding light on the
genetic patterns of coastal species inhabiting northern Africa have revealed incredibly
strong genetic structure and high genetic diversity from this region (Chlaida et al., 2009;
Neiva et al., 2015; Lourencgo et al., 2016). For example, Chlaida et al. (2009) detected two
distinct genetic fish stocks of Sardina pilchardus along the Atlantic and Mediterranean
coast of Morocco, with a clear genetic cline in the Bay of Agadir area, in western
Morocco. Moreover, three distinct genetic clusters of the eelgrass Zostera noltii were
detected along the Atlantic Moroccan coast, with particularly higher genetic and genotypic

diversity in the northern and central locations (Elso et al., 2016).
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Intertidal species as climate change sentinels

Intertidal rocky shore species have limited motile abilities and short life spans, while many
species also live close to their thermal tolerance limits (Stillman, 2002; Chan et al., 2006;
Sunday et al., 2012; see also Walther et al., 2002), so that populations can respond
rapidly to environmental change (e.g. Southward ef al., 2004). These organisms inhabit
regions characterized by strong terrestrial-marine gradients and are usually restricted to
compressed intertidal areas on the shore (Helmuth et al., 2002; Harley & Helmuth, 2003;
Harley, 2008), where they are exposed to extremely severe environmental conditions
involving repeated alternation of marine and terrestrial conditions. Therefore, intertidal
rocky shore assemblages are ideal sentinel species to study climate warming-driven
changes (e.g. Harley, 2011; Helmuth ef al., 2016). For example, over a 52-years interval
characterized by significant warming, Harley (2011) documented a 51% reduction in
mussel bed extension with an associated 13% rate of local extinction in the Juan de Fuca
Strait.

Water temperatures strongly influence large scale distributional shifts of intertidal species
and have been identified as major predictors of mortality in intertidal systems
(Rivadeneira & Fernandez, 2005; Blanchette et al., 2008; Nicastro et al., 2013; Smale et
al., 2017). During high tide, intertidal organisms experience the same temperature as
seawater, while during low tide periods thermal conditions may be influenced for example
by species behaviour (Nicastro et al., 2012) and even niche and habitat occupancy
(Helmuth et al., 2006; Lima et al., 2016). Furthermore, water temperature at high tide can
also influence intertidal animal body temperature at low tide by setting the baseline from
which warming in air occurs (Wethey, 2002). Water temperature is of particular
importance for intertidal species because it can have a major influence in their
reproductive output, fitness or larval development (e.g Honkoop & van der Meer, 1998;
Hicks & McMahon, 2002; Ziadi et al., 2015, Tagliarolo et al., 2016), thus limiting species
persistence and distribution.

Additionally, other nearshore abiotic factors (e.g. air temperature, Firth et al.,, 2011;
waves, Martinez et al.,, 2012), and intra or interspecific interactions (e.g. predation and
competition, Walther et al.,, 2002; parasitism, Zardi et al., 2016) may profoundly affect
intertidal species and communities. However, these factors are generally most effective at
micro (centimetres — metres) and/or meso (tens of metres — kilometres) spatial scales. As
the duration of air exposure and body temperatures of organisms can increase moving
shoreward (Gilman et al., 2015), intertidal species at their upper distributional limits are

limited by their maximum body temperature, which is strongly influenced by solar
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radiation/shading and by air temperature (Helmuth, 1998; Helmuth et al. 2011). Any biotic
or abiotic factor that minimises thermal stress strongly benefits intertidal species and
some of these can be unexpected. For example, parasite-host interactions may benefit
host individuals as parasites can buffer the effect of thermal stress (Bates et al., 2011).
Phototrophic endolithic parasites excavate mussel shells by chemical dissolution,
degrading the outer layer of the shell ultimately resulting in localized shell discolouration
(i.e. shell whitening, Kaehler, 1999). Consequently, shell white discoloration augments
solar reflectivity, diminishing the absorbed energy, eventually resulting in lower mussel
body temperature and leading to reduced mortality rates under heat wave events (Zardi et
al., 2016).

Abiotic and biotic factors influencing dispersal and establishment of intertidal

species

Oceanographic features such as currents, gyres or upwelling phenomena may act as
physical barriers to the dispersal of intertidal species, limiting gene flow between
populations (Quinteiro ef al., 2007), as well as influencing larval settlement (Connolly &
Roughgarden, 1998; Barshis et al., 2011), setting limits that affect species distribution and
genetic patterns (Patarnello et al.,, 2007; Zardi et al., 2007). However, oceanographic
barriers might also pass undetected until highlighted by genetic discontinuities (Quesada
et al., 1995; Kelly & Palumbi, 2010). A large scale genetic study across northeastern
Pacific shores performed on multiple rocky intertidal species revealed a genetic break at
Cape Mendoncino, previously missed by genetic sampling (Kelly & Palumbi, 2010). The
capacity to disperse and travel long distances is particularly important for intertidal
organisms with sessile or sedentary adults (e.g. gastropods, barnacles), because
dispersal occurs only during a limited period of the life cycle through the spreading of
larvae or propagules (see Kinlan & Gaines, 2003). Hence, planktonic larval duration
strongly influences dispersal capacity. Whereas species with long-lived planktonic larvae
can be expected to exhibit broader dispersal, greater gene flow and lower genetic
structure than species with no or limited dispersal, the capacity to disperse can also be
affected by behavioural, demographic and biological processes as well as physical
mechanisms (Kelly & Palumbi, 2010; Dawson et al., 2014; D’Aloia et al., 2015). For
example, Porri et al. (2014) found that mussel larval abundance was linked to the activity
of large scale oceanographic meanders as they accumulated larvae onshore or acted as
corridors for offshore larval transport, while larval abundance was weakly related to

temperature, beam attenuation, fluorescence, depth or zonal velocity. Larval dispersal
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may also be potentially influenced by selection (Burgess et al., 2016) and by wind-driven
surface currents (McQuaid & Phillips, 2000).

Available suitable substratum and habitat continuity facilitate the maintenance and
potential expansion of hard substratum assemblages. In addition to natural substratum,
artificial structures further allow species range expansions (Adams et al., 2014, Lodola et
al., 2015). For example, when structures are built in areas devoid of natural hard bottom,
they provide habitat for larvae that could be lost offshore, potentially promoting previously
impossible expansion (Sheehy & Vik, 2010; Adams et al., 2014). Furthermore, if a series
of artificial structures is placed along extensive denuded areas they may act as new
dispersal pathways, creating a stepping-stone connection between previously
unconnected areas (Adams et al., 2014). A vast number of species benefits from artificial
manmade structures. Sammarco et al. (2012) reported that oil and gas platforms
mediated expansion of scleractinian corals in the Gulf of Mexico from natural reef
populations. Over the same area, the brown mussel P. pema has colonized and
expanded its distribution for hundreds of kilometres using man-made structures such as
jetties and piers (Hicks & Tunnell, 1993; Hicks & Tunnell, 1995).

Species interactions are also key determinants of intertidal assemblage composition. In
line with substratum availability, recipient communities increase the complexity of
successful establishment and distribution of intertidal species (Sanford & Swezey, 2008).
After dispersal, establishment of hard substratum species might be either facilitated or
hampered by species in the recipient assemblages. For example, a newly arriving mussel
species might be more susceptible to some native parasites than native established ones
(Zardi et al., 2009) but the opposite can also be true (Calvo-Ugarteburu & McQuaid,
1998a, 1998b). Biotic interactions may become even more complex if different habitat
conditions are considered. Algae may limit or enhance barnacle recruitment depending on
the intertidal height. At mid intertidal wave exposed elevations, the macroalga
Ascophyllum nodosum limited barnacle recruitment by whiplash effects, while enhancing
it in understory habitats on the low shore by minimising water loss and temperature

extremes (Beermann ef al., 2013).

Intertidal bioengineers and their influence on intertidal assemblages

Intertidal assemblages are commonly dominated by habitat-forming/bioengineer species,
organisms that are considered of critical importance regarding the impacts of climate

change on intertidal shores. Bioengineer species are organisms that, by modifying

habitats and abiotic conditions, often create new environments, increasing spatial
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complexity, facilitating the presence of other species and influencing coastal species
richness and composition (Borthagaray & Carranza, 2007; Watt & Scrosati, 2013a,
2013b; Arribas et al., 2014). For example, mussel beds are known to form matrices that
can harbour several dozens of species (Hammond & Griffiths, 2004; Borthagaray &
Carranza, 2007; Silliman ef al., 2011; Arribas ef al., 2014). When comparing engineered
and unmodified habitats, Cole (2010) showed that mussel-engineered habitats exhibited
more species, more unique species and different species composition compared with
habitats without mussels. A number of studies have shown that algal turfs and canopies
also support many infaunal assemblages (Kelaher & Castilla, 2005; Kelaher et al., 2007;
Watt & Scrosati, 2013a). This increase in species richness occurs because bioengineers
provide conditions not present elsewhere. The effectiveness of bioengineering depends
not only on the stress level (Watt & Scrosati, 2013b) and the type of habitat (e.g. wave
sheltered vs exposed, Arribas et al., 2014), but also on the abundance of bioengineers
(Borthagaray & Carranza, 2007; Watt & Scrosati, 2013b). In fact, species richness is
positively correlated or generally increases with bioengineers abundance (Borthagaray &
Carranza, 2007; Watt & Scrosati, 2013b). Thus, large scale changes in abundance or
disappearance of bioengineers may modify and decrease ecosystem complexity,
reducing the diversity and abundance of associated species (Kelaher ef al., 2007; Watt &
Scrosati, 2013b), presumably affecting all trophic levels. In South Africa, intense
harvesting of mussels led to the extirpation of several populations outside marine
reserves (Lasiak & Dye, 1989; Ludford ef al., 2012), resulting in dramatic changes to the
diversity and composition of these assemblages (Lasiak & Field, 1995). Projected losses
of bioengineers due to forthcoming climatic changes will most likely result in losses of
unique species with further landscape consequences (Cole et al., 2016). While also facing
the unpredictable consequences of warming, bioengineers may become of even more
critical relevance as climate change develops, by acting as refugia for associated species

that may be exposed to harsher environmental conditions (Watt & Scrosati, 2013b).

Thesis overview and study aims

In response to the pressure of climatic changes there has been a growing global interest
in qualitatively and quantitatively describing the composition of intertidal communities and
how this responds to environmental variables (Blanchette et al, 2008). Sea surface
temperatures have been significantly increasing along northern African shores over the
last three decades (Lima & Wethey, 2012). Although multiple studies have focused on the

climatologic, oceanographic and hydrodynamic patterns of northern African shores (e.g.
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McGregor et al., 2007; Marcello et al., 2011; Benazzouz et al., 2014), relatively little is
known about how these rocky shore communities are influenced by upwelling.

In this thesis, | applied an integrated approach based on multiple sources of evidence that
offers new insights into the ecological and evolutionary significance of upwelling areas
under projected climate change. The significance of this thesis extends beyond ecological
interest, with comprehensive and global implications for the understanding of the factors
driving intertidal community composition, species distribution, genetic patterns, endolithic
infestation and host-parasite relationships, as well as representing a solid baseline for
future studies focusing on northern African intertidal communities.

Specifically, in chapter 2, | investigated the ‘Distributional patterns of benthic intertidal
rocky shore species along the Atlantic upwelling-influenced coast of Morocco and
Western Sahara’, in order to determine whether upwelling areas structure the composition
of intertidal communities. Additionally, | developed a comprehensive, contemporary
record of intertidal species which provides a benchmark for future studies investigating
the relationships between climate change and species distributional shifts in the study
area. In chapter 3, deepening some results of the previous chapter, | explored the role of
‘Upwelling areas as climate change refugia for the distribution and genetic diversity of the
marine macroalga Fucus quiryi’, 1o assess whether upwelling regions along northern
Africa and southern Iberia are able to buffer climate warming effects, promoting the long-
term persistence of this species. This allowed me to investigate the evolutionary and
ecological ramifications of such a refuge effect. Upwelling phenomena may also dictate
coastal species genetic patterns by influencing dispersal. As a consequence, ‘The effects
of multiple oceanographic barriers to dispersal in the genetic structure of the brown
mussel Perna perna were investigated in chapter 4 to determine whether oceanographic
features (e.g. upwelling cells) and environmental gradients along Atlantic and
Mediterranean African and Iberian shores shape the species’ sex-specific genetic
structure, and determine the environmental factors that better explain the species’ native
distribution. Chapter 5 explored the ‘Upwelling driven-incidence of endolithic infestation
and its effects on mussel bed microclimates of Mytilus galloprovincialis’ to explore a
potential relationship between upwelling intensity and endolithic-induced infestation
gradients on M. galloprovincialis. Moreover, | tested the hypothesis that endolith
infestation leads to lower mussel body temperatures and ameliorates the microclimate
within mussel beds. A synthesis of the major findings of the thesis is provided in chapter
6.
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Distributional patterns of benthic intertidal rocky shore
species along the Atlantic coast of Morocco and Western

Sahara

Intertidal species inhabiting the rocky shores of Nouifed, Western Sahara.
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2.1 INTRODUCTION

Evolutionary history, life history traits and environmental factors dictate species
biogeographical patterns and distributional ranges over large geographical scales
(Fenberg et al., 2015; Bloch & Klingbeil, 2016). In the marine realm, sea surface
temperatures (SST), currents, salinity, nutrients, wave exposure and upwelling
phenomena are most often considered to be largely responsible for the distributional
patterns of coastal marine organisms (Fenberg et al., 2015; Reddin et al., 2015; Cefali et
al., 2016). SST values that exceed the thermal tolerance limits of a species likely prevent
it from colonizing novel areas or further expanding its distributional range (Zacherl et al.,
2003; Zardi et al., 2007; Stephenson et al., 2009; Lourengo, 2012). There is also ample
evidence that by linking or interrupting the connection between adjacent areas, oceanic
currents influence species distribution, as they can either promote or hinder larval
dispersal and recruitment (e.g. Hare et al.,, 2005; Ling et al., 2009). Upwelling regimes
have the potential to shape the distribution of coastal marine species through a direct
influence on inshore/offshore transport and local/regional recruitment of larvae (e.g.
Barshis et al., 2011; Moyano et al., 2014, Fenberg et al., 2015), or by delimiting areas that
are suitable for species persistence (e.g. climate refugia, Hu & Guillemin, 2016; Lourengo
et al., 2016). Notably, upwelled waters are associated with variability in multiple
environmental variables (i.e. nutrients, SST, wind, ocean circulation; Narayan ef al., 2010;
Wang ef al., 2015), emphasizing the complexity of how the distribution of organisms is
determined.

As upwelling phenomena are spatially and temporally heterogeneous and the vigour of
these events is site-specific (e.g. Wang et al., 2015; Sousa et al., 2017a), their effects on
intertidal assemblages may also differ and be community-specific, causing, for instance,
cascading effects on the composition of the intertidal biota (Nielsen & Navarrete, 2004;
Guerry & Menge, 2017). Several studies have shown that variations in upwelling intensity
and in upwelling-related variables determine the functional and trophic structure of
intertidal communities (Bosman et al., 1987; Broitman ef al., 2001; Blanchette et al., 2009,
Reddin et al., 2015 but see Kelaher & Castilla, 2005). For example, increased abundance
of late-successional corticated algae or ephemeral algae is associated with higher or
lower upwelling intensities, respectively (Broitman et al., 2001; Nielsen & Navarrete,
2004). Also, algal cover and herbivore biomass are significantly greater in regions
affected by coastal upwelling (Bosman et al., 1987). Despite the large and growing
number of studies on nearshore ecosystems worldwide providing valuable clues to the
possible driving forces behind intertidal community structure and species distribution (e.g.

Nielsen & Navarrete, 2004; Blanchette ef al., 2009; Bermejo et al., 2015), more work is
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needed to disentangle the effects of upwelling on community composition and understand
if described site-specific examples illustrate overall community composition patterns
among distinct upwelling systems.

Most studies on the influence of upwelling regimes on coastal marine species have been
performed in one of the four Eastern Boundary Upwelling Systems (EBUS): the Benguela
Current system off southwestern Africa, the Humboldt Current system along western
South America, the California Current system off western North America and the Canary
Current system, off northwestern Africa and the Iberian Peninsula (e.g. Hutchings et al.,
1995; Bruland et al., 2001; Fenberg et al., 2015). Additionally, the Benguela, Humboldt
and California upwelling systems have long been the focus of multiple studies aimed at
describing and comparing the biological and environmental structure of intertidal rocky
shore communities (e.g. Bustamante & Branch, 1996a; Broitman et al., 2001; Blanchette
et al.,, 2008, 2009). The intertidal fauna and flora of western South African shores,
exposed to the Benguela upwelling, are biogeographically distinct from the southern and
eastern shore communities (Bustamante & Branch, 1996b; Sink ef al., 2005). The
discontinuity in community structure around Point Conception across the California
Current system coincides with a major oceanographic break that separates two
contrasting regions, a northern and a southern region characterized by strong and weak
upwelling intensities, respectively (Schoch et al., 2006; Blanchette et al., 2008). Along the
Humboldt system, distinct biogeographic provinces have been described with a sharp
break in species abundances around 32° S in latitude coinciding with spatial
discontinuities in thermal regimes (Broitman ef al., 2001; Wieters et al., 2009; Tapia ef al.,
2014). The Canary Current system remains the least explored of all EBUS. In particular,
geographic data on current species distribution along northern African shores are
extremely limited. The Census of Marine Life (http:/comimaps.org/mcintyre) has
described this coastline as a major biodiversity gap deserving ‘improvement of benthic
taxonomy’ and ‘elucidation of the scales of temporal and spatial variability in nearshore
habitats’. Although numerous studies have advanced our understanding of the
hydrodynamics and the oceanographic features and patterns of this upwelling system
(e.g. Marcello et al., 2011; Benazzouz et al., 2014; Cropper et al., 2014; Sousa et al.,
2017a) and of the distribution of particular species or groups of species along these
shores (e.g. algae, Benhissoune ef al., 2001, 2002a, 2002b, 2003), a large scale
comprehensive study investigating the biogeographic structure and linking environmental
and biological gradients has never been performed.

Within the Canary Current system, distinct ecoregions exist, defined by homogeneous

species composition, which are determined by dominant biogeographic variables such as
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upwelling, temperature regimes or coastal complexity (Spalding et al., 2007). In particular,
Moroccan and Western Sahara shores group together in a single ecoregion (the Saharan
upwelling; Spalding et al., 2007) and represent a biogeographic transition where warm
and coldwater species reach their northern and southern distributional limits respectively
(e.g. Zardi et al.,, 2011b; Smale et al., 2013; Neiva et al., 2015; Assis et al., 2017).
Additionally, this is a region highly affected by ongoing climate change (Belkin, 2009;
Lima & Wethey, 2012), where ecosystem-structuring species shift their ranges in
response to a warming climate (e.g. the macroalga Fucus vesiculosus, Nicastro et al.,
2013). The new species records being reported from Morocco (e.g. algae Neosiphonia
ferulacea, Polysiphonia funebris, Po. subulifera, Hassoun et al, 2016; Codium
tomentosum var. mucronatum, Aglaothamnion pseudobyssoides Hassoun et al., 2014,
and the amphipod Ampelisca lusitanica, Belattmania et al., 2017) and the continuous
effort to study these shores are not only relevant to the detection of distributional shifts
driven by climate change, they also highlight the potential of this region to harbour greater
levels of biodiversity than previously recognised.

Inspired by the gap in information and the need for research on benthic intertidal
communities along northern African shores (Decker et al., 2003, Brito et al., 2014; Ramos
et al., 2015), this chapter aims to describe patterns of diversity and abundance of
intertidal rocky shore species along the Atlantic coast of Morocco and Western Sahara
and to identify possible upwelling-based drivers that might be related to such patterns. By
focusing on the distribution of species belonging to distinct functional groups (i.e.
macrophytes, herbivores, filter-feeders, lichens) and site-specific upwelling conditions (i.e.
upwelling indices, probability of upwelling, maximum and minimum SST, SST variation)
this study is the first to investigate benthic intertidal community structure along the African
shores of the Canary Current system. Specifically, the aims of this chapter were to: 1)
create a baseline for future studies investigating the distribution of intertidal rocky shores
species along northern Africa and climate-driven shifts and 2) assess and relate biological
(intertidal community) and environmental (upwelling) structure along the Canary Current
system, in order to understand if upwelling-related variables influence the composition of

intertidal communities along the study area.
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2.2 MATERIAL AND METHODS

2.2.1 Study region

Qualitative and quantitative field surveys were conducted at 12 intertidal rocky shore sites
in the Canary Current system (CCS) along the Atlantic shores of Morocco and Western
Sahara (Marcello et al., 2011; Benazzouz et al., 2014; Table 2.1). Sites were sampled
twice over a 1-year period between September 2013 and October 2014. Sites were
equidistantly distributed along the region and selected based on similarity of wave
exposure, habitat type, topography and proximity to upwelling cells. Due to inaccessibility
of site LB1 during the second survey, the closest accessible rocky shore, site LB2, was
selected as its replicate (Table 2.1).

The CCS comprises multiple upwelling cells that vary in timing and intensity (Marcello et
al., 2011; Benazzouz et al., 2014). Three main centres of upwelling can be detected
through low sea surface temperatures (SST) or upwelling indices along this stretch of
coast: the first at 31-32° N (north of Cap Ghir), a second at 26.5-28° N (south of Cap
Juby) and a third at 21-25° N (north of Cap Blanc; Marcello et al., 2011; Benazzouz et al.,
2014). Adjacent surrounding areas are intermittently affected by upwelling, the effects of
which decrease as the distance from the upwelling centres increases (Marcello et al.,
2011; Benazzouz et al., 2014). Northern Morocco (33-36° N) shows low seasonality and
weak upwelling indices, central and south Morocco and northern Western Sahara (areas
between 26-33° N) show the strongest seasonality and the highest upwelling indices
(peak during late summer, August—-September; Marcello et al., 2011; Benazzouz et al.,
2014), while central and southern Western Sahara (21-26° N) show high upwelling

indices and very little seasonality (Benazzouz et al., 2014).
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Table 2.1 — List of sampling sites along the Atlantic coasts of Morocco and Western Sahara.

Location Code Coordinates

Larache LR 35°11'48.14"N; 06°09'30.61"W
Rabat RB 34°01'57.26"N; 06°50'27.96"W
Sidi Bouzid SB 33°13'06.11"N; 08°34'23.19"W
El Beddouza EB 32°32'42.33"N; 09°16'55.34"W
Essaouira ES 31°30'42.78"N; 09°46'24.31"W
Imsouane IM 30°50'24.43"N; 09°49'21.92"W
Mirleft ML 29°35'06.58"N; 10°02'50.78"W
El Quatia TT 28°30'05.58"N; 11°20'06.38"W
Tarfaya TF 27°45'33.64"N; 13°02'40.40"W
Boujdour BJ 26°07'38.95"N; 14°30'02.38"W
Nouifed LB1 24°54'30.29"N; 14°49'45.36"W
Hassi El Kraa LB2 24°41'06.18"N; 14°54'08.87"W
Dakhla DK 23°46'06.97"N; 15°55'32.16"W

2.2.2 Biological sampling design

A point-intercept sampling method was used to quantify relative abundance (% cover) of
sessile invertebrates, macrophytes and lichen species at each site (adapted from
Blanchette et al., 2008). A representative shore section was designated at each site and a
measuring tape was laid out from the upper edge of the highest intertidal barnacle zone,
perpendicular to the shore, to the lowest level of the low tide (generally the surfgrass
zone). The vertical point-intercept transect was divided in 50 equidistant points. Intervals
between points were adjusted at each site and depended on the width of the shore. The
five taxa under each point, including layering and epibionts, or closest to the point directly
attached to the substratum were recorded. Tide pools and inundated areas were not
sampled to avoid a misrepresentation of the intertidal height. If an intercept point fell on
tide pools/inundated areas, the closest horizontal non-tide pool/inundated area was
sampled instead.

When species identification was not possible in the field, specimens were collected for
further identification in the laboratory. Algae and lichen specimens were preserved in
KEW solution (40% ethanol (70%), 40% seawater, 10% glycerine and 10% formaldehyde
(4%)) and sessile invertebrates were preserved in 96% ethanol. A random search of 5
minutes at each site was performed to include species that did not comprise one of the
five taxa of each point but were present along the transect. Species were identified and
accounted for in the overall qualitative description of the site’s community composition,

but were not considered in the statistical analyses.
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The abundance of target mobile species was estimated using 30 x 30 cm quadrats placed
within three zones along the transect following Engle (2008). Specifically, each transect
was divided into 1) the low zone, below the mussel zone, 2) the mid zone, centre of the
distribution of mussels and 3) the high zone, the area dominated by barnacles and
littorinids. Within each zone, three quadrats were randomly placed on the substratum and
only the macroinvertebrate target taxa (limpets, gastropods and a pulmonate species)
>5mm found within the quadrat were identified and counted. The abundance of littorinids
(mostly <5 mm) was only determined in the high zone and the species were sub-sampled
in a 7.5 x 10 cm section. When species identification was not possible in the field,
specimens were collected and preserved in 96% ethanol for further morphological or
genetic identification in the laboratory. Tide pools and inundated areas were not sampled
to avoid a misrepresentation of the intertidal height. Only the target taxa found directly on
the substratum or as epibionts of other organisms were sampled.

The historical distribution of algae from northern Africa described in the literature and in
Algaebase (http://www.algaebase.org/) was used as a baseline for the distributional
patterns of the species identified in this chapter. New local records depicted novel
descriptions of a species at a site, despite its confirmed presence in the country. A new
southern limit was considered when a species was described farther south than its
previous historical limit. A new record was considered when the species was first

recorded from Moroccan and Western Sahara shores.

2.2.3 Species genetic identification

When identification of macroinvertebrates was not possible from morphological traits
(shape/colour/pattern of shell, colour of papillae, colour of the foot), foot tissue (20-30
mg) was dissected from each individual, preserved in 96% ethanol and stored at -20 °C
for DNA extraction. Total genomic DNA extraction was performed using a standard
Proteinase K protocol adapted from Sambrook et al. (1989).

The universal primers 16SAR 5-CGCCTGTTTAACAAAAACAT-3 and 16SBR 5-
CCGGTTTGAACTCAGATCACGT-3 (Palumbi, 1996) were used for polymerase chain
reaction (PCR) amplification of 16S rRNA gene. PCR was performed in 25 pl containing
1-10 ng of total DNA, 0.2 uM of each primer, 0.2 mM of each dNTP, 1 mM of MgCl,, 1x
GoTaq Flexi Buffer (Promega, USA) and 1 U GoTaq DNA Polymerase (Promega, USA).
Amplification used an initial denaturation during 5 min at 94 °C followed by 35 cycles of
denaturation at 94 °C for 30 s, annealing at 46 °C for 30 s, extension at 72 °C for 30 s and

a final extension at 72 °C for 5 min. PCR products were sequenced directly with PCR
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primers using the BigDye Terminators version 3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster-City, CA) in an ABI PRISM 3130 genetic analyzer (Applied
Biosystems).

DNA sequences were visualized using Geneious 4.8.2 (Biomatters Ltd.) and blasted for
species confirmation in the National Centre for Biotechnology Information (NCBI)

database.

2.2.4 Environmental variables

Site-specific monthly sea surface temperature (SST) data with a 4 km resolution were
retrieved from the Moderate Resolution Imaging Spectroradiometer-Aqua (MODIS-Aqua)
dataset available from the National Aeronautics Space Administration (NASA) Goddard
Earth Sciences (GES) Data and Information Services Center (DISC) for the period from
January 2010 to December 2014 using Giovanni, a web-based application developed by
the NASA GES DISC. An area of 25 km? situated 5 km offshore of each sampling site was
selected to investigate annual minimum and maximum SST and SST variation (maximum
SST — minimum SST). Annual minimum and maximum SST were obtained by selecting
the lowest and highest monthly SST over each year, respectively. Annual minimum and
maximum SST and SST variation values were then averaged over the 5-year period
considered.

The wind-based upwelling index cross-shore Ekman transport (CSET) was used to
estimate upwelling intensity during the period 2010-2014 as in Krug et al. (2017). Daily
sea surface wind fields (speed and direction) at a spatial resolution of 0.25° were obtained
from the Blended Sea Winds dataset (National Climatic Data Centre - National Oceanic
and Atmospheric Administration, NCFC-NOAA, http://www.ncdc.noaa.gov/oa/rsad/air-
sea/seawinds.html). Blended Sea Winds dataset combines multiple scatterometers
standardized across platforms, resulting in high quality temporal and spatial coverage of
ocean wind vectors (Zhang et al., 2006). CSET values were estimated for thirteen
locations along the meridionally oriented northern African coast (Table 2.1). For each
location, CSET values represented the average of a 0.75 x 0.75° box centred on the
target location.

The zonal component of the Ekman transport (CSET,), induced by the meridional
component of wind-stress (t1,), was used as an upwelling index for each station. CSETx
(m® s' km™ coastline) was calculated following Bakun (1973), as modified by Alvarez et
al. (2011):

10001, _ pac,

CSET, =
o puf p.f

(W2+W2)1/2 1000 Wy
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where W represents wind velocity (m s™"), pw is seawater density (1025 kg m3), pa is air
density (1.22 kg m3), Cq is the drag coefficient (1.4x10) and f is the Coriolis parameter,
estimated as 2 Q sin(B) where Q and 0 represent the vertical component of the Earth’s
angular velocity and local latitude, respectively. Negative CSET, values indicate
upwelling-favourable periods with offshore Ekman transport and conversely, positive
values indicate downwelling-favourable periods and onshore Ekman transport.

Daily CSET data were first monthly averaged to reduce the influence of daily anomalies.
Over each year, the lowest CSET monthly average was identified to obtain the annual
minimum. The overall minimum (Ulmin) and mean (Ulmean) upwelling indices for the 5-
year period (2010-2014) were estimated for each site and used in statistical analyses.
The Ulmin was obtained by selecting the lowest upwelling index of the 5-year period,
while the overall Ulmean was obtained by averaging the five minimum annual CSET (i.e.
one value per year). Annual probability of upwelling (Ulp in %) was calculated as the
average of the monthly frequency of upwelling favourable days (CSET values <0). The

overall Ulp was the average over the 5-year period.

2.2.5 Data analyses

Site-specific taxon richness was estimated by summing the total number of taxa identified
at each site from both transect and quadrat surveys. Species were categorized into
functional groups based on their feeding guilds (macrophytes, filter-feeders, herbivores
and lichens) as in Blanchette et al. (2009).

To examine similarity of biological and environmental data patterns along the study area
and understand if the composition of intertidal communities was influenced by upwelling-
related variables, the multivariate methods of Clarke (1993) in PRIMER 6.1.3 (Plymouth
Routines in Multivariate Ecological Research) software package were used. Taxon
abundance was averaged across sampling replicates for each site. The data matrix of
taxon abundances was fourth-root transformed to reduce the contribution of very
abundant species and increase that of rare species (as in Blanchette et al., 2009). A
biological similarity matrix was constructed using the Bray—Curtis similarity coefficient and
cluster analysis was performed using a hierarchical method with group-average linking.
Environmental data were normalized after fourth-root transformation and a similarity
matrix was constructed using Euclidean distance. A SIMPROF test was run for the
biological and environmental dendrograms separately using 9999 permutations to indicate

significant group structure at the significance level of 5%.
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The SIMPER routine was performed to identify the taxa of each group that were most
responsible for the differences among groupings, with a cut-off of 25% contribution
(Clarke & Gorley, 2006). Sites were assigned to groups defined a priori based on
SIMPROF analyses of the biological dendrogram.

Two-dimensional, non-metric multidimensional scaling (MDS) was performed on the
environmental variables to examine regional segregation among sites (Kruskal & Wish,
1978).

The RELATE routine was used in PRIMER to match the environmental resemblance
matrices with the resemblance matrices of taxon richness, abundance of functional
groups, taxon abundance based on transects (TAT) and based on quadrats (TAQ)
separately, running 9999 permutations under the Spearman rank correlation method at a
significance level of 5%.

Distance-based linear models (DistLM) were carried out to determine the contribution of
the environmental variables to the variability in community composition. DistLM analyses
were performed through a dissimilarity matrix, using the ‘all specified’ selection procedure
under the Akaike Information Criterion (AIC), performing 9999 permutations for taxon
richness, abundance of functional groups, TAT, TAQ, and presence/absence for the taxa
identified in transects, separately. The environmental variables were analysed individually
(marginal tests) and a sequential test was employed to evaluate the cumulative effect of

each variable once the previous variable(s) had been accounted for.

28



Chapter 2

2.3 RESULTS

2.3.1 Biological sampling

A total of 186 taxa (26 Ochrophyta, 26 Chlorophyta, 107 Rhodophyta, 1 Annelida, 4
Arthropoda, 2 Ascomycota, 1 Chordata, 3 Cnidaria, 16 Mollusca) inhabiting the intertidal
shores of Atlantic Morocco and Western Sahara were identified (Table 2.2, see also Fig.
A1-A4 in Appendix). A considerably greater number of algae taxa were identified in
comparison with lichens or animals. Algae constituted 85.5% of the identified taxa, while
animals and lichens constituted 13.4% and 1.1%, respectively. The surveys reported 376
new local records of algae; new overall southern limits were detected for 25 algal species
and nine other algal species were recorded for the first time from the study area. Overall,
distribution novelties or changes were described from 89% (141 species) of the algal taxa
identified.

Table 2.2 — List of all species recorded along intertidal Atlantic Moroccan and Western Sahara shores. The
phylum of each taxa group is depicted in bold. Location codes as is Table 2.1. x, presence; X, new local

record; 'new southern limit detected,first record from Morocco and Western Sahara.

Taxon LR RB 8B EB ES IM ML TT TF BJ LB DK

Chlorophyta

Bryopsis duplex

Bryopsis plumosa

Chaetomorpha aerea X
Chaetomorpha mediterranea
Cladophora albida

Cladophora hutchinsiae’

Cladophora laetevirens'

Cladophora lehmanniana’

Cladophora rupestris’

Cladophora sp

Codium adhaerens X

X
Ix

X X
I

Ix Ix

X X DX X X
X X

>
X
X
>
X
I
Ix

Codium sp X X

Codium  tomentosum var. X X
mucronatum
Pedobesia simplex

Ulva clathrata

Ulva compressa X
Ulva fasciata

Ulva flexuosa

Ulva intestinalis X
Ulva linza'

Ulva prolifera X

Ix
Ix
X
Ix
Ix Ix
I
I

1> I
X
X Ix
Ix
Ix X Ix
Ix I
I

X X

I>x
Ix

29



Chapter 2

Ulva pseudolinza?
Ulva rigida

Ulva sp
Ulvaria obscura’
Valonia utricularis’

Ochrophyta
Acinetospora crinita

Bifurcaria bifurcata
Cladostephus spongiosus’
Colpomenia peregrina
Colpomenia sinuosa
Cystoseira humilis
Cystoseira sedoides?
Cystoseira sp

Dictyopteris polypodioides
Dictyota cyanoloma?
Dictyota dichotoma

Fucus guiryi

Hincksia mitchelliae
Laminaria ochroleuca

Padina pavonica
Pelvetiopsis brevipes

Phyllariopsis purpurascens
Ralfsia verrucosa’
Saccorhiza polyschides
Sargassum sp

Sargassum vulgare
Sphacelaria cirrosa’
Sphacelaria fusca
Sphacelaria rigidula
Sphacelaria tribuloides
Stypocaulon scoparium

Rhodophyta
Ahnfeltiopsis devoniensis'

Acrosorium ciliolatum
Aglaothamnion hookeri
Amphiroa beauvoisii
Amphiroa rigida
Amphiroa vanbossea?
Antithamnion cruciatum
Aphanocladia stichidiosa’
Apoglossum ruscifolium
Asparagopsis armata
Bangia fuscopurpurea

Ix

I

I

I

Ix

I

I

X X X IX

Ix

Ix

X X X X Ix

X X X IX

I

>

>

X

Ix

>

>

I

Ix X X

X X

X X

X X IX

X

X

X X X X

X

Ix X IX

I

I

I

I

Ix

Ix

Ix

Ix

>

X

X

I

>

X X IX IXx

I

Ix

Ix Ix

X X

I

I

I

Ix Ix

IX IX IX IX

1> Ix

X

Ix Ix

X

X X

X

X IXx Ix

I

Ix

Ix Ix

I

Ix

Ix

Ix X Ix

Ix Ix

Ix

Ix

Ix
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Boergeseniella fruticulosa X X
Boergeseniella thuyoides'

Bornetia secundiflora X X
Calliblepharis ciliata

Calliblepharis jubata X X X
Callithamnion corymbosum
Callithamnion tetragonum X X
Callithamnion tetricum’

Callophyllis laciniata’ X
Catenella caespitosa X X
Caulacanthus ustulatus X X X
Centroceras clavulatum

Ceramium ciliatum

Ceramium diaphanum X
Ceramium echionofum

Ceramium gaditanum’

Ceramium sp X
Ceramium tenerrimum
Ceramium virgatum X X X
Champia compressa'’

Champia parvula X
Chondracanthus acicularis X X
Chondracanthus teedei X
Chondria coerulescens
Chondria dasyphylla
Corallina caespitosa?
Crouania aftenuata
Cryptonemia lomation’
Cryptonemia seminervis
Dasya corymbifera’
Dasya hutchinsiae
Dasya oceollata X
Drachiella spectabilis?

Ellisolandia elongata X X
Erythrotrichia carnea
Falkenbergia rufolanosa state
Gastroclonium ovatum
Gastroclonium reflexum’
Gayliella flaccida

Gelidium crinale

Gelidium pulchellum X X
Gelidium pusillum

Gelidium sesquipedale

Gelidium sp X
Gelidium spathulatum X
Gelidium spinosum

Ix
Ix
Ix
Ix
Ix
Ix

X X
I Ix

Ix
Ix Ix
Ix

X X
Ix
X
X
Ix
I
I

Ix Ix

I

X X X
Ix
X
Ix X IX X X
X
X
Ix X IX
Ix Ix
I Ix

Ix
X
X
X
Ix X
X
X
X
X
X

X X

X
I
Ix IxX X

Ix
Ix
Ix
Ix
Ix
Ix
Ix
Ix
>
Ix
Ix

X IX IX X X X X
Ix
Ix
Ix
Ix Ix

I

Ix X Ix

Ix Ix

Ix

Ix
X X X X I
Ix X IX
X X
I I
I Ix
Ix
I Ix X Ix
I X X DX X X
Ix Ix Ix Ix
Ix

Ix
>
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Gigartina pistillata

Gracilaria multipartita X X
Grateloupia filicina X
Grateloupia lanceola X X X
Gymnogongrus crenulatus X X X
Gymnogongrus griffithsiae X

Halopithys incurva X X
Halurus equisetifolius
Halymenia latifolia?
Herposiphonia secunda X X
Heterosiphonia crispella
Hypnea musciformis X
Hypoglossum hypoglossoides X
Jania longifurca X
Jania rubens

Laurencia obtusa

Leptosiphonia schousboeij

Lithophyllum byssoides X X
Lithophyllum incrustans X X
Lomentaria articulata’ X
Lophosiphonia reptabunda’

Mastocarpus stellatus

Melobesia membranacea X
Mesophyllum lichenoides X X X
Neosiphonia collabens X
Neosiphonia ferulacea?

Ophidocladus simpliciusculus
Osmundea osmunda

Osmundea pinnatifida X
Osmundea sp X
Peyssonnelia sp
Phyllophora sp

Plocamium cartilagenum
Polysiphonia atlantica
Polysiphonia brodiei'
Polysiphonia fucoides’
Polysiphonia funebris’
Polysiphonia scopulorum’
Porphyra umbilicalis
Porphyrostromium boryana
Pterocladiella capillacea
Pterosiphonia ardreana?
Pterosiphonia complanata X
Pterosiphonia parasitica

Pterosiphonia pennata

Rhodochorton purpureum

I Ix

>
X
Ix

I
1>
Ix Ix

X X

I

Ix

I
I X DX IXx

Ix
Ix

>
>

I

Ix
X X
I
Ix Ix
X X
I
X X DX IX IX

X
X
I

Ix Ix
X X

Ix Ix
I

X X X X
X X
X
Ix
X
X

X

X
Ix X IX
Ix X IX

Ix Ix
I

X X IX X
Ix X IX
Ix Ix

I

Ix X X
X X

Ix IxX X
I

X X X
X X
I
Ix
X
Ix X IX
I

Ix X Ix
Ix X Ix

X
X I
X
X I
X
X X
I
Ix
Ix Ix Ix
Ix Ix

Ix Ix
Ix
I

I

I

X

Ix

X X
Ix X Ix

X

I
Ix
Ix

X X X

X X
X X
Ix Ix
Ix
Ix
Ix Ix

X
Ix
Ix
X X
I
I

Ix Ix
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Rhodymenia pseudopalmata X X X
Rhodymenia sp X

Stylonema alsidii X
Titanoderma pustulatum X

Ascomycota
Lichina pygmaea
Verrucaria maura X X X X X X X

Annelida
Sabelaria alveolata X X X X X X X X X X X X

Arthropoda
Chthamalus montagui
Chthamalus stellatus
Perforatus perforatus
Pollicipes pollicipes

X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X
X X X X

Chordata
Pyura herdmani X X X

Cnidaria

Actinia equina X
Actinia fragacea X

Anemonia viridis

Mollusca

Cymbula safiana
Echinolittorina punctata
Fissurela nubecula

x

x
x
x

Gibbula pennanti
Gibbula umbilicalis
Melarhaphe neritoides
Muytilus galloprovincialis
Patella depressa
Patella rustica

X X X X X X X X
X X X X
X X X X X X X X
X X X X
X X X X X X X X
X X X X
X X X X X X X X

Patella ulyssiponensis
Perna perna

Phorcus lineatus
Phorcus sauciatus

X X X X X X X
x
x
x

X X X X X X X X
X X X X X X X X
X X X X X X

X X X X

x

X X X X X X X X X
x

X X X X X

Siphonaria pectinata X X X X
Stramonita haemostoma X

X X X X X X X
X X X X

Vexillum zebrinum
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Taxon richness varied along the study area, but did not follow a clear latitudinal gradient
(Fig. 2.1). However, the four southernmost sites showed a trend of decreasing taxon
richness towards the south. Average taxon richness across all sites was 46, but some
sites presented particularly low (29 taxa, sites ML and TT) or high (62 taxa, site TF)
richness. Macrophyte, filter-feeder, herbivore and lichen taxa ranged 15-49, 4-8, 6-10

and 0-2, respectively, per site.

Figure 2.1 — Species richness at 12 sites along the coasts of Morocco and Western Sahara, categorized by

functional groups.
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Hierarchical cluster analyses based on taxon abundance from the transect (TAT) matrix
revealed significant geographic structure, although no significant structure was detected
for taxon abundance from quadrats (TAQ; Fig. 2.2). The SIMPROF test performed on
TAT data identified three significantly different clusters (groups B1, B2 and B3). Group B1
contains site IM exclusively. Group B2 comprised sites LR, RB, ML and TT at a Bray-
Curtis similarity of around 64%. Groups B1 and B2 showed significant similarity of around
55%. Group B3 comprised sites SB, EB and ES and TF, BJ, LB and DK at a similarity of
53%.

Figure 2.2 — Bray-Curtis similarity dendrograms based on the community composition of A) taxon abundance

from transect and B) taxon abundance from quadrat data. Black nodes depict significant clustering (p<0.05).
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The SIMPER results showed that a total of 20 algae and two animal taxa contributed the
most to the dissimilarities between the three groups (B1B2, B1B3 and B2B3). While
seven taxa contributed the most to differences between groups B1 and B2 (dissimilarity of
45.04%), 11 and 12 taxa contributed the most to differences between groups B1 and B3
(dissimilarity of 51.01%) and B2 and B3 (dissimilarity of 50.82%), respectively (Table 2.3).

Table 2.3 — Results of similarities percentages (SIMPER) analyses showing the percentage contributions of

the species that contributed the most to dissimilarity between groups.

Taxon B1B2 B1B3 B2B3
Ellisolandia elongata 2.78 - -
Verrucaria maura 2.9 - -
Jania rubens 3.2 2.1 -
Codium adhaerens 3.55 2.72 -
Padina pavonica 3.81 2.86 -
Ulva clathrata 4.21 2.69 -
Bifurcaria bifurcata 472 2.68 -
Colpomenia peregrina - 2.23 -
Pyura herdmani - 1.88 -
Sphacelaria fusca - 1.88 -
Perforatus perforatus - 2.08 1.72
Fucus guiriy - 2.18 2.86
Osmundea pinnatifida - 2.96 3.86
Osmundea sp - - 1.67
Ralfsia verrucosa - - 1.69
Hypoglossum hypoglossoides - - 1.78
Lithophyllum byssoides - - 1.91
Ulva compressa - - 1.92
Neosiphonia collabens - - 1.94
Chondracanthus acicularis - - 1.95
Plocamium cartilagineum - - 2.23
Osmundea osmunda - - 2.36

SIMPER contributions based on TAT per site were plotted and highlighted dissimilar
distributional arrangements and changes in species abundance among and within groups
(Fig. 2.3). Out of the 22 taxa retrieved in SIMPER analyses only two were animals, one
was lichen and the remaining 19 were algae. Seven species contributed most to
dissimilarities between groups (Bifurcaria bifurcata, Ulva clathrata, Osmundea pinnatifida,
Padina pavonica, Codium adhaerens, Jania rubens and Fucus guiryi). Abundance of B.
bifurcata gradually increased from group B3 (site SB) to its maximum abundance in group
B1 (site IM; Fig. 2.3) and was absent south of IM. Ulva clathrata was exclusive to sites IM
(group B1), where it was the most abundant, and BJ (group B3). Osmundea pinnatifida

was present at all sites of group B3 but absent from the remaining two groups. While Pa.
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pavonica, C. adhaerens and J. rubens were relatively abundant in group Bl (site IM) they
were absent or extremely rare in the other two groups. Finally, F. guiryi was abundant at
most sites of group B3, with a gradual increase of abundance from site SB to ES, but the

species was absent from groups Bl and B2.

Species

Figure 2.3 - Geographic pattern of distribution and abundance for the species that contributed most to the
dissimilarity between groups B1B2, B1B3 and B2B3. Sites belonging to group B1, B2 and B3 are represented
in blue, red and brown, respectively. Species abundance is represented by total percentage (%) of presence
detected along the 50 points of each transect, averaging the abundance of each of the two replicates at each

site. Study sites are as in Table 2.1.

2.3.2 Species genetic identification

A total of 83 sequences were blasted in the National Centre for Biotechnology Information
(NCBI) database and compared with available sequences, confirming the presence of 5
species of limpets: Patella ulyssiponensis (36 sequences), Cymbula nigra (12
sequences), Pat. depressa (19 sequences), Fissurela nubecula (11 sequences) and Pat.

rustica (1 sequence); and one pulmonate species, Siphonaria pectinata (4 sequences).
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2.3.3 Environmental data

The environmental variables were averaged over the 5-year period (2010-2014) for each
site (Table 2.4, as described in section 2.2.4) and analysed to detect geographical
clustering of sites. The minimum (Ulmin) and mean (Ulmean) values of wind-based
upwelling indices ranged from -1723.51m*®s™' km™ coastline (at IM) to -418.99 m*®s™' km™"
coastline (at RB) and -1543.06 m® s km™ coastline (at IM) and -312.55 m® s km"
coastline (at RB), respectively. Favourable wind-conditions for upwelling phenomena
occurred between 68.9% (at RB) and 95.73% (at DK) of the time of the 5-years period.
Maximum and minimum sea surface temperature (SSTmax and SSTmin) ranged between
20.41 °C (at ES) and 23.33 °C (at RB) and between 16.08 °C (at IM) and 17.12 °C (at TF),
respectively. SST variation (SSTv) ranged 4.05 °C (at LB) and 6.94 °C (at RB).

Table 2.4 — Summary of the environmental variables analysed at each sampling site. Ulmin, minimum
Upwelling Index; Ulmean, mean Upwelling Index; Ulp, probability of upwelling events; SSTmax, maximum sea
surface temperature; SSTmin, minimum sea surface temperature and SSTv, variation of sea surface

temperature (maximum-minimum SST). Sampling sites are as in Table 2.1.

Sites Ulmin Ulmean Ulp SSTmax SSTmin SSTv

(m3s™ km™) (m3s km™) (%) (-C) (-C) (C)
LR -430.19 -340.36 70.52 22.53 16.17 6.37
RB -418.99 -312.55 68.94 23.33 16.39 6.94
SB -820.64 -702.49 77.97 22.76 16.38 6.38
EB -1077.05 -909.97 80.93 22.23 16.54 5.69
ES -1611.04 -1441.31 83.24 20.41 16.15 4.26
IM -1723.51 -1543.06 84.22 20.80 16.08 472
ML -1704.03 -1263.98 83.98 22.16 16.62 5.55
TT -1140.94 -1014.64 88.16 21.88 16.77 5.11
TF -1330.26 -1050.61 90.28 21.79 17.12 4.67
BJ -1301.84 -1209.70 92.66 22.62 16.76 5.86
LB -1058.47 -953.61 93.26 20.48 16.43 4.05
DK -1072.76 -924.01 95.73 21.15 16.98 4.17

Hierarchical cluster analysis based on the six environmental variables revealed significant
geographical structure which was supported by the non-metric multidimensional (MDS)
analysis (Fig. 2.4). The SIMPROF test significantly identified three main groups (E1, E2
and E3). Group E1 contained site IM. Group E2 comprised sites LR, RB, SB and EB (the
four northernmost sites). Group E3 comprised sites ES and ML, TT, TF, BJ, LB and DK

(central and southern sites).
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Figure 2.4 — Geographic structure based on environmental data; A) Euclidean distance dendrogram of the
similarity of sites based on environmental variables, B) non-metric multidimensional ordination plot from the

12 study sites. Black nodes in the dendrograms depict significant clustering (p<0.05).
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2.3.4 Biological-Environmental comparison

The RELATE routine did not identify significant similarity between the environmental
variables and taxon richness (Rho=-0.1163, p=0.927), abundance of functional groups
(Rho=-0.079, p=0.739), TAT (Rho=0.121, p=0.198) or TAQ (Rho=0.022, p=0.420).
However, both biological (transect based) and environmental hierarchical cluster analyses
showed similar clustering structure. Site IM was depicted as an outlier group in both
cluster analyses. Additionally, both cluster analyses grouped sites LR and RB in B2/E2
and sites ES and TF, BJ, LB and DK in B3/E3.

DistLM did not retrieve any significant contributions of the environmental variables to the
variability of taxon richness, abundance of functional groups, TAT or TAQ (marginal and
sequential tests on environmental variables all p>0.05, Table 2.5). Although marginal
tests on the environmental variables explaining TAQ were all non-significant (all p>0.05,
Table 2.5), sequential tests showed that Ulmin, Ulmean, Ulp and SSTmax together
explained 47% of the variation (p=0.040, Table 2.5).

However, a DistLM analysis retrieved a significant contribution of Ulp (marginal tests,
p=0.0361) to the variability of presence/absence data from taxa identified in transects,

explaining ~16% of the variation (Table 2.5).
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Table 2.5 — Results of DistLM model. Environmental variables were analysed individually (marginal tests) and
sequentially using the ‘all specified’ selection procedure and the Akaike (AIC) selection criterion. Prop (%) is
the proportion of variance in taxon richness, abundance of functional groups, taxa from quadrats and from

transects explained by each variable. Significant (p<0.05) values are indicated in bold.

MARGINAL TESTS SEQUENTIAL TESTS

Taxon richness

Variable Pseudo-F p-value Prop (%) Pseudo-F  p-value Prop (%) Cumul.
Ulmin 0.012998 0.9198 0.12981 0.012998 0.9208 0.12981 0.001298
Uimean 0.55436 0.5049 5.2524 3.4548 0.0798 27.702 0.27832
Ulp 1.3626 0.2673 11.992 0.88807 0.379 7.2108 0.35043
SSTmax  0.26808 0.6149 2.6108 0.74211 0.4065 6.2264 0.41269
SSTmin 0.22212 0.6427 2.1729 0.027105 0.8757 0.26413 0.41533
SSTv 0.49801 0.4879 4.7438 2.1704 0.1947 17.697 0.59231
Functional group

Variable Pseudo-F p-value Prop (%) Pseudo-F  p-value Prop (%) Cumul.
Ulmin 0.075224 0.8563 0.74663 0.075224 0.8526  0.74663 0.007466
Uimean 0.84733 04171 7.8114 2.8365 0.0856  23.785 0.24532
Ulp 0.42341 0.5517 4.0621 0.99913 0.3412 8.3789 0.32911
SSTmax  0.90635 0.3598 8.3103 0.5323 0.5103 4.7412 0.37652
SSTmin 2.1252 0.1742  17.527 0.10476 0.8201 1.0699 0.38722
SSTv 0.34377 0.6037 3.3235 0.18432 0.7203 2.1786 0.409
Quadrats

Variable Pseudo-F p-value Prop (%) Pseudo-F  p-value Prop (%) Cumul.
Ulmin 0.53817 0.7095 5.1068 0.53817 0.7122 5.1068 0.051068
Uimean 0.22038 0.913 2.1562 0.67448 0.5889 6.6157 0.11723
Ulp 0.81871 0.5376  7.5675 0.93633 0.4601 9.2495 0.20972
SSTmax  1.8648 0.1375 15.717 3.5266 0.0404 26.476 0.47448
SSTmin 0.80664 0.5417 7.4643 0.39312 0.7426  3.2315 0.50679
SSTv 1.6995 0.1605 14.527 1.1109 0.3863 8.9658 0.59645
Transect

Variable Pseudo-F p-value Prop (%) Pseudo-F  p-value Prop (%) Cumul.
Ulmin 0.78303 0.7153  7.2617 0.78303 0.7149 7.2617 0.072617
Uimean 0.83759 0.6619 7.7286 0.75381 0.7388 7.1672 0.14429
Ulp 1.6735 0.066 14.336 1.6347 0.0856 14.519 0.28948
SSTmax  0.8457 0.6253 7.7975 1.0522 0.4213  9.2849 0.38232
SSTmin 1.4703 01127 12.819 1.1015 0.391 9.5808 0.47813
SSTv 1.0683 0.3428 9.6518 0.98974 0.4567 8.6233 0.56437
Presence/absence from transect

Variable Pseudo-F p-value Prop (%) Pseudo-F  p-value Prop (%) Cumul.
Ulmin 0.73365 0.7677 6.835 0.73365 0.7741 6.835 0.06835
Uimean 0.74402 0.7798 6.925 0.8607 0.6409 8.132 0.14967
Ulp 1.8832 0.0361 15.848 1.8136 0.0541 15.714 0.30681
SSTmax 0.89442 0.5643 8.2099 1.0795 0.4038 9.2616 0.39943
SSTmin 1.4469 0.1311 12.64 1.2854 0.2722 10.596 0.50539
SSTv 1.1706 0.2775 10.479 1.0226 0.4398 8.3982 0.58937
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2.4 DISCUSSION

The results of this chapter suggest that upwelling may influence community structure of
intertidal benthic biota of Atlantic Moroccan and Western Sahara shores. Here, | further
discuss the intertidal biodiversity of Morocco and Western Sahara territory and the

importance of upwelling as a thermal buffer in a context of climate change.

2.4.1 Upwelling influence on intertidal benthic communities

The fact that the distribution and abundance of coastal marine species are strongly
influenced by large scale oceanographic processes (Bosman et al., 1987, Broitman et al.,
2001; Blanchette et al, 2008) and that the latitudinal variability of environmental or
geographical variables enables clear geographical partitions of study regions (e.g.
Hutchings et al., 2009), highlights the possibility of finding distinct intertidal communities
associated with areas differently influenced by environmental or oceanographic
processes. The environmental analysis structured the study area of this chapter into three
groups: an outlier location (site IM, group E1, western Morocco), a northern region (sites
LR, RB, SB and EB, group E2, northern Morocco) and a southern region (sites ES and
ML, TT, TF, BJ, LB and DK, group E3, southern Morocco and Western Sahara). Site IM
was most likely identified as an independent group due to the combined effects of the
strongest upwelling indices (Ul), some of the lowest maximum sea surface temperature
(SSTmax) and the lowest minimum SST (SSTmin), highlighting a location characterized
by the coldest water conditions and most intense upwelling of the entire study area. In
sharp contrast, E2 comprised the weakest Ul coupled with the lowest probability of
upwelling (Ulp) and greatest SST variation, which matches previous studies describing
northern Morocco as a region characterized by weak upwelling indices (Marcello et al.,
2011; Benazzouz et al., 2014, Cropper et al., 2014). In agreement with the described
intense upwelling events and the lack of seasonality along southern Morocco and
Western Sahara due to conditions that are favourable to upwelling year-round (Marcello
et al., 2011; Benazzouz ef al.,, 2014), E3 revealed strong upwelling indices and the
greatest probability of upwelling.

Because they can interrupt the general pattern of warmer or colder SSTs towards the
equator or the poles, respectively, oceanographic features such as fronts, currents or
upwelling phenomena cause thermal latitudinal discontinuities, influencing the distribution
of intertidal assemblages (e.g. Blanchette ef al., 2008; Ling ef al., 2009). For example, the

East Australian Current (EAC) flows south along eastern Australia, the Tasman Sea and
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eastern Tasmania, warming intertidal shores along these regions (Ridgway, 2007). This
latitudinal thermal discontinuity has major implications for the distribution and composition
of rocky shore communities, as the warm tongue of the EAC favours the spread of warm
adapted taxa beyond their subtropical distributional range and leads to range contractions
of cold adapted ones (Poloczanska ef al., 2007, Ling et al., 2009; Wernberg ef al., 2011).
Latitudinal discontinuities associated with upwelling are key elements in explaining
community structure of benthic intertidal biota, as in the case of the Humboldt Current
system (Broitman et al., 2001; Wieters ef al., 2009; Tapia et al., 2014), the California
Current system (Blanchette ef al., 2008) and the Benguela Current system (Wieters et al.,
2009). Upwelling conditions were proposed as major drivers of biogeographic variation of
the intertidal fauna and flora along South Africa (Bustamante & Branch, 1996b; Sink et al.,
2005; Xavier et al., 2007). Discontinuities in community structure and species abundance
along California and Humboldt Current systems also coincided with regional shifts in
upwelling intensities (California, Broitman ef al., 2001; Schoch et al., 2006; Blanchette et
al., 2008; Humboldt, Wieters ef al., 2009; Tapia et al., 2014). In this chapter | demonstrate
that under extreme upwelling-related environmental conditions (i.e. the strongest
upwelling indices coupled to the lowest SST) upwelling drives changes in species
abundance and community composition. The general lack of statistical significance
between environmental and biological data and the partial discordance in clustering
structure between taxon abundance and upwelling-related variables depicted in this work
might suggest that upwelling does not influence nearshore benthic community structure.
Indeed, it has been shown that upwelling alone does not affect the abundance of intertidal
mussels, the mesoscale variation in faunal assemblages in mussel beds or the number of
species associated with mussel beds (Cole & McQuaid, 2010). However, DistLM analyses
on taxa abundance in quadrats and on presence/absence and the agreement between
environmental and biological dendrograms for site IM suggest that upwelling influences
the structure of intertidal communities. This influence seems to be exclusive of the site
where environmental variables were exceptionally different from the surrounding
locations. Specifically, the strongest upwelling indices and the lowest SST displayed by
IM most likely mirror an effect on the abundance of intertidal biota, primarily algae, at this
location. In fact, the community patterns described in this chapter largely reflect variations
in the relative abundance of taxa rather than changes in species assemblages. This
pattern has been previously described by Blanchette ef al. (2008) from the intertidal
shores of the California Current system. In this chapter, many of the species that
contributed most to differences between groups did not show large scale

presence/absence patterns, but rather had striking differences in abundances, with
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particular expression where upwelling was stronger. For example, Bifurcaria bifurcata,
Padina pavonica and Ulva chlathrata were relatively abundant in group B1/E1 (i.e. site IM)
but extremely rare in the other groups. Bifurcaria bifurcata is a warm temperate species
distributed from the British Isles to Morocco, restricted to tide pools to escape critical
thermal extremes (Neiva et al., 2015). Group B1/E1 most likely provides optimum
conditions as a thermal refugium for the persistence of this brown algae, as evidenced by
the greatest upwelling indices and lowest minimum and maximum SST at site IM,
explaining the great abundance and intertidal cover of B. bifurcata there. This is in line
with recent evidence highlighting the role of upwelling cells as contemporary refugia for
marine species in a context of warming climate (Riegl & Piller, 2003; Hu & Guillemin,
2016; Lourenco et al., 2016). In areas experiencing dramatic ocean warming, upwelling
cells buffer the temperature increase on algae populations by delivering cold upwelled
waters that counter the effect of warming SST, allowing the long-term maintenance of the
species and its genetic diversity, most likely with consequences for the associated biota
(Lourenco et al., 2016). Noticeably, the only animal that greatly contributed to differences
among sites was the barnacle Perforatus perforatus, which was massively more abundant
at sites IM, ML and TT than elsewhere. Additionally, the only other animal identified by
SIMPER analysis, the ascidian Pyura herdmani, occurred only at these three sites.
Similarity in upwelling indicators does not seem responsible for the distributional pattern
of the two species, because the three sites differ in upwelling indices and SST variables.
Interestingly, along the transect Py. herdmani was only recorded at the lowest limit of the
intertidal but extended into subtidal habitats (pers. obs). Although Pyura species are
generally reported up to mid intertidal shores (Monteiro ef al., 2002; Castilla et al., 2004),
Py. herdmani might have a greater affinity to subtidal environments and therefore only
rarely extends beyond the low shore. Because subtidal shores were not investigated, this
species might be present at other sampling sites but have passed undetected because it
is excluded from the intertidal area. Abiotic factors such air or substratum temperature
might be limiting the vertical distribution of Py. herdmani as described for other subtidal-
intertidal species (e.g. Harley, 2011; Mislan et al., 2014).

Upwelled waters also enhance algal growth as a result of an increasing input of nutrients
(Bosman et al., 1987; Ormond & Banaimoon, 1994). In particular, U. chlathrata, an
opportunistic foliose alga characterized by fast growth (Gaspar et al., 2017), reached its
greatest relative abundance at IM. This suggests a bottom-up effect potentially caused by
nutrient-rich upwelling waters associated with this site (Head ef al., 1996) that further
promoted the spread of the species along the intertidal, supporting previous evidence of

the influence of nutrient-rich upwelling waters in promoting growth of foliose algae
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(Bustamante et al., 1995). Most importantly, considering that the overall biological dataset
is largely dominated by algae, input of nutrients by upwelled waters might attain an even
greater importance and be responsible for the observed clustering patterns. The results
might therefore be biased in favour of algae and not correctly represent clustering
patterns of animals or of the entire intertidal community. While the key role of nutrient-rich
upwelling waters in structuring assemblage composition across the Canary Current
system (CCS) has been recently demonstrated for pelagic communities (Anabalén et al.,
2014), the drivers of community structure of intertidal benthic biota along Moroccan and
Western Sahara shores still warrant further investigation. Additional studies, preferably
with similar proportion of algae and animals and targeting a range of environmental
variables (i.e. upwelling with different intensities), would help disentangling not only the
different influences of upwelling indicators (i.e. SST and nutrients) on the intertidal
community structure of northern African shores, but also to detect possible bias on
structural patterns of intertidal assemblages. Indeed, it has been shown that different
taxonomic groups might respond differently to upwelling influence. For example, while
algal cover and herbivores biomass is greater at shores of coastal upwelling than where
upwelling does not occur, the opposite pattern is described from the cover of sessile filter-
feeders (Bosman et al., 1987).

Additionally, local features such as topography are also important small scale drivers of
intertidal community composition (Blanchette et al., 2008; Waters ef al., 2014). Despite its
vast distribution along eastern Atlantic and Mediterranean shores, the brown alga Pa.
pavonica is mainly found in rocky tide pools (Herbert ef al., 2016). The unique topography
of site IM, characterized by a gentle intertidal slope with continuous, shallow (<10 cm)
tidal pools, is a probable factor explaining the great abundance of this species. Similarly,
site-specific physical attributes have previously explained the distribution of species over
large geographical scales. For instance, the presence of the sand tolerant anemones
Anthopleura elegantissima and Acrosiphonia spp from the northwest coast of the United
States was explained by site-specific physical traits related to sand exposure (Blanchette
et al., 2008).

2.4.2 Intertidal biodiversity along the Atlantic shores of Morocco and Western

Sahara in a context of climate change
Multiple expeditions have been performed within the CCS since the 19" century

describing faunal and floral richness and biodiversity of this large upwelling ecosystem

(reviewed in Ramos et al., 2015). In spite of this, northwest African benthic communities
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still remain largely under-investigated and the region is among the less known regions of
the planet (Decker ef al., 2003; Brito et al., 2014, Ramos et al., 2015). Moreover, this
region is of great interest because it is experiencing variable, severe and rapid climatic
changes in warming trends (Lima & Wethey, 2012). Therefore, monitoring species that
inhabit this region is necessary for the successful assessment of the impact of
contemporary climate changes on rocky intertidal biota.

The clarification of distributional limits and the novel records reported in this chapter
increase our knowledge on the distribution of intertidal benthic species along northern
Africa. Moroccan coasts and the Western Sahara territory harbour great intertidal richness
(Benhissoune et al., 2001, 2002a, 2002b, 2003; Franchimont & Saadaoui, 2001; John et
al., 2004; Unesco, 2015) but most studies investigating the distribution and presence of
marine intertidal species have been performed along northwestern Atlantic or
Mediterranean Moroccan shores, with much less sampling effort in southern Morocco or
the Western Sahara (Franchimont & Saadaoui, 2001). While most species in this work
had been previously described from Atlantic Moroccan shores, their distributions in the
southern region remained unclear. Following past studies that exhaustively catalogued
the distribution of algae along most of my study area, this work clarified the range
distribution of 141 algal species, particularly along the southern region, and added nine
novel records for Morocco and Western Sahara, reinforcing the idea that more research is
needed on benthic intertidal communities (Franchimont & Saadaoui, 2001; Ramos et al.,
2015) if one wants to clarify the composition and distribution of benthic intertidal
assemblages of northern Africa. In addition to great gaps in algal distribution records, the
distribution and description of macroinvertebrates from Moroccan shores remains largely
uncertain (Franchimont & Saadaoui, 2001). As all macroinvertebrate species investigated
in this study have previously been recorded from the study region and to avoid
overestimating distributional novelties due to unclear range distributions, all local records
of macroinvertebrates and lichens were not considered novel. Particularly, less
information (e.g. the lack of distribution catalogues) is available on the detailed distribution
of macroinvertebrate species along Morocco and Western Sahara, hindering the correct
assessment of species distribution and distributional changes. For example, the
sandworm Sabelaria alveolata has been described in multiple studies as being distributed
from Scotland to southern Morocco (e.g. Mieszkowska ef al., 2008; Dubois et al., 2007;
Plicanti et al., 2016). Although its distribution is well described from the northern part of
the range (e.g. Dubois et al., 2007; Mieszkowska et al., 2013; Firth et al., 2015), few
studies refer to specific locations along the southern range (Ocana et al., 2005; Rouhi et
al., 2007; Muir et al., 2016). Here, | show that S. alveolata extends towards the Western
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Sahara, as far south as Dakhla (site DK). Similarly, the barnacle species Chthamalus
stellatus and Ch. montagui have been the focus of several studies, with reported
distributions from Scotland to northern Morocco and to Senegal, respectively (Southward,
1976; Clavier et al., 2009; Shemesh et al., 2009), but the southern distributional limits
remain largely unexplored. In contrast to Shemesh et al. (2009) who showed that Ch.
montagui was the only chthamalid species along northern Africa (three sites examined
between northern Morocco and Senegal), in this chapter | provide evidence that the
species coexists with Ch. montagui along multiple locations of Atlantic Morocco and
Western Sahara. This result supports previous work suggesting that the two species
could exist along northern African shores (Crisp et al., 1981). While clarifying the
distribution of the Ilimpet species Patella aspera and Pat. ulyssiponensis along
northeastern Atlantic shores, Weber & Hawkins (2005) highlighted the need to study the
Moroccan populations to determine which species inhabited these shores and to rule out
hybridization zones between the two species. Although a large scale survey would clarify
the distribution of Patella spp described in this work, | did not find (morphological or
genetic-based) evidence of the presence of Pat. aspera along Moroccan shores, in
contrast to the widespread presence of Pat. ulyssiponensis, Pat. depressa and Pat.
rustica.

Generally, a cline of increasing species richness can be observed from the poles towards
lower latitudes (Gray, 2002; Macpherson, 2002; Brown, 2014 but see Chaudhary ef al.,
2016). However, no clear latitudinal gradient in taxon richness was observed along the
study area. Nevertheless, the greater than average taxon richness at all Western Sahara
locations (sites TF, BJ, LB and DK >46 species/site) matches previous studies contrasting
the greater biodiversity and species richness of the Western Sahara compared to
Moroccan shores (Ramos et al.,, 2015). Evidence suggests that environmental factors
such as productivity, temperature, nutrients and sediments play dominant roles in
determining patterns of large scale species richness, through greater supply of energy
(Gray, 2002; Macpherson, 2002). However, no single theory alone successfully explains
the latitudinal gradient of increasing species richness towards lower latitudes (Schemske
& Mittelbach, 2017; Schluter & Pennell, 2017). Both evolutionary processes (e.g. different
rates of speciation and extinction of species in the tropics and in temperate regions, see
Hillebrand, 2004; Jablonski et al., 2006) and ecological processes (e.g. the influence of
habitat heterogeneity, reviewed in Schemske & Mittelbach, 2017) have been identified as
the presumed drivers of this taxonomic pattern. Additionally, anthropogenic stressors
such as pollution and environmental contamination strongly influence local patterns of

species richness (Leopardas ef al., 2016). A recent study performed along the Moroccan
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coast showed that the diversity of macroalgae was lower closer to the large urban centre
of Essaouira, which is affected by untreated sewage, than farther away from this
populated area (Sabri et al., 2017). Pollution from urban centres, which are larger and
more widespread along the northwest Moroccan coast, could help explain the overall
lower taxon richness along the Moroccan coast (sites LR, RB, SB, EB, ES, IM, ML and
TT) compared to the Western Sahara (sites TF, BJ, LB and DK). However, such large
scale effect on species richness might seem unlikely as the adverse effect of pollution has
only been reported at small, local scales rather than at large, regional ones (see
Leopardas et al., 2016; Sabri et al., 2017).

Climate change is expected to further alter species richness and community composition
worldwide (Molinos et al., 2016; Woodworth-Jefcoats et al., 2016). The CCS is a
temperate zone bordered by the Mediterranean Sea, the tropical West African shores and
the cool temperate northeastern Atlantic shores (Spalding et al., 2007), and represents a
biogeographical transition where several warm and coldwater species meet and reach
their northern or southern range limits (e.g. Lima et al., 2007a; Lourengo ef al., 2012;
Nicastro et al., 2013; Neiva et al., 2015). In particular, Moroccan and Western Saharan
shores have experienced a warming of sea surface temperature of 0.02—-0.30 and -0.02—
0.29 °C/decade over the last 30 years, respectively (Lima & Wethey, 2012), and are
characterized by distributional shifts linked to climatic changes (Nicastro et al.,, 2013,
Lourenco ef al., 2016). For instance, the brown alga Fucus guiryi has disappeared from
large stretches of Moroccan shores and contracted its distribution, most likely as a result
of increasing SSTs (Lourengo et al., 2016, see chapter 3). Due to the scarcity of
continuous historical data, it remains unknown whether the new southern limits described
in this chapter reflect novel range expansions or simply a lack of updated detailed
information on species distributions. Nonetheless, it can be anticipated that distributional
changes will continue to occur in the future along these northern African shores. Whether
species will adapt fast enough to a changing world and shift their environmental niche to
track climatic changes remains a critical question (Visser, 2008; Bellard ef al., 2012). As a
consequence, there is an urgent need to detect areas that, by acting as climatic refugia,
allow species to persist under generally unsuitable environmental conditions. Recently,
upwelling areas in my study area have been described as climatic buffers that allow
species to persist under warming conditions (Hu & Guillemin, 2016; Louren¢o et al.,
2016). The multiple upwelling cells of the CCS and the large extension of coast that they
permanently or intermittently affect (Marcello et al., 2011; Benazzouz ef al., 2014; Sousa
et al., 2017a) have therefore the potential to act as safe havens for other intertidal

species. Although this chapter provides further evidence on the role of upwelling as a
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climatic refugium for the brown alga B. bifurcata, the refugium role might have been
underestimated. For example, no climatic refugia is detected in this chapter for the brown
alga F. guiryi, although a more thorough survey in chapter 3 clearly demonstrates the role
of upwelling in preserving the species. Increasing the number of sampling sites and the
frequency of future surveys will help unravelling unexpected climatic refugia for other
intertidal species.

A number of studies has focused on understanding how upwelling intensity is changing
and will change worldwide in a context of climate change (McGregor et al., 2007; Bakun
et al., 2010; Wang et al., 2015; Sousa et al., 2017a). Regardless of the expected increase
in upwelling intensity in northern Africa (Wang et al., 2015 but see also Sousa et al.,
2017a), which could counterbalance the negative effects associated with climate change
(e.g. mass mortality), warming is expected to continue to increase (Collins ef al., 2013;
IPCC, 2014), threatening intertidal species that already live close to their thermal
tolerance limits. This study can therefore serve as a baseline for future studies
investigating how intertidal benthic communities shift in one of the most important

upwelling systems in the world.

2.4.3 Final remarks

A single biogeographic region has been described for the Atlantic coast of Morocco and
Western Sahara together: the Saharan upwelling ecoregion (Spalding ef al., 2007;
between ~36° N and 21° N). However, the environmental data presented in this chapter
suggest further substructure with northern, central and southern partitions. In fact,
considering the great extent of this coast and how different regions are differently affected
by upwelling, substructure could be anticipated as has been observed for other upwelling
systems. Multiple biogeographical regions are described from the California, Humboldt
and Benguela Current systems, each of which covers a similar latitudinal coverage of the
coast of ~15° (e.g. California Current system: Montereyan, southern California and
Ensenadian regions, Blanchette ef al., 2008). Nonetheless, the CCS lacks sharp
upwelling-driven  biogeographical breaks. For example, in contrast to clear
northern/southern upwelling/non-upwelling-influenced shores in the California Current
system (reviewed in Blanchette et al., 2009), the CCS is characterized by successive
stretches of coast encompassed by upwelling cells adjacent to areas that are seldom
affected by cold upwelled waters (Marcello et al.,, 2011; Benazzouz et al., 2014). Under
favourable winds, upwelling filaments extend through hundreds of kilometres intermittently

delivering colder upwelled waters to non-upwelling areas (Marcello et al., 2011;
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Benazzouz et al., 2014). This alongshore spread of upwelled waters may therefore
homogenize the influence of upwelling, erasing any sharp compositional breaks in taxa
and leading to less striking spatial changes or geographic structure in benthic community
composition along northern Africa, as described in this chapter.

Additionally, this work greatly advances our knowledge of the distribution of numerous
intertidal benthic species inhabiting northern African shores, particularly along the
southern Morocco and Western Sahara, which have remained largely under-explored.
The southern range of some of the species analysed in this chapter have remained
unclear for at least the past 40 years (e.g. Ch. montagui and Ch. stellatus, Southward,
1976; Crisp et al., 1981) and the catalogues describing the distribution of algae date from
2001-2004 (Benhissoune et al., 2001, 2002a, 2002b, 2003; John et al., 2004). Taking into
account the growing number of studies reporting new species from Moroccan shores (e.g.
Sabour et al., 2013; Hassoun et al., 2014, 2016; Belattmania et al., 2017) and describing
distributional shifts of intertidal species driven by climate change (Nicastro et al., 2013),
there is an urgent need to provide an update on the distribution of intertidal benthic
species. While these results provide information on more than 180 species, future
research should try to address not only other functional groups that were not included in
this study (e.g. carnivores) but also cover the extension of coast of the Western Sahara
that was not surveyed here (from Dakhla to Cape Blanc), which is characterized by
marked environmental breaks (Marcello ef al., 2011; Benazzouz et al., 2014) and might

be expected to exhibit changes in species distributions and community structure.
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The effect of upwelling areas in the distribution and genetic

diversity of the marine macroalga Fucus guiryi

F. guiryi interspersed with the black lichen Lichina pygmaea in El Beddouza, Morocco.
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3.1 INTRODUCTION

Climatic changes affect biogeographic patterns of a wide variety of taxa, causing range
shifts and population extinctions (e.g. Nicastro et al., 2013). As a result, the importance of
refugia is increasingly recognized (Ashcroft, 2010; Keppel ef al., 2012; Gavin et al., 2014).
In the past, the term refugium was used to refer to limited spatial locations to which
species retreated and where they persisted throughout the Last Glacial Maximum (LGM),
subsequently expanding to surrounding areas when climatic conditions improved
(Ashcroft, 2010; Keppel et al.,, 2012; Gavin et al., 2014). Several regions have been
identified as glacial refugia for both terrestrial (e.g. Beatty & Provan, 2011; Schmitt &
Varga, 2012; Meiri et al., 2013) and marine species (reviewed in Maggs et al., 2008).
These areas, while often fragmented at present, were responsible for preserving in the
past not only species as distinct biological units, but also their pool of genetic diversity
(e.g. Neiva et al., 2014, 2015). Indeed, as a consequence, the low latitude distributional
edges of a number of species harbour higher levels of genetic diversity than populations
inhabiting central regions (Diekmann & Serréo, 2012; Assis et al., 2013).

Contemporary refugia provide favourable environmental conditions that facilitate species
persistence in regions threatened by climate change (Keppel ef al., 2012). Analogous to
past glacial refugia (e.g. Albaina et al., 2012; Meiri et al., 2013), current refugia from
warming have great ecological and evolutionary importance and are safe havens that
contribute to the maintenance of regional and global biodiversity by promoting biodiversity
conservation and allowing species to avoid local extinction (Riegl & Piller, 2003; Lima et
al., 2016; Morelli et al., 2016).

Coastal upwelling delivers cold, nutrient-rich water from the ocean’s depths to the surface
into the intertidal and nearshore region (Narayan et al., 2010; Wang et al., 2015).
Depending on the intensity and duration of upwelling events, areas affected by upwelled
waters are exposed to ecological conditions that are temporarily or permanently distinct
from those of surrounding regions. Most importantly, the vigour of coastal upwelling is
globally increasing as a result of changes in greenhouse gas concentrations, land-sea
pressure differences and wind patterns (Bakun et al., 2010; Narayan ef al., 2010). The
delivery of cold waters by upwelling events is not directly correlated with climate, therefore
providing an opportunity for regional decoupling of global warming in refugia, offering
insulation from present and projected climatic changes. Although numerous studies have
advanced our understanding of the diverse functional roles played by upwelling (e.g.

Bosman et al., 1987; Barshis et al., 2011; Rivera et al., 2013), the role of upwelling areas
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as refugia in a scenario of global warming has been proposed (Riegl & Piller, 2003; but
see Chollett et al., 2010), but remains largely unexplored.

The Iberian and north African Atlantic coastlines are particularly suitable regions for
investigating the potential sheltering effect of upwelling. Over the last few decades, sea-
surface temperatures (SST) have significantly increased along this coastline, while five
interspersed upwelling areas (west coast of Portugal, Strait of Gibraltar, Cape Ghir, Cape
Juby, and north of Cape Blanc) show lower or non-significant temperature increase and
rather, in some cases, cooling trends (Lima & Wethey, 2012), offering natural
experimental replicates. Importantly, these shores form a biogeographical transition
region where several warm and coldwater species reach their northern or southern range
limits (Lima et al., 2007a; Lourenco et al., 2012; Rubal et al., 2013), therefore offering the
opportunity for early identification of distributional expansions and contractions (Lima et
al., 2006, 2007a, 2007b; Nicastro et al., 2013; Neiva et al., 2015).

Here, | investigate whether upwelled waters show evidence of acting as refugia in a
region heavily affected by recent climatic changes. To do so, | focus on the intertidal
canopy-forming brown alga Fucus guiryi (Zardi et al., 2011b) and compare its recent
biogeographic dynamics and population genetic diversity and structure with the

geographic distribution of upwelling areas and warming rates over the last three decades.
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3.2 MATERIAL AND METHODS

3.2.1 Model species

Macroalgae of the genus Fucus are a dominant feature along temperate to cold North
Atlantic intertidal rocky shores. The recently described species F. guiryi (previously
designated F. spiralis var. platycarpus and also referred to as F. spiralis Low), can be
distinguished from its congeners by the presence of sterile rims around the
hermaphroditic receptacles, monopodial branching and the absence of air bladders, in
addition to physiological and genetic differences (Billard et al., 2010; Zardi et al., 2011b).
Fucus guiryi is distributed throughout Morocco, the Canary Islands, the Iberian Peninsula
and France, northwards to Great Britain and Ireland (reviewed in Zardi et al., 2011b).
South of northern Portugal, F. guiryi is the only Fucus species present on intertidal shores
(Ladah et al., 2003 then reported as F. spiralis, Zardi et al., 2011b, 2015b).

3.2.2 Study sites

Field work was conducted along the coastlines of southwest (SW) Iberia, Mediterranean
and Atlantic Morocco and Western Sahara, which are affected by distinct upwelling cells:
the Atlantic Iberian (from the Canary Current (upwelling) System (CCS), affecting SW
Portuguese shores; Relvas & Barton, 2002), the northwest (NW) African (also from the
CCS, affecting Atlantic Morocco and Western Sahara; Marcello ef al., 2011; Benazzouz et
al., 2014) and the Strait of Gibraltar (between the Atlantic and Mediterranean shores of
Morocco; Stanichny, 2005). Although no permanent barriers exist to delimit these
upwelling areas, and the seasonality and intensity of upwelling vary in their timing and
across latitudes, upwelling phenomena can be detected through low sea surface
temperatures (SST) or high upwelling indices (Marcello et al., 2011; Benazzouz et al.,
2014). The distinct upwelling regions comprise five main centres located at: 42-37° N (PT
in Fig. 3.1, Portuguese coast; CCS), 35.8-35.9° N, 6-5° W (GB, Strait of Gibraltar
upwelling cell); 31-32° N (GH, north of Cap Ghir; CCS), 26.5°-28° N (JB, south of Cap
Juby; CCS) and 21-25° N (BL, north of Cap Blanc; CCS). Adjacent surrounding areas
experience intermittent effects of upwelling that decrease while moving away from these
centres (Marcello et al., 2011; Benazzouz et al., 2014).

Monthly averaged SST data depicting upwelling seasonality during 2012 with a 4 km
resolution were retrieved from the Moderate Resolution Imaging Spectroradiometer-Aqua

(MODISAqua) dataset available from the National Aeronautics Space Administration
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(NASA) Goddard Earth Sciences (GES) Data and Information Services Centre (DISC)
and used to illustrate the different upwelling centres along the study area (Fig. 3.1).
Visualization was performed using Giovanni, a web-based application developed by the
GES DISC.

August 2012 February 2012
42N SST °C
Spam Spam
40N
Rortui
22.4
38N
21.8
36N 212
34N r- 20.6
32N Morocco Morocco
30N
28N Algeria Algeria 18.2
JB Western Western
Sahara Sahara 17.6
26N
Mauritania Mauritania
24N 225 km Mah 225 km

17w 15W 13w 11w 9w 7W  5W  3W 17w 15W  13W 11W  9W  7W  5W  3W
Figure 3.1 - Sea surface temperature (SST) illustrating the five upwelling centres during high (August 2012)
and low intensity (February 2012) periods. PT, Portuguese coast; GB, Strait of Gibraltar; GH, north of Cape
Ghir; JB, south of Cape Juby and BL, north of Cape Blanc. Longitude and latitude are represented by
horizontal and vertical axes, respectively. Gradient coloration corresponds to sea surface temperature
variation. All values below 17 °C are shown in purple, whereas 23 °C or higher temperatures are shown in

red.

3.2.3 Distribution and southern range contraction of Fucus guiryi

To assess range contraction, the distribution of F. guiryi along the Mediterranean and
Atlantic Iberian and African coasts was investigated through extensive field surveys on
rocky intertidal shores during low spring tides between April 2012 and October 2014
(Table 3.1) and compared with historical data described in the literature. During the
surveys, locations where the presence of F. guiryi was reported in the past were revisited
and additional locations for which no data were available were explored; these locations
were selected based on habitat preferences of F. guiryi (marine intertidal, rocky shores,
expose to moderately wave exposed areas, Zardi et al., 2011b, 2015b). Thirty-nine
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locations spreading along >2600 km of coastline were surveyed. Two observers assessed
the presence or absence of F. guiryi by performing approximately 60 min searches across
all microhabitats. An additional four non-surveyed locations (Camarinal, Guadalmesi and
Punta Carnero; Calaburras R. Bermejo pers. comm.) were retrieved from Bermejo ef al.
(2015), giving a total of 43 study sites.

Historical data on the distribution of F. guiryi were assembled from an exhaustive
literature review. Literature and information from herbarium collections reporting
geographical distribution of F. spiralis, F. spiralis var. platycarpus or mentioning F. spiralis
Low were considered as reporting F. guiryi when populations were described from south
of Minho (northern Portugal, see section 3.2.1 Model species). Published literature was
screened up until December 2014 using Google Scholar and the ISI Web of Knowledge
with the following keywords individually or in combination: Fucus, spiralis, platycarpus,
Morocco, Maroc, Sahara, distribution, Atlantic, Mediterranean, Fucales. AlgaeBase (Guiry
& Guiry, 2014) was also consulted and distribution records for F. spiralis in northern Africa

were considered.

Table 3.1 — List of sampling locations along Iberian Peninsula (Portugal, Atlantic and Mediterranean Spain)
and northern Africa (Mediterranean and Atlantic Morocco and Western Sahara) Med. refers to

Mediterranean, * depicts sampling sites for genetic analyses, n refers to sampling size for genetic analyses.

Region Location Code Coordinates n
Portugal V. N. Milfontes MF  37°43'09.81"N; 08°47'30.16"W -
Portugal Amoreira AM  37°20'57.30"N; 08°50'49.89"W -
Portugal Castelejo CT 37°06'08.09"N; 08°56'44.99"W -
Portugal Arrifes AB 37°04'34.05"N; 08°16'37.68"W -
Portugal Santa Eulalia SE 37°05'12.22"N; 08°12'58.82"W -
Portugal Ilha do Farol FL 36°58'28.87"N; 07°52'02.05"W -
Portugal V. R. S. Antonio VR 37°10'13.57"N; 07°24'09.59"W -
Atlantic Spain Cadiz CD  36°27'58.78"N; 06°15'25.28"W -
Atlantic Spain Punta Camarinal’ CM  36°05'04.32"N; 05°48'09.48"W -
Strait of Gibraltar Paloma Baja PB* 36°03'41.35"N; 05°43'24.69"W 5
Strait of Gibraltar Guadalmesi' GM  36°01'45.08"N; 05°32'36.56"W -
Strait of Gibraltar Punta Carnero’ PC 36°04'39.91"N; 05°25'30.67"W -
Med. Spain Torreguadiaro TG 36°18'00.19"N; 05°16'04.71"W -
Med. Spain Calaburras' CL 36°29'28.63"N; 04°41'32.99"W -
Med. Spain La Arafa LA 36°42'40.21"N; 04°19'37.96"W -
Med. Spain Almunecar AL 36°43'39.94"N; 03°41'39.76"W -
Med. Morocco Punta Negri PN 35°16'46.33"N; 03°08'06.63"W -
Med. Morocco Punta Afrau PA 35°12'16.86"N; 03°27'10.68"W -
Med. Morocco Cala Iris Cl 35°08'55.02"N; 04°21'38.35"W -
Med. Morocco Eddalya ED* 35°54'51.49"N; 05°27'36.45"W 33
Med. Morocco Ksar Sghir KS* 35°49'54.66"N; 05°36'09.96"W 48
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Atlantic Morocco Assilah AS 35°29'48.95"N; 06°01'11.47"W -
Atlantic Morocco Larache LR 35°11'48.14"N; 06°09'30.61"W -
Atlantic Morocco Rabat RB 34°01'57.26"N; 06°50'27.96"W -
Atlantic Morocco Val d'Or VD* 33°54'09.16"N; 06°59'56.80"W 47
Atlantic Morocco Casablanca CB* 33°39'07.22"N; 07°29'03.11"W 40
Atlantic Morocco Sidi Bouzid SB*  33°13'06.11"N; 08°34'23.19"W 37
Atlantic Morocco Oualidia OL* 32°44'12.23"N; 09°02'44.61"W 45
Atlantic Morocco El Beddouza EB* 32°32'42.33"N; 09°16'55.34"W 48
Atlantic Morocco Souiria SO  32°03'07.94"N; 09°20'28.37"W -
Atlantic Morocco Essaouira ES* 31°30'42.78"N; 09°46'24.31"W 47
Atlantic Morocco Imsouane IM* 30°50'24.43"N; 09°49'21.92"W 22
Atlantic Morocco Tamri- Cap Ghir  TM 30°37'31.48"N; 09°51'11.51"W -
Atlantic Morocco Tamraght-Agadir TH 30°30'24.03"N; 09°41'15.69"W -
Atlantic Morocco Anza-Agadir AZ 30°26'27.22"N; 09°39'19.99"W -
Atlantic Morocco Aglou AG  29°48'16.15"N; 09°50'08.69"W -
Atlantic Morocco Mirleft ML 29°35'06.58"N; 10°02'50.78"W -
Atlantic Morocco Tan Tan plage TT 28°30'05.58"N; 11°20'06.38"W -
Atlantic Morocco Chbika CH 28°17'42.58"N; 11°32'33.07"W -
Atlantic Morocco Tarfaya TF*  27°45'32.35"N; 13°02'42.15"W 39
Western Sahara Boujdour? BJ 26°07'38.95"N; 14°30'02.38"W -
Western Sahara Nouifed? LB* 24°54'30.29"N; 14°49'45.36"W 48
Western Sahara Dakhla? DK* 23°46'06.97"N; 15°55'32.16"W 36

" Data obtained from Bermejo et al. 2015 and Bermejo pers. comm.
2No clear historic information about these locations could be retrieved

3.2.4 Sea surface temperature rate of change

A subset of 40 points was used to investigate rates of change of coastal SST
(warming/cooling data, °C/decade from January 1982 to December 2011) across the
study area. Average rate of change was calculated as the slope of the linear regression of
seasonal de-trended SSTs versus time. Data were obtained from the Worldwide Coastal
Lima &

Wethey, 2012) and the selected points were located immediately offshore of each

Warming Assessment webpage (http://www.coastalwarming.com/data.html;

surveyed site with the exception of two groups of sites that were very close together, for
which only one point was available.

Data were analysed by one-way ANOVA in STATISTICA 7.1 (StatSoft, 2005) under the
null hypothesis of no difference between sites where F. guiryi was or was not recorded.
The analyses consisted of presence (2 levels, presence or absence) as a fixed factor and

rate of SST change as the dependent variable.
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3.2.5 Cover occupancy

Visual estimates of cover occupancy of F. guiryi along upper intertidal shores were used
to investigate the extent of this species at each surveyed site (sites as in Table 3.1,
adapted from Bermejo ef al., 2015). The visual inspection was based on an occupancy
scale ranging from 0 to 5. 0—no cover/species is absent; 1-negligible cover/ rare scattered
individuals; 2-little cover/ abundant scattered individuals; 3—intermediate cover/ abundant
patches; 4-large cover/ almost continuous belts; 5—-massive cover/ continuous belts.
Cover occupancy from the four non-surveyed locations were retrieved from Bermejo et al.
(2015).

3.2.6 Genetic data

Blade tissue was collected from distinct individuals between April 2012 and October 2014
from 13 locations (n=22-48, except PB n=5, Table 3.1), preserved in silica gel and used
to investigate the genetic structure of F. guiryi in Morocco and Western Sahara. Four
additional populations from central and southern Portugal (ER, LZ, AR, CT; n=48 each)
analysed by Zardi et al. (2015b) were included to frame the genetic diversity of this region
within the species’ overall genetic structure. North of these sites, genetic structure
becomes influenced by hybridization with sympatric sister species (F. vesiculosus and F.
spiralis, Zardi et al., 2011b, 2015b). Total genomic DNA was extracted using the CTAB
method following Hoarau et al. (2007). Nine microsatellite loci, L20, L58, L38, L94, L78
(Engel et al., 2003), F26Il (Wallace et al., 2004), F9, F42 and F58 (Coyer et al., 2009)
were amplified as in Perrin ef al. (2007; for L20, L58, L38, L94, L78) and modified from
Wallace et al. (2004; for F26ll) and Coyer et al. (2009; for F9, F42 and F58). PCR
products were run in 2 % agarose gel during an electrophoresis of about 30 min at 120 V
and 400 A. Genotyping was performed following Perrin et al. (2007; for L20, L58, L38,
L94, L78) and modified from Wallace et al. (2004; for F26ll) and Coyer et al. (2009; for
F9, F42 and F58) in an ABI PRISM 3130 genetic analyser (Applied Biosystems). Four
multiplex designs were used during genotyping process: run 1 included L20, L38 and L94
loci; run 2 included L58 and L78 loci; run 3 included F42 and F26l1l while run 4 included
F9 and F58 loci.
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3.2.6.1 Genetic analyses

Allele sizes were scored using STRand 2.4.59 software
(http://www.vgl.ucdavis.edu/informatics/STRand), binned with the Ruby 1.9.3 package
tandem 1.09 (Matschiner & Salzburger, 2009) and manually reviewed for ambiguities.
MICRO-CHECKER 2.2.3 (van Oosterhout et al., 2004) was used to test for stuttering, null
alleles and large allele dropout at each locus and for individuals collected at the same
location (hereafter referred to as population). Two datasets were tested: 1) including all
nine loci and 2) excluding F58 due to high amount of missing data. All loci had less than
5% of missing data with the exception of F58 (13.5%). Because results were similar
between datasets, the dataset with all loci was used in the following analyses.

For each population, observed (Ho) and expected (He) heterozygosity and inbreeding
coefficients (Fis; Weir & Cockerham, 1984) were estimated, and deviations from Hardy-
Weinberg equilibrium were tested for significance with 10 000 permutations using
GENETIX 4.05 (Belkhir et al., 2004). Allelic richness (A) was estimated for each
population and standardized to the two smallest sample sizes (n=5 and n=22), using
GENETIX 4.05 and standArich 1.02 package
(http://www.ccmar.ualg.pt/maree/software.php?soft=sarich) in R (R Core Team, 2012).
Missing data were replaced by the most common alleles when calculating standardized A.
Allelic frequencies for each population and marker were plotted using standArich 1.02,
depicting unique private alleles at each sampling site. Genetic differentiation between
pairs of populations was estimated as Fsrt (Weir & Cockerham, 1984; and its p-values)
using GENETIX 4.05 and as Jost’s D (Jost, 2008) using the R package DEMEtics 0.8.7
(Gerlach et al., 2010), with significance tested using 1000 bootstraps and corrected by the
g-value for multiple comparisons with qvalue 2.0.0 package in R (R Core Team, 2012).
STRUCTURE 2.3.4. software (Pritchard et al., 2000) was run to infer the presence of
distinct clusters of populations. The analysis was run without prior information on
populations, assuming an admixture model and correlated allele frequencies. The number
of possible clusters (K) assessed was 1 to 18 (maximum number of populations plus one)
and 11 independent runs with 100 000 Markov Chain Monte Carlo (MCMC) iterations and
50 000 burn-in were performed for each K. STRUCTURE HARVESTER 0.6.94 (Earl &
von Holdt, 2012) estimated the most probable number of K calculating AK as in Evanno et
al. (2005). CLUMPP 1.1.2 software (Jakobsson & Rosenberg, 2007) was used to find the
consensus of the 11 replicated runs of the selected K. The optimal alignment matrix
across replicates was plotted with Ruby 1.9.3 package Bar Plotter 1.0

(http://evolution.unibas.ch/salzburger/software.htm). A discriminant analysis of principal
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components (DAPC) based on the matrix of individual genotypes with nine microsatellite
loci was performed with adegenet 1.4.2 package (Jombart, 2008) in R (R Core Team,
2012) to characterize the global genetic variation of the study area. To avoid overfitting of
the model by using an excessive number of principal components, the function
optim.a.score was used and five principal components were retained. DAPC was run with
individuals assigned to their prior sampling populations and the function find.cluster was
subsequently used to determine the number of clusters (K) in the dataset. The chosen
number of clusters is the minimum K after which the Bayesian Information Criterion
changes by a negligible amount (Jombart et a/., 2010). Each individual was then assigned
to a single cluster and a new DAPC was run without information of their prior sampling
location. A hierarchical analysis of molecular variance (AMOVA) was conducted in
Arlequin 3.11 (Excoffier et al., 2005) to evaluate levels of differentiation and investigate
population genetic structure, including all sites and running 10 100 permutations. To
understand how genetic variation is partitioned between clusters, among populations
within clusters and within populations, groups were designated a priori based on
STRUCTURE 2.3.4 results and each sampled population was incorporated in a single
cluster. Lastly, to compare the level of diversity among clusters and within upwelling
areas, estimates of Ho and He, A and number of unique alleles were calculated.
Populations were sorted into upwelling groups based on their geographical location and
proximity to upwelling centres. The upwelling group PT is composed of ER, LZ, AR and
CT; GB comprises PB, ED and KS; GH includes VD, CB, SB, OL, EB, ES and IM; JB is
composed entirely of TF and BL is constituted by LB and DK (location codes as in Fig. 3.1
and Table 3.1).
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3.3 RESULTS

3.3.1 Distribution and southern range contraction of Fucus guiryi

Field surveys revealed a considerable change in the southern range limit of Fucus guiryi
(Fig. 3.2A). From the 43 studied sites, 24 had past species presence/absence records
and 19 were novel. Overall, the species was reported at 23 sites. Eight sites had hosted
this macroalga, but no longer did so, although suitable rocky intertidal habitat was
available. While the species disappeared from only one location from southwestern
Iberian shores, the major change in F. guiryi range distribution was its disappearance
from all Spanish and Moroccan Mediterranean studied locations, except CL. The absence
of the species at additional sites not covered by the historical records, along with the
study of Bermejo et al. (2015) confirmed a marked distributional shift of the species in this
region. The northern and southern coasts of Morocco experienced the disappearance of
three populations of F. guiryi. The coastal locations hosting F. guiryi populations were

either close to or in the centre of upwelling areas (Fig. 3.2A).

3.3.2 Sea surface temperature rate of change

All sites showed significant (p<0.05) rates of change of sea surface temperature (SST)
except SO, ES and LB, which showed the lowest rates of warming in the entire study area
and are located near Cape Ghir and Cape Blanc upwelling centres. In fact, cooling was
detected at LB (-0.04 °C/decade), although this was non-significant. The highest warming
was in the Mediterranean Sea (PA, 0.32 °C/decade; Fig. 3.2B). Moreover, sites where F.
guiryi is absent or has gone extinct showed significantly higher warming rates than sites

where the species is currently present (p<0.001).

3.3.3 Cover occupancy

Most of the locations at which the species was present showed negligible or little cover
and only one site was characterized by full cover of F. guiryi (Fig. 3.2C). Along
southwestern Iberia, cover occupancy decreased towards the south from intermediate
levels in southwestern Portugal at MF to zero at FL. The populations located in the Strait
of Gibraltar area generally had little cover occupancy and the remaining Mediterranean
population (CL) showed negligible cover. The northwestern shores of Morocco showed

the highest values and variability of cover. From north to south, cover increased from zero
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to a maximum at ES (near the centre of upwelling) and decreased again to negligible
cover occupancy values at IM. In southern Morocco and Western Sahara, despite being
towards the southern distributional limit for the species, the few isolated locations where
F. quiryi was present had either intermediate (LB and DK) or large cover occupancy (TF)

and were all located inside or near centres of upwelling.

Figure 3.2 — Demography of F. guiryi along the study area: A) Range distribution of F. guiryi, B) sea surface
temperatures (SST) rate of change and C) species cover. Contemporary presence (blue) and absence (red)
of F. guiryi is based on field surveys (April 2012 to October 2014) and depicted with circles; results compared
with published records and herbarium collections are in diamond markers and indicate extinct (red; previously
recorded in the literature but absent from present surveys) or extant (blue; recorded in the literature and
surveys) populations. Arrows indicate main upwelling centres in the study area: PT, Portuguese coast; GB,
Strait of Gibraltar; GH, north of Cape Ghir; JB, south of Cape Juby and BL, north of Cape Blanc. Coastal SST
warming/cooling data covered the last three decades (°C/decade; 1982 to 2011; Lima & Wethey, 2012). Red
and blue lines of SST rate of change refer to warming and cooling, respectively. Cover occupancy ranges

from 0 to 5.
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3.3.4 Genetic analyses

The 17 Mediterranean and Atlantic populations included 38 different alleles from 681
individuals. The total number of alleles per locus ranged from 1 to 18 (see Table 3.2).
There was no evidence for large allele drop-out at any locus, but potential stuttering and
null alleles at a frequency higher than 0.2 were suggested for L20, L94, F26ll and F9 by
MICRO-CHECKER 2.2.3. All these loci have been used in previous studies (Perrin et al.,
2007; Coyer et al., 2011a, 2011b; Zardi et al., 2013, 2015b), some of which also
suggested potential null alleles (Perrin et al., 2007). However, because the presence of
null alleles was not consistent across populations or loci, except for F26ll, this may not

reflect real null alleles (Perrin ef al., 2007).
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Table 3.2 — Allelic diversity at each population of F. guiryi and for each locus. Location codes and cluster assignment as in Table 3.1 and Fig. 3.3, respectively.

Population  Cluster L20 L38 L94 L58 L78 F42 F26ll F9 F58
ER 1 168 188 162 122/124 150 190 367/387/389 181 185
LZ 1 162/168 188 162 122 150 190 367/383/387/389/391 181 185
AR 2 162/168 188/197 162 122 150 190 367/385/387/389 181 185
CT 2 162/168 188/197 162 122 150 190 367/385 181 185
PB 3 150 188 162 122 150 190/193  367/371/385 177 185/187
ED 3 150/171 188 156/162 122 150 193 369/371/383 177 187
KS 3 150 188 162 122 150 193 369/371/373 177 187
VD 4 171/174 188/197 162 122 150 190 371/373/375/383/389 181 185
CB 4 171 188/197 162 122 150 190 371/373/375 181 185
SB 4 171 188 162 122 150 190 371/373/375/423/425 181 185
oL 4 171 188 162 122 150 190 369/371/373 181 185
EB 4 171 188 162 122 150 190 371/373/375 181 185
ES 4 135/168/171 188 162 122 150 190/193  371/375/377/393/395/397 181 185
IM 4 171 188 162 122 150 190 393/397 181 185
TF 1 168/171 188 162 122 150 190 349/371/373/385/387 181/211 185
LB 2 162 188 162 122 150 190 369 181 185
DK 1 168/171 188 162 122 150 190 371/385/389/391/405 181 185
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Moreover, the selfing hermaphroditic reproductive strategy of F. guiryi (Perrin et al., 2007,
then named F. spiralis) likely causes an excess of homozygotes, by unequal transmission
of different alleles and lack of outcrossing; apparent null alleles are therefore likely.
Inbreeding and localized recruitment result in apparent high frequencies of null alleles
(e.g. Costantini et al., 2007). These considerations justify the inclusion of all loci in further
analyses. Population genetic diversity estimated as allelic richness standardized to the
smallest populations As; 22 varied between 1.0 and 1.4 or 1.8, and one population (LB)
was monomorphic at all loci. Eleven unique alleles were present over seven populations
(Table 3.3). While ER, ED, VD and DK presented one unique allele each, SB and TF
comprised two, and three unique alleles were exclusive to ES. Gene diversity levels
estimated as expected heterozygosities (He) were always low (0.000-0.189). Observed
heterozygosities (Ho) were significantly lower than expected, resulting in a marked
heterozygosity deficit (0.888< Fis< 1; p<0.001).

Table 3.3 — Genetic analyses of F. guiryi populations along southern Iberia and northern Africa including n,
number of individuals per population; He, expected heterozygosity; Ho, observed heterozygosity; A, allelic
richness represented by mean number of alleles per locus per population; A(n) allelic richness standardized to
the smallest sample size; UA, unique alleles; Fis, inbreeding coefficient. Location codes as in Table 3.1. ER,
LZ, AR and CT were retrieved from Zardi et al. (2015b).

Population n He Ho A A(s) A(zz) UA Fis

ER 47 0.063 0.007 1.333 1.111 1.267 1 0.888
LZ 48 0.104 0.000 1.556 1.244 1.378 O 1.000
AR 43 0112 0.005 1556 1.222 1467 O 0.955
CT 48 0.047 0.005 1.333 1.000 1.200 O 0.903
PB 5 0178 0.000 1.444 1444 - 0 1.000
ED 33 0.148 0.007 1.444 1.311 1444 1 0.952
KS 48 0.038 0.000 1.222 1.089 1.156 O 1.000
VD 47 0.189 0.000 1.667 1.422 1644 1 1.000
CB 40 0.039 0.000 1.333 1111 1.267 O 1.000
SB 37 0.067 0.003 1.444 1.178 1356 2 0.956
oL 45 0.022 0.000 1.222 1.022 1.200 O 1.000
EB 48 0.043 0.000 1.222 1.089 1.156 O 1.000
ES 47 0.148 0.000 1.889 1.378 1.800 3 1.000
IM 22 0.054 0.000 1111 1111 1111 O 1.000
TF 39 0.189 0.000 1.667 1.444 1600 2 1.000
LB 48 0.000 0.000 1.000 1.000 1.000 O 1.000
DK 36 0.100 0.000 1.556 1.200 1.489 1 1.000
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Most of the genetic structure observed between populations and regions was due to
differences at loci L20, F26ll, F9 and F58. Moreover, locus L78 was fixed in all
populations. Fst values ranging from 0.087 to 0.965 were significant (p<0.005) for all
pairwise comparisons and supported genetic subdivisions (Table 3.4). Jost's D ranged
from 0.006 to 0.698 and depicted similarly significant (p<0.01) genetic differentiation
(Table 3.4).
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Table 3.4 — Pairwise Fst (above) and Jost’s D (below) comparisons of F. guiryi populations along southern |beria and northern Africa. All p-values of Fst and Jost's D were

corrected and significant (p<0.005 and p<0.01, respectively). Location codes as in Table 3.1.

ER LZ AR CT PB ED KS VD CB SB OL EB ES M TF LB DK
ER - 0.087 0673 0819 0.788 0.833 0908 0525 0.765 0.703 0804 0.759 0489 0.725 0417 0.858 0.349
LZ 0.020 - 0.603 0.741 0.703 0.793 0870 0443 0666 0600 0.706 0664 0398 0.608 0.345 0.743 0.215
AR 0.241 0242 - 0.440 0.754 0817 0887 0432 0.761 0719 0.795 0.766 0600 0.720 0.548 0.796 0.627
CT 0.307 0.290 0.092 - 0.860 0871 0934 0561 0.862 0822 0889 0858 0.707 0.842 0.654 0.891 0.768
PB 0334 0.348 0485 0432 - 0.515 0633 0603 0846 0.787 0.888 0.844 0622 0.794 0.527 0.953 0.715
ED 0.590 0.589 0.698 0.691 0.282 - 0.599 0.706 0.806 0.786 0846 0826 0.712 0.781 0.687 0.891 0.781
KS 0.556 0.556 0.664 0.657 0.148 0160 - 0.809 0919 0906 0942 0924 0824 00921 0.802 0.965 0.880
VD 0.234 0.219 0.247 0.246 0442 0522 0577 - 0411 0336 0442 0383 0257 0.365 0.364 0.659 0.348
CB 0.222 0.222 0328 0.320 0.370 0401 0444 0151 - 0488 0657 0574 0390 0590 0489 0.920 0.626
SB 0.222 0.222 0331 0.323 0402 0471 0542 0140 0.096 - 0.577 0437 0224 0430 0422 0.863 0.544
OL 0.222 0.222 0.331 0323 0403 0471 0519 0.141 0.080 0.101 - 0.096 0470 0681 0515 0.950 0.683
EB 0.222 0.222 0331 0323 0406 0478 0528 0125 0.088 0.086 0.006 - 0.351 0.563 0474 0902 0.626
ES 0.189 0.188 0.310 0.322 0.386 0465 0.527 0120 0.112 0.073 0.127 0.097 - 0.305 0.301 0.688 0.346
IM 0222 0.222 0331 0323 0406 0480 055 0173 0111 0.111 0111 0111 0112 - 0.416 0.918 0.559
TF  0.173 0.176 0.260 0.280 0.339 0517 0.544 0232 0.185 0.191 0.169 0.169 0.167 0.194 - 0.682 0.318

LB 0.222 0.204 0.247 0.213 0407 0.531 0553 0264 0222 0222 0219 0222 0224 0222 0261 - 0.796
DK 0.084 0.066 0.259 0.307 0.399 0543 0.551 0149 0.175 0.179 0179 0179 0147 0179 0.146 0222 -
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Bayesian admixture analyses implemented in STRUCTURE 2.3.4 revealed K=4 defined
clusters, corresponding to 1) central Portugal (ER, LZ), southern Morocco (TF) and
Western Sahara (DK), 2) southern Portugal (AR, CT) and Western Sahara (LB), 3) Strait
of Gibraltar (PB, ED, KS) and 4) northwestern and western Morocco (VD, CB, SB, OL,
EB, ES, IM; Fig. 3.3A). Three populations (VD, ES and TF) showed high levels of
admixture between two clusters (59 and 38% of clusters 4 and 1, respectively for VD; 69
and 22% of clusters 4 and 1 for ES and 52 and 42% of clusters 1 and 4 for TF).

DAPC confirmed the above results, suggesting four distinct groups and highlighting a
strong differentiation between Strait of Gibraltar and the remaining clusters (Fig. 3.3B, Fig.
A5-AB in Appendix). The proportion of overall correct assignment of individuals to their
prior populations was very high (0.77). The posterior assignment of individuals into each
cluster was similar to the STRUCTURE 2.3.4 results. Cluster 1 was widespread along the
entire study area, covering central and southern Portugal, Strait of Gibraltar, Morocco and
Western Sahara (total of nine locations). Cluster 2 was present in central and south
Portugal and Western Sahara. In contrast, clusters 3 and 4 were exclusive to the Strait of
Gibraltar or Morocco and Western Sahara, respectively, and were not found outside of

these upwelling areas (Fig. 3.3C).

Figure 3.3 — Genetic structure of F. guiryi populations along southern Iberia and northern Africa. A) Bayesian
analysis summary plot (each bar represents one individual) obtained from STRUCTURE software indicating
that clustering of populations is best described by four clusters, i.e. K=4. Solid circles in the map represent the
main genetic cluster of each location. UA, unique alleles. B) DAPC scatter plot of a posteriori K=4 clusters.
Each individual was assigned to a cluster and solid dots correspond to overlapping of several individuals. C)
DAPC assignment probability of clusters to each population. In all sections, each colour corresponds to the

inferred cluster. Location codes as in Table 3.1.
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AMOVA attributed most of the genetic variation among clusters (47%; p<0.001), while the
other 27% and 26% occurred within populations (p<0.001) and among populations within
clusters (p<0.001; Table 3.5).

Table 3.5 — Hierarchical analysis of molecular variance (AMOVA) results for F. guiryi populations from
southern Iberia and northern Africa using K=4 clusters as depicted by STRUCTURE. Each population was

assigned to a single cluster.

Source of df Sum of Variance Percentage  F-statistics p-value
variation square components of variation

Among clusters 3 726.589 0.660 47.43 FCT=0.474 <0.001
Among 13 371.320 0.360 25.86 FSC=0.492 <0.001
populations

within clusters

Within 1345 499.976 0.372 26.71 FST=0.733 <0.001
populations

Total 1361 1597.885 1.392

Allelic richness by upwelling and by clusters (Table 3.6) indicated Cape Ghir (GH) and
cluster 4 as the most diverse (A@z9=2.33 and Ags=2.11) and Cape Blanc (BL) and cluster
2 as the least diverse (Age=1.60 and Aze=1.64). Cape Ghir and cluster 4 also had the
highest number of unique or private alleles (UA=9), while either the Portuguese upwelling

or the Cape Blanc upwelling showed the lowest (UA=1) and cluster 2 none (UA=0).

Table 3.6 — Genetic analyses of F. guiryi populations from southern |beria and northern Africa by upwelling
and by cluster for K=4 clusters. n, number of individuals per cluster, He, expected heterozygosity, Ho,
observed heterozygosity; A, allelic richness; Ay standardized allelic richness to the smallest sample size; UA,
unique alleles. Each population was assigned to a single cluster. Upwelling and cluster codes as in Fig. 3.2

and Fig. 3.3, respectively.

n He Ho A A(ag)/ A(ss) UA

Upwelling

PT 186 0.1948 0.0042 1.889 1.778 1
GB 86 0.1601 0.0027 2 1.778 4
GH 286 0.1368 0.0004 2778 2.333 9
JB 39 0.1893 O 1.667 1.667 2
BL 84 01272 O 1.778 1.6 1
Cluster

1 170  0.1503 0.002 2444 2.089 5
2 139 0.157 0.0032 1.667 1.644 0
3 86 0.1601 0.0027 2 1.844 4
4 286 01368 0.0004 2778 2.111 9
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3.4 DISCUSSION

Ongoing change in sea surface temperature (SST) is regarded as a dominant and
pervasive component of climate change, having an impact on species and intraspecific
diversity across coastal ecosystems worldwide (e.g. Jones ef al., 2010; Nicastro ef al.,
2013). In this study | provide evidence that upwelling areas represent contemporary
climatic refugia by buffering some populations within a species against ongoing range
contraction that is correlated with climate warming. Furthermore, | show that these refugia
harbour distinct genetic pools, thereby representing important evolutionary potential for

the species as a whole.

3.4.1 Contraction of Fucus guiryi distribution into upwelling areas

Sea surface temperature of 71% of the world’s shores has increased significantly over the
last three decades (Lima & Wethey, 2012). However, this trend is spatially highly
heterogeneous, mostly because local and regional phenomena can override and
modulate the large scale effect of climate (e.g. Lima & Wethey, 2012). The stretch of
coast investigated in this study exemplifies the large scale heterogeneity of coastal SST
and warming trends; the general latitudinal thermal cline is interrupted by interspersed
areas of upwelling that vary in strength and frequency. Most importantly, SST has
significantly increased along most of the stretch of coast studied here (between 0.09 and
0.32 °C/decade for my sampling sites, Lima & Wethey, 2012), but this effect has been
strongest in areas distant from upwelling centres.

| show that the intertidal macroalga F. guiryi has experienced a recent range contraction
of the trailing southern edge of its distribution along extensive stretches of the Atlantic and
Mediterranean coasts. However, this large scale shift has not been latitudinally
homogeneous from south to north, but rather fragmented. Along the retreating front,
extant populations persist within regions affected by upwelling. In contrast, F. guiryi is
absent or has disappeared from contiguous non-upwelled waters that have experienced
significant recent warming.

Once abundant and widespread (e.g. Seoane-Camba, 1965; Conde & Seoane, 1982;
Margalet et al., 1993; Gonzélez Garcia & Conde Poyales, 1994), F. guiryi has now
disappeared from both the European and the African coastlines of the western
Mediterranean. My results show that similar extensive population extinctions of F. guiryi
associated with recent warming trends have occurred along the Atlantic shores of Iberia

and Morocco. The significantly higher SST warming rates in areas where F. guiryi is
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absent or has disappeared compared with locations where it still persists suggest that
warming trends underlie local extinction events. In addition to SST warming, several
related or unrelated factors may have contributed to the observed range contraction.
These include abiotic (e.g. air temperature, waves, Firth et al., 2011; Riera ef al., 2015),
biotic (e.g. grazing, competition; Walther et al., 2002) or anthropogenic (e.g. pollution,
Borowitzka, 1972) factors. However, many studies have highlighted the role of water
temperatures as the main determinant of large scale range shifts (e.g. Rivadeneira &
Fernandez, 2005; Jones et al., 2010; Nicastro et al., 2013; Smale & Wernberg, 2013). It is
not clear whether seasonal thermal extremes or chronic exposure to stressful thermal
conditions caused the range contraction of F. guiryi. Extreme climatic events such as
marine heat waves can drive marginal populations to extinction (Smale & Wernberg,
2013), but annual mean and maximum water temperatures are also responsible for
mortality events in the intertidal zone (Rivadeneira & Fernandez, 2005; Jones et al.,
2010). Thermal stress can also strongly regulate population dynamics by impairing
reproduction (Riera et al.,, 2015) and algal growth (Short et al., 2015). As populations of
an intertidal canopy-forming species suffer a reduction in reproduction and growth, overall
abundance is affected (Riera ef al., 2015) and algal cover diminishes, in turn decreasing
individual survival and increasing vulnerability to additional stressors (Brawley & Johnson,
1991).

The absence of detailed information about the past distribution of F. guiryi in Western
Sahara and southern Morocco hinders my assessment of distributional shifts in this
region. Nevertheless, my survey shows that the few known isolated populations (TF, LB
and DK) are located within upwelling centres (JB and BL), supporting the idea of the
importance of upwelling in mitigating warming effects. Most importantly, populations of
this fucoid persist within shores affected by upwelled water regardless of upwelling
intensity, frequency or geographic area. Notably, the single extant Mediterranean
population (CL) and the few populations still present in southern Portugal (SE and AB)
consist of rare scattered specimens (a few tens of individuals in each population)
dispersed along the upper intertidal, reflecting a marked decrease compared to the
extensive and continuous canopies that prevailed until a few decades ago (Fig. 3.4 and R.
Bermejo pers. comm.).

Although numerous studies have advanced our understanding of the effects of upwelling
on marine systems (e.g. Menge et al., 2004; Nielsen & Navarrete, 2004; Thompson et al.,
2012), the refugial potential of upwelling areas in a scenario of global warming has been
only hypothesised (corals, Riegl & Piller, 2003 and deep-water kelp, Ladah et al., 2003
but see Chollett et al., 2010). In this study | do not aim to investigate which of the distinct
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components of upwelled waters are more important in providing shelter against ongoing
warming. Multiple determinants directly or indirectly related to upwelling may be involved,
including SST (Assis et al, 2016), nutrient supply (Pereira et al., 2015) and the
moderation of biotic interactions (e.g. grazing and competition, Menge et al., 2004,
Nielsen & Navarrete, 2004; Thompson et al., 2012). Despite this limitation, | argue that
the assessment of multiple upwelling and non-upwelling areas has provided a strong test
for the ecological (and evolutionary, see below) role of upwelling as refugia that extends

beyond site specificity.

Figure 3.4 — Fucus guiryi cover in 2004 (above) and in 2010 (below) at Santa Eulalia (SE in Table 3.1; Fig.

3.2A), southern Portugal during summer.
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Interestingly, although other intertidal organisms have shown large scale distributional
shifts within the same study area, they did not find refuge within upwelling areas (e.g.
Lima et al., 2007a; Rubal et al., 2013). For example, the southern limit of the congeneric
F. vesiculosus has shifted over the past 30 years from southern Morocco to central
Portugal (Nicastro et al., 2013). Although species distributional modelling identified SST
as the most important environmental predictor for the distribution of F. vesiculosus (Assis
et al., 2014), populations in upwelling areas have also gone extinct. The lack of a refuge
effect has been attributed to short term SST anomalies that, despite being less frequent
within upwelling areas, might be strong enough to have caused F. vesiculosus extinction.
Fucus vesiculosus range distribution partially overlaps with that of F. guiryi, but the
southernmost range limits of the two species are distinct. Presently, F. vesiculosus, a cold
temperate water species, occurs from central Portugal (but with few extant, isolated
patches in southern Iberia) and North Carolina to the White Sea, Greenland and Canada
(Nicastro et al., 2013; Assis et al., 2014), while F. guiryi, a southern warmwater species,
ranges from the Western Sahara to the United Kingdom (Zardi et al., 2011b, 2015b; this
study). These contrasting geographical distributions indicate distinctive temperature
optima which ultimately suggest distinct species thermal tolerances and adaptive
potential. Taken together with my results, this highlights the fact that the protective effect
of upwelling is not applicable to the entire community but it is restricted by species-

specific properties of resilience in the face of environmental stressors.

3.4.2 Upwelling areas are reservoirs of genetic diversity

The integration of intra-specific genetic information with distributional data is profoundly
important for an understanding of the impact of climate change on species. A combined
approach can help to target future conservation needs that are specific to particular
lineages in geographically restricted portions of a species’ range. When genetic diversity
of a retreating species is geographically skewed, specific portions of its genetic variability
could be under threat, potentially affecting the ability of the species as a whole to adapt to
a changing environment and thus increasing its risk of extinction. Here, | identified major
genetic discontinuities that are geographically structured along the distributional range of
F. guiryi. Phylogeographic analyses revealed four distinct genetic groups refuged within
the five upwelling centres. The Portuguese and Cape Blanc upwelling filament each
sustained two distinct lineages (clusters 1 and 2), while the Strait of Gibraltar upwelling,
the west Moroccan upwelling off Cape Ghir and the Cape Juby upwelling each supported

one unique genetic entity (clusters 3, 4 and 1 respectively). This highlights the crucial role
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played by upwelling areas not only for the persistence of a species as a whole, but also
for the maintenance of distinct genetic lineages and unique alleles, each nearly endemic
to a particular upwelling cell.

Of the four lineages recovered, cluster 4 (Cape Ghir upwelling area) appears to be a
relevant genetic resource for the species. The high number of unique alleles and the
genetic diversity of clade 4 suggest that this region is a key refugial area for the species
with long-term stability, where population persistence and the accumulation of unique
mutations are favoured.

In addition, the cluster associated with the Strait of Gibraltar upwelling (cluster 3) revealed
the greatest spatial genetic differentiation of all clusters. Given that the species was
historically distributed along the Mediterranean coastline, this differentiation, partially
caused by the presence of several unique alleles, might reflect an area that was
separated from the Atlantic for a prolonged period, causing a distinct lineage to persist in
protracted isolation.

Genetic clusters associated with specific environmental regimes may display different
physiological tolerances to environmental stress, and thus have unique adaptive potential
that can be important for species survival (Pearson et al., 2009; Zardi ef al., 2013; Saada
et al.,, 2016). In the sister species F. vesiculosus, the genetic clade inhabiting southern,
warmer latitudes has greater resilience to heat stress than the neighbouring, northern
lineage (Saada et al.,, 2016). Potentially, each of the F. guiryi lineages described here
could display unique ecophysiological responses to their environment, widening the
ecological implications of these climatic refugia.

Although not of primary interest in this study, other patterns of genetic differentiation are
worth highlighting. Firstly, although it is generally accepted that central populations have
higher levels of genetic diversity compared with peripheral ones (Eckert et al., 2008), F.
guiryi genetic signatures add weight to recent, mounting evidence describing the reverse
(Bush et al.,, 2011; Diekmann & Serrdo, 2012; Assis ef al., 2013; Zardi et al., 2015b).
Fucus guiryi range edge populations, such as VD, ES and TF, showed higher genetic
diversity compared to populations from the more central locations ER and LZ. This pattern
could be the result of ongoing genetic admixture between populations from neighbouring
clusters and/or past gene exchange with extinct populations that occurred when the
species was continuously distributed along the coastline (i.e. at non-upwelling sites, such
as southern Portugal and the Strait of Gibraltar).

Moreover, genetic analyses clustered together Portuguese and south Moroccan/Western
Sahara populations of F. guiryi. Genetic similarity between these distant geographic

regions could have resulted from 1) dispersal from Portugal to south Morocco/Western
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Sahara or vice-versa or 2) random genetic convergence. Gene flow of direct-developing
structural seaweeds, such as F. guiry, is limited, mainly driven by dispersal via rafting of
fertile thalli (Norton, 1992; Kalvas & Kautsky, 1998; Coleman & Brawley, 2005; McKenzie
& Bellgrove, 2008), and is shaped by density-barrier effects (Petit ef al., 2003; Neiva et
al., 2012). Prevailing north-to-south oceanographic currents that govern the study area
(Martins et al., 2002) could drive asymmetric connectivity in the same direction; however,
the dispersal distance and higher genetic richness at the southern than at the northern
edge (for cluster 1) make this seem unlikely.

Alternatively, convergence could result from similar, random genetic changes (Losos,
2011). Given the very low polymorphism and the fragmented nature of the populations in
south Morocco and Western Sahara, genetic drift could have caused allele sizes of
populations from opposite regions to randomly converge. This is supported by the
frequency pattern of two specific markers (F26 and L20) that most likely are the main two

drivers of the genetic similarity.

3.4.3 Final remarks

Increased upwelling intensities have been observed over the last few decades (McGregor
et al., 2007; Narayan et al., 2010; Cropper et al., 2014) and are predicted to increase
further as a response to climatic changes (e.g. Bakun et al., 2010; Cropper et al., 2014;
Wang et al., 2015). | can thus anticipate that the contemporary refugial effect reported in
this study might even grow, irrespective of the individual nature of each upwelling centre,
whether the permanent (100s km) one off Cape Ghir or the small, intermittent one in the
Strait of Gibraltar. Concurrently, warming rates are predicted to rise further (Collins et al.,
2013, IPCC, 2014) along this stretch of coast, placing populations at the edges of these
upwelling centres under increasing threat.

While the effects of upwelling centres as refugia may be species specific, in this case
there are likely to be bottom-up cascading effects on the ecosystem as a whole. Canopy-
forming bioengineer species, such as F. guiryi, increase local species richness and
diversity, particularly in stressful environments (Watt & Scrosati, 2013b). Consequently,
the described climatic refugia for F. guiryi are likely to indirectly stabilize intertidal species
composition, trophic linkages and thus overall ecosystem functioning. In summary, |
suggest that upwelling centres are potentially important in maintaining not only the
existence of species, which is particularly important in the case of ecological engineers,

but also the genetic diversity of species, with long term evolutionary implications.
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The effects of multiple oceanographic barriers to dispersal in

the genetic structure of the brown mussel Perna perna

The brown mussel P. perna on the intertidal shores of Praia do Farol, Portugal.
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4.1 INTRODUCTION

The physical environment influences species distribution patterns and shapes the genetic
structure of their populations (Harley et al., 2006; Zardi et al., 2011a; Nicastro et al., 2013,
Fenberg et al., 2015). In the marine realm, species’ distributional arrangements and
genetic discontinuities are often caused by dispersal barriers (e.g. upwelling, currents)
and environmental gradients (e.g. temperature, salinity) that interrupt or limit demographic
connectivity among populations (Teske et al., 2008; Zardi ef al., 2011a; Assis et al., 2015;
Fenberg et al, 2015). Importantly, there is increasing modelling and experimental
evidence that pronounced alterations to oceanographic features due to climatic change
are rearranging species’ genetic patterns and distributions globally (Assis et al., 2014,
Martinez ef al., 2015).

Species inhabiting a specific bioregion do not all necessarily show the same genetic
breaks as some are able to sustain high levels of gene flow among populations
regardless of the presence of oceanographic barriers (Neethling et al.,, 2008; Kelly &
Palumbi, 2010; Villamor et al., 2014). The absence of genetic structure has been related,
for instance, to species life history traits, such as the presence of a pelagic phase and
larval behaviour (Neethling et al., 2008; Kelly & Palumbi, 2010; Villamor et al., 2014).
Historical events are also key drivers of genetic patterns (Grosberg & Cunningham,
2001). For example, there is ample evidence that, during the Last Glacial Maximum
(LGM), species retreated to restricted glacial refugia areas, persisting throughout
unsuitable conditions to reveal contemporary genetic signatures that are the result of
accumulated genetic diversity (Provan & Maggs, 2012; Neiva et al., 2015).

The Mediterranean Sea and the northeastern Atlantic are ideal regions to study the
effects of dispersal barriers and environmental gradients on species distribution and
genetic patterns. In the Mediterranean basin, the Strait of Sicily connects the Western and
the Eastern Mediterranean regions (Robinson et al., 1991), represents a geographical
break for several species (Bianchi et al., 2002; Coll et al., 2010) and is a driver of genetic
differentiation (Buonomo et al., 2017). The Almeria-Oran Front (AOF, stretching from
Almeria, Spain to Oran, Algeria) separates the Western Mediterranean region from the
Alboran Sea (Atlantic-Mediterranean waters, Tintore et al., 1988), affecting the genetic
structure of several species inhabiting both sides of the front (Patarnello et al., 2007).
Towards the Atlantic, the Strait of Gibraltar is the meeting point where Atlantic water
enters the Mediterranean Sea at the surface, overriding the denser Mediterranean water
mass (Tintore et al.,, 1988) and forming the focus of several studies of the effect of
regional oceanographic barriers on genetic structure (reviewed in Patarnello et al., 2007).

Along the Atlantic coast of Morocco, upwelling off Cape Ghir has been proposed as a
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hydrographic barrier that separates fish stocks (Sardina pilchardus, Chlaida et al., 2009)
and shapes the genetic structure of intertidal organisms (e. g. Mytilus galloprovincialis,
Jaziri & Benazzou, 2002; Bifurcaria bifurcata, Neiva et al., 2015). Likewise, a genetic
break has been detected close to Cape Boujdour in two fish ecotypes (Engraulis
encrasicolus, Ouazzani et al., 2017). Other upwelling areas or capes along this stretch of
coast such as upwelling off Cape Juby and upwelling off Cape Blanc (Marcello et al.,
2011) may potentially affect species’ population dynamics. Additionally, the
Mediterranean and northeastern Atlantic coasts have also seen contractions and
expansions of warm and coldwater species, particularly along Portuguese shores (Pereira
et al., 2006; Lima et al., 2007a), as a response to recent increases in sea surface
temperatures (SST; up to 0.4 °C/decade, Lima & Wethey, 2012). For example, two
species of the brown algal genus Fucus (F. vesiculosus and F. quiryi) have exhibited
major distributional contractions along Atlantic and Mediterranean Iberian and northern
African shores linked to rates of SST warming over the last three decades (Nicastro et al.,
2013; Assis et al., 2014; Lourencgo et al., 2016).

Recently a northward expansion of the intertidal brown mussel Perna perna was
described from north Africa to southern Iberia (Lourenco et al., 2012). This dominant
habitat-forming species occurs naturally throughout northern Africa, from Tunisia to
Senegal, in lvory Coast and Ghana, along the west African (from Congo Republic to
Walvis Bay, Namibia; Gl Zardi and KR Nicastro, pers. comm.) and east African coasts
(from central Mozambique to False Bay, South Africa) and the west coast of Madagascar
(Berry, 1978; Cayré, 1978; Zabi, 1982; Otchere et al., 2003; Sidoumou et al., 2006; Wood
et al., 2007). With an Indo-Pacific origin and later expansion to the Mediterranean and the
Atlantic (Cunha et al., 2014), P. perna is described from Sri Lanka, southern India, Yemen
and Oman (Badawy & Al-Harthy, 1991; Szefer & Geldon, 1997; Cunha ef al., 2014).
Moreover, the Brown mussel has invaded the United States, Mexico, Venezuela, Brazil
and Uruguay (Berry, 1978; Vakily, 1989 and references therein; Hicks & Tunnell, 1993,
1995; Wood et al., 2007). The genetic structure of this species is known to be affected by
oceanographic features in South Africa. There, the Agulhas current helps to maintain a
geographical separation between two very distinct genetic lineages of P. perna (the
eastern and the western lineages) by preventing larval dispersal and thus enhancing local
adaption (Zardi et al., 2007, 2011a, 2015a). The eastern lineage extends from Kenton-on-
Sea towards Mozambique, while the western lineage extends from Cape Agulhas to
Haga-Haga (Zardi et al., 2007, 2015a). The two lineages overlap in their distributions on
the southeast coast of South Africa over approximately 200 km (Zardi et al., 2007,
2015a). Interestingly, also in South Africa, Teske et al. (2012) reported sex-specific
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differences in the genetic structure of P. perna, with significant structuring in females but
not in males.

The occurrence of several distinct oceanographic features across the northeastern
Atlantic and the Mediterranean Sea, the fact that these are drivers of the genetic structure
in some species, and ongoing environmental changes set the basis for this chapter. Here,
| combine extensive field survey, multimarker genetic analyses and environmental niche
modelling to investigate the factors dictating the distribution and the drivers of genetic
structure on P. perna along northeastern Atlantic and Mediterranean shores. Specifically |
1) use mitochondrial and nuclear markers to understand if genetic structure is strongly
influenced by oceanographic features (e.g. dominant currents and upwelling systems) and
if they affect the genetic structure of the two sexes differently, 2) perform environmental
niche modelling along the entire native range of the species to assess its potential and
realized niches and the environmental variables that most affect its distribution across the
northeastern Atlantic and Mediterranean shores. Finally, the distribution of P. perna along
South African shores was used as an ideal case study to disentangle the relative roles of
strongly correlated environmental variables on shaping the distribution of P. perna. The
South African coastline covers a wide range of very distinct climatic and oceanic
conditions that can be divided into three major biogeographic regions (Emanuel et al.,
1992). These are the subtropical East Coast, the warm temperate South Coast and the
cool temperate West Coast. Interestingly, P. perna dominates intertidal shores in the
subtropical and warm temperate bioregions but it is absent from the cold waters of the

Benguela system on the west coast (Zardi ef al., 2007, Tagliarolo ef al., 2016).
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4.2 MATERIAL AND METHODS

4.2.1 Distribution of Perna perna along the Atlantic and Mediterranean Iberian

Peninsula

The distribution of P. perna along the Atlantic and Mediterranean Iberian Peninsula (from
the northwestern Portuguese Atlantic coast, Viana do Castelo 41°41'57.85°N;
08°51'23.81"W, to the Mediterranean Spanish coastline, Cullera 39°11°16.26”N;
00°13’17.20"W; Table 4.1) was investigated through extensive field surveys during low
spring tides between November 2011 and July 2016 at 49 natural or manmade (e. g.,
pontoons, pilings and seawalls) hard substratum intertidal habitats. At each location, two
observers assessed the presence or absence of P. perna by performing approximately 60
min searches across all microhabitats. Because Mytilus galloprovincialis is the dominant
intertidal mussel species of these shores and is known to co-exist with P. perna in
temperate regions (Abada-Boudjema & Davin, 1995; Zardi et al., 2007) its conspicuous

presence was considered an indication of suitable habitat for P. perna.

Table 4.1 — Aflantic and Mediterranean surveyed locations along Iberian shores. Presence of M.

galloprovincialis depicts potential suitable locations for P. perna.

Country Location Coordinates M. galloprovincialis
presence
Portugal Viana do Castelo 41°41°57.85”N; 08°51'23.81”"W  Present
Portugal Ericeira 38°57°21.03”N; 09°25'00.97"W  Present
Portugal Foz do Lizandro 38°56’28.13"N; 09°25'02.28"W  Present
Portugal Malh&o 37°46'44.64°N; 08°48'09.35"W  Present
Portugal V. N. Milfontes 37°43'04.79°N; 08°47°'27.73’"W  Present
Portugal Amoreira 37°20°59.18”N; 08°50'53.15"W  Present
Portugal Castelejo 37°06°08.00”N; 08°56'44.29"W  Present
Portugal Sagres 37°00°23.69”N; 08°56'55.80"W Present
Portugal Lagos 37°05’55.10”N; 08°40'02.38"W Present
Portugal Alvor 37°07'44.45"N; 08°35'47.71"W  Present
Portugal Pintadinho 37°06'32.07"N; 08°31'11.63"W  Present
Portugal Albufeira 37°0521.03"N; 08°11°29.76"W  Present
Portugal Vilamoura 37°04°05.50”N; 08°06’42.64°"W  Present
Portugal Farol 36°58'29.95"N; 07°51°42.17"W  Present
Portugal Tavira 37°06'41.06"N; 07°36°57.99°"W  Present
Portugal V. R.S. Antdnio 37°10°03.78”N; 07°24°09.03"W  Present
Spain Punta del Moral 37°10°57.76”°N; 07°19°46.83"W  Present
Spain Punta Umbria 37°09°'53.78”N; 06°56°54.38"W  Present
Spain Huelva 37°07'45.19°N; 06°51°09.43"W  Absent
Spain Rota 36°36'55.50"N; 06°21°27.85"W  Absent
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Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain

Puerto Sherry
Barbate
Atlanterra
Paloma Baja
Tarifa

Los Palmones
Torreguadiaro

La Arafa
Almunecar
Balerma
Roquetas de Mar
Aguadulce

Cabo de Gata

La Isleta
Garrucha
Villaricos

Aguilas
Calabardina
Cape Cope
Puerto de Mazarron
Portman

Cape Palos
Guardamar del Segura
Santa Pola
Alicante

Calpe

Cape de la Nau
Dénia

Cullera

36°34'48.65"N; 06°15°55.07"W
36°11°00.22"N; 05°56°10.82"W
36°05°24.78"N; 05°48°43.02"W
36°03'49.70"N; 05°43’39.89"W
36°00°27.89"N; 05°36°26.09"W
36°10°34.28"N; 05°25°28.26"W
36°18°00.14"N; 05°16°04.77"W
36°42°41.35"N; 04°19°37.50"W
36°43'39.84"N; 03°41°39.86"W
36°41°56.20"N; 02°51°33.99"W
36°45°27.41°N; 02°36°15.26"W
36°48°40.91"N; 02°34°00.66"W
36°44°00.26"N; 02°12°14.70"W
36°47°53.54"N; 02°03’42.64"W
37°10°21.02"N; 01°49°18.30"W
37°14°49.74°N; 01°46°15.80"W
37°24’15.16"N; 01°33’56.64"W
37°25'53.29°N; 01°30°27.11"W
37°26’'12.49°N; 01°29°02.88"W
37°33'28.51"N; 01°17°10.24"W
37°34’50.35"N; 00°51°13.23"W
37°38°00.94"N; 00°41°23.95"W
38°06°37.33"N; 00°38°27.07"W
38°11°18.94"N; 00°33°06.45"W
38°21°07.64"N; 00°24°40.40"W
38°38°25.71"N; 00°03°56.53"E

38°43'51.27"N; 00°13’08.85"E

38°57°50.66"N; 00°07°43.58"W
39°11°16.26"N; 00°13’17.20"W

Absent
Absent
Present
Absent
Absent
Present
Present
Present
Present
Present
Absent
Absent
Present
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Present
Present

4.2.2 Genetic diversity and genetic structure of P. perna across oceanographic

barriers

Perna perna individuals (n=13-34 except two populations with n=2 and n=4) were

collected between November 2011 and March 2014 from 27 locations (Table 4.2).
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Table 4.2 — List of sampling sites for genetic samples of P. perna populations. n, sample size; * locations

used to investigate sex-specific genetic patterns.

Country/Territory Location Code n Coordinates

Tunisia Korbous KR 30 36°49'29.04”N; 10°33'59.97"E
Tunisia Bizerte BZ 32 37°15'10.41”N; 09°56°41.15"E
Algeria Annaba bay AN 22 36°50'32.48"N; 07°51°17.48"E
Morocco Punta Negri PN 31 35°16°46.33"N; 03°08°'06.63"W
Spain Cape Gata CG 13 36°44°00.26”"N; 02°12°’14.70"W
Spain Balerma BM* 31 36°41°56.20"N; 02°51°33.99"W
Spain Almuniecar AM 31 36°43'39.84"N; 03°41°39.86"W
Spain La Arafia LA 30 36°42°41.35”N; 04°19°37.50"W
Spain Torreguadiaro TG 31 36°18°00.14"N; 05°16°04.77"W
Spain Los Palmones LP 2 36°10°34.28"N; 05°25°28.26"W
Spain Atlanterra AT 26 36°05°24.78"N; 05°48°'43.02"W
Spain Punta del Moral PM 22 37°10°57.76"N; 07°19°46.83"W
Portugal Tavira TV 29 37°06°41.06"N; 07°36°57.99"W
Portugal Vilamoura VL 29 37°04°05.50”N; 08°06°'42.64"W
Portugal Sagres SG 4 37°00°23.69"N; 08°56°55.80"W
Morocco Larache LR* 30 35°11'48.14”N; 06°09°'30.61"W
Morocco Rabat RB 32 34°01°'57.26”N; 06°50°27.96"W
Morocco Casablanca CB 30 33°39°07.22”N; 07°2903.11"W
Morocco Sidi Bouzid SB 33 33°13'06.11”N; 08°34°23.19"W
Morocco El Beddouza EB 34 32°32'42.33"N; 09°16°55.34"W
Morocco Essaouira ES* 30 31°30'42.78"N; 09°46°24.31"W
Morocco Imsouane IM* 29 30°50'24.43"N; 09°49°21.92"W
Morocco Mirleft ML* 30 29°35’06.58”N; 10°02°50.78"W
Morocco Tan Tan plage TT* 30 28°30°05.58”N; 11°20°06.38"W
Western Sahara Boujdour BJ* 29 26°07°38.95"N; 14°30'02.38"W
Western Sahara Nouifed LB* 30 24°54°30.29"N; 14°49'45.36"W
Western Sahara Dakhla DK* 30 23°46°06.97”N; 15°55'32.16"W

Mantle tissue (20-30 mg) was dissected from each individual, preserved in 96% ethanol
and stored at -20°C. Total genomic DNA extraction was performed using a standard
Proteinase K protocol adapted from Sambrook et al. (1989). The primers LCOI 1490, 5-
GGT CAA CAA ATC ATA AAG ATA TTG G-3’ and HCO 2198, 5-TAA ACT TCA GGG
TGA CCA AAA AAT CA-3 (Folmer et al., 1994) were used for polymerase chain reaction
(PCR) amplification of Cox1 region. PCR amplification was performed in a 25 pl reaction
volume containing 10 to 100 ng of total DNA, 0.2 uM of each primer, 0.08 mM of each
dNTP, 2mM of MgCl,, 1x GoTaq Flexi Buffer (Promega, USA) and 1 U GoTaq DNA
Polymerase (Promega, USA). Amplification used an initial denaturation during 2 min at 94
°C followed by 35 cycles of denaturation at 94 °C for 60 s, annealing at 55 °C for 60 s,
extension at 72 °C for 90 s and a final extension at 72 °C for 5 min. PCR products ran in

1.5% agarose gel during an electrophoresis of about 45 min at 120 V and 400 A to ensure
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that all samples were amplified. PCR products were then purified for sequencing using
ExoSap (USB Co., USA) and sequenced directly with PCR primers using the BigDye
Terminators version 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster-City, CA) in an
ABI PRISM 3130 genetic analyzer (Applied Biosystems). Eight microsatellite loci P01,
P02, P05, P08, P16, P20, P26 and P27 were amplified as in Coelho et al. (2012). PCR
products run in 2 % agarose gel during an electrophoresis of about 30 min at 120 V and
400 A. Two multiplex and one simplex designs were used during genotyping process: run
1 included P08, P16, P20 and P26 loci; run 2 included P01, P05 and P27 loci while P02
was genotyped alone. Genotyping conditions were performed as in Coelho et al. (2012) in

an ABI PRISM 3130 genetic analyzer (Applied Biosystems).

4.2.2.1 Genetic analyses

| applied a multimarker approach to increase the power to detect genetic discontinuities
(Pérez-Portela et al., 2017). Additionally, by combining mitochondrial (slower mutation
rate; maternally-inherited) and nuclear (higher mutation rate;, biparentally-inherited)
markers, | aimed to understand whether historical and/or contemporary oceanographic
barriers are responsible for restricting gene flow in P. perna (see Teske et al., 2014,

Pérez-Portela et al., 2017) and if sex-specific genetic patterns exist.

4.2.2.1.1 Mitochondrial DNA

DNA sequences were visualized, edited and aligned using Geneious 4.8.2 (Biomatters
Ltd.). DnaSP 5.0 (Librado & Rozas, 2009) was used to evaluate haplotype (h) and
nucleotide (11, Nei, 1987) diversities for individuals collected at the same location
(hereafter referred to as a population). Total numbers of haplotypes (H) and unique
haplotypes (UH) were estimated for each population in DNAcollapser from FaBox
(Villesen, 2007).

The Akaike Information Criterion corrected for small sample sizes (AICc) was used in
jModelTest 0.1.1 (Posada, 2008) to select the best fitting model of sequence evolution to
analyse the dataset in Arlequin 3.11 (Excoffier et al., 2005). Genetic differentiation
between pairs of populations was calculated by estimating ¢st (analogous of FST, (Weir &
Cockerham, 1984) based on haplotype frequency. Statistical significance was assessed
by performing 10 100 permutations under the null hypothesis of no differentiation, and
adjusted with g-value correction (Storey, 2002) implemented in R (R Core Team, 2012).

Spatial analysis of shared alleles (SAShA, Kelly et al., 2010) was used to complement ¢st
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differentiation values as it detects alleles that might be restricted to a geographical area
by comparing the observed spatial co-occurrence of alleles with the expected
geographical distribution under panmixia. Observed distributions of geographic distances
between pairs of alleles are compared with the expected null distribution under panmixia.
Statistical significance was determined by 1000 permutations of the haplotype matrix,
keeping row and column sums constant. The minimum geographic distance between
pairs of locations was measured in kilometres using the path ruler tool in Google Earth,
from a height of 20 km.

To test the effect of oceanographic features on the genetic structure of P. perna,
populations (Table 4.2) were divided in seven groups according to the oceanographic
barriers described in the literature. These were: Eastern Mediterranean (EM; populations
KR, BZ), Western Mediterranean (WM, population AN), Alboran Sea (AS; populations PN,
CG, BM, AM, LA, TG and LP), Atlantic Iberia (Al; populations AT, PM, TV, VL and SG),
Northwestern Morocco (NM; populations LR, RB, CB, SB, EB and ES), Southern Morocco
(SM; IM, ML, TT and BJ) and Western Sahara (WS; population LB and DK). EM is
separated from WM by the Strait of Sicily; WM is separated from AS by the Almeria-Oran
Front. The Strait of Gibraltar separates AS from Al and NM. Upwelling cells at Cape Ghir
and Cape Boujdour separate NM from SM and SM from WS, respectively (Fig. 4.1).

Figure 4.1 — Geographical distribution of sampled populations of P. perna and the potential oceanographic
barriers for dispersal. Dotted lines represent oceanographic barriers and separate potential genetic groups.
Eastern Mediterranean, populations KR, BZ; Western Mediterranean, population AN; Alboran Sea,
populations PN, CG, BM, AM, LA, TG and LP; Atlantic Iberia, populations AT, PM, TV, VL and SG;
Northwestern Morocco, populations LR, RB, CB, SB, EB and ES; Southern Morocco, populations IM, ML, TT
and BJ; Western Sahara, population LB and DK. Location codes as in Table 4.2.
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To evaluate population genetic structure, a hierarchical analysis of molecular variance
(AMOVA) was conducted in Arlequin 3.11 using 10 100 permutations. To understand how
genetic variation is partitioned between distinct groups, among populations within groups
and within populations, the seven groups described above were designated a priori (EM,
WM, AS, IB, NM, SM and WS).

Intraspecific genealogical relationships between groups and the relative frequency of
haplotypes were determined by a median-joining haplotype network built on Network
4.5.0.2 (Bandelt et al., 1999). The resulting haplotype network combines minimum-
spanning networks and median vectors under a parsimony criterion. Median vectors
represent hypothesized or extant unsampled haplotypes, required to connect existing
haplotypes with maximum parsimony within the network (Quinteiro et al., 2007).

Cox1 sequences generated and analysed during the current study were deposited in
GenBank with the accession numbers KY514494-KY515223.

4.2.2.1.2 Microsatellite markers

Allele sizes were scored using STRand software
(http://www.vgl.ucdavis.edu/informatics/STRand), binned with the standArich package in
R (R Core Team, 2012) and manually reviewed for ambiguities. MICRO-CHECKER (van
Oosterhout et al., 2004) was used to test for stuttering, null alleles and large allele dropout
at each locus and population. All loci had less than 5% of missing data with the exception
of P16 (22%), which was excluded from the following analyses.

Observed (Ho) and expected (He) heterozygosity, inbreeding coefficient (Fis, Weir &
Cockerham, 1984) and allelic richness (A) were estimated for each population. Allelic
richness (A) was additionally standardized to two of the smallest sample sizes using
GENETIX 4.05 (Belkhir et al., 2004) and FSTAT (Goudet, 1995). Allelic frequencies for
each marker and population were plotted using standArich. Deviations from Hardy-
Weinberg equilibrium were tested running 10 000 permutations using GENETIX 4.05.
Pairwise genetic differentiation was estimated as Fst (Weir & Cockerham, 1984) and as
Jost’s D (Jost, 2008) using diveRsity package (Keenan et al., 2013) in R, with significance
tested 1000 bootstrap. Pairwise genetic distance between populations was estimated
based on the proportion of shared alleles (Bowcock et al., 1994) according to (Jin &
Chakraborty, 1994) using Populations 1.2.30 (Langella, 2002) running 999 bootstrap. A
neighbour-joining (NJ) phylogenetic tree was constructed using MEGA5 (Tamura et al.,
2011).
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STRUCTURE 2.3.4 software (Pritchard ef al., 2000) estimated population structure and
inferred the number of clusters in the dataset, considering no prior information on
populations. An admixture model and correlated allele frequencies were assumed. The
number of possible clusters (K) assessed ranged from 1 to 28 (maximum number of
populations plus one) and five independent runs with 100 000 Markov Chain Monte Carlo
(MCMC) iterations and 50 000 burn-in were performed for each K. STRUCTURE
HARVESTER 0.6.94 (Earl & von Holdt, 2012) estimated the most probable value of K
calculating AK as in Evanno et al. (2005). CLUMPP 1.1.2 software (Jakobsson &
Rosenberg, 2007) was used to find the consensus of the five replicated runs of the
selected K. The replicate consensus was plotted with Ruby package Bar Plotter
(http://evolution.unibas.ch/salzburger/software.htm). A discriminant analysis of principal
components (DAPC) was performed in R (R Core Team, 2012) with adegenet 1.4.2
(Jombart, 2008) based on the matrix of individual genotypes with seven microsatellite loci,
to characterize the genetic variation of the study area. Each individual was assigned to its
sampling population. The function find.cluster returned the best fitting number of clusters
(K) in the dataset, correspondent to the minimum K after which the Bayesian Information
Criterion changes by a negligible amount (Jombart et al., 2010).

A hierarchical analysis of molecular variance (AMOVA) was conducted in Arlequin 3.11
running 10 100 permutations, to understand hierarchical population structure with groups

designated a priori based on potential oceanographic barriers as described above.

4.2.3 Sex-specific genetic structure of P. perna

A subsample of nine locations distributed along the survey area was used to investigate if
sex-specific differences exist in genetic structure of P. perna populations (Table 4.2). If
equal numbers of males and females were not obtained during previous collections,
sampling continued until 14-15 individuals of each sex were sampled. Perna perna
mussels can be classified as males or females based on gonad colouration: males
present white gonads while females show red-orange gonads (Yap et al., 1979 but see
Petes et al., 2008). Whenever colour-based identification was not possible, a piece of
gonad tissue was observed under the microscope to determine the sex by the presence

of eggs or sperm.
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4.2.3.1 Genetic analyses

To compare genetic diversity and structure within and between sexes and understand if
genetic patterns of P. perna were sex-biased, h, m, H, PH, ¢st were estimated and
AMOVA performed using mtDNA COIl sequences from nine populations where sex
identification had been previously performed, following procedures described in 4.2.2.1.1.
Ho and Hg, A, number of unique alleles, Fis, Fst, Jost's D, AMOVA and STRUCTURE
analyses were also performed using the seven microsatellite markers as described in

4.2.2.1.2. Analyses were performed for each group separately.

4.2.4 Ecological niche modelling of P. perna native distribution

4.2.4.1 Data on native occurrence

A total of 118 presences were compiled from extensive field surveys and from records in
the existing literature where the species is native (i.e. the African continent, southern
Iberia and the Arabian Peninsula, Table A1 in Appendix). As the number of true absences
detected in the field was relatively low (52) and biased towards the areas where most of
the field surveys were available (i.e. South Africa, Morocco and the Iberian Peninsula),
pseudo-absences from non-surveyed areas were randomly added and included in the
models. The use of pseudo-absences is particularly useful as a surrogate for accurate
absence data when performing presence-absence models; pseudo-absence models also
avoid overoptimistic predictions, a common characteristic of presence-only approaches
(Engler et al., 2004; Chefaoui & Lobo, 2008). The selection method to generate pseudo-
absence data conditions the predictions of the model (Engler et al., 2004; Chefaoui &
Lobo, 2008). By performing a random selection of pseudo-absences the modelled range
is not overpredicted, allowing a better assessment of the variables affecting the realized
distribution of the species (Chefaoui & Lobo, 2008).

The intertidal area was delimited by extracting the coastal cells covering a range from -2
to 1 m from the General Bathymetric Chart of the Oceans (GEBCO) gridded bathymetric

data set with a spatial resolution of 30 arc-seconds (http://www.gebco.net/).

4.2.4.2 Environmental variables

The most meaningful environmental variables commonly known to influence and used to

model the distribution of intertidal species (Jones ef al., 2010; Assis ef al., 2015; Fenberg
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et al., 2015) were obtained from Bio-ORACLE dataset (Tyberghein et al., 2012) at a
spatial resolution of 5 arcmin (9.2 km). These included minimum and maximum surface
air temperature (SAT, Jueterbock et al., 2013), minimum and maximum sea surface
temperature (SST), nutrients (nitrate and phosphate concentrations), salinity and mean
cloud cover fraction (Table 4.3). Significant wave height (2009-2015) was obtained from
Aviso (http://www.aviso.altimetry.fr; Table 4.3). All variables and species’ records were
georeferenced to the same resolution (9.2 km). Correlation among predictors was verified

using Pearson's correlation coefficient=|0.7| as a cut-off.

Table 4.3 — Environmental variables used to model P. perna likelihood of presence. SST indicates sea

surface temperature. SAT indicates surface air temperature.

Study area Presences
Predictors (units) Min—-Max Mean Min—-Max Mean
Cloud cover fraction 0.069-0.943 0.531 0.251-0.872 0.49
Waves (m) 0.388-5.774 2.008 0.625-3.829 2.183
Minimum SST (°C) -1.585-28.827 17.403 13.817-25.977 17.316
Maximum SST (°C) 6.979-37.600 27.335 18.908-31.705  24.028
Minimum SAT (°C) -7.757-25.477 12.414 5.925-23.069 13.878
Maximum SAT (°C) 8.298-35.289 28169  22.055-34.562  26.511
Salinity 1.634-41.475 34.66 33.953-37.277  35.827
Nitrate (umol/L) 0.003-12.494 1.355 0.548-6.695 212
Phosphate (pmol/L) 0.0184-1.3965 0.229 0.049-0.995 0.33

4.2.4.3 Niche modelling and variable importance

The environmental niche of P. perna was modelled using six presence-absence
techniques: generalized additive model (GAM), generalized boosting model (GBM),
generalized linear model (GLM), flexible discriminant analysis (FDA), randomForest (RF),
and multiple adaptive regression splines (MARS) using biomod2 package (Thuiller et al.,
2014) in R. Pseudo-absences were selected at random to complement absence data
surveyed in the field. A proportion presence/absence of 1:10 (as in Chefaoui et al., 2016)
corresponding to a total amount of 1180 absences (52 true absences + 1128 pseudo-
absences) was used, for a study region of 20 057 cells of coastal areas. Cross-validation
was performed by randomly splitting the data records into training (70 %) and test (30%)
datasets. Moreover, the area under the receiver operating characteristic (ROC) curve
(AUC), the ROC-derived sensitivity and specificity values (Fielding & Bell, 1997), and the
true skill statistic (TSS, Allouche et al., 2006), using the threshold which optimized ROC
and TSS scores (Thuiller et al., 2014), were used to evaluate the models. Each of the six

algorithms ran 50 iterations and a ‘committee averaging’ ensemble model was performed
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averaging the binary predictions of models with TSS>0.7 to predict the probability of
occurrence of the species.

The relative contribution of each variable was calculated by estimating the correlation
between each model without a variable and the full model (Liaw & Wiener, 2002), running
three permutations. The subtraction of 1 minus the correlation was calculated and each
predictor was scored 0-1 (lowest to highest importance; Thuiller ef al., 2014).
Subsequently, a mean of the scores of the three permutations was calculated for each

variable.

4.2.4.3.1 Data analysis

To disentangle the individual significance of minimum SST and SAT on P. perna
distribution, subsets of nine locations equitably distributed along approximately 2200 km
of the cool temperate southwest (CT) and the warm temperate (WT) southern African
provinces (Emanuel et al., 1992) were selected (Fig. 4.2). Perna perna has been
extensively investigated along these shores where a wide distributional gap has been
described (P. perna is absent from CT but present in WT, Zardi et al., 2007). The absence
and presence of P. perna along the CT and the WT regions, respectively, coupled to SST
and SAT data allows a better understanding of the environmental factors setting the
distributional limits of this species. While all nine absence records from the CT were
included, three different subsets of nine locations along WT were selected. Only the range
of the western lineage of P. perna was considered here. The extents of coastlines and the

distances between locations were estimated on Google Earth at an altitude of 100 m.
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Figure 4.2 — Geographical distribution of the southern African sampling sites used to compare the
temperature conditions where P. perna is either absent (red) or present (blue). Different shades of blue

represent the three distinct subsets (S1, S2 and S3) of presence data.

One-way ANOVA was used to test the null hypothesis that minimum SST and minimum
SAT did not differ significantly between the two regions in South Africa where P. perna is
absent or present. The design consisted of one factor: Record (two levels, fixed) and the
analyses were performed three times. All tests and respective significance values were
performed with STATISTICA 7.1 (StatSoft, 2005). When data did not fulfill the pre-
requisites for parametric analysis (Cochran’s Test or Shapiro-Wilk’s W), analyses were
performed using PERMANOVA (Anderson, 2001; McArdle & Anderson, 2001) running

999 permutations.
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4.3 RESULTS

4.3.1 Distribution of Perna perna along the Atlantic and Mediterranean Iberian

Peninsula

Surveys along the Iberian Peninsula showed that out of the 49 surveyed sites, while
Mytilus galloprovincialis was present at 27 locations, P. perna was only detected at 14,
despite the existence of favourable substratum conditions (Fig. 4.3). Castelejo, southwest
Iberia (Portugal), was the northwesternmost location where the Brown mussel was found.
North of Castelejo, individuals of this species were not detected, although M.
galloprovincialis was still abundant. Into the Mediterranean, both species were reported
as far east as Cape Gata, the easternmost limit of the Brown mussel. After a gap along
the southeast coast of Iberia where intertidal mussels were entirely absent, only M.

galloprovincialis reappeared (present in Dénia and Cullera, see Table 4.1).

Figure 4.3 — Perna perna range expansion along the Iberian Peninsula. Presence and absence of P. perna
are marked by blue and red dots, respectively. White dots represent surveyed sites where no mussels were
found and yellow dots represent the new range limits of the P. perna distribution. The thick blue line illustrates
the previously known distribution of P. perna along northern Africa. Surveyed locations are described in Table

4.1, from north to south and west to east. Arrow indicates north.
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4.3.2 Genetic diversity and genetic structure of P. perna across oceanographic

barriers

4.3.2.1 Mitochondrial DNA-Cox 1

Sequences of P. perna (615 bp Cox1 region) from 730 specimens revealed 127
haplotypes and 112 polymorphic sites (Table 4.4). PN and LR showed the highest
number of overall haplotypes (17) while LP showed the lowest (2), likely due to the very
small sample size. BZ and LR presented the highest number of unique haplotypes (8) and
KR, CG and CB did not show any unique haplotypes. Whereas 94 haplotypes were
private, 33 were shared among populations. Haplotype and nucleotide diversities varied
between 0.481 (PM) and 1.0 (LP) and between 0.0010 (PM) and 0.0049 (LP),

respectively.
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Table 4.4 — Genetic diversity of Cox1 gene of P. perna populations. n, sample size; H, number of haplotypes;

UH, number of unique haplotypes; h, haplotype diversity (£SD); 1, nucleotide diversity (+SD). Location codes

as in Table 4.2.

Population n H UH h ™

KR 30 8 0 0.729 £ 0.065 0.0022 £+ 0.0004
BZ 32 15 8 0.821 £ 0.062 0.0030 £ 0.0005
AN 22 8 3 0.753 £ 0.069 0.0022 £+ 0.0005
PN 31 17 6 0.912 £ 0.036 0.0028 £+ 0.0003
CG 13 5 0 0.731 £ 0.096 0.0024 £+ 0.0007
BM 31 10 5 0.714 £ 0.070 0.0022 £+ 0.0006
AM 31 13 5 0.733 £ 0.085 0.0020 £ 0.0004
LA 30 14 6 0.844 + 0.056 0.0030 £ 0.0005
TG 31 8 3 0.735 £ 0.062 0.0025 £ 0.0005
LP 2 2 1 1.000 + 0.500 0.0049 £ 0.0024
AT 26 8 3 0.575+0.113 0.0016 £ 0.0004
PM 22 7 1 0.481 £ 0.131 0.0010 £ 0.0004
TV 29 12 5 0.791 £0.073 0.0026 £+ 0.0005
VL 29 10 4 0.687 + 0.091 0.0022 £+ 0.0005
SG 4 3 1 0.833 £0.222 0.0030 £ 0.0009
LR 30 17 8 0.864 + 0.058 0.0032 £ 0.0005
RB 32 13 4 0.784 + 0.066 0.0024 £ 0.0004
CB 30 10 0 0.699 £ 0.085 0.0021 £+ 0.0004
SB 33 14 2 0.805 + 0.064 0.0028 £ 0.0006
EB 34 15 3 0.750 £ 0.080 0.0021 £+ 0.0004
ES 30 11 5 0.678 £ 0.094 0.0020 £ 0.0004
IM 29 9 4 0.648 + 0.096 0.0013 £ 0.0003
ML 30 9 5 0.598 £ 0.103 0.0022 £+ 0.0005
TT 30 12 2 0.745 £ 0.082 0.0020 £ 0.0004
BJ 29 9 2 0.613 £0.102 0.0013 £ 0.0003
LB 30 10 5 0.754 £ 0.063 0.0022 £+ 0.0004
DK 30 8 3 0.756 £ 0.055 0.0027 £+ 0.0005

Pairwise ¢st values were non-significant across all populations (p>0.05; Table 4.5) and

ranged from 0 to 0.432; the highest estimate was found between PM and LP. High

pairwise ¢st values were recovered from populations with extremely low sampling sizes

(e.g. LP, n=2 0.039-0.432 and SG, n=4 0.048-0.349).
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Table 4.5 — Pairwise st comparison of P. perna populations. All p-values were corrected for multiple comparisons and non-significant. Location codes as in Table 4.2.
KR BZ AN PN CG BM AM LA TG LP AT PM TV VL SG LR RB CB SB EB ES IM ML TT BJ LB DK
KR - 0.000 0.008 0.000 0.000 0.000 0.025 0.000 0.013 0.195 0.017 0.027 0.000 0.000 0.127 0.000 0.000 0.000 0.000 0.011 0.013 0.030 0.000 0.014 0.029 0.000 0.000
BZ - 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.115 0.000 0.002 0.000 0.000 0.121 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000
AN - 0.000 0.000 0.000 0.026 0.006 0.000 0.216 0.014 0.058 0.029 0.015 0.256 0.020 0.000 0.002 0.000 0.011 0.054 0.019 0.026 0.020 0.026 0.000 0.000
PN - 0.000 0.000 0.000 0.000 0.000 0.114 0.000 0.000 0.000 0.000 0.155 0.002 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.002
CG - 0.000 0.006 0.000 0.000 0.082 0.008 0.085 0.000 0.014 0.236 0.017 0.000 0.000 0.000 0.024 0.037 0.043 0.003 0.026 0.040 0.000 0.000
BM - 0.020 0.001 0.000 0.219 0.004 0.025 0.018 0.002 0.219 0.007 0.000 0.000 0.000 0.002 0.033 0.005 0.014 0.006 0.010 0.000 0.000
AM - 0.000 0.009 0.153 0.000 0.012 0.000 0.013 0.255 0.018 0.000 0.000 0.000 0.002 0.000 0.015 0.000 0.000 0.000 0.022 0.037
LA - 0.000 0.039 0.000 0.014 0.000 0.000 0.127 0.000 0.000 0.000 0.000 0.001 0.000 0.017 0.000 0.000 0.004 0.000 0.000
TG - 0.142 0.000 0.046 0.013 0.020 0.234 0.025 0.000 0.000 0.000 0.012 0.032 0.011 0.015 0.002 0.016 0.000 0.012
LP - 0.252 0.432 0.063 0.212 0.201 0.087 0.156 0.197 0.092 0.225 0.167 0.390 0.128 0.225 0.350 0.229 0.158
AT - 0.005 0.000 0.000 0.300 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.026
PM - 0.014 0.000 0.324 0.000 0.005 0.003 0.008 0.000 0.000 0.005 0.006 0.000 0.000 0.026 0.044
TV - 0.000 0.113 0.000 0.000 0.000 0.000 0.006 0.000 0.031 0.000 0.003 0.015 0.010 0.008
VL - 0.138 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.006 0.000 0.000
SG - 0.048 0.192 0.189 0.146 0.210 0.172 0.349 0.177 0.217 0.332 0.196 0.113
LR - 0.000 0.000 0.000 0.001 0.000 0.013 0.000 0.004 0.012 0.000 0.000
RB - 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.003
CB - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SB - 0.000 0.001 0.006 0.000 0.000 0.000 0.000 0.002
EB - 0.005 0.000 0.000 0.000 0.000 0.002 0.020
ES - 0.028 0.000 0.000 0.005 0.028 0.031
IM - 0.020 0.000 0.000 0.009 0.038
ML - 0.001 0.005 0.011 0.013
TT - 0.000 0.006 0.027
BJ - 0.015 0.041
LB - 0.000
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Spatial analysis of shared alleles (SAShA) indicated that the observed distribution of
geographical distance between pairs of haplotypes (OM) was not statistically different
from the expectation (EM) under panmixia (OM=885.30 km, EM=892.06 km, p=0.773).
The Akaike Information Criterion corrected for small sample sizes (AICc) selected TrN+G
as the best-fit model to be implemented in Arlequin software (gamma shape=0.932).
AMOVA analyses attributed most of the variation to within populations (99.52%, p=0.126;
Table 4.6). Only 0.5% of the variation occurred among groups (p=0.006)

Table 4.6 — AMOVA from the 27 populations of P. perna distributed over seven distinct groups based on
mitochondrial Cox1 gene.

Source of df Sum of Variance Percentage ¢- p-value
variation squares components of variation statistics

Among groups 6 6.327 0.0037 0.53 0.0053 0.006
Among populations 20 13.717 -0.0004 -0.05 -0.0005 0.505
within groups

Within populations 703 488.654 0.6951 99.52 0.005 0.126
Total 729 508.699 0.6985

The median-joining haplotype network reconstruction of P. perna revealed one single
clade, and no genetic differentiation between a priori expected distinct groups distributed
along southern Iberian and northern Africa (Fig. 4.4A). The star-shaped network
presented two main central haplotypes widespread at all groups (Fig. 4.4B). Generally,
both shared and private peripheral haplotypes differed from the centre by one or two
mutational steps. Haplotypes were shared irrespective of the geographic distance

between groups (i.e. haplotypes shared between WM and Al or between WM and WS).
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Figure 4.4 — Genetic structure of P. perna across northeastern Atlantic and Mediterranean shores. A)
Geographical distribution of P. perna populations and expected genetic structure according to oceanographic
barriers to dispersal described in the literature. B) Median-joining haplotype network of Cox1 gene. Circle size
is proportional to haplotype frequency. Colours indicate the group origin of a haplotype. Gray line represents

the number of mutational steps.

4.3.2.2 Microsatellite markers

Out of 732 individuals, 373 alleles were detected in seven loci. The total number of alleles
per locus ranged from 12 to 134. Excluding locus P16, there was no clear evidence for
large allele drop-out, stuttering or null alleles at a frequency higher than 0.2. Expected
(He) and observed (Ho) heterozygosities varied between 0.536 (CB) and 0.796 (LP) and
0.643 (SG) and 0.773 (AN), respectively, resulting in a minor heterozygosity deficit (Fis

ranged from O to 0.128). Population genetic diversity standardized to the smallest sample
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sizes, A and Ay, varied between 2.714 (LP) and 3.123 (CB) and between 11.966 (IM)
and 14.714 (PM), respectively. A total of 105 unique alleles were described with CB
reporting the highest number (10; Table 4.7).

Table 4.7 — Genetic analyses of P. perna populations based on nuclear microsatellite markers. n, number of
individuals per population; He, expected heterozygosity; Ho, observed heterozygosity; A, allelic richness
represented by mean number of alleles per locus per population; Ay allelic richness standardized to smallest
sample sizes; Fis, inbreeding coefficient; UA, unique alleles. Significant values of Fis are in bold. * p<0.05; **

p<0.01. Location codes as in Table 4.2.

Population n He Ho A A(z) A(zz) Fis UA
KR 30 0.776 0.737 15714 3.061 13.483 0.067** 7
BZ 32 0.770 0.712 15857 3.011 13.190 0.091** 4
AN 22 0.761 0.773 13429 2972 13429 0.009 1
PN 31 0.754 0.743 16 2977 13422 0.032 7
CG 13 0.747 0747 9.857 2.998 - 0.039 0
BM 32 0.753 0.736 17 3.004 14.012 0.039 7
AM 33 0.749 0.690 17 2980 13.817 0.093* 2
LA 30 0.765 0.743 15571 3.031 13.438 0.046* 4
TG 33 0.751 0.703 15714 2977 12.876 0.079** 7
LP 2 0536 0714 2714 2714 - 0 0
AT 26 0.783 0.769 15714 3102 14.360 0.039 2
PM 22 0.767 0.716 14.714 3.052 14.714 0.090** 4
TV 27 0.750 0.740 13.857 2982 12557 0.032 0
VL 27 0.780 0.773 15714 3.088 14.227 0.028 1
SG 4 0.607 0.643 4.5714 2812 - 0.085 1
LR 30 0.780 0.744 16.429 3.098 14.027 0.063** 4
RB 32 0.779 0.751 16 3.046 13.411 0.052* 4
CB 29 0.796 0.708 16.429 3.123 14.394 0.128** 10
SB 33 0.754 0.701 17.143 3.012 14.046 0.085** 3
EB 34 0.769 0.731 16.429 3.021 13.354 0.064** 6
ES 30 0.751 0.712 15286 2976 13.063 0.069** 6
M 30 0.728 0.726 13.857 2899 11.966 0.019 5
ML 30 0.757 0.763 16.429 3.014 13.965 0.008 1
TT 30 0.751 0.762 16 2987 13.629 0.003 5
BJ 30 0.769 0.731 15,571 3.006 13.247 0.066* 2
LB 30 0.765 0.730 15429 3.012 13.228 0.063* 6
DK 30 0.733 0695 15857 2915 13.457 0.069* 6

Fst and Jost’s D ranged from O to 0.034 and from O to 0.041, respectively (Table 4.8), and
showed no significant differences in any pairwise comparisons (Fst lower and upper 95%
confidence interval limits ranged from -0.174 to -0.004 and from 0.005 to 0.209,
respectively; Jost's D lower and upper 95% confidence interval limits ranged from -0.179
to -0.007 and from 0.022 to 0.279, respectively; Table A2 in Appendix).
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Table 4.8 — Pairwise Fst (above) and Jost's D (below) comparisons of P. perna populations. Location codes as in Table 4.2.
KR BZ OR PN CG BM AM LA TG LP AT PM TV VL SG LR RB CcB SB EB ES M ML TT BJ LB DK

KR - 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.021 0.000 0.000 0.000 0.002 0.000 0.000 0.004 0.004 0.000 0.001 0.000 0.000
BZ 0.000 - 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
OR 0.001 0.004 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.006 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.006 0.003 0.002 0.000 0.000
PN 0.007 0.016 0.002 - 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.006 0.011 0.001 0.012 0.002 0.003 0.000 0.009 0.004 0.001 0.010 0.011 0.003 0.006 0.003 0.000
CG 0.005 0.000 0.000 0.003 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BM 0.000 0.000 0.000 0.005 0.001 - 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.007 0.000 0.000
AM 0.000 0.000 0.002 0.001 0.001 0.000 - 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.001 0.002 0.000 0.001 0.000 0.000 0.005 0.000 0.000
LA 0.000 0.000 0.000 0.000 0.001 0.000 0.000 - 0.000 0.000 0.000 0.000 0.004 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.000 0.000
TG 0.000 0.000 0.000 0.004 0.003 0.000 0.000 0.000 - 0.000 0.003 0.003 0.005 0.000 0.021 0.000 0.004 0.001 0.001 0.000 0.000 0.007 0.004 0.001 0.001 0.000 0.002
LP 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AT 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000 0.002 0.000 0.008 0.000 0.000 0.000 0.003 0.000 0.002 0.000 0.002 0.000 0.007 0.000 0.000
PM 0.000 0.000 0.001 0.002 0.002 0.000 0.000 0.001 0.003 0.000 0.000 - 0.000 0.000 0.024 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TV 0.001 0.000 0.013 0.039 0.003 0.003 0.001 0.006 0.019 0.000 0.000 0.007 - 0.000 0.027 0.000 0.002 0.003 0.006 0.009 0.002 0.003 0.000 0.000 0.001 0.000 0.007
VL 0.000 0.000 0.004 0.001 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.024 0.000 0.000 0.000 0.001 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.001
SG 0.001 0.000 0.001 0.008 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.008 - 0.009 0.009 0.000 0.003 0.010 0.018 0.025 0.024 0.018 0.034 0.021 0.011
LR 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.000 - 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.000 0.000
RB 0.001 0.000 0.001 0.014 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.005 0.000 0.007 0.000 0.001 - 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000
CB 0.000 0.003 0.001 0.009 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000 0.000 0.000 - 0.005 0.001 0.003 0.007 0.005 0.000 0.007 0.000 0.000
SB 0.003 0.001 0.004 0.010 0.000 0.002 0.011 0.000 0.000 0.000 0.000 0.002 0.028 0.000 0.000 0.000 0.008 0.015 - 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.003
EB 0.002 0.004 0.000 0.017 0.006 0.001 0.006 0.000 0.000 0.000 0.000 0.003 0.041 0.003 0.003 0.002 0.000 0.006 0.000 - 0.002 0.001 0.001 0.000 0.005 0.000 0.000
ES 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.001 0.000 0.002 - 0.003 0.001 0.001 0.000 0.000 0.000
M 0.002 0.001 0.003 0.026 0.002 0.000 0.007 0.001 0.008 0.000 0.000 0.000 0.002 0.013 0.002 0.002 0.000 0.009 0.006 0.005 0.012 - 0.000 0.000 0.007 0.000 0.003
ML 0.004 0.000 0.015 0.007 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.003 0.006 0.000 0.004 0.000 0.003 - 0.000 0.004 0.000 0.002
TT 0.000 0.000 0.007 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.004 0.000 0.000 0.000 0.001 0.000 0.007 0.006 0.000 0.000 - 0.003 0.000 0.000
BJ 0.005 0.002 0.000 0.014 0.002 0.012 0.012 0.004 0.006 0.000 0.003 0.004 0.009 0.004 0.008 0.002 0.006 0.010 0.001 0.013 0.001 0.016 0.016 0.010 - 0.000 0.006
LB 0.000 0.001 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.005 0.000 0.000 0.000 0.003 0.000 0.000 0.001 0.003 0.000 0.000 - 0.000
DK 0.002 0.001 0.002 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.027 0.002 0.002 0.005 0.001 0.001 0.000 0.000 0.000 0.010 0.002 0.000 0.015 0.001 -
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The neighbour-joining tree based on proportion of shared alleles evidenced the absence

of a geographical topology (Fig. 4.5).

Figure 4.5 — Unrooted neighbour-joining tree of the pairwise genetic distance between populations of P.
perna across northeastern Atlantic and Mediterranean shores based on proportion of shared alleles of seven
microsatellite loci. Colours depict distinct expected oceanographic groups. EM, Eastern Mediterranean; WM,
Western Mediterranean; AS, Alboran Sea; Al, Atlantic Iberia; NM, Northwestern Morocco; SM, Southern

Morocco; WS, Western Sahara. Location codes as in Table 4.2.
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Bayesian admixture analyses implemented in STRUCTURE did not reveal any clear
geographical clustering (Fig. 4.6). The log probability of the data (L(K)) returned from the
Bayesian admixture analyses suggested K=1 as the best fitting K (Fig. 4.6). Although
using the AK method (Evanno et al., 2005) proposed K=2 as the best fitting K, the two
proposed resolved clusters were consistently present at all populations, thus excluding
any geographical and genetic separation. The incongruence between both methods might
be explained by the fact that AK does not estimate K=1, but L(K) of K=2 suggested the
second best fitting K after K=1. All these considerations allow us to select K=1 as the best

fitting K for my data.

Figure 4.6 — Bayesian analysis summary plot (each bar represents one individual) of the 27 populations of P.
perna obtained from STRUCTURE i.e. K = 1. Coloured bars depict expected genetic clusters. Bars of different

widths indicate different sample sizes for the populations and are composed of single bars for each individual.

AMOVA indicated that most of the genetic variation arose within populations (99.96%;
p=0.728, Table 4.9).

Table 4.9 — AMOVA from the 27 populations of P. perna distributed over seven distinct groups based on

mitochondrial Cox1 gene and seven nuclear microsatellites.

Source of variation df Sum of Variance Percentage ¢- p-
squares components of variation statistics value

Among groups 6 16.79 0.0004 0.02 0.0002 0.351

Among populations 20 54.17 0.0007 0.03 0.0003 0.76

within groups

Within populations 1437 3836.05 2.6695 99.96 0.0004 0.728

Total 1463 3907.01 2.6707
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Discriminant analyses of principal components (DAPC) suggested K=9 as the best fitting
number of clusters (Fig. 4.7A). All clusters were distributed across the entire study area,

revealing no spatial differentiation among groups (Fig. 4.7B).

B

¢ Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5

¢ Cluster6

¢ Cluster7
Cluster 8
¢ Cluster9

Figure 4.7 - Discriminant analyses of principal components (DAPC) results. A) Selection of best fitting K
(K=9) based on Bayesian Information Criterion (BIC), B) DAPC spatial plot of the 27 populations of P. perna
distributed through nine clusters. Colours correspond to distinct clusters. Each individual was assigned to a

cluster and solid dots correspond to the overlapping of several individuals.

4.3.3 Sex-specific genetic structure of P. perna

4.3.3.1 Mitochondrial DNA

Sequences of male (n=133) and female (n=135) P. perna (615 bp Cox1 region) revealed
34 and 36 haplotypes, respectively (Table 4.10). LR showed the highest number of overall
haplotypes for both males (11) and females (9), while BJ (for males) and DK (for females)
showed the lowest (5 and 4, respectively). LR presented the highest number of unique
haplotypes (8) in the male dataset while BJ did not show any unique haplotype. The
greatest number of unique haplotypes in the female dataset corresponded to LR and TT
(6), whereas DK showed the lowest number of unique haplotypes (1). Haplotype and
nucleotide diversities varied between 0.648 (ML) and 0.933 (LR) and between 0.0014 (IM)
and 0.0040 (LR), respectively in the male dataset. Female haplotype and nucleotide
diversities varied between 0.562 (ML) and 0.800 (LR) and between 0.0011 (BJ) and
0.0026 (LR), respectively.
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Table 4.10 — Genetic diversity of Cox1 gene of P. perna male and female datasets. n, sample size; H, number

of haplotypes; UH, number of unique haplotypes; h, haplotype diversity (+SD); 1, nucleotide diversity (+SD).

Location codes as in Table 4.2.

Population n H UH h ™

Males 133 34 28 0.755+0.035 0.0023 + 0.0002
BM 15 6 4 0.705+0.114 0.0023 + 0.0008
LR 15 11 8 0.933+0.054 0.0040 + 0.0007
ES 15 7 3 0.724 £+ 0.121  0.0019 + 0.0005
IM 14 6 3 0.681+0.132 0.0014 + 0.0004
ML 15 6 3 0.648 £+ 0.134 0.0022 + 0.0006
TT 15 6 1 0.800 £ 0.077 0.0020 + 0.0004
BJ 14 5 0 0.659 +£0.123 0.0015 + 0.0004
LB 15 6 3 0.762 £ 0.081 0.0021 + 0.0005
DK 15 7 3 0.838 £+ 0.068 0.0032 + 0.0006
Females 135 36 30 0.671+£0.045 0.0020 + 0.0002
BM 15 6 3 0.743 £0.094 0.0022 + 0.0007
LR 15 9 6 0.800 £+ 0.108 0.0026 + 0.0006
ES 15 6 3 0.648 £+ 0.134 0.0020 + 0.0006
M 15 5 3 0.638+0.129 0.0012 + 0.0003
ML 15 5 2 0.562 + 0.143 0.0021 + 0.0007
TT 15 7 6 0.657 £0.138 0.0020 + 0.0007
BJ 15 6 4 0.571+£0.149 0.0011 + 0.0004
LB 15 7 3 0.724 £+ 0.121  0.0021 + 0.0006
DK 15 4 1 0.695+0.081 0.0022 + 0.0006

Non-significant low pairwise ¢st values were found across all populations for both
datasets (Table A3 in Appendix) ranging from 0 to 0.0.15 (males) and from 0 and 0.101
(females).

AMOVA analyses attributed most of the variation within populations for both male and
female datasets (males 99.76% p=0.33; females 98.96% p=0.12; Table A4 in Appendix).

4.3.3.2 Microsatellite markers

The male and female datasets of P. perna including nine populations presented 216 and
217 different alleles, respectively. The total number of alleles per locus ranged from 7 to
84 in the male dataset and varied between 8 and 83 within the female dataset. Male and
female allelic richness varied between 10 (IM) and 11.714 (ML) and between 9.714 (IM)
and 11.714 (LR), respectively. The male dataset included 57 unique alleles ranging from
8 (BM) to 14 (ML), while the female dataset comprised 59 unique alleles, varying between
5 (LB) and 16 (TT,; Table 4.11). Expected (He) and observed (Ho) heterozygosities of the
male dataset varied between 0.703 (IM) and 0.778 (BJ) and 0.714 (IM) and 0.805 (BJ),

respectively. The inbreeding coefficient Fis was always non-significant and ranged from -
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0.032 to 0.042. Female He and Ho varied between 0.704 (DK) and 0.769 (LR) and 0.648
(DK) and 0.752 (TT), respectively. Most populations showed a significant positive
inbreeding coefficient (Fis) ranging from 0.027 to 0.155.

Table 4.11 — Genetic analyses of P. perna populations by sex. n, number of individuals per group; He,
expected heterozygosity; Ho, observed heterozygosity; A, allelic richness; Fis, inbreeding coefficient; UA,

unique alleles. Location codes as in Table 4.2.

Population n He Ho A Fis UA
Males 135 0.761 0.759 30.857 0.007 57
BM 15 0.726 0.752 10.857 -0.001 8
LR 15 0.757 0.754 10.714  0.038 9
ES 15 0.73 0.726 10.429 0.042 9
M 15 0.703 0.714 10 0.018 13
ML 15 0.751 0.8 11.714  -0.032 14
TT 15 0.723 0.771 11143 -0.032 12
BJ 15 0.778 0.805 11.143 0.000 10
LB 15 0.748 0.766 11 0.011 12
DK 15 0.732 0.743 10.714  0.020 9
Females 135 0.767 0.705 31.300 0.084** 59
BM 15 0.747 0695 11.143 0.104* 13
LR 15 0.769 0.733 11.714 0.081* 8
ES 15 0.753 0699 10571 0.105** 11
IM 15 0.734 0.739 9.714 0.027 8
ML 15 0.741 0.727 10429 0.055

TT 15 0.752 0.752 11.143  0.034

BJ 15 0.742 0653 10571 0.155**

LB 15 0.758 0.693 10.571 0.121**

DK 15 0.704 0648 10.714 0.114* 11

Male and female Fst values ranging from 0 to 0.015 and 0 and 0.010, respectively were
non-significant (p>0.05) for all pairwise comparisons and did not support genetic
subdivisions (Table A5 in Appendix). Jost’'s D ranged from 0 to 0.145 and 0 and 0.111 for
male and female datasets and all the pairwise comparisons were non-significant (p>0.05;
Table A5 in Appendix).

AMOVA attributed all the genetic variation of male and female individuals within
populations (100%; p=0.580 and p=0.879, respectively; Table A6 in Appendix).

Bayesian admixture analyses implemented in STRUCTURE did not reveal any clear
geographical clustering independently of the sex dataset. Evanno ef al. (2005) method AK
proposed K=3 for males and K=6 for females as the best fitting K, but the resolved
clusters were consistently present at all populations and the log probability of both
datasets (L(K)) suggested K=1 (Fig. A7—A8 in Appendix).
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4.3.4 Environmental niche modelling

Pearson’s correlation test revealed strong correlation between sea surface temperature
(SST) and surface air temperature (SAT) and between nitrate and phosphate
concentrations. Although the discarding of correlated variables may be an arbitrary
procedure (Chefaoui et al.,, 2016), the most ecologically representative variables for
intertidal species were prioritized (e.g. Jones et al, 2010, i.e. SST and nitrate
concentration). After Pearson’s correlation test minimum and maximum SST, nitrate
concentration, salinity, cloud cover and the significant wave height were selected to
perform the analyses.

The ensemble produced with the best models (TSS>0.7) resulted in an accurate overall
description of P. perna native distribution, including its expanding front towards southern
Iberia (Fig. 4.8). Along northern Africa, the niche model predicted a distribution from
central Senegal north into the Mediterranean, as far as central-eastern Tunisia (Fig.
4.8A). In addition, the prediction indicated that suitable habitat could potentially be found
from southeastern Spain to central Portugal. While the probability of P. perna being
present on Mediterranean Spanish shores was high, towards the Atlantic the predicted
likelihood decreased. On southwestern Iberian shores, the species is absent from several
locations where it could be expected (Fig. 4.8B). Surprisingly, short portions of potential
suitable habitat were detected along the warm equatorial Africa (in Ghana and lvory
Coast) and the Arabian Peninsula (Yemen and Oman) under the effect of upwelling cells.
RandomForest (RF) performed better than other techniques (AUC=0.939 £ 0.018 and
TSS=0.775 £ 0.044, Table 4.12). The evaluation of the ensemble produced the following
ROC-derived scores: AUC=0.968, sensitivity=99.099, and specificity=88.928; TSS=0.879,
sensitivity=99.099, specificity=88.839, revealing an excellent prediction (AUC>0.9) and a
high agreement between observed and modelled distribution of P. perna (sensitivity~100).
By obtaining the highest score (0.26), minimum SST was the predictor that best explained
the distribution of P. perna (Fig. 4.8C), when modelled alone in comparison with other

predictors.
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Figure 4.8 — Predicted native distribution for the brown mussel P. perna derived by averaging an ensemble of

presence-absence algorithms. A) overall distribution, B) P. perna distribution along the expanding front in the

Northern Hemisphere, C) Mean scores of the relative importance of the environmental variables obtained from

the ensemble. Blue and red dots represent presence and absence data, respectively, obtained from field

surveys and records in the literature (see Table A1 in Appendix).

Table 4.12 — Mean validation scores obtained using each of the distinct techniques (GLM, GBM, GAM, FDA,
MARS and RF).

Model AUC mean ROC ROC TSS mean Sensitivity Specificity
(+SD) sensitivity specificity (+SD) (+SD) (+SD)

GLM 0.901 £0.022 86.182 £ 7.892 83.694+6.395 0689+0.049 8393917579 84.792+6.078
GBM 0.931 £0.021 87.515+5.829 87.745 + 4.851 0.744+0.059 85757+6.879 88.451+4.338
GAM 0.903 +0.025 89.758 £ 6.119 81.370+ 4660 0699+0.049 88545+6.429 81.311+5.471
FDA 0.879 +0.030 78.727 £ 7.231 87.260+6.424 0652+0.064 76.303+6.864 88502+ 4.241
MARS  0.879+0.099 82121+15.049 84213+7620 0657+0.112 80.182+14632 85311+7.167
RF 0.939 +0.018 92.424 + 5.095 86.026 £4.060 0.775+0.044 90.848+4.762 86.417 +3.823

4.3.4.1 Case study: South Africa

Minimum SST was significantly lower where P. perna is absent compared to where the

species is present (all trials p<0.001, Table 4.13, Fig. 4.9). In contrast, minimum SAT did

not show any significant difference between the two groups of locations (trial 1 p=0.796;
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trial 2 p=0.511; Trial 3 p=0.063; Table 4.13). Although only one subset is shown (Fig. 4.9),
the results were consistent for all three.

Table 4.13 - One-way ANOVA on the effect of minimum sea surface temperature (SST min) and surface air
temperature (SAT min) on P. perna presence/absence along the warm temperate and cool temperate
southwest South African provinces at three trials (Trial 1, Trial 2 and Trial 3). Statistical significant values are

depicted in bold.

Trial 1 Trial 2 Trial 3

Source df MS F-ratio p-value df MS F-ratio p-value df MS F-ratio p-value
SST

min

Record 1 29.668 28.147 0.000071 1 35.149 31.860 0.000037 1 46.263 46.658 0.000004
Error 16 1.054 16  1.103 16 0.992

SAT

min

Record 1 0.0775 0.0709 0.796 1 0.722 0.4607 0511 1 6.5342 3.9276 0.063
Error 16 1.0929 16 1.5672 16 1.6637

19

17

16

1
Absent Present
Figure 4.9 - Box-plot of minimum sea surface temperature (SST) and surface air temperature (SAT) of the
two South African regions where P. perna is absent (cold water) or present (warm water). Box-plot depicts the
mean (horizontal line), the standard error (bottom and top of the box) and the standard deviation (whiskers).

Diamonds indicate outliers.
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4.4 DISCUSSION

The results of this chapter indicate a lack of genetic differentiation of Perna perna
populations across the study area (>4000 km), irrespective of an individual’s sex.
Moreover, the niche modelling framework highlights the key role of minimum sea surface
temperature (SST) in shaping P. perna distributional range limits along its native areas

including the southern Iberian expanding front.

4.4.1 Lack of genetic structure in the face of multiple oceanographic barriers

In marine organisms with sessile or highly sedentary adults, genetic structuring is often
directly linked to dispersal barriers influencing the transport of planktonic propagules
(Zardi et al., 2007, Zhan et al., 2009), though barriers for dispersal do not affect all
species equally (Kelly & Palumbi, 2010; Villamor ef al., 2014).

The general assumption is that an extended dispersal phase coupled with very large
population sizes will result in high levels of connectivity over large geographic scales and
across biogeographic provinces (Kinlan & Gaines, 2003; Shanks ef al., 2003). In recent
years, however, several studies have challenged this view, showing significant genetic
structure in organisms with long pelagic larval stages (Sunday ef al., 2014; Varney et al.,
2016). For example, South African P. perna populations are characterised by marked
genetic heterogeneity at both meso and macro spatial scales. At large scales, strong
genetic division between two geographically defined groups of populations (temperate vs
subtropical/tropical) in southern Africa are highlighted by mitochondrial (Cox1, Zardi et al.,
2007) and nuclear (ITS, Cunha ef al., 2014; microsatellites, Zardi et al., 2015a) markers,
though this appears to reflect the evolutionary history of the species. At smaller scales,
mitochondrial data show that populations within the temperate group that occupy different
bays are genetically distinct from each other and from populations on the open coast
(Nicastro et al., 2008).

In contrast to expected large scale genetic discontinuities in the face of numerous
potential oceanographic dispersal barriers and selective environmental gradients along
the study area, my multilocus approach unequivocally pointed to a northeastern Atlantic
and Mediterranean panmictic population of P. perna. Previous studies have reported
oceanographic barriers and genetic discontinuities at 1) the Strait of Gibraltar, meeting
point between Atlantic and Mediterranean (Alboran Sea) waters (Patarnello et al., 2007;
Fratini et al., 2016), 2) the Almeria-Oran front, separating the Alboran Sea from Western

(European and African) Mediterranean (Patarnello et al., 2007), 3) the Strait of Sicily,
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connecting Western and Eastern Mediterranean (Buonomo et al., 2017), 4) Cape Ghir
upwelling (Jaziri & Benazzou, 2002; Neiva et al., 2015) and around 5) Cape Boujdour
(Quazzani et al., 2017). These known oceanographic barriers did not, however, cause
genetic discontinuities in P. perna. The unexpected lack of genetic structure in P. perna
across the oceanographic barriers described most likely results from a combination of the
species’ life history traits, habitat continuity and stepping stone movements. Perna perna
is a broadcast spawner with a pelagic phase of 2-3 weeks (Vakily, 1989), a period that
might be extended as a result of larval and postlarval behaviour (Bayne, 1965;
Sigurdsson, 1976), and its distribution across northern Africa extends continuously
through thousands of kilometres, from Tunisia to Senegal.

Habitat continuity and stepping-stone dynamics influence species genetic structure
(Alberto et al., 2010; Buonomo ef al., 2017). The dispersal capacity of P. perna due to its
long planktonic phase, combined with its large continuous distribution and habitat
continuity likely account for the lack of genetic structure, by enabling individuals to reach
locations hundreds of kilometres apart through stepping-stone movement steps and
consequently mixing gene pools. Additionally, hydrological features such as oceanic
currents may enhance or limit large scale genetic homogenization of a species’ gene pool
(Lacerda et al., 2016; Lal et al., 2017). The slope currents contouring northern Africa and
southern Iberia (Millot, 1999; Aristegui et al., 2009) may therefore play a role in enhancing
P. perna dispersal by promoting larval transportation and homogenizing the gene pool
across the study area.

Evidence of panmixia has previously been provided for other species across some of the
regions considered in this study (e. g. mitochondrial marker (D loop): fish species
Diplodus sargus, Pagellus bogaraveo, Pagrus pagrus and Scomber japonicas, Patarnello
et al., 2007; mitochondrial markers (Cox1 and 16S), abalone Haliotis tuberculata, and
chitons Chiton olivaceus, Fernandez et al., 2015). While | explain the genetic pattern of P.
perna in terms of life history traits and ecological variables, other panmitic genetic
signatures have been explained as unlikely to be due to dispersal, but rather the result of
fluctuations in populations size (i.e. extinction/colonization and migration) and historical
demography (Patarnello et al., 2007; Fernandez ef al., 2015).

Despite general evidence of panmixia across several taxa (Patarnello et al., 2007;
Fernandez et al., 2015), rangewide panmixia is extremely rare (but see Neethling et al.,
2008; Oomen et al., 2011). The panmitic genetic pattern described from northern Africa
and southern lberia strongly contrasts with the genetic pattern observed from South
African populations of P. perna. In South Africa, the Brown mussel shows a pronounced

genetic break which corresponds to a marked biogeographic disjunction (temperate-
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subtropical provinces), separating two distinct genetic lineages (Zardi ef al., 2007).
Although P. perna shows similar life history traits, habitat continuity and stepping stone
dynamics in both northern and southern Africa, the genetic structure in South Africa has a
historical origin (Cunha et al., 2014) and is presently maintained by the nearshore
influence of the powerful Agulhas current, preventing larval dispersal and thus promoting
local adaption (Zardi et al., 2007, 2011a, 2015a). Along northern Africa and southern
Iberia, neither historical nor contemporaneous genetic discontinuities were detected, as
shown by the complete agreement between markers with varying rates of evolution
(mitochondrial and nuclear markers).

Species genetic structure might be erroneously interpreted if sex-specific genetic
differentiation exists within populations (see Teske et al, 2012). Biparentally-inherited
nuclear DNA (e.g. microsatellites) and maternally-inherited mitochondrial DNA (Female-
mtDNA) have been used in conjunction to clarify hidden patterns of genetic structure,
revealing discrepancies between markers (Palumbi & Baker, 1994; Lyrholm et al., 1999
but see Escorza-Trevifio & Dizon, 2000), which likely result from sex-specific differences
in dispersal. In this study, in addition to identical genetic patterns depicted by
mitochondrial and nuclear markers, no genetic differentiation has been observed for either
males or females. Such lack of genetic heterogeneity contradicts the genetic structure
described for female P. perna from South Africa using mtDNA (Teske et al., 2012).
Nicastro et al. (2008) showed that coastal topography helps shape P. perna genetic
structure. Hence, the contrasting habitats, sheltered in South Africa (in Teske ef al., 2012)
and open coast in northern Africa and southern Iberia, could provide a logic explanation
for the conflicting genetic patterns. Unless post-settlement factors alter the genetic
background by causing sex-biased mortality (see Teske ef al., 2012), genetic differences
between males and females are unlikely to arise because dispersal is not expected to

differ between sexes (Riginos et al., 2004).

4.4.2 Minimum SST explains P. perna northern native range limits

The Iberian Peninsula is an interface region where several cold and warmwater species
reach their southern or northern distributional limits (Pereira et al., 2006; Lima et al.,
2007a), with several new distributional patterns resulting from range expansions and
contractions being attributed to warming SST (e.g. the phaeophyte Fucus vesiculosus,
Nicastro et al., 2013; the pulmonate limpet Siphonaria pectinata, Rubal et al., 2013, but
see Lima et al., 2009). The brown mussel P. perna has been intermittently recorded from

Portuguese shores (Callapez et al., 2012; Lourengo et al., 2012) from fossil records,

109



Chapter 4

kitchen middens and museum specimens dating from the Ancient Neolithic (8000-5000
BP), the Medieval Warm Period (12" century), the late 19" (1888-1899) and the early 20t
(1938) centuries (Callapez et al., 2012). These occurrences coincided with warmer
periods of SST (see Eiriksson et al., 2006; Mann et al., 2009; Callapez et al., 2012) and
mirror a close relationship between the successive Iberian colonisation events of P. perna
and major warmings of SST (Callapez et al., 2012). Given how rising SST has shaped the
distribution of P. perna both now and in the past, further poleward colonisation as
warming continues can be expected (Collins et al., 2013). Such distributional changes
have already been demonstrated for other intertidal species across the study region. For
example, the pulmonate limpet S. pectinata has expanded its distribution 185 km
northwards since 1940, presumably driven by an increase in SST (Rubal et al., 2013).
Similarly, new northern limits for the limpet Patella rustica (Lima et al., 2006) and
macroalgae such as Codium adhaerens and Padina pavonica on Atlantic |berian shores
have been related to warming of SST (Lima et al., 2007a).

Seawater temperature, whether minimum, mean, maximum SST or bottom water
temperature, is a key variable in explaining the modelled distribution of nearshore
species. In some case studies, SST has been found to be the main environmental
contributor in the projection of species distribution (e.g. gastropod species Littorina
saxatilis, the crab Carcinus maenas and the tunicate species Styela clava, de Rivera et
al., 2011). More often, even if not the most significant contributor, water temperature still
remains one of the top environmental predictors explaining nearshore species distribution
(Dennis & Hellberg, 2010; Reiss et al., 2011; Assis et al., 2015; Leidenberger et al., 2015;
Chefaoui et al., 2016). For example, out of 24 variables considered, SST is within the top
range distribution predictors of two intertidal gastropod cryptic species of the genus
Melampus (Dennis & Hellberg, 2010). Moreover, bottom water temperature and depth
have the greatest impact on the distribution of 14 benthic species out of 10 environmental
variables modelled (Reiss et al., 2011). The results of this study further support the
determinant role of SST in explaining the distributions of nearshore organisms. Minimum
SST was the predictor that best explained the native distribution of P. perna. The sharp
drop in SST at Cape Gata (Tintore et al., 1988; Folkard et al., 1994) sets the northeastern
limit of P. perna Iberian distribution, highlights the lack of suitable conditions farther east
and is consistent with a preference for subtropical conditions. As SST and surface air
temperature (SAT) are commonly linked to latitudinal gradients, difficulties arise when
trying to tease apart their separate effects on biogeographic patterns (Mieszkowska et al.,
2006). Although SST and SAT were positively correlated across the entire native

distribution, additional analyses of thermal regimes in South Africa provide an ideal
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scenario to disentangle the relative significance of SAT and SST. South African shores
are characterised by sharp environmental clines associated with abrupt species
distributional changes (Emanuel et al., 1992). Perna perna is absent from the cool west
temperate province (minimum SST ranging 12.2-14.8 °C, Fig. 4.9; winter SST 13-15 °C,
Demarcq et al., 2003) but distributed across the southern warm temperate one (minimum
SST ranging 14.5-18.7 °C, Fig. 4.9; winter SST 15-19 °C, Demarcq et al., 2003). The
west coast of South Africa is permanently affected by the cold waters of the Benguela
upwelling system, which have been proposed as important variables limiting P. perna
distribution (Zardi et al., 2007). In contrast, the southwesterly flowing Agulhas current
transports warm water along the east and south coasts of South Africa (Lutjeharms,
2006), offering suitable conditions for P. perna. My results show that minimum SST
values are significantly lower along the west than the south coast, while SAT shows no
such pattern. My findings support previous studies indicating SST as a major predictor of
intertidal species distribution, increase our understanding of the role of minimum SST and
SAT in setting species range limits at a regional level and emphasise the importance of
low SST in limiting P. perna distribution in the Iberian Peninsula. The inability of P. perna
to persist under cold water conditions can be the result of sub lethal effects on its
metabolism. Extremely low densities of rare adult P. perna individuals along the west
coast of South Africa, indicating that the species can survive after settlement but it is
unable to reproduce under low SST, even where food availability is particularly high
(Tagliarolo et al., 2016).

Maximum SST also influences range distribution and habitat suitability of intertidal
organisms (Jones et al., 2010; Jones et al., 2012). Towards equatorial Africa, P. perna
records are scarce, and the few documented native populations (Zabi, 1982; Otchere et
al., 2003) are restricted to colder upwelling areas in Ghana and lvory Coast (Picaut,
1983). Unsuitable higher equatorial SST, above optimal/maximum SST (18.9-31.7 °C,
Table 4.3), most likely prevents P. perna persistence. This hypothesis confirms previous
results showing the limiting effect of maximum SST on intertidal species distribution (e.g
Himanthalia elongata, Martinez et al., 2012; Undaria pinnatifida, James et al., 2015).
Additionally, the distributional gradients of marine species have also been explained by
changes in salinity (e.g. Jaspers et al., 2011), nutrients as nitrate (e.g. Underwood et al.,
1998) or waves (e.g. Bustamante & Branch, 1996a). Low cloud cover can also lead to an
increase of organisms’ body temperature which can interact with other biological
parameters and ultimately control species distribution (Hofmann & Somero, 1995).

Total agreement between modelled and observed distributions reflects complete

occupation of the species’ potential niche (Assis ef al., 2015). This has been shown for
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the invasive distribution of the blue mussel Mytilus galloprovincialis along the shores of
South Africa (Assis et al., 2015). Mytilus galloprovincialis arrived on South African shores
in the late 1970s (Griffiths ef al., 1992) and has now occupied all suitable habitats which
corresponds to about 2800 km of coast (Assis ef al., 2015). In the present study, an
extremely high, nearly complete agreement between observed and modelled niche
ranges was obtained (sensitivity=99.099), although this is marginally lower than the
previous example. The slight disagreement between observed and predicted niche
ranges implies that some suitable habitats still remain unoccupied and that additional
abiotic or biotic factors may affect the distribution of P. perna. The northwesternmost
observed Iberian distributional limit of P. perna, Castelejo (Portugal), is approximately 180
km south of the predicted limit (Cape Roca), depicting a stretch of coast that has not yet
been colonised despite the existence of suitable environmental conditions. Considering
the great dispersal capacity of P. perna and its ability to cross oceanographic barriers
(see above), it could be expected that the entire realized niche would be occupied.
Plausible explanations for this discrepancy include insufficient time for colonisation or
biological interaction. Perna perna specimens could be absent from most southwest
Portuguese shores due to a slow occupation of the potential niche. However, the species
is characterized by highly invasive behaviour, spreading for hundreds of km under
suitable environmental conditions (Hicks & Tunnell, 1993, 1995). Alternatively, P. perna,
could be ecologically excluded from suitable habitat. Interaction with recipient
communities is a major determinant of the success of establishment of a species reaching
a new region (Sanford & Swezey, 2008). Along most northern and southern parts of the
African coastline and also in southern Iberia, P. perna coexists with M. galloprovincialis
(for South Africa: Zardi et al., 2006a, 2007; Nicastro et al., 2009; for northern Africa:
Shafee, 1989; Abada-Boudjema & Davin, 1995; for Iberia: Lourencgo et al., 2012). Mytilus
galloprovincialis exhibits competitive dominance over South African intertidal species
(Aulacomya ater and Choromytilus meridionalis, Hockey & van Erkom Schurink, 1992;
Robinson et al., 2007), including P. perna (at least at upper intertidal levels, Bownes &
McQuaid, 2008). Hence, the Brown mussel might be similarly outcompeted by M.
galloprovincialis from southwest Portugal by means of higher recruitment rates (Harris et
al., 1998), faster growth (Hockey & van Erkom Schurink, 1992) and/or greater
colonisation ability (Erlandsson et al., 2006), hindering successful habitat occupation.

The easternmost population of P. perna in northern Africa is 213 km north of the realized
southern limit. Moving south, the Brown mussel could be expected from southern
Madagascar and Somalia, for approximately 630 km and 180 km of coast, respectively.

Unfortunately, unequivocal evidence of P. perna from these regions is lacking. Despite
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the strong support given by presence/absence records of this study and the ensemble
framework itself, additional field surveys in areas predicted by the ensemble framework as
likely to host P. perna (eastern Tunisia, southern Madagascar and Somalia) would highly

benefit a complete understanding of the variables affecting P. perna distribution.

4.4.3 Final remarks

In this chapter | report the most extensive genetic continuity so far observed for an
intertidal organism distributed across northeastern Atlantic and Mediterranean shores
(>4000 km), despite the existence of several oceanographic barriers to dispersal
previously described in the literature. Moreover, | report a lack of sex-specific genetic
structure along the study area for the brown mussel P. perna, which contradicts the
genetic structure described for female P. perna from South Africa (Teske et al., 2012).
Historical records of the presence of P. perna in Iberia during past warm periods reinforce
the key role of SST in shaping its distribution and range limits. It is expected that
forthcoming warming of SST will continue to allow the species to extend further north,
unless additional biotic or abiotic agents are able to successfully displace the species
from the intertidal zone.

This chapter highlights the importance of adopting a multidisciplinary approach based on
species distribution, genetic characterization and ecological niche modelling if one wishes
to understand how species distributions and range limits are likely to respond to climate
warming. | also emphasise that this approach identifies potential distributions; realised
ranges will reflect the additional effects of biological interactions.

Additional field surveys of areas with suitable, but unoccupied habitat will provide a better
understanding of the complementary factors influencing P. perna range distribution. It is
likely that P. perna distribution over southern Iberia will be influenced by biological
constraints similar to those experienced in other parts of the world (Bownes & McQuaid,
2006; Rius & McQuaid, 20086). However, local intertidal communities and environmental
conditions can unpredictably alter distribution patterns, stressing the importance of a

future monitoring to clarify the range of P. perna.
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Upwelling driven-incidence of endolithic infestation and its
effects on mussel bed microclimates of Mytilus

galloprovincialis

Endolithic infestation of the mussel M. galloprovincialis.
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5.1 INTRODUCTION

Organisms commonly form groups that mitigate either rates of predation or environmental
stresses. Such aggregations have long been described as evolutionarily advantageous as
the members benefit from increased survivorship and reproductive success, but the
advantages of protection against predators and environmental conditions are balanced
against the need to compete for resources and the possibility of increased risk of disease
(Parrish & Edelstein-Keshet, 1999; Fellous & Salvaudon, 2009). Intertidal marine
organisms frequently form patchy or very dense aggregations to cope with harsh
environmental conditions. By aggregating, sea snails minimize desiccation stress and
experience a reduction in dislodgement caused by water movement (e.g. Feare, 1971;
Garrity, 1984; Rojas et al., 2013). Similarly, mussel beds improve individual growth and
resistance to waves (van de Koppel et al., 2008).

As bioengineers, mussels are important to the functioning of intertidal ecosystems. Mussel
beds provide shelter, substratum and food resources; they increase habitat complexity
and alter intertidal humidity and temperature conditions (Ricciardi ef al., 1997; Thiel &
Ullrich, 2002; O’Donnell, 2008; Nicastro ef al., 2012), thus enhancing species richness
and species density and shaping trophic networks (Ricciardi ef al., 1997, Christianen et
al., 2016). The thermoregulatory effects of these aggregations are particularly relevant in
the context of climate change. Intertidal mussels inhabit areas within a strong terrestrial-
marine gradient, where they are exposed on a daily basis to dramatic environmental
changes (Helmuth et al., 2006, 2016; Lathlean ef al., 2016a) and live close to their thermal
tolerance limits, potentially facing mass mortalities and population extinctions driven by
rising temperatures (Jones et al., 2010; Harley, 2011). Moreover, the thermal environment
of mussel aggregations is not static but undergoes small scale variations due to species-
specific behaviour (Nicastro et al., 2012) or interactions among distinct microhabitat
components (Helmuth, 1998). For example, gaping (periodic valve movement during
emersion) by the brown mussel Perna perna leads to decreased temperatures and
increased humidity within mussel aggregations (Nicastro et al., 2012). Similarly, shading
by neighbours results in distinct microclimates for solitary or aggregated mussels
(Helmuth, 1998) and wind-induced convection may lower mussels’ body temperatures
(Helmuth et al., 2011). Additionally, it has also been shown that the body temperature of
individual mussels is altered by the action of endolithic parasites (Zardi ef al., 2016).
Phototrophic endolithic parasitism is a widespread phenomenon in mussels.
Photosynthetic endoliths are metabolically dependent on their hosts as they excavate the

host shell through chemical dissolution, converting carbonate ions from calcite into carbon
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dioxide, which they require for photosynthesis (Garcia-Pichel et al., 2010). This chemical
dissolution degrades the outer layer of mussel shells leading to localized shell
discolouration (i.e. shell whitening, Kaehler, 1999). With extreme infestation events, shell
whitening may cover the entire shell (Kaehler, 1999). Such white discoloration enhances
solar reflectivity, diminishing the absorbed energy, eventually leading to a reduction of
mussel body temperature (Zardi et al., 2016). Although the cooling effect of endolithic
parasitism has been shown for mussels within aggregations and in solitary individuals
(Zardi et al., 2016), how infestation alters environmental conditions within mussel beds
and whether endolith-induced cooling extends to neighbouring mussels have never been
studied. Interestingly, the prevalence of infestation on mussels may differ greatly locally
and regionally, dictated by factors that damage the outer layer of the shell (e.g. sand
erosion) and light availability (Kaehler, 1999; Zardi et al., 2009; Marquet et al., 2013; Curin
et al., 2014). Mussels in wave-exposed sites exhibit higher endolithic infestation than
mussels in bays, presumably because sediment load caused by waves removes the outer
layer of mussel shells (i.e. the proteinaceous periostracum), facilitating endolithic
infestation (Zardi et al., 2009). At small scales, endolithic infestation on mussels has also
been shown to differ significantly between shaded and non-shaded areas, with greatest
incidence of infestation where irradiance is strongest (Zardi et al., 2009). Thus,
environmental variables that control light availability at a larger scale than within the
intertidal habitat, such as cloud cover, may dictate geographical patterns of endolithic
infestation. Light availability follows a latitudinal gradient, increasing towards lower
latitudes as cloud cover decreases (Wetherald & Manabe, 1980; Warren et al., 1986).
Also, decreased solar irradiance and fog occurrence have been linked to upwelling
phenomena as cold upwelled waters cool the atmosphere above the sea surface causing
water vapour to condense (Tont, 1975, 1981; Olivier & Stockton, 1989; Cereceda et al.,
2002; Cermak, 2012).

The Iberian Peninsula and the Moroccan shores constitute a quasi-continuous stretch of
coastline characterized by a latitudinal gradient with multiple upwelling cells, interspersed
by areas that are seldom affected by upwelled waters (Marcello ef al., 2011; Benazzouz et
al., 2014). This is an ideal region to investigate the variation of endolithic infestation on
intertidal mussels, and thus set the context for the aims of this study.

Here, | explore large scale infestation severity to understand whether endolithic infestation
follows a latitudinal gradient and varies in parallel with upwelling intensity and investigate
the thermal properties of infested and non-infested beds of the mussel Mytilus
galloprovincialis. Specifically, | 1) sampled along >10° latitude of coast to understand if the

degree of infestation increases as latitude decreases and if it differs between upwelling
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and non upwelling areas, 2) simulated artificial mussel beds to investigate if mussel beds
made up of infested individuals exhibit decreased temperatures and increased humidity
within the interstitial spaces and 3) mussels surrounded by infested mussels experience

lower body temperatures than those surrounded by non-infested mussels.
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5.2 MATERIAL AND METHODS

5.2.1 Study area and model species

This chapter targeted the temperate intertidal mussel Mytilus galloprovincialis collected
from 12 sites distributed along ~1000 km of the southwestern (SW) and southern Portugal
coastlines and the Atlantic coast of Morocco (from Malhdo, SW Portugal, site MA,
37°46'56.47"N 08°48'08.30"W to El Quatia, southern Morocco, site TT, 28°30'05.58"N
11°20'06.38"W; Table 5.1). Sampling took place in May—June 2016. All locations were
moderately exposed intertidal rocky shores, experiencing low tide at approximately the
same time of day. Only monolayered mussel beds (i.e. mussels attached directly to the
substratum) in sun-exposed areas (i.e. surfaces exposed to solar radiation 60% of the

day; Zardi et al., 2009) were considered.

Table 5.1 — Sampling locations, organized from north to south.

Country Location Code Coordinates

Portugal Malh&o MA 37°46'56.47"N; 08°48'08.30"W
Portugal Castelejo CT 37°06'08.09"N; 08°56'44.99"W
Portugal Vilamoura VL 37°04'19.70"N; 08°07'19.71"W
Portugal Farol FL 36°58'29.38"N; 07°51'42.51"W
Morocco Larache LR 35°11'48.14"N; 06°09'30.61"W
Morocco Rabat RB 34°01'57.26"N; 06°50'27.96"W

Morocco Sidi Bouzid SB 33°13'06.11"N; 08°34'23.19"W
Morocco ElBeddouza EB 32°32'42.33"N; 09°16'565.34"W

Morocco Essaouira ES 31°30'42.78"N; 09°46'24.31"W
Morocco Imsouane IM 30°50'24.43"N; 09°49'21.92"W
Morocco Mirleft ML 29°35'06.58"N; 10°02'50.78"W
Morocco El Ouatia TT 28°30'05.58"N; 11°20'06.38"W

5.2.2 Degree of infestation along Portugal and Morocco

At each site, three quadrats (15 x 15 cm) were haphazardly sampled from areas with
100% mussel cover in the centre of the M. galloprovincialis zone. Mussels were measured
and separated into 10-mm size classes according to shell length (SL) and the degree of
endolithic infestation was evaluated following the classification of Kaehler (1999). Group
A, shells with clean, intact periostracum and distinct periostracal striations; Group B,
shells with central portion of surface eroding, outer striations on periostracum becoming
indistinct; Group C, shells with erosion spreading past central portion, grooves and pits

appearing on the shell surface; Group D, shells heavily pitted and becoming deformed,
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outer striations on periostracum almost completely absent; Group E, shells extremely

pitted, deformed and brittle, eventually with holes.
5.2.2.1 Calculation of upwelling index

The cross-shore Ekman transport (CSET), a wind-based upwelling index, was used to
estimate upwelling intensity between 2011 and 2015 as in Krug et al. (2017). Daily sea
surface wind fields (speed and direction) were obtained from the Blended Sea Winds
dataset (National Climatic Data Centre - National Oceanic and Atmospheric
Administration, NCFC-NOAA, http://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html) at
a spatial resolution of 0.25°. The Blended Sea Winds dataset combines various
scatterometres standardized across platforms, which results in a high quality of temporal
and spatial coverage of ocean wind vectors (Zhang et al., 2006). CSET values were
estimated for 12 locations along the Portuguese and Moroccan coasts (Table 5.1). The
western coast of Portugal and the Atlantic coast of Morocco are meridionally (north-south)
oriented; conversely, the southern Portuguese coast is zonally (west-east) oriented. CSET
values represented the average of a 0.75 x 0.75° box centred at each target location.

The zonal component of the Ekman transport (CSETy), induced by the meridional
component of wind-stress (1,), was used as an upwelling index over the stations of
Morocco and western Portugal. The meridional component of the Ekman transport
(CSET)), induced by the zonal component of wind-stress (1x), was used as an upwelling
index over the southern Portuguese stations. CSETx and CSET, (m® s km™ coastline)

were calculated according to (Bakun, 1973; Alvarez et al., 2011):

1000 T
CSET, = —— Ly ;jf (W2+W,2)'/2 1000 Wy

1000 T« pac,
Y puf o.f

(W2+W,2)/2 1000 W,

In the equations, pw represents seawater density (1025 kg m), p. represents air density
(1.22 kg m3), Cq refers to the drag coefficient (1.4x1073), W refers to wind magnitude (m s
"y and f represents the Coriolis parameter, inferred from 2 Q sin(8); Q represents the
vertical component of the Earth’s angular velocity and 8 is the local latitude. Negative
CSET values indicate upwelling-favourable periods with offshore Ekman transport and
conversely, positive values indicate downwelling-favourable periods and onshore Ekman

transport.
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5.2.3 The effect of infestation on the thermal properties of mussel bed

microclimates

The effects of endolithic infestation on mussel bed interstitial spaces were investigated by
deploying temperature and humidity data-loggers (hygrochron iButtons DS1923, Maxim
Integrated Products, Dallas Semiconductor, USA) inside infested or non-infested beds.
These provided relative humidity measurements with a resolution of 0.04% and
temperature accuracy of £0.5 °C and resolution of 0.0625 °C. Loggers were deployed in
artificial mussel beds made up of either 100% non-infested (Group A, clean treatment) or
heavily infested (Group D, infested treatment) biomimetic mussels (Fig. 5.1). Biomimetic
mussels mirror thermal properties of living mussels (Helmuth & Hofmann, 2001) and were
used to artificially create mussel beds. They were made by filling empty mussel valves (SL
45 mm = 5 mm) with silicone sealant and left to dry at ambient temperature for at least 48
h. The beds (n=3 per treatment) were circular (diameter of ca. 16 cm) made up of
biomimetic mussels (n~60) arranged vertically, with the umbo of each mussel on the
substratum, to mimic their natural position on the shore (Fig. 5.1). Partially rigid, white
PVC net (mesh size 1 cm) was placed under and around the beds to prevent biomimetic
mussels from falling (see Nicastro et al., 2012). Prior to the experiment, in order to ensure
that all artificial beds were exposed to the same environmental conditions (temperature
and light), artificial mussel beds were kept in the dark overnight and immersed in water
(ca. 18 °C) for 15 min. After emersion, two loggers were immediately inserted into the
centre of each bed, recording temperature and humidity data every 5 min. Mussel beds
were then placed on white horizontal boards and aerially exposed to ambient sunny
conditions for 80 min. The experiment was run twice (on the 17" and 19" August, 2016,
referred to as day 1s and day 2s, respectively), during high sun elevation (12 h—-15 h) and
clear sky conditions at CCMar—Centre of Marine Sciences, Faro, Portugal. Each trial was

conducted with different mussel beds to avoid pseudoreplication.
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Figure 5.1 - Artificial 100% non-infested (Group A, clean treatment; left) or heavily infested (Group D, infested

treatment; right) mussel beds built with biomimetic mussels.

5.2.4 The effect of infestation-induced cooling on the body temperatures of

neighbouring mussels

The effect of cooling on neighbouring mussel body temperatures was investigated using
robomussels. These were built similarly to biomimetic mussels, described above, with the
addition of a temperature data-logger (thermochron iButton DS1921G, Maxim Integrated
Products, Dallas Semiconductor, USA; accuracy *1°C, measurements in 0.5 °C
increments) embedded in the inner silicone content. By having a temperature data-logger
inside, robomussels capture mussel body temperature (see Helmuth & Hofmann, 2001).
Loggers were set to record robomussel body temperatures every 5 min. Clean or infested
robomussels were deployed in the centre of 100% clean or infested biomimetic mussel
beds. Clean or infested robomussel treatments were tested separately on three distinct
days each (clean robomussels: 10thand 17th September and 6th October 2016, referred to
as day 1c, day 2c and day 3c, respectively; infested robomussels: 11th and 16th
September and 5th October 2016, day 1i, day 2i and day 3i), under clear sky conditions
and high sun elevation (12 h-14 h) at CCMar-Centre of Marine Sciences, Faro, Portugal.
Each mussel bed (n=6 clean and n=6 infested beds) had a robomussel positioned in the
centre and was kept in the dark overnight. Prior to the experiment, mussel beds were
immersed in water (ca. 18 oC) for 15 min and immediately placed on white boards aerially
exposed to ambient sunny conditions for 80 min after emersion. New mussel beds were

arranged for each trial to avoid pseudoreplication.
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5.2.5 Data analyses

The incidence of endoliths was analysed based on the proportion (%) of each degree of
infestation (Group A—E) for each site and size class.

Daily CSET data were monthly averaged to reduce the influence of daily anomalies and
consequently used to select the annual minimum. The overall mean of upwelling indices
(Ulmean) for the 5-year period was obtained by averaging the five minimum annual CSET
(i.e. one value per year). Mean upwelling index of the 5-year period (2011-2015) per site
was referred to as upwelling intensity in Spearman’s rank correlation analyses.
Spearman’s rank correlation was used to evaluate the relationship between infestation
frequency (%) and 1) latitude and 2) upwelling intensity of sampling sites. To avoid bias
due to uneven distribution of size classes, a Spearman’s rank correlation exclusively for
mussels belonging to the size class that was common in all quadrats and all sites (SL
20-30 mm) was performed.

Data on temperature and humidity of interstitial spaces in mussel beds were analysed
separately using nested ANOVAs with bed (clean or infested) as a fixed factor, bed
replicate (3 levels) as a random nested factor and either temperature (°C) or humidity (%
relative humidity) as the dependent variable. Temperatures experienced by clean and
infested robomussels were analysed separately using one-way ANOVA with bed (clean or
infested) as a fixed factor. The nested ANOVAs and one-way ANOVAs were undertaken
for two time points (i.e. 40 min and 80 min of sun exposure, representing the mid and
endpoints of each experiment).

Data were tested for the prerequisites for parametric analysis (Shapiro’s and Cochran’s
tests) and were analysed using STATISTICA 7.1 software (StatSoft, 2005). When
normality or homoscedasticity requirements were not met, analyses were run with the
PERMANOVA module (Anderson 2001; McArdle and Anderson 2001), which does not
require prior assumptions. In this case, pairwise tests were performed using 999

permutations.
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5.3 RESULTS

5.3.1 Degree of infestation along Portugal and Morocco

Severity and prevalence of infestation of Mytilus galloprovincialis increased with shell
length (SL) throughout the study area (Fig. 5.2). Mussels ranging up to 40-mm SL (size
classes 0—-10, 10-20, 20-30 and 30-40 mm) were present at all locations (in at least one
quadrat) and highlighted a tendency for more severe infestations towards southern
locations (e.g. 0% infestation of Group C at MA, the most northerly site, and 67% at site
TT, in the extreme south, for the 0-10 mm size class). Initial infestation (Group B)
generally appeared in the smallest size class (0-10 mm SL) except for sites VL, FL, IM
and ML (Group B infestation started at 10-20 mm SL). Additionally, shells with high levels
of erosion and pitting (Group D) were found at all sites except two of the northernmost
sites, CT and VL. MA was the only site where endolith-induced shell fractures were

detected (Group E; two mussels, 0.2% occurrence in size class 10-20 mm SL).
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Figure 5.2 — Incidence of endoliths on M. galloprovincialis along Portuguese and Moroccan coasts. Proportion
(%) of shells infested grouped into 10-mm size classes and classified as distinct degrees of infestation
severity (Group A, shells with clean, intact periostracum, to Group E, shells extremely pitted, deformed and
brittle, eventually with holes). Sites are arranged north to south (top to bottom and left to right) from MAto TT
(MA-FL, Portugal;, LR-TT, Morocco; as in Table 5.1). Group E infestation was only found at site MA, in

mussels ranging 10-20 mm.
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The lowest frequency of endolithic infestation was detected at FL for both size class
datasets (all size classes, Fig. 5.3A; 20-30 mm size class Fig. 5.3D). Greatest frequency
of infestation was detected at ML (all size classes, Fig. 5.3A) and ES (20-30 mm size
class Fig. 5.3D). Infestation significantly increased at lower latitudes (Fig. 5.3B,
Spearman’s rank correlation: rs=-0.82, n=36, p<0.0001) and towards greater upwelling
intensities (more negative values, Spearman’s rank correlation: rs=-0.54, n=36, p=0.0001;
Fig. 5.3C). This was also true when only the common size class was considered (20-30
mm SL, Spearman’s rank correlation: latitude rs=-0.66, n=36, p<0.0001; Fig. 5.3E,
upwelling index rs=-0.41, n=36, p=0.013; Fig. 5.3F). Overall, sites VL and ML showed the

lowest (2%) and highest (98%) proportion of endolithic infestation, respectively.
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Figure 5.3 — Frequency of endolithic infestation on M. galloprovincialis at each sampling site. Location codes
as in Table 5.1. Yellow indicates proportion of infested shells: (A) all size classes and (D) 20-30 mm size
class only. Correlation between frequency of infestation and latitude: (B) all size classes and (E) 20-30 mm
size class only. Correlation between frequency of infestation and upwelling index: (C) all size classes and (F)

20-30 mm size class only.

5.3.2 The effect of infestation on the thermal properties of mussel bed

microclimates

The interstitial spaces in clean (non-infested) mussel beds were warmer and less humid
than in infested mussel beds (Fig. 5.4, Table 5.2). In general, temperatures in both mussel
bed treatments increased through time while humidity decreased. Initial temperature
varied between 22.5 and 23.6 °C on day 1s (Fig. 5.4A) and 20.5 and 21.1 °C on day 2s
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(Fig. 5.4B). Relative humidity (RH) ranged between 87.8-91.9% and 92.8-95.6% on day
1s (Fig. 5.4A) and day 2s (Fig. 5.4B), respectively. Changes in temperature and humidity
gradually decreased towards the end of the experiments, generally reaching a plateau at
approximately 70-75 min. By the end of the experiment, interstitial temperatures in non-
infested and infested beds had increased on average 78% and 72.3% respectively, while
relative humidity decreased on average 55.1% and 52.4%. Clean mussel beds generally
showed higher temperatures and lower relative humidity than infested beds. At 40 min,
non-infested mussel beds exhibited significantly higher temperatures (on average 2.9 °C
higher; p<0.05 in both cases; Table 5.2) and lower relative humidity (on average 12.7%
RH lower; day 1s p<0.01; day 2s p<0.05; Table 5.2) than infested beds. At 80 min,
temperature and relative humidity of non-infested and infested beds did not differ

significantly (p>0.05 in both cases; Table 5.2).

Figure 5.4 — Effect of mussel bed infestation on mean temperature and humidity (n=3; +SD) within mussel
bed interstitial spaces. Results separated by day: A) day 1s, B) day 2s. Top panels represent temperature (°C)
and bottom panels represent relative humidity (%). Shade areas depict statistical analyses performed at mid-
(40 min) and endpoints (80 min) of the experiment. Statistical significance is represented by * (p<0.05) or **
(p<0.01).
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Table 5.2 — Nested ANOVA on the effect of mussel bed endolithic infestation on temperature and humidity of
mussel bed interstitial space at 40 and 80 min after aerial sun exposure on day 1s and day 2s. The nested

term is Bed (replicate). Statistically significant values (p < 0.05) are in bold.

Day 1s Day 2s
Source df MS F-ratio p-value df MS F-ratio p-value
Temperature
40 min
Bed 1 2407 16.97 0.015 1 2555 8.144 0.046
Bed 4 142 410 0.061 4 3.14 4.413 0.053
(replicate)
Error 6 035 6 0.71
80 min
Bed 1 1.03 0.443 0.542 1 16.32  3.169 0.150
Bed 4 233 1.609 0.287 4 5.15 2.430 0.159
(replicate)
Error 6 1.45 6 212
Humidity
40 min
Bed 1 43152 29.781 0.005 1 538.85 10.081 0.034
Bed 4 1449 0682 0.629 4 53.45 2167 0.190
(replicate)
Error 6 2124 6 24.67
80 min
Bed 1 3.1 0.429 0.548 1 103.31 1.8025 0.241
Bed 4 725 6.951 0.019 4 57.32 87189 0.016
(replicate)
Error 6 1.04 6 6.57

5.3.3 The effect of infestation-induced cooling on the body temperatures of

neighbouring mussels

Clean and infested robomussels experienced lower temperatures when placed in beds
composed of infested mussels, than when surrounded by clean, non-infested ones (Fig.
5.5 and 5.6, Table 5.3 and Table 5.4). At the start of the experiments (time 0 min), clean
robomussel body temperatures ranged between 19.5-21.0 °C (day 1c, Fig. 5.5A, 20.0—
20.5 °C; day 2¢, Fig. 5.5B, 20.0-21.0 °C; day 3c, Fig. 5.5C, 19.5-20.5 °C), and increased
by an average of 102% and 93.8% in non-infested and infested beds, respectively, by the
end of the experiment (Fig. 5.5). At 40 min, clean robomussels deployed in non-infested
beds exhibited significantly higher temperatures than those in infested beds (on average
2.2 °C higher; day 2c and day 3c p<0.05; Table 5.3), except on day 1c (p>0.05, Table
5.3). Generally, after 80 min non-infested robomussels continued to reach higher

temperatures when surrounded by non-infested mussels than by infested ones (on

128



Chapter 5

average 2.5 °C higher; day 2c and day 3c p<0.05; Table 5.3), again with the exception of
day 1c (p>0.05; Table 5.3). At the end of the experiment, non-infested robomussel body
temperatures reached 43.1 or 42.2 °C (day 1c), 42.8 or 40.5 °C (day 2c) or 37.1 or 34.4 °C

(day 3c) in clean and infested mussel beds respectively.

Figure 5.5 — Effect of mussel bed infestation on mean body temperature of clean robomussels (n=6; +SD).
Results separated by day: A) day 1c¢, B) day 2¢, C) day 3c. Shaded areas depict statistical analyses
performed at mid (40 min) and endpoints (80 min) of the experiment. Statistical significance is represented by
* (p<0.05).

Table 5.3 — One-way ANOVA on the effect of mussel bed endolithic infestation on clean robomussel body
temperature at 40 and 80 min after aerial sun exposure on day 1c, day 2¢ and day 3c. Statistical significant

values are depicted in bold.

Day 1c Day 2c Day 3c

Source df MS F- p- df MS F- p- df MS F- p-

ratio value ratio Vvalue ratio value
40 min
Bed 1 0.08 0024 0881 1 16.33 5117 0.047 1 13.02 7.022 0.024
Error 10 3.52 10 3.19 10 1.85
80 min
Bed 1 252 129 0283 1 1519 6.788 0.030 1 21.33 9961 0.010
Error 10 1.95 10 224 10 214

Infested robomussels displayed similar trends, although with lower overall temperatures.
Initial body temperatures (time 0 min) of infested robomussels varied between 19.0 and
20.5 °C (day 1i, Fig. 5.6A, 19.5-20.0 °C; day 2i, Fig. 5.6B, 19.0-19.5 °C; day 3i, Fig. 5.6C,
20.0-20.5 °C) and increased on average 88.6% and 81.8% in non-infested and infested
beds, respectively, at the end of the experiment (Fig. 5.6). Significantly higher
temperatures were experienced by infested robomussels in clean mussel beds than by
those in infested mussel beds at 40 min (on average 2.1 °C higher; day 1i p<0.05 and day
2i p<0.01;, Table 5.4) except on day 3i (p>0.05; Table 5.4). Infested robomussels
remained significantly warmer in non-infested mussel beds than in infested ones at the
end of the experiment (80 min; on average 1.9 °C warmer, day 1i p<0.01 and day 2i
p<0.05; Table 5.4) except during the last trial (day 3i, p>0.05; Table 5.4). Moreover, at 80
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min, infested robomussels reached on average 39.6 or 37.5 °C (day 1i), 36.3 or 34.8 °C

(day 2i) or 36.4 or 35.6 °C (day 3i) depending on whether they were surrounded by clean

or infested mussels, respectively.

Figure 5.6 — Effect of mussel bed infestation on mean body temperature of infested robomussels (n=6; £SD).

Results separated by day: A) day 1i, B) day 2i, C) day 3i. Shaded areas depict statistical analyses performed

at mid (40 min) and end (80 min) points of the experiment. Statistical significance is represented by * (p<0.05)

or ** (p<0.01).

Table 5.4 — One-way ANOVA on the effect of mussel bed endolithic infestation on infested robomussel body

temperature at 40 and 80 min after aerial sun exposure on day 1i, day 2i and day 3i. Statistical significant

values are depicted in bold.

Day 1i Day 2i Day 3i

Source df MS F- p- daf MS F- p- daf MS F- p-

ratio value ratio value ratio value
40 min
Bed 1 11.02 7327 0.022 1 16.33 15.077 0.003 1 0.75 0.413 0.535
Error 10 1.5 10 1.08 10 1.82
80 min
Bed 1 13.02 1112 0.008 1 7.52 592 0.035 1 208 135 0.272
Error 10 117 10 1.27 10 1.54
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5.4 DISCUSSION

This study showed that endolithic infestation of Mytilus galloprovincialis significantly
modifies the interstitial environment of mussel beds and that the cooling effect provided by
phototrophic endoliths extends to neighbouring mussels. Furthermore, intertidal sampling
along Portuguese and Moroccan shores revealed increasing endolithic infestations with

shell length, upwelling intensity and towards lower latitudes.

5.4.1 Endolith-infested mussels ameliorate mussel beds interstitial microclimate

Parasitic relationships have been documented in a wide range of taxa and their side-
effects include changes in host size, shape, colour and behaviour (e.g. Poulin, 1995;
Mouritsen & Poulin, 2002). Previous studies have shown that parasitic shell-degrading
endoliths significantly reduce mussel condition index, reproductive output, shell and
attachment strength and, at sites where their incidence is particularly high, they can be
responsible for mass mortalities (e.g. Kaehler & McQuaid, 1999; Zardi et al., 2009;
Marquet et al., 2013; Curin et al., 2014). Surprisingly, during periods of intense heat
stress, shell-degrading endoliths can also have beneficial thermal effects, decreasing the
body temperature of mussels (Zardi et al., 2016). This cooling effect is related to shell
discolouration. At an initial stage, shells become white through physical damage or
removal of the outer layer (periostracum), due to the contact between adjacent mussels or
the abrasion by sediment in the water (Kaehler, 1999). After initial damage to the
periostracum, endolithic infestation increases shell whitening through chemical dissolution
and possibly through redeposition of carbonates (Garcia-Pichel et al, 2010).
Advantageous effects of parasitism are not exclusive to mussels. For example, the
parasitic trematode Maritrema sp. enhances survival of the marine snail Zeacumantus
subcarinatus, by increasing the host's thermal tolerance (Bates et al.,, 2011). Here, |
further revealed that the thermoregulatory effect of endolithic infestation extends beyond
individual mussels to the mussel bed interstitial microclimate. The whitening of mussel
shells by endolithic infestation increases reflectance of solar irradiation, reducing the
absorption of solar energy, thereby reducing the temperatures of individual mussels and
of mussel beds (Zardi ef al., 2016). This cooling property, a direct by-product of solar
reflectance, leads to greater interstitial relative humidity by reducing evaporative losses.
Mussels low on the shore in my study area are typically emerged for ~80 min (pers. obs.).
Higher on the shore, aerial exposure lasts longer and exposure to sun irradiance will lead

to mussel beds with even lower relative humidities and higher temperatures than those |
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report, potentially enhancing the importance of the cooling effect offered by endolith-
infested mussel beds. Most intertidal organisms live close to their thermal tolerance limits
and face mass mortality as temperatures rise (Sagarin et al., 1999; Stillman & Somero,
2000; Somero, 2002; Harley, 2008; Jones et al., 2010). The bioengineering protection
offered by mussel beds to an array of intertidal organisms (Thiel & Ullrich, 2002;
O’Donnell, 2008) is likely to be enhanced by endolith-induced improvements in humidity
and temperature. Such small scale habitat amelioration could be particularly important

under climate warming scenarios.

5.4.2 Endolith-infested mussels thermoregulate neighbouring conspecifics

In this chapter | demonstrate that the advantages of endolithic infestation to members of
mussel aggregations extend beyond the cooling of the individual hosts (see Zardi et al.,
2016), ameliorating the environment of nearby mussels. My results also showed that
mussels surrounded by infested mussels experience lower body temperatures than those
with non-infested neighbours, indicating a thermoregulatory effect of neighbouring
conspecifics and their role as an element of an individual's thermal environment. A similar
thermoregulatory effect of neighbouring individuals has been described from mixed
species mussel beds, as Perna perna a gaping species (i.e. one that opens and closes
the valves during emersion) releases water, cooling the non-gaping species M.
galloprovincialis (Lathlean et al., 2016b).

Overall, non-significant differences detected during the experiments undertaken on day 1c
(non-infested robomussels on non-infested and infested beds) and day 3i (infested
robomussels on non-infested and infested beds) were most likely due to high variability in
wind speed (Table 5.5), as solar radiation, cloudiness and air temperature were similar.
Indeed, wind speed counteracts the effects of increases in air temperature and solar
radiation, reducing the exposure to warming experienced by mussels (Helmuth et al,,
2011). The fact that the difference between body temperatures of mussels living in clean
or infested mussel beds is erased by high wind variability could indicate that the
temperature amelioration caused by wind differs with the level of infestation of mussel
beds. Nonetheless, under conditions of low wind variability, the cooling effect was

observed regardless of whether the robomussel considered was non-infested or infested.
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Table 5.5 — Weather data retrieved from Weather Underground (Faro airport station, Portugal) depicting the
period during which the experiments on the effects of infestation-induced cooling on the body temperatures of
neighbouring mussels took place. * depicts days with a significant statistical difference (p<0.05 or p<0.01)
between infested and non-infested beds both at 40 and 80 min. Global radiation is expressed by accumulated

energy (kJ/m?) and was retrieved from Direcgdo Regional de Agricultura do Algarve (Regional Agriculture

Department of Algarve).

Variable Time Day1c Day2c* Day 3c* Day1i* Day 2i* Day 3i

Wind speed 12h00 111 241 9.3 14.8 16.7 18.5

(km/h) 12h30 9.3 241 13 13 16.7 204
13h00 16.7 222 13 13 16.7 204
13h30 222 222 13 13 14.8 14.8
14h00 222 222 11.1 14.8 13 14.8
Variability 6.038 1.041 1.660 0.986 1.660 2.829

Air 12h00 28 29 25 25 21 25

temperature

(°C) 12h30 29 29 24 25 22 25
13h00 29 28 24 24 21 25
13h30 27 28 24 24 21 24
14h00 27 28 24 25 22 25
Variability 1 0.548 0.447 0.548 0.548 0.447

Humidity (%) 12h00 37 35 65 69 68 69
12h30 35 35 69 74 64 69
13h00 42 37 69 78 68 69
13h30 54 39 69 78 68 73
14h00 54 35 69 74 64 69
Variability 9.127 1.789 1.789 3.715 2191 1.789

Global 12h00 2750 2714 2281 2664 2678 2379

radiation

(kJ/m?) 13h00 3023 3001 2612 2938 2949 2644
14h00 3069 3039 2665 2973 2997 2664

Variability 1601.817 1593.1 1368.48 1549.171 1561.438 1388.872

5.4.3 Endolithic infestation varies with mussel size, latitude and upwelling index

This work supports previous studies demonstrating that endolithic infestation is highly size
dependent and increases with mussel size (Kaehler, 1999; Zardi et al., 2009; Marquet et
al., 2013; Curin et al., 2014). These results most likely reflect a longer period of endolithic
infestation, during which the microborers had been intensely excavating the shells of M.
galloprovincialis, since larger mussels are generally older than smaller mussels when
exposed to the same environmental conditions (Sukhotin et al., 2002; Steffani & Branch,
2003; Xavier et al., 2007). Endolithic infestation of intertidal mussels is also likely to exhibit
temporal variability. By resurveying two Portuguese locations previously studied by
Marquet et al. (2013), | highlight changes in overall frequency of infestation in M.
galloprovincialis and the initial sizes of infestation. Approximately 5 years after the

sampling of Marquet et al. (2013), the overall frequency of endolithic infestation in Malhao
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(site 1 in this chapter, MA in Marquet ef al., 2013) more than doubled (36% this chapter
and ~15% in Marquet ef al.,, 2013) and infestation started immediately at the smallest
sizes (0—10mm; infestation started at 10-20 mm in Marquet et al., 2013). Conversely,
Vilamoura (site 3 in this chapter and VL in Marquet et al., 2013) exhibited substantially
lower overall endolithic infestation (2% in this chapter and ~20% in Marquet et al., 2013)
and infestation started at larger mussel sizes than previously reported (20-30 mm in this
chapter; 10-20 mm in Marquet et al., 2013). This temporal variability in endolithic
infestation might simply reflect natural changes in the environmental variables along the
Portuguese coast (e.g. wave height Soares et al.,, 1996; Pontes et al., 2005) known to
facilitate the spread of endolithic infestation, such as light availability or wave action
(Kaehler, 1999; Zardi et al., 2009; Marquet et al., 2013). Nonetheless, Kaehler (1999) has
also suggested that the increase in endolithic damage in larger mussels may not only
result from increasing infestation severity through time but also from temporal changes
(i.e. succession) in the composition of the endolithic community.

The results of this chapter further provide novel insights into the large scale geographical
distribution of endolithic infestation. Light increases as cloud cover decreases towards
lower latitudes (Wetherald & Manabe, 1980; Warren et al., 1986) and this is consistent
with clearer skies and thinner clouds towards my southern sampling locations
(http://neo.sci.gsfc.nasa.gov/dataset_index.php#energy). Because photosynthetic
endoliths are highly dependent on light, greater endolithic infestation at southern locations
could be explained by greater light availability at these sites. These results fit well with
previous research showing that infestation in intertidal microhabitats varies with light
availability. The intertidal mussel M. galloprovincialis is less infested in shaded places
than in sun-exposed surfaces (Zardi et al., 2009). While endolithic infestation could be a
by-product of wave action due to enhanced shell abrasion (Kaehler, 1999; Zardi et al,,
2009), my locations were topographically similar (i.e. all wave-exposed intertidal rocky
shores) with no obvious differences in wave action (see also Marquet et al., 2013).
Upwelling phenomena are intimately linked to changes in light availability through
increased cloudiness, reducing solar irradiance that reaches the shore by the formation of
marine fog or clouds at coastal areas (Tont, 1975; Olivier & Stockton, 1989; Cereceda et
al., 2002; Cermak, 2012). As cold upwelling waters reach the surface, they encounter
warm air temperatures leading them to cool to dewpoint, producing low clouds and fog
(Olivier & Stockton, 1989), which reduce available solar irradiance (Tont, 1975; Olivier &
Stockton, 1989; Cereceda et al., 2002). Surprisingly, endolithic infestation was greater at
locations characterized by relatively greater upwelling intensity. The unexpected relation

between more intense upwelling and greater endolithic infestation might be explained by
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an increasing load of nutrients brought to the nearshore by upwelled waters, favouring the
activity of endolithic microborers and thus counteracting the expected effect of decreased
solar irradiance by upwelling phenomena. In fact, the abundance of phototrophic
microborers such as cyanobacteria and algae, and their microbioerosion activity increase
with increasing concentrations of nutrients (Carreiro-Silva et al., 2005, 2009, 2012).
Despite the strong evidence of the effect of nutrients on phototropic endoliths, | cannot
exclude the possibility that the significant correlation between upwelling intensity and
endolithic infestation might just mirror the latitudinal gradient effect described above,
because the most intense upwelling cells are located at the south of the study area.
Future studies investigating the endolithic infestation of intertidal mussels at multiple
upwelling regions would allow clarification of this relationship.

Additionally, studies are needed on the variation in endolith species composition over
large spatial scales in order to fully comprehend whether it plays a significant role over
latitudinal gradients, because endoliths possess a range of functional roles and inhabit
different parts of mussel shells (Mao Che et al., 1996; Curin et al., 2014; Peharda et al.,
2015), potentially causing distinct degrees of infestation. However, the low diversity of
endoliths identified for M. galloprovincialis in regions as far apart as Portugal and South
Africa (Marquet et al., 2013) suggests that the endolithic communities in this study are

unlikely to differ significantly.

5.4.4 Final remarks

Greater mussel endolithic infestation towards lower latitudes, where intertidal organisms
are exposed to drier and warmer environments, might counterbalance the expected
negative effects (e.g. mass mortalities) associated with climate change. Because
conditions within beds of infested mussels are ameliorated and individuals in the centre of
infested mussel beds experience significantly lower body temperatures, the greater
endolithic infestation detected here at lower latitudes might result in an ecological
advantage during, for example, heat waves. On the other hand, rising sea temperatures
and ocean acidification might facilitate endolithic infestation, as mussel shells suffer
periostracum loss and become weaker under warmer temperatures and lower pH
(Gazeau et al., 2014). Furthermore, projected changes in wave action (Andrade ef al.,
2007) will likely affect the frequency of endolithic infestation on intertidal mussels. While it
remains unknown whether the cooling effect of endolithic infestation will override the

sublethal and lethal effects of parasites on mussels, this parasitic relationship might act as
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a thermal buffer, not only for members of the aggregations but also for their associated

infauna.
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6 SYNTHESIS

Throughout this thesis | advanced our knowledge on the influence of upwelling
phenomena in determining the composition, distribution and genetic structure of rocky
intertidal assemblages under current and forthcoming warming. Specifically, | provide
evidence that upwelling: 1) influences the composition of intertidal communities for
example by providing refugia against climate warming, 2) does not necessarily drive
genetic structure in intertidal species and may 3) influences the incidence of infestation of

mussels by phototrophic endoliths.
6.1 Upwelling as refugia for rocky intertidal species in times of climate change

Climate change is considered a major threat to biodiversity (Maclean & Wilson, 2011). In
the marine realm, evidence is mounting of its detrimental effects at ecosystem-, species-,
and organism-level (Harley et al., 2006; Hoegh-Guldberg & Bruno, 2010; Urban, 2015). In
particular, warming has reshuffled the composition of marine communities (Smale &
Wernberg, 2013; Vergés et al., 2014) and altered species abundances and range
distributions (Poloczanska et al., 2014; Kleisner et al., 2016; Chivers et al., 2017),
ultimately causing local extinctions (Graham et al., 2006; Jones et al., 2010). Mass
mortalities and sudden contractions in species’ distributions after marine heat waves
illustrate the large scale consequences and the rapid responses of species to warming
(Smale & Wernberg, 2013; Wernberg et al., 2016). Warming has also lead to changes in
the genetic diversity of species by partially eroding species genetic lineages through local
extinctions (Nicastro et al., 2013). This thesis also highlights that mass mortality due to
warming results in local extinctions, consequently causing changes in species abundance
and distribution. Alarmingly, the capacity of most species to track climate change is limited
(Pearson, 2008; Brown ef al., 2016; Chivers et al., 2017 but see Pinsky et al.,, 2013),
therefore safeguarding areas that allow species to persist and preserve their genetic
identity are of utmost importance (Hu & Guillemin, 2016). In this thesis, | showed that
upwelling regions can act as contemporary climatic refugia for intertidal species by
increasing or maintaining species abundance while buffering against present warming.
The conclusion in this thesis that upwelling centres have a refugial role is based on: 1)
intertidal species exhibiting high abundance at upwelling areas and reduced abundance at
non-upwelling areas, 2) intertidal species persisting in upwelling areas while being
completely absent from adjacent non-upwelling ones and 3) intertidal species exhibiting
different genetic lineages associated with different upwelling cells.

As explored in chapters 2 and 3, upwelling may contribute to greater species abundance,

ultimately acting as refugia. Specifically, under strong upwelling conditions (i.e. the
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strongest upwelling indices and the lowest sea surface temperatures), upwelling may be
particularly important in determining the abundance of intertidal taxa by ameliorating
thermal conditions or by increasing the input of nutrients delivered to the nearshore, as
demonstrated for example for the opportunistic macroalga Ulva chlathrata. This foliose
alga reached its greatest relative abundance at the location characterized by the strongest
upwelling intensity (site IM). Furthermore, the brown macroalga Bifurcaria bifurcata, a
warm temperate species that is restricted to tide pools to escape critical thermal extremes
(Neiva et al., 2015), showed the same distributional pattern. Likewise, in chapter 3,
through exhaustive surveys along lberian, Moroccan and Western Sahara shores |
showed that the abundance of several populations of the macroalga Fucus gquiryi
increased towards upwelling areas and decreased with increasing distance from those
centres. The coasts of Atlantic Morocco and Western Sahara include intermittent and
guasi-permanent upwelling cells that deliver cold subsurface waters (Marcello ef al., 2011;
Benazzouz ef al., 2014) characterized by high nutrient concentrations (Head et al., 1996)
to the nearshore. Therefore, | concluded that the colder, nutrient-rich upwelling waters
influence the abundance of intertidal taxa along the study area. As suggested for B.
bifurcata and for F. guiryi, cooler SST delivered by upwelling events may act as a thermal
buffer to marine species by ameliorating potentially unfavourable warming rates and
promoting an increase in species abundance (see also Riegl & Piller, 2003). Extensive
population extinctions of F. guiryi were reported from multiple European and African non-
upwelling sites presumably due to SST warming, but the species persists within shores
affected by upwelled water regardless of upwelling intensity, frequency or geographic
area. Moreover, the increase of U. chlathrata towards the strongest upwelling centre may
also mirror the bottom-up effect resulting from higher concentrations of nutrients
associated with upwelling waters that promote the growth of algae (Bustamante et al.,
1995). Higher concentrations of nutrients at upwelling areas may also explain the
relationship between greater upwelling intensity and more pervasive phototrophic
endolithic-infestation of mussels described in chapter 5. Abundance and microbioerosion
activity of phototrophic microborers increase with increasing concentrations of nutrients
(Carreiro-Silva et al., 2005, 2009, 2012). The abundance of endoliths has not been
estimated in this thesis, hence it remains unknown whether such abundance varies with
upwelling intensity. However, greater frequency of infestation at sites characterized by
stronger upwelling indicates greater endolithic activity, possibly reflecting higher
concentrations of nutrients. While disentangling the effects of nutrients and SST on the
abundance of intertidal species was beyond the scope of these chapters, | cannot exclude

the possibility that both variables may act simultaneously. For example, populations of F.
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guiryi at upwelling centres may not only benefit from buffered thermal conditions but also
from the input of nutrients during upwelling events. Most importantly, the described refugia
effect for F. guiryi comprises not only the species as a biological unit but also its genetic
diversity; different genetic lineages were associated with different upwelling areas. This is
of utmost importance for the long-term persistence of the species as a whole, but also for
the maintenance of distinct gene pools, which may influence a species’ adaptive response
to environmental change. Genetic lineages associated with different environmental
regimes may display different physiological tolerances to environmental stress and
present unique adaptive potential that can be important for overall species survival
(Pearson et al., 2009; Zardi et al., 2013; Saada et al., 2016). In the sister species F.
vesiculosus, the genetic clade inhabiting northern, colder latitudes has lower resilience to
heat stress than the neighbouring, southern lineage (Saada et al., 2016). Potentially, each
of the F. guiryi lineages described in this thesis could display unique ecophysiological
responses to their environment, widening the ecological implications of these climatic
refugia. Populations of F. guiryi from the genetic lineage present along central Portuguese
shores are already experiencing reductions in abundance (pers. comm. G. Zardi), though
at a lower degree, despite these shores being intermittently affected by upwelling events
(Lemos & Pires, 2004). The loss of one or more genetic lineages may therefore represent
a threat for the overall adaptive potential of the species, which could result in changes in
species distribution and distributional limits.

The environmental niche modelling performed in chapter 4 further highlighted the potential
role of upwelling as a form of shelter from unsuitable warm SST for the brown mussel
Perna perna. While P. perna does not seek refuge in temperate upwelling areas along
Iberia, Morocco and Western Sahara, the species seems to benefit from thermal
amelioration provided by upwelling cells along the warm tropical Atlantic shores of central
Africa. In contrast to a general absence from most of the central African coastline (from
Gambia to Liberia and from Togo to Gabon), P. perna has been reported from the
upwelling-influenced shores of Ghana and lvory Coast (Zabi, 1982; Otchere et al., 2003).
Taking into account the lack of reports on the presence of this species from adjacent
tropical non-upwelling areas and the extremely low likelihood of its presence from those
shores as predicted by the niche modelling (mostly O likelihood of presence, Fig. 4.8,
chapter 4), | suggested that the long-term persistence of this species is due to thermal
refuge provided by the colder waters of the upwelling cells of Ghana and Ivory Coast
(Houghton & Mensah, 1978).

Upwelling influences interspecific interactions within intertidal assemblages (Wieters,

2005; Reddin et al., 2015). For example, under the influence of strong upwelling,
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herbivore-resistant corticated algae growth faster, outcompeting and suppressing
ephemeral algae (Nielsen & Navarrete, 2004). In contrast, with weak upwelling, growth of
corticated algae is reduced and ephemeral algae attain higher biomass, which contributes
to an increase of density and biomass of herbivores (Nielsen & Navarrete, 2004).
Importantly, the role of upwelling areas as climate refugia discussed in this thesis has
been demonstrated for species that actively shape intertidal assemblages. Because
bioengineers are key foundation organisms that structure intertidal communities by
increasing richness and abundance of associated assemblages (Borthagaray & Carranza,
2007; Cole, 2010; Watt & Scrosati, 2013b), the refugial role of upwelling gains increasing
importance due to the knock-on effects for associated species. In this sense, the
upwelling-driven presence and greater abundance of F. guiryi along northern African
shores at upwelling centres might dictate the composition of intertidal communities by
shaping both lower and higher trophic levels. Watt & Scrosati (2013b) showed that at high
and mid intertidal heights, canopies of bioengineer fucoids (e.g. Ascophyllum nodosum
and F. vesiculosus) increased the presence and abundance of associated species, such
as the herbivorous gastropod species Littorina obtusata. Without thermal refugia, marine
species might experience die-offs or go locally extinct, compromising the maintenance of
entire communities (Wernberg et al., 2016). For example, following an intense marine
heat wave, and in the absence of a thermal buffer, the bioengineer kelp species
Scytothalia dorycarpa has disappeared from ~100 km of temperate Australian shores,
which resulted in structural changes at the community-level, most likely with ecosystem-

level implications (Smale & Wernberg, 2013).

6.2 Influence of upwelling on genetic patterns of rocky intertidal species

Upwelling regions preserve genetic diversity of intertidal species, by maintaining different
genetic lineages (chapter 3). However, the degree to which upwelling shapes genetic
structure of marine species is not consistent; experimental evidence has revealed
important contrasting results (i.e. weak and strong genetic structure) leading to divergent
conclusions (e.g. Waters & Roy, 2004; Silva et al., 2009; Barshis et al., 2011). Along the
Moroccan coast, the strong upwelling cell off Cape Ghir has been considered a major
driver of genetic breaks in marine species, as this phenomenon presumably isolates
distinct populations, hindering genetic exchange among them (e.g. Chlaida et al., 2009;
Neiva et al., 2015). While | have shown that upwelling is crucial for preserving the gene
pool of a marine macroalga (chapter 3), | did not find evidence that upwelling cells along

Morocco and Western Sahara directly cause strong genetic structure of intertidal species
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(chapters 3 and 4). The strong genetic structure of populations of F. gquiryi (chapter 3)
along the study area is better explained by life history traits (i.e. reduced dispersal
capacity) and population isolation rather than upwelling forcing genetic differentiation.
Once abundant and widespread along Moroccan shores (referred to as F. spiralis/ F.
spiralis platycarpus, Benhissoune et al., 2002a), populations of F. guiryi located outside or
at the margin of upwelling cells decreased in abundance or went extinct presumably due
to SST warming, resulting in a distributional discontinuity isolating populations that were
previously geographically close. Due to the increasing distance between populations and
because gene flow of direct-developing structural seaweeds, such as F. guiryi, is limited
and mainly driven by dispersal via rafting of fertile thalli (Norton, 1992; Kalvas & Kautsky,
1998; Coleman & Brawley, 2005; McKenzie & Bellgrove, 2008), gene flow between
populations was most likely dramatically reduced. This has potentially enhanced the
importance of site-specific self-recruitment, resulting in separate genetic lineages that are
independently associated with distinct upwelling cells.

In contrast to F. guiryi, the brown mussel P. perna did not display genetic structure along
northern Africa and southern Iberia. The unexpected lack of genetic structure in P. perna
most likely resulted from a combination of species’ life history traits (i.e. long dispersal
capacity), habitat continuity and stepping stone effects. As a consequence, upwelling
cells, along with other potential oceanographic barriers (e.g. the Almeria-Oran Front), do
not isolate populations of P. perna or discernibly limit genetic exchange between them. If
upwelling has the potential to influence genetic patterns of the Brown mussel, it does so,
in contrast to my initial hypothesis, by contributing to weak rather than strong genetic
structure. As suggested by Barshis et al. (2011) for intertidal barnacles, strong upwelling
events may increase the off-shore transport of P. perna larvae; this could mix larvae from
different sources, ultimately homogenizing the pool of recruits and causing a lack of
genetic structure.

Although neither model species used in this thesis, whether characterized by reduced
dispersal (F. gquiryi) or long dispersal (P. perna), indicated an influence of upwelling in
driving the genetic structure of species across the Atlantic Moroccan and Western Sahara
coastlines, additional information is needed to confirm these results. Specifically, future
studies investigating the genetic patterns of a variety of coastal species with different
modes of development (direct or indirect developers) and dispersal capacities (short,
medium and long) would greatly increase our understanding of the influence of northern
African upwelling cells in shaping species’ genetic structure. Studies based on

multispecies datasets are particularly useful because species inhabiting the same
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geographical region might exhibit contrasting genetic patterns in the face of multiple

oceanographic barriers (Kelly & Palumbi, 2010).

6.3 Potential forthcoming biological and environmental changes

How species respond to climate change has been extensively investigated but
geographically biased against tropical systems (reviewed in Brown et al., 2016). Tropical
and subtropical marine regions, however, are expected to be some of the most important
scenes of species distributional shifts (Burrows et al., 2014), as tropical species are highly
vulnerable to warming (Nguyen et al., 2011). In such regions, species richness may
decline because the species that display distributional shifts may not be replaced (Cheung
et al., 2009; Burrows et al., 2014). Forthcoming warming (IPCC, 2014) is likely not only to
drive several local populations to extinction but also to alter species distribution and
biodiversity patterns (Cheung et al., 2009). Therefore, understanding the velocity of
climate change and the distributional shifts of species, as they try to track climate change
has gained increasing attention (Burrows et al., 2011; Burrows et al., 2014; Kleisner et al.,
2016; Chivers et al., 2017). As an alternative to displaying distributional shifts, species can
persist in the face of climate change by adapting to altered environmental conditions
(Parmesan, 2006). This is of particular importance for species with reduced mobility that
are unable to disperse (Hoffmann & Sgrd, 2011). As climate changes and warming
increases, organisms respond based on their physiological and behavioural adaptations
(Somero, 2010). In the marine realm, the potential of species to adapt to climate change is
generally discussed in a context of thermal optima and tolerance limits, as species cope
with a warming environment (Somero, 2010; Reusch, 2014). Often, different intraspecific
adaptive potential might be related to species genetic patterns (F. vesiculosus, Saada et
al., 2016; P. perna, Zardi et al., 2015a but see Zardi et al., 2013). For example, individuals
of the western (temperate) genetic lineage of the brown mussel P. perna inhabiting
southern African shores gape (intermittent opening and closure of the valves) less and
have lower attachment strength than the eastern (subtropical) lineage (Zardi ef al,
2015a). These behavioural and physiological differences represent distinct adaptive
responses to high temperatures and help explain vertical zonation and habitat segregation
(Zardi et al, 2015a). Ultimately, adaptive potential to climate change helps explain
species range and distribution limits. Because the adaptive potential of a species may
allow it to cope with the projected consequences of climate change, heritability of adaptive
potential by marine species to increasing warming and climate change (Malvezzi et al,,

2015; Munday et al., 2017) must be considered when predicting species responses to
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climate change (Munday et al., 2017). Upwelling systems, such as the Canary Current
system, which encompass both temperate and tropical shores offer ideal conditions to
study the responses of marine species to climate change. Because upwelling systems
exhibit relatively lower temperatures than the surrounding areas (e.g. Espinosa-Carreon et
al., 2004; Marcello et al., 2011), they display contrasting environmental conditions which
might be helpful to investigate warming-induced species responses, disentangle the
direction (e.g. poleward, equatorward, bottomward) and velocity of distributional shifts of
temperate and tropical species in response to warming and also whether differences exist
between the two groups of species. The baseline provided in this study contributes to a
clarification of the distribution and distributional limits of intertidal northern African species
as well as species-specific responses to projected warming.

Along with projected increase in warming rates (IPCC, 2014), upwelling is expected to
change at the Canary Current upwelling system, as in other major world upwelling
systems (Bakun et al., 2010; Sydeman ef al., 2014; Garcia-Reyes ef al., 2015; Wang et
al., 2015). By the end of the 21s! century, upwelling regimes will experience changes in
timing, duration, intensity and spatial heterogeneity (Wang et al., 2015), which may
consequently result in structural, ecological and genetic changes to coastal communities.
Specifically, | suggest that longer, more intense and larger upwelling events may alter
species abundances, either by increasing the amount of nutrients or by providing a spatial
and temporal thermal buffer. For example, with an increase of nutrients, opportunistic
species such as U. clathrafa (see chapter 2) may outgrow other species and shift the
composition and dynamics of intertidal communities. Likewise, small populations of F.
gquiryi may become more abundant, which could benefit associated species or impair
competitors. Most importantly, the predicted spatial homogenization of upwelling events at
high latitudes (Wang et al., 2015) could potentially enable a recolonization of previously
extinct populations of F. quiryi, by ameliorating environmental conditions.

Although this thesis does not provide evidence for an active role of upwelling in shaping
genetic structure of intertidal species along northern Africa, such a structuring role has
been demonstrated for other species (Sardina pilchardus, Chlaida et al., 2009; B.
bifurcata, Neiva et al., 2015) along the same region and for other upwelling systems (e.g.
Kelly & Palumbi, 2010). Considering the above contrasting results concerning the
influence of upwelling in structuring species genetic patterns, it could be expected that
forthcoming intensification of upwelling regimes will further strengthen or promote either
intraspecific genetic differentiation or homogenization, as species’ population dynamics
such as larval transport, recruitment and admixture of recruits might be expected to

change. The resulting genetic pattern is likely to be species- and region-specific as it
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might interact with additional biological (e.g. life history traits) and geographical (e.g.
topography) variables.

As upwelling influences interspecific relationships (Nielsen & Navarrete, 2004; Wieters,
2005; Guerry & Menge, 2017 but see Lany et al., 2017), an intensification of these
oceanographic phenomena could trigger changes in the strength and direction of species
interactions. For example, Guerry & Menge (2017) showed that under nutrient-rich
upwelling influence, grazers have little effect in reducing algal species richness and
biomass. Therefore, it might be anticipated that under projected stronger upwelling
events, the negative impact of grazers on algal community might further decrease.
Furthermore, it might also be expected that an intensification of upwelling might drive
changes in other interspecific relationships such as host-parasite interactions. For
example, under anomalously strong upwelling conditions, the red tide bloom-forming
dinoflagellate species Akashiwo sanguinea was able to outgrow its parasite species
Amoebophrya; most likely as a result of an increasing nutrient supply (Mazzillo et al.,
2011). In the future, Amoebophrya might not be able to control the occurrence of its host
as strong and persistent upwelling may cause faster growth rates of the host than the
parasite, consequently developing extreme red tides (Mazzillo ef al., 2011). Likewise, the
frequency of endolithic infestation on mussels might also change under stronger upwelling
events. | suggested that greater endolithic infestation of mussels at sites with strong
upwelling index might have been caused by an input of nutrients by upwelled waters
because endolithic parasites increase in abundance and activity under nutrient enriched
conditions (Carreiro-Silva et al., 2005, 2009, 2012). Therefore, projected intensification of
upwelling regimes (Bakun ef al., 2010; Wang et al., 2015) could result in longer or greater
input of nutrients into the nearshore increasing abundance of endoliths or endolithic
activity. The interaction of increased nutrient availability with other environmental variables
(i.,e. cloud cover, solar irradiance), however, might unveil a more complex biological
response to upwelling than previously discussed. As phototrophic endoliths are light-
dependent organisms (e.g. Zardi et al., 2009), their geographic distribution and activity
might be shaped by environmental variables that control light availability at a larger scale
than within the intertidal. Upwelling phenomena are intimately linked to changes in light
availability through increased cloudiness, reducing solar irradiance that reaches the shore
by the formation of marine fog or clouds at coastal areas (Tont, 1975; Olivier & Stockton,
1989; Cereceda et al., 2002; Cermak, 2012). If the projected intensification of upwelling
(Bakun et al., 2010; Wang et al., 2015) also contributes to an increase in cloudiness,
endolithic infestation could be expected to decrease rather than intensify. At a first glance,

lower levels of endolithic infestation could represent an advantage to marine mussels
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because endoliths negatively affect mussels (i.e. reduce mussel condition index,
reproductive output, shell and attachment strength, cause mass mortalities, Kaehler &
McQuaid, 1999; Zardi et al., 2009; Marquet et al., 2013; Curin et al., 2014). A reduction of
endolithic infestation on mussels, however, could in contrast mirror disadvantages against
projected rising warming because endoliths reduce mussel body temperature and
ameliorate the thermal environment (chapter 5, Lourenco et al., 2017), which results in
lower mortality rates on infested mussels under heat waves (Zardi ef al., 2016). Although
these effects are more likely to act at small local scales than to govern changes in the
composition of intertidal communities at large regional scales, it remains unknown
whether the thermal buffer provided by endolithic infestation will override its negative
effects.

Forthcoming climatic changes are also expected to increase the intensity of storms and
the frequency of very intense storms (categories 4 and 5, Knutson et al, 2015;
Bacmeister et al., 2016), potentially disrupting coastal communities. This might be
particularly detrimental for bioengineer organisms that shape intertidal ecosystems, such
as the three species studied in detail in this thesis, F. guiryi, P. perna and Mytilus
galloprovincialis. Importantly, bioengineer species mitigate climate change consequences
on coastal ecosystems for example by dampening waves, reducing current velocity,
trapping sediments and increasing soil elevation (Borsje et al., 2011). In particular, reef
building species, such as oysters, are of utmost importance for coastal protection because
they attenuate the hydrodynamic energy of waves (Piazza et al., 2005). While having a
key role in protecting coastal areas, bioengineer species can be severely affected by
extreme environmental conditions, and it might be anticipated that under climate change
such negative effects will further increase. For example, severe storms significantly
altered the structure of a mixed-kelp canopy by greatly reducing the abundance of two out
of three kelp species, due to severe wave action dislodgement (Smale & Vance, 2016).
Similarly, increases in the severity of storms might pose a risk to the long-term
persistence of F. guiryi populations, which are already under threat due to SST warming,
by damaging individuals (e.g. breaking/dislodging individuals) and reducing species
abundance. Increasing intensity of storms might also affect mussel beds and their
associated assemblages by promoting mussel dislodgement or mortality by sand
inundation. Although differences in stressor tolerance exist between P. perna and M.
galloprovincialis, both mussel species are vulnerable to hydrodynamic disturbance
experiencing dislodgement by waves (Rius & McQuaid, 2006; Zardi et al., 2006a); species
mortality driven by wave action particularly peaks after severe storms (Rius & McQuaid,

2006; Zardi et al., 2006a). The two species are also susceptible to sand (Zardi et al.,

146



Chapter 6

2008; Nicastro et al., 2009), exhibiting high mortality rates driven by sand inundation
(Zardi et al., 2006b). Because mussel beds harbour several dozens of species (Hammond
& Griffiths, 2004; Borthagaray & Carranza, 2007; Siliman ef al., 2011; Arribas ef al.,
2014), exposure of mussel beds of P. perna and M. galloprovincialis to increasing wave
action or severity of storms might jeopardize their maintenance and the composition of
their associated assemblages. In addition to inducing mussel burial, sand and sediment
load delivered to the nearshore may damage mussel shells by provoking abrasion and
eroding the outer layer of the shell (i.e. the proteinaceous periostracum; Kaehler, 1999),
which facilitates infestation by endolithic parasites (Zardi et al., 2009), with potential
consequences for the mussel’s survival and for the associated assemblages.

As discussed throughout this thesis, intertidal assemblages are already responding to
climatic changes regardless of the position on the shore. Due to the complex interaction of
biotic and abiotic variables, it remains still unclear which species are likely to persist in the
face of forthcoming climatic changes and how their associated assemblages will respond.
Although upwelling regions still experience increasing warming, they do so at a lower rate
than the adjacent regions (Lima & Wethey, 2012); therefore, they have the ideal
environmental conditions for species to retreat and escape projected warming. Despite
the potential of deep sea reefs to act as climate refugia against intense storms (Bongaerts
et al., 2010), these are likely to shelter only subtidal taxa. Further investigation is therefore
needed to understand if coastal intertidal species will be able to counter act the expected
increase of storms in frequency and intensity and how will intertidal communities respond

to such extreme environmental changes.

6.4 Final remarks

The presented thesis combined distinct methodologies (species distribution surveys,
upwelling index estimation, genetic analyses, environmental niche modelling, manipulative
experiments) and it was carried out in one of the least explored regions in the world in
terms of benthic communities (Decker et al., 2003; Ramos ef al., 2015). This approach,
based on multiple sources of evidence and developed along intertidal northern African
shores, highlights a solid and novel work that contributes to a greater understanding of the
environmental, ecological and evolutionary processes shaping intertidal benthic
communities inhabiting the upwelling shores of the Canary Current system. Specifically,
this study increases our understanding on the influence of upwelling in determining the

composition, species distribution and the genetic patterns of intertidal species in a context
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of climate change. It also constitutes a baseline for future research aiming to investigate
the distribution and distributional changes of intertidal species along northern Africa.

The work developed here is fundamentally important because warming is projected to
further rise (IPCC, 2014), which will almost certainly result in novel species distributional
shifts, in changes in species gene pool, and in potentially overlapping of interspecific
environmental niches that could result in shifts in the composition of intertidal
communities. Additionally, warming is likely to interact with other variables (e.g. more
intense storms, Knutson ef al., 2015; ocean acidification, Poloczanska et al., 2016; habitat
loss, Travis, 2003; spread of invasive species, Stachowicz et al., 2002) that greatly
endanger species survival. Thus, how species will respond to climate change might be
more complex than previously anticipated. Detecting refuge areas where species are able
to persist under a changing environment and climate is therefore of paramount importance
for the preservation of biodiversity. Upwelling is expected to intensify as a result of
changes in greenhouse gas concentrations, land-sea pressure differences and wind
patterns (Bakun ef al., 2010; Narayan ef al, 2010), thus its influence on intertidal
communities, particularly as climate change refugia, might be greater than | have shown
in this thesis. Large scale studies targeting other upwelling systems and a range of
different species and functional groups and investigating how upwelling regimes will
change in the future would further clarify and advance our knowledge on how these
changes will affect ecosystem functioning and services of coastal ecosystems.

Importantly, this study took place in an interface region, between temperate (northeastern
Atlantic) and tropical (eastern Atlantic) systems, marked by significant warming (Lima &
Wethey, 2012) and where cold and warmwater species meet their southern and northern
distributional limits, respectively (e.g. Zardi et al., 2011b; Smale et al., 2013; Neiva et al.,
2015; Assis et al., 2017). Investigating forthcoming distributional shifts of species in this
region and whether assemblages associated with bioengineer species differ depending on
upwelling intensity would provide clearer evidence on the influence of upwelling in shaping
the intertidal communities of northern Africa. Future research focusing on northern African
intertidal assemblages is important to evaluating how species will respond to climate
change and what the forthcoming ecological and evolutionary consequences are likely to
be.

Publication records
The work developed in this thesis has already resulted in three published manuscripts:

- Lourenco et al. (2016) in Journal of Biogeography, doi: 10.1111/jbi. 12744 (Chapter 3)
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- Lourengo et al. (2017) in Scientific Reports, doi: 10.1038/s41598-017-10753-9 (Chapter 4)

- Lourenco et al. (2017) in Marine Biology, doi: 10.1007/s00227-017-3160-7 (Chapter 5)
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8 APPENDICES

8.1 Tables

Table A1 — Presence/absence records of P. perna used for the environmental niche modelling approach.

Country Location Coordinates Presence Reference
Tunisia Zembra Island 37°08'25.96"N; 10°48'28.94"E ~ Present Boudoresque
et al., 1986
Tunisia Korbous 36°49'29.04"N; 10°33'59.97"E Present This thesis
Tunisia La Goulette 36°49'18.84"N; 10°18'42.14"E ~ Present Boudoresque
et al., 1986
Tunisia Bizerte 37°15'10.41"N; 09°56'41.15"E Present This thesis
Tunisia Tabarka 36°57'39.05"N; 08°45'02.62"E =~ Present Boudoresque
et al., 1986
Algeria La Kyenne Beach 36°58'02.00"N; 07°46'24.00"E =~ Present Belabed et
al., 2013
Algeria Saint Cloud Beach 36°55'22.20"N; 07°45'50.20"E =~ Present Belabed et
al., 2013
Algeria Sunrise Beach 36°54'33.90"N; 07°46'20.90"E =~ Present Belabed et
al., 2013
Algeria Sidi Salem Beach 36°52'02.00"N; 07°46'26.60"E =~ Present Belabed et
al., 2013
Algeria Annaba Bay 36°50'32.48"N; 07°51'17.48"E ~ Present This thesis
Algeria Boubouaou El Bahri 36°46'33.56"N; 03°23'15.41"E ~ Present Abada-
Boudjema &
Davin, 1995
Algeria Bordj El Kiffan 36°45'37.72"N; 03°12'45.24"E =~ Present Abada-
Boudjema &
Davin, 1995
Spain Cullera 39°11'16.26"N; 00°13'17.20"W  Absent This thesis
Spain Dénia 38°57'50.66"N; 00°07'43.58"W  Absent This thesis
Spain Cape de la Nau 38°43'51.27"N; 00°13'08.85"E ~ Absent This thesis
Spain Calpe 38°38'25.71"N; 00°03'56.53"E =~ Absent This thesis
Spain Alicante 38°21'07.64"N; 00°24'40.40"W  Absent This thesis
Spain Santa Pola 38°11'18.94"N; 00°33'06.45"W  Absent This thesis
Spain Guardamar del Segura 38°06'37.33"N; 00°38'27.07"W  Absent This thesis
Spain Cape Palos 37°38'00.94"N; 00°41'23.95"W  Absent This thesis
Spain Portman 37°34'50.35"N; 00°51'13.23"W  Absent This thesis
Spain Puerto de Mazarron 37°33'28.51"N; 01°17'10.24"W  Absent This thesis
Spain Cape Cope 37°26'12.49"N; 01°29'02.88"W  Absent This thesis
Spain Calabardina 37°25'63.29"N; 01°30'27.11"W  Absent This thesis
Spain Aguilas (beach) 37°24'15.16"N; 01°33'56.64"W  Absent This thesis
Spain Villaricos 37°14'49.74"N; 01°46'15.80"W  Absent This thesis
Spain Garrucha 37°10'21.02"N; 01°49'18.30"W  Absent This thesis
Spain La Isleta (village) 36°48'47.17"N; 02°03'05.46"W  Absent This thesis
Spain La Isleta (beach) 36°47'53.54"N; 02°03'42.64"W  Absent This thesis
Spain Cape Gata 36°44'00.26"N; 02°12'14.70"W  Present This thesis
Spain Aguadulce 36°48'40.91"N; 02°34'00.66"W  Absent This thesis
Spain Roquetas de Mar 36°45'27.41"N; 02°36'15.26"W  Absent This thesis
Spain Balerma 36°41'56.20"N; 02°51'33.99"W  Present This thesis
Spain Almufiecar 36°43'39.84"N; 03°41'39.86"W  Present This thesis
Spain La Arafia 36°42'41.35"N; 04°19'37.50"W  Present This thesis
Spain Torreguadiaro 36°18'00.14"N; 05°16'04.77"W  Present This thesis
Spain Los Palmones 36°10'34.28"N; 05°25'28.26"W  Present This thesis
Spain Tarifa 36°00'27.89"N; 05°36'26.09"W  Absent This thesis
Spain Paloma Baja 36°03'49.70"N; 05°43'39.89"W  Absent This thesis
Spain Atlanterra 36°05'24.78"N; 05°48'43.02"W  Present This thesis
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Spain

Spain

Spain

Spain

Spain

Spain

Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Portugal
Morocco
Morocco
Morocco

Morocco
Morocco

Morocco

Morocco
Morocco
Morocco
Morocco
Morocco
Morocco
Morocco
Morocco
Morocco
Western
Sahara
Western
Sahara
Western
Sahara
Western
Sahara
Mauritania

Mauritania
Mauritania
Mauritania

Mauritania

Barbate

Puerto Sherry
Rota

Huelva

Punta Umbria
Punta del Moral
V. R. 8. Anténio
Tavira

Farol
Vilamoura
Albufeira
Pintadinho
Lagos

Sagres
Castelejo
Amoreira

V. N. Milfontes
Malhao
Lizandro
Ericeira

Viana do Castelo
Punta Negri
Larache
Bouknadel

Rabat
Skhirat

Mohammedia

Casablanca
Sidi Bouzid
El Beddouza
Essaouira
Imsouane
Anza

Mirleft
Tan-Tan
Tarfaya
Boujdour

Nouifed

Hassi El kraa
Dakhla
Cansado—IMROP
Cansado—COMECA
Cansado—OQil port
Nouadhibou

Nouakchott

36°11'00.22"N; 05°56'10.82"W
36°34'48.65"N; 06°15'65.07"W
36°36'55.50"N; 06°21'27.85"W
37°07'45.19"N; 06°51'09.43"W
37°09'53.78"N; 06°56'54.38"W
37°10'57.76"N; 07°19'46.83"W
37°10'03.78"N; 07°24'09.03"W
37°06'41.06"N; 07°36'57.99"W
36°58'29.95"N; 07°51'42.17"W
37°04'05.50"N; 08°06'42.64"W
37°05'21.03"N; 08°11'29.76"W
37°06'32.07"N; 08°31'11.63"W
37°06'01.04"N; 08°40'02.80"W
37°00'23.69"N; 08°56'55.80"W
37°06'08.00"N; 08°56'44.290"W
37°20'59.18"N; 08°50'53.15"W
37°43'04.79"N; 08°47'27.73"W
37°46'44.64"N,; 08°48'09.35"W
38°56'28.13"N; 09°25'02.28"W
38°57'21.03"N; 09°25'00.97"W
41°41'567.85"N; 08°51'23.81"W
35°16'46.33"N; 03°08'06.63"W
35°11'48.14"N; 06°09'30.61"W
34°07'40.74"N; 06°45'14.63"W

34°01'57.26"N; 06°50'27.96"W
33°52'15.84"N; 07°03'64.72"W

33°42'13.04"N; 07°24'49.62"W
33°39'07.22"N; 07°29'03.11"W
33°13'06.11"N; 08°34'23.19"W
32°32'42.33"N; 09°16'65.34"W
31°30'42.78"N; 09°46'24.31"W
30°50'24.43"N; 09°49'21.92"W
30°27'00.18"N; 09°39'44.47"W
29°35'06.58"N; 10°02'50.78"W
28°30'05.58"N; 11°20'06.38"W
27°45'33.64"N; 13°02'40.40"W
26°07'38.95"N; 14°30'02.38"W
24°54'30.29"N; 14°49'45.36"W
24°41'06.18"N; 14°54'08.87"W
23°46'06.97"N; 15°55'32.16"W
20°51'27.19"N; 17°01'562.10"W
20°50'19.68"N; 17°02'01.57"W
20°49'564.71"N; 17°02'07.66"W
20°58'27.91"N; 17°00'32.18"W

18°05'09.87"N; 16°01'35.15"W

Absent
Absent
Absent
Absent
Absent
Present
Present
Present
Present
Present
Absent
Absent
Absent
Present
Present
Absent
Absent
Absent
Absent
Absent
Absent
Present
Present
Present

Present
Present

Present
Present
Present
Present
Present
Present
Present
Present
Present
Absent

Present
Present
Present
Present
Present
Present
Present

Present

Present

This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
Klouche et
al., 2015
This thesis
Jourmi et al.,
2012
Klouche et
al., 2015
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis

This thesis
This thesis
This thesis

Mhamada et
al., 2015
Mhamada et
al., 2015
Mhamada et
al., 2015
Roméo et al.,
2000

Roméo et al.,
2000

193



v6l

sissy} siyL
sissy} siyL
sissy} siyL
sissy} siyL
sissy} siyL
sissy} siyL
sissy} siyL
sissy} siyL
sissuy} siyL
sissuy} siyL

sisay) siyL
sisay) siyL

sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey) siyL
sisey) siyL
sisey) siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
sisey} siyL
8.6l ‘@ihen
€00z ‘fe
Jo 21ayld]O
€00z ‘fe
IERCIEIVi@]
z86l '19e7
000z ‘fe
Jo hownopig

wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald

wesald
wesald

wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald

Jussqy

Jussqy

Jussqy

Jussqy

Jussqy

Juasqy

Juasqy

Juasqy

Juasqy

Juasqy
wesald
wesald
wesald
wesald
wesald
wesald
wesald
wesald

wesald

wesald
wesald

wesald

3.8€'8Z.:6€,5C ‘Su8 | L17.8G.EE
J.LL LLOV.ST ‘SuLG00.6G.E€
3,65 70.8€.5Z ‘S.99'G1.20.VE
3.0£'L0.2€.5T *S.90'82.20.V€
3.6€'8%.CCoGT ‘SubB'LLiL0LVE
3.06'06.5G.¥Z ‘SuL0VELOLVE
A.r9 EV.SSPT ‘.00 LELOLVE
3.62°60.0S.¥Z ‘SurZ GL.0LoYE
3,96 LEBY.YT "SuLT GELLVE
3.09'6Z.£1 VT 'S.8822¥0.VE

3.19'8L.LT.ET 'Su8L LL00LVE
3.20'6€.22-ET *S.80°'90.£0.V€

3.22°0S.2T-ET ‘SuS9'GEL0LVE
3.98'LE.ZT-ET ‘Suk0' LGS0V
3.26'ZS.TT-ET *S.90'80.90. V€
3.95CLL0.ET 'S.£8'8Z.H0.VE
3.80'G0.97.2Z ‘S.9G 7.1 0.VE
.65 LG.EE.CT ‘Su89 B1.6G.EE
3.L0'6L.61.2Z ‘Sul 7' L0.£0.VE
3.80'16.90,2C ‘S.CT'95.60.V€
3.0£'60.80,2C ‘S.9€ LT.0LoVE
3.6L'0€.60,2C -Sui7'85.0LoVE
.61 'G0VL.0Z ‘SuZl '80.07.1E
3.65°10.L0,0Z ‘S.01'9Z.6V.1E

3.88°61.1C.61
J.,9°0VGL.6L
3.50°C1.C0.61
.¥G6G.9G.81
A.v0' LY 6V.8L
3.20'8€.8¢.81
3.6v'91.CC.81
Jul9°LC.CC.8)
3.5v°0€..C.8)
3..0°'1060.81
3.86°0€.9G.L1
.06 vG8L.8L
F.G6°1GEGLL
3.98'91.CG.LL
3.0€°20.CG.9)
3.5€°02.0€.9)
3.29'GC.S0.51
b €V.0G.7 L
F.99°€0.LE VL
.80°€CLEVL
.¥C'10.20.E1L
3.8€°6L.Cv.Cl
J.¥G'9€.8C.CL
.£6°ChLL.EL

'SuC6 LLEEVE
‘Sur9 0V.rT.rE
'Sur8°LE.0T.VE
'S.C8ETLTVE
'8.25°91.0T.1E
'8.280Z.7LovE
'S.G6'GSiL Lo
'8.9T L L.LG.EE
'S.81'90.87.£€
'SuB6 VL. LT.EE
‘Sub L ¥EL0.EE
'S.617'65.81.CE
S L08Y.CE
'S.60°0E.LLoLE
'S.£5°10,51.62
'Su¥2°G0,0¥.82
‘SulE€EV8EOT
'S.29'97.80.5C
S.69'8¢.55.CC
'8.25°20,0¥.2C
'S.60°67.65.61
'8.L9722.2Z-61
'S.£1°9€,66.81
'8.82°11.25.80

J.L6€LOS.LL ‘Sur9TESYL 0
M.ZETG91L.00 ‘N.S8C0.LE.SO

Mur6'87.02,10 ‘Nl Z°LG70.50
M.LG LE.00,70 ‘N.BZ9E.LL.SO

MUET LL.BT.LL ‘NBE LY OV L

Y00y Hleys-yegezi|3 yod
300y plig-yiegezi|3 Jod
julod ees|ayo
doysioyewusong

Aeg 1ury
undsjoopipJooN

Aeg s faigepr

BISIA BOS

julod [eeg
puelyssognO
pueliswooginay

-Keg Biaquianald
noyoo-Aeg Biaquansid
aIs|

uooeag-Aeg bBiaquans|d
u-blaqqoy
uado-biaqqoy
eag-uo-uojuslg
pleyebpag

SSaUIOP|IAA

=TS
soquapeH-Aeg |9SSON
puels seid-Aeg |9SSON
asnoyybi-Aeg |assop
uojsiuly

se||nyby aden

Aeg sueo

shueuLioH

puowiuIs|

Aeg s fneg

Aeg o|bulg

juiod puepno
ybnoiogleog

Aeg sdwe)n
puensbBiegnolg
UISJUOLIDZA

Aeg eyuepjes

Aeg spue|g
Jsysoulsied
leeg-as-puelg

U30[ON Hod

Aeg lapuexs|y
Z)iepnT

lIH BIAIAS

Aeg sinjepn
punowdoyemg

Aeg eoelin]|

Aeg Aemoly

04 o0y

epuen

2JI0N-9)uUI0d

uoobe| ownyes

uoobe| eAuag
uoobe aug3

Jeyeq

B2L)Y Yinos
BOLY Yinog
BoLY YInos
BoLY YInos
BoLY Yinos
BoL)Y Yinog
BoL)Y Yinog
BoL)Y Yinog
BOLY YInog
BOLY YInog

BOLY YInog
BOLY YInos

oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
oLy Yynog
elqiuenN
elqiuenN
elqiuenN
elqiuenN
elqiuenN
elqiuenN
elqiuen
ejobuy
obuon

eueyo

eueys
1seo0 Aioa|

|ebauag




South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Mozambique
Yemen

Yemen
Yemen
Yemen
Oman

Oman

Port Elizabeth-Deal Park
Hougham Park
Kenton-on-Sea
Old Womans
Kayser's Beach
Kidd's Beach
Gonubie

Glen Muir

Haga Haga
Morgan Bay
Kei mounth

Port St Johns
Port Edward
Durban

Ballito
Mapelane

Kosi Bay
Marion Island
Punta Douro
Praia de Xai-Xai
Praia de Zavora
Bafa de Inhambane
Chicamane
Macunhe
Nhagonzo
Bazaruto
Ash-shehr

Bandar Fuqum
Ras Marbat

Sira Island
Salalah - Raysut

Muscat

33°52'564.56"S; 25°37'37.39"E
33°45'17.09"S; 25°46'01.20"E
33°41'37.49"S; 26°40'13.70"E
33°28'56.45"S; 27°09'06.98"E
33°12'44.21"S; 27°36'41.05"E
33°08'49.12"S; 27°42'11.29"E
32°56'18.43"S; 28°01'58.06"E
32°53'04.40"S; 28°06'00.23"E
32°45'54.20"S; 28°14'56.51"E
32°42'36.11"S; 28°20'30.00"E
32°41'03.70"S; 28°22'56.63"E
31°39'15.23"S; 29°30'56.40"E
31°03'15.39"S; 30°13'42.30"E
29°561'10.77"S; 31°02'27.68"E
29°32'42.96"S; 31°12'67 11"E
28°24'27.04"S; 32°25'37.35"E
27°00'45.82"S; 32°52'02.40"E
46°49'567.95"S; 37°47'13.61"E
26°50'39.15"S; 32°53'41.39"E
25°06'42.09"S; 33°45'17.90"E
24°31'15.10"S; 35°12'22.40"E
23°52'04.68"S; 35°22'47.26"E
21°563'09.91"S; 35°18'18.13"E
21°560'30.97"S; 35°17'43.32"E
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Table A2 — Confidence intervals (95%) of pairwise Fst (above) and Jost’s D (below) comparisons of P. perna populations. Location codes as in Table 4.2.
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KR BZ OR PN CG BM AM LA TG LP AT PM TV VL SG LR RB CcB SB EB ES IM ML TT BJ LB DK
KR (0014 (0013 (0.0 (-0.021 (0010 (0.010  (-0.014 (0013 (0097  (-0.013 (0016  (-0.01 (0.014  (-0.031 (0015 (0.0 (0013 (-0.011 (0.013 (0012 (0008 (0008  (-0.014 (0010 (0013 (0012
-0012)  -0022) -0017) -0021) -0014 -0015 -0010) -0009 -0076) -0.016) -0019) -0015 -0011) -0100) -0009) -0015) -0014) -0018 -0011) -0013) -0021) -0023) -0.010) -0017) -0.008 -0.016)
Bz (0027 (0015 (0010 (0025  (-0.01 (0.012 (0016 (0009  (-0.101 (0.012 (0017 (0014 (0013 (0037  (-0.013 (0014 (0013 (0013 (0012 (0013 (0012 (0014  (0.014 (0013 (0015  (-0013
-0.046) -0016) -0021) -0017) -0012 -0012) -0.010) -0015 -0078) -0017) -0010) -0013) -0010) -0109) -0013) -0010) -0020) -0011) -0013) -0010) -0013) -0008) -0.008) -0010) -0010) -0.015)
OR (0035  (0.023 (0.016 (0020 (0016 (0013  (-0.019 (0015 (008  (-0.016  (-0016  (-0009 (0014  (-0.05 (0.014 (0016 (0016 (0012 (0016  (-0.014 (0009 (0008 (0010 (0013  (-0.018  (-0.016
-0062)  -0.049) -0018) -0020) -0012) -0018) -0009) -0020) -0105 -0016 -0020) -0033) -0.020 0102 -0.021)  -0011) -0015) -0015) -0014) -0019) -0021) -0025) -0023 -0025 -0016 -0017)
PN (0028 (0024  (-0.028 (-0.021 (0010 (0.012 (0013 (0010 (0096  (-0.012  (-0.011 (0.004  (-0.012 (0045 (0010 (0008  (-0.011 (0.005  (-0.008 (0010  (-0004 (0004  (-0.009  (-0.008  (-0.009  (-0.012
-0062)  -0071)  -0.052) -0030) -0.016) -0013) -0011) -0016 -0080) -0015 -0029) -0031) -0020) -0109) -0020) -0016 -0015) -0026) -0021) -0018 -0029) -0031) -0019) -0026) -0021) -0.015)
CG (0039 (0039  (0.043  (-0.044 (0.022 (0026 (0023 (0018  (-0.121 (0.026  (-0.026 (0023 (0020  (-0.051 (0.024 (0025 (002 (0025 (0017 (0023 (0020  (-0.021 (0.022  (-0.021 (0.023  (-0.026
-0080) -0.074) -0070)  -0.088) -0.023) -0020) -0020) -0025 -0101) -0.015 -0021) -0023) -0021) -0108) -0018) -0014) -0022) -0.018 -0022) -0019 -0024) -0024) -0019) -0022) -0019 -0024)
BM (0034 (0024 (0026 (0026  (-0.047 (0013 (-0.014 (0011 (0.083  (-0.015 (0015 (0008  (-0.011 (0.048 (0013 (0012 (0013  (-0.01 (-0.011 (-0.01 (0013  (0.010 (0014 (0007 (0015  (-0.013
-0044)  -0.043) -0045) -0053) -0078) -0009) -0.006) -0016) -0091) -0008) -0018) -0020) -0013) -0093) -0010) -0010) -0014) -0011) -0011) -0012) -0010) -0015 -0011) -0024) -0010) -0011)
AM (0036 (0031 (-0.031 (0.030 (0042  (-0.037 (0.014  (-0.009 (0106 (0016 (0014 (0013 (0016  (-0.051 (0013 (0012 (0014 (0010 (0009 (0015  (-0.011 (0.012  (-0.014 (0008 (0014  (-0.015
-0052)  -0.043) -0055) -0043) -0077) -0.036) -0.007) -0017) -0077) -0010) -0020) -0016) -0009 -0098) -0.011) -0009) -0012) -0016 -0017) -0009) -0016) -0013) -0.009) -0022) -0009) -0011)
LA (002 (0027 (0023 (0030 (0038  (-0.038  (-0.040 (0.013  (-0.085 (0013 (0014 (0010  (-0.015 (0046 (0014 (0014  (-0.015 (0014 (0014 (0015  (-0.010 (0013 (0013  (-0.01 (0015  (-0.015
-0040) -0.038) -0039) -0044) -0071) -0022) -0028) -0.014  -0080) -0013) -0020) -0022) -0012 -0092) -0010) -0007) -0008) -0.008) -0010) -0011) -0015 -0015 -0011) -0020) -0012 -0010)
TG (0031 (0024  (-0.030 (0028 (0044 (0037 (0037  (-0.040 (0108 (-0.010  (-0.011 (0.008 (0013 (0033  (-0.01 (0.007  (-0.011 (0.012 (0013 (-0.011 (0.007 (0009 (0009  (-0.011 (0013 (0.01
-0045  -0.056) -0048) -0051) -0082) -0.045) -0050) -0.035 -0065) -0.020) -0023) -0021) -0012 -0117) -0013) -0019 -0017) -0020) -0010) -0015 -0025 -0021) -0.013) -0018) -0010) -0.018)
LP (0085 (0093 (0094 (0075 (0102  (-0.101 (0.088 (0100  (-0.084 (0.082 (0105 (0082 (0084 (0174  (-0.087  (-0.089 (0097 (0089  (-0.096  (-0.091 (0.080  (-0.080  (-0.083  (-0.091 (0.08- (0105
-0194)  -0194) -0248) -0175) -0230) -0.227) -0205) -0203) -0.149) -0.082) -0095) -0088) -0086) -0200) -0080) -0.085 -0064) -0082 -0079) -0092) -0112) -0093) -0090) -0.077)  0.093) - 0.000)
AT (0041 (0036 (0039 (0039  (-0.047 (0050 (0052  (-0.042  (-0.044  (-0.101 (0.016 (0012 (0013 (0044 (0017  (-0.014 (0016 (0010 (0012  (-0.012 (0013 (0010 (0014 (0007  (-0.016  (-0.014
-0058)  -0.054) -0062) -0048) -0066) -0029) -0031) -0044) -0058) -0.214) -0022) -0020) -0013) -0094) -0006) -0009) -0011) -0018 -0014) -0018 -0017) -0021) -0015 -0027) -0011) -0015)
PM (0033 (0042  (-0.031 (0.042 (0045 (0036 (0044  (-0.035 (0038  (-0.101 (-0.041 (0.016  (-0.016 (0033 (0015 (0014  (0.013  (-0.013 (0014 (0016 (0016  (-0.014 (0015 (0014 (0017 (0017
-0053)  -0.033) -0055) -0063) -008) -0061) -0058) -0056) -0.062) -0243)  -0.064) -0019) -0.019) -0106) -0021) -0018 -0031) -0.017) -0017) -0015 -0015 -0014) -0016) -0015) -0017)  -0.021)
TV (0038 (0030  (-0.037  (-0.007 (0044  (0.037 (0032 (0028  (-0.021 (0.089  (-0.043  (-0.034 (0015 (0026 (0013  (-0.011 (-0.011 (0.007 (0005 (0010  (-0011 (0.014 (0013 (0011 (0.014  (-0.009
-0056) -0.046) -0088) -0096) -0.080) -0.062) -0052) -0064 -0072) -0212) -0066) - 0.065) -0012)  -0112) -0013) -0018) -0024) -0022) -0027) -0016) -0021) -0012) -0015 -0017) -0014)  -0027)
VL (0032 (0030 (0037 (0040  (-0.0M (-0.031 (0.034  (-0.038 (0038 (0095  (-0.049  (-0.043  (-0.034 (0.029 (0015 (0010 (0016 (0010  (-0.012  (-0.016 (0008 (0014  (-0.011 (0012 (0017 (0012
-0049) -0.044) -0067) -0053) -0078) -0.046) -0039) -0047) -0050) -0209) -0.049) -0060) -0.052) -0120)  -0.011) -0013) -0012) -0015 -0012) -0008) -0019) -0015) -0013) -0015) -0005) -0017)
SG (0167 (0157  (-0.121 (0118 (-0.141 (0136 (0133 (0138 (0158 (0175  (-0.135 (0153 (0179  (-0.152 (-0.041 (0.042  (-0.052 (0050  (-0043  (-0.037  (-0.032 (0028  (-0.037  (-0.021 (0.034  (-0.046
-0220) -0.221) -0.225) -0263) -0226) -0193) -0220) -0213) -0241) -0279) -0.228 -0222) -0213) -0.236) -0.090) -0092) -0087) -0084 -0093) -0.109) -0110) -0110) -0.104) -0119) -0.112)  -0.108)
LR (0027 (0020 (0043 (0038 (0046  (-0.032 (0036 (0028  (-0.032 (0106  (-0.058 (0044 (0032  (-0.044  (-0.144 (0013  (0.014 (0012 (0012 (0010 (0.0 (0.014 (0015 (0011 (0016 (-0.013
-0053) -0.052) -0070) -0072) -0080) -0.054) -0048) -0049) -0048) -0228) -0025 -0066) -0053) -0051) -0213) -0011)  -0011) -0013) -0010) -0016) -0018) -0012) -0007) -0018) -0.007) -0.018)
RB (0027  (-0.021 (0.025  (0.017 (0035 (0023 (0023  (-0.019 (0026 (0088  (-0.027 (0030 (0038  (-0.024 (0142  (-0.026 (0.016  (-0.008  (-0.011 (0010 (0.012 (0.0 (0013  (-0.010 (0014  (-0014
-0048)  -0.037) -0043) -0058) -0.064) -0036) -0036) -0032) -0047) -0224) -0037) -0059) -0086) -0052) -0221) -0.050) -0010) -0.015) -0010) -0014 -0014) -0013) -0012) -0020) -0010) -0.010)
CB (003 (003 (0036 (0025 (0050  (-0.041 (0.036  (-0.026 (0038 (0093  (-0.049  (-0.049  (-0.041 (0.053 (0135 (0032  (-0.027 (0.007  (-0.010  (-0.011 (0.007  (-0.008 (0012 (0008 (0018  (-0.014
-0060) -0.060) -0057) -0058) -0077) -0.050) -0042) -0047) -0054) -0188) -0044) -0074) -0064) -0041) -0234) -0059) -0.046) -0022)  -0015) -0020) -0027) -0023) -0016) -0027) -0009) -0015)
SB (0034 (002 (0027  (-0.0M (0.044  (-0.032 (0028 (0035  (-0.038 (0098 (0048 (0037  (-0017 (0038 (0123  (-0.040  (-0.020  (-0.025 (0.013 (0012 (0009  (-0.011 (-0.01 (0.012 (0012 (-0.009
-0056) -0.040) -0051) -0073) -0064) -0.047) -0067) -0035 -0060) -0225 -0060) -0056) -0081) -0053) -0217) -0053) -0050) -0.082) -0009) -0.013) -0014) -0011) -0014 -0019) -0017) -0021)
EB (0024 (0025 (0028 (0016 (0040  (-0.026 (0029 (0027  (-0.023  (-0.080  (0.035 (0032  (-0.007 (0030 (0124 (0027 (0026 (0020  (-0.031 (0010  (-0.009  (-0.009 (0009 (0007 (0013  (-0.012
-0045  -0.049) -0052) -0064) -0077) -0.039) -0054) -0040) -0035 -0202) -0053) -0057) -0105) -0.045) -0202) -0.047) -0041) -0058) -0.042) -0.017)  -0014) -0014) -0015) -0023) -0010) -0.016)
ES (0030 (0025 (0039 (003 (0048  (-0.035 (0047 (0048  (-0.036  (-0.089 (0053 (0039 (0020 (0045 (0147 (0043 (0030 (0043  (-0.034 (0032 (0.009  (-0.011 (0010 (0.0M1 (0.014  (-0.012
-0044) -0036) -0056) -0045) -0071) -0.045) -0029) -0026) -0050) -0218) -0056) -0048) -0.049) -0029) -0222) -0.065 -0043) -0060) -0.048) -0.050) -0020) -0016) -0.016) -0016) -0010) -0.018)
M (0030 (-0.024 (0029 (0016  (-0.042  (-0.029 (0020 (0027  (-0.031 (0100 (-0.036 (0030 (0038  (-0.019 (0149 (0029 (0022 (0032 (0025  (-0.016  (-0.023 (-0.011 (0.012 (0007 (0012  (-0.009
-0053) -0.041) -0062) -0077) -0076) -0.040) -0053) -0043) -0063) -0241) -0049) -0057) -0056) -0056) -0.196) -0057) -0.035) -0063) -0049) -0043)  -0.061) -0016) -0.013) -0026) -0015 -0020)
ML (0040 (0020 (0030 (0043 (0050  (-0.037  (-0.039 (0041  (0.043 (0102  (-0.047 (0040 (0034  (-0.043 (0148 (0033 (0029 (0038  (-0.032 (0029  (-0.046  (-0.03- (0.014 (0008 (0012  (-0012
-0075 -0.040) -0076) -0075) -0.090) -0.060) -0051) -0059) -0.066) -0219) -0067) -0055 -0047) -0063) -0205 -0052) -0.049) -0063) -0045) -0053) -0.056)  0.058) -0013)  -0021) -0013)  -0021)
TT 0031 (002 (0025 (0037 (003 (0037  (-0.031 (0.032  (-0.031 (0.082  (-0.036 (0038 (0027  (-0.028 (0144 (0022 (0022  (-0.031 (0.034  (0.020  (-0.031 (0.022  (-0.035 (0.009 (0013 (0015
-0044) -0.038) -0059) -0051) -0073) -0039) -0038) -0036) -0038 -0200) -0056) -0048) -0055) -0.049) -0200) -0041) -0035 -0051) -0.045 -0053) -0052) -0036) -0.042) -0019)  -0007) -0012)
BJ (0027 (002 (0038 (0022  (-0.041 (0.026  (-0.026  (-0.026 (0028  (-0.087  (-0.045  (-0.031 (0.028  (-0.037 (0156 (0039  (-0.020  (-0.034  (-0.034 (0024  (-0.030  (-0.019  (-0026  (-0.023 (0.013  (-0.008
-0054) -0.042) -0067) -0073) -0077) -0066) -0069) -0054) -0058 -0.185) -0075) -0056) -0061) -0057) -0255) -0.069) -0062) -0077) -0054) -0068) -0055 -0068) -0072)  -0.059) -0017)  -0.026)
LB (0024 (002 (0048 (0024 (0047 (0036 (0028 (0029  (-0.031 (-0.094  (-0.049 (0032 (0030  (-0.039 (0136 (0048 (0023 (0028  (-0.035 (0029 (0036 (0025 (0033  (-0.020  (-0.039 (-0.013
-0042) -0.039) -0038) -0069) -0075 -0.034) -0041) -0046) -0047) -0227) -0036) -0056) -0058) -0027) -0228) -0028 -0039) -0051) -0066) -0046) -0.047) -0043) -0053) -0033) -0.056) -0.014)
DK (0020 (0025 (0024 (0022 (0038  (-0.020 (0033 (0035 (0034  (-0.082  (-0.043 (003 (002  (-0.037 (0127 (0032 (0020 (0037  (-0.038 (0032 (0035 (0019  (-0.041 (0.025  (0.018  (-0.028
-0054) -0.045) -0052) -0046) -0076) -0.038) -0040) -0038) -0045 -0198) -0047) -0058) -0096) -0056) -0223) -0065 -0033) -0057) -0055) -0049) -0.046) -0051) -0060) -0041) -0067) -0.044)




Table A3 — Pairwise ¢st comparison of male (below) and female (above) P. perna datasets. All p-values were

corrected and non-significant. Location codes as in Table 4.2.

BM LR ES IM ML 1T BJ LB DK
BM - 0.000 0.045 0.014 0.011 0.037 0.055 0.000 0.000
LR 0014 - 0.002 0.000 0.000 0.007 0.008 0.000 0.000
ES 0.005 0.004 - 0.054 0.000 0.016 0.038 0.000 0.046
IM 0.000 0.004 0.003 - 0.019 0.019 0.026 0.000 0.040
ML 0.000 0.000 0.000 0.001 - 0.001 0.019 0.000 0.013
TT  0.000 0.000 0.000 0.000 0.000 - 0.000 0.000 0.082
BJ 0.005 0.001 0.000 0.015 0.000 0.008 - 0.010 0.101
LB 0.001 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

DK 0.012 0.000 0.000 0.014 0.000 0.000 0.005 0.000

Table A4 — AMOVA of male (A) and female (B) individuals from nine populations of P. perna distributed over

four groups, based on mitochondrial COl.

A
Source of df  Sum of Variance Percentage ¢- p-
variation squares components of variation Statistics value
Among groups 3 1.874 -0.0061 -0.87 -0.0087 0.80
Among 5 4.095 0.0079 1.11 0.0110 0.21
populations
within groups
Within populations 124  87.233 0.7035 99.76 0.0024 0.33
Total 132 93.203 0.7052
B
Source of df Sum of Variance Percentage - p-
variation squares components of variation gtatistics  value
Among groups 3 1.826 -0.0049 -0.81 -0.0081 0.75
Among 5 3.833 0.0112 1.85 0.0183 0.06
populations
within groups
Within populations 126 75.467 0.5989 98.96 0.0104 0.12
Total 134 81.126 0.6052
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Table A5 — Pairwise Fst (above) and Jost's D (below) comparisons of male (A) and female (B) P. pema

datasets. All p-values of Fst and Jost's D were corrected and non-significant. Location codes as in Table 4.2.

A
Males BM LR ES IS ML 1T BJ LB DK
BM - 0.014 0.005 0.000 0.000 0.000 0.005 0.001 0.012
LR 0.145 - 0.004 0.004 0.000 0.000 0.001 0.000 0.000
ES 0.108 0.000 - 0.003 0.000 0.000 0.000 0.000 0.000
IS 0.006 0.060 0.068 - 0.001 0.000 0.015 0.000 0.014
ML 0.000 0.000 0.000 0.037 - 0.000 0.000 0.000 0.000
1T 0.000 0.000 0.000 0.000 0.000 - 0.008 0.000 0.000
BJ 0.045 0.051 0.015 0.069 0.000 0.054 - 0.000 0.005
LB 0.045 0.000 0.054 0.007 0.000 0.000 0.000 - 0.000
DK 0.121 0.029 0.000 0.118 0.000 0.000 0.098 0.067 -
B
Females BM LR ES IS ML 1T BJ LB DK
BM - 0.000 0.002 0.000 0.005 0.009 0.007 0.000 0.005
LR 0.000 - 0.000 0.002 0.000 0.000 0.000 0.000 0.000
ES 0.000 0.000 - 0.000 0.007 0.005 0.000 0.000 0.005
IS 0.006 0.022 0.009 - 0.000 0.000 0.000 0.000 0.004
ML 0.103 0.016 0.074 0.003 - 0.000 0.001 0.005 0.005
1T 0.042 0.051 0.106 0.032 0.003 - 0.000 0.000 0.010
BJ 0.029 0.000 0.000 0.036 0.012 0.039 - 0.000 0.009
LB 0.000 0.000 0.000 0.000 0.085 0.061 0.000 - 0.000
DK 0.052 0.017 0.005 0.026 0.044 0.054 0.111 0.000 -
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Table A6 — AMOVA of male (a) and female (b) individuals from nine populations of P. perna distributed over

four groups, based on seven microsatellite markers.

A

Source of df Sum of Variance Percentage ¢- p-
variation squares components of variation Statistics value
Among groups 3 7.504 -0.0021 -0.08 -0.0008 0.64
Among 5 13.178 0.0002 0.01 0.0001 0.50
populations

within groups

Within 261 686.633 2.6308 100.07 -0.0007 0.58
populations

Total 269 707.315 2.6289

B

Source of df Sum of Variance Percentage ¢- p-
variation squares components of variation statistics value
Among groups 3 7.644 0.0022 0.09 0.0009 0.34
Among 5 12.033 -0.0028 -0.11 -0.0011 0.87
populations

within groups

Within 261 650.2 2.4912 100.02 -0.0003 0.88
populations

Total 269 669.878 2.4906
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8.2 Figures

Figure Al - Examples of alga species present on Moroccan and Western Sahara shores. A) Codium
tomentosum var. mucronatum, B) Bifurcaria bifurcata, c) Fucus guiryi, D) Laminaria ochroleuca, E) Padina

pavonica, F) Ralfsia verrucosa, G) Corallina caespitosa, H) Litophyllum byssoides. A) green alga; B-F) brown

algae and G-H) red algae.
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Figure A2 - Ascomycota (lichen) species identified from Moroccan and Western Sahara shores. A) Lichina

pygmaea, B) Verrucaria maura.

A

Figure A3 - Anellida (A) and Arthropoda (B-D) species identified from Moroccan and Western Sahara shores.

A) Sabellaria alveolata, B) Chthamalus spp, C) Perforatus perforatus, D) Pollicipes pollicipes.
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Figure A4 — Examples of Mollusca species identified from Moroccan and Western Sahara shores. A)
Echindlittorina punctata, B) Melarhaphe neritoides, C) Mytilus galloprovincialis, D) Cymbula nigra, E) Patella

depressa, F) Pat. rustica.

202



Figure A5 — Selection of best-fitting K (number of clusters) proposed for the genetic structure of F. guiry
populations. A) Best-fitting K based on AK method of Evanno et al. (2005), i.e. K=4, B) Best-fitting K based on
Ln(K), i.e. K=4.

Figure A6 — Discriminant analyses of principal components (DAPC) results. Selection of best fitting K (K=4)

based on Bayesian Information Criterion (BIC),
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Figure A7 — Selection of best-fitting K (number of clusters) proposed for the genetic structure of the male
dataset of P. perna populations. A) Best-fitting K based on AK method of Evanno et al. (2005), i.e. K=3, B)
Best-fitting K based on Ln(K), i.e. K=1, C) Bayesian analysis summary plot (each bar represents one
individual) obtained from STRUCTURE i.e. K=3. Coloured bars depict expected genetic clusters. Bars of

different widths indicate different populations and are composed of single bars for each individual.

Figure A8 — Selection of best-fitting K (number of clusters) proposed for the genetic structure of the male
dataset of P. perna populations. A) Best-fitting K based on AK method of Evanno et al. (2005), i.e. K=3, B)
Best-fitting K based on Ln(K), i.e. K=1, C) Bayesian analysis summary plot (each bar represents one
individual) obtained from STRUCTURE i.e. K=3. Coloured bars depict expected genetic clusters. Bars of

different widths indicate different populations and are composed of single bars for each individual.
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