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ABSTRACT

Investigating the relative roles of physical and biological factors in determining
community structure across gradients of emersion and wave exposure in the rocky shore
intertidal has been one of the principal areas of interest in marine ecology. However, the way
in which the role of these factors changes over large latitudinal scales across European shores
has not been quantitatively assessed. Using a large scale survey across the European coastline
changes in community structure from a local to a European scale were assessed in a
quantitative manner, with particular focus on the dominant primary producers, fucoid
macroalgae, and key grazers, patellid limpets. Following this quantitative descriptive
approach, key controlling processes that ultimately could lead to alterations in the community

structure and energy flow between ecosystems were also explored.

The large scale survey gave a broad scale quantitative description of major functional
intertidal groups over a latitudinal gradient from northern Scotland to southern Portugal
(Chapter 2). This descriptive work explicitly operated at a very coarse scale of resolution to
essentially differentiate between algal dominated and sessile invertebrate dominated
assemblages. In describing latitudinal patterns, a key confounding variable, wave exposure,

was addressed by independently categorising shores into three categories according to the



degree of wave action. This was achieved using a GIS model based on wave fetch. The
quantification of patterns of biomass and percentage cover over latitudinal scales resulted in
the development of a database for different intertidal functional groups covering a large area
of the European rocky intertidal, which can be used by future studies for temporal
comparisons and evaluation of the effects of possible climatic alterations. The survey showed
a decline in total fucoid biomass and percentage cover in the Portuguese region, but little
variation over the extent of the British Isles. The expected corresponding increase in filter
feeder cover was not obvious and an increase in Patella grazer density and biomass in

Portugal was not found.

A number of targeted field experiments and collections were undertaken in Wales and
Portugal to ascertain the causal factors leading to the observed gradient in algal-animal balance
in the intertidal over a European scale. A factorial experiment (Chapter 3) was undertaken in the
field to determine the interactive effect of grazing pressure and physical environment (shade
and moisture) on patterns of fucoid recruitment. Amelioration of the physical environment did
not improve recruitment at either geographical region, while grazing pressure was found to be

an important process regulating fucoid recruitment only on northern European shores.

Adult algal characteristics, specifically stress levels (Chapter 4) and reproductive capacity
(Chapter 5), were assessed, through experimental work, to determine their contribution to
latitudinal scale patterns. The results showed that stress levels (measured as photosynthetic
resilience) increase in fucoid populations when they were subjected to physical conditions
characteristic of a summer day in Portugal, with specimens not being able to fully recover
even after a 16 hour recovery period. Environmental conditions in southern regions were also
found to promote fucoid populations with lower numbers of receptacles and lower

reproductive tissue biomass, which indicates reduced reproductive capacity.

Using the data collected and conclusions about patterns and processes from the
experiments undertaken during the PhD, changes in algal productivity and filter feeder
abundance were discussed, while predicting energy flow from and to the coastal environment
at local and large geographical scales. The work demonstrates the importance of undertaking
quantitative surveys over large scales whilst controlling for key confounding variables. Whilst
many of the patterns expected from previous qualitative descriptions and quantitative work
undertaken at local scales were verified, there were important unexpected outcomes. In
addition, experimental work undertaken in different geographical regions has provided some
insight into key processes determining large scale patterns.

Vi
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CHAPTER 1
GENERAL INTRODUCTION

1.1 BRIEF OPENING NOTE

Climate varies with latitude but also fluctuates over time. Climate on Earth varies across
temporal scales ranging from seasonal cycles to millennial scales that lead to changes from
glacier to inter-glacial transitions (Harley et al. 2006). However, over recent years there is
evidence of rapid warming. Contemporary climate change has been linked with human
activity and data shows that warming patterns observed in past decades clearly exceed the rate
observed over the last centuries (Jones et al. 2001; Jones & Mann 2004; Hansen et al. 2006;
IPCC 2007). Climate warming has been observed around the globe with the largest temperature
increases occurring at mid to high latitudes in the northern hemisphere (Jones et al. 2001; Jones
& Mann 2004; Hansen et al. 2006). If the rate of climatic warming is to continue, conditions at
higher latitude in the future may come to resemble those from lower latitudes today. This

potential trend gives great importance to studies made across different latitudes.

As proposed by Parmesan and Yohe (2003), since climatic change is detected through

analysis of global patterns of atmospheric gases, its effects should also be observed across



large spatial scales and through the analysis of community patterns in order to fully apprehend
its global consequences. Therefore, quantitative surveys of European scale patterns spanning
several degrees of latitude will be valuable to predict future intertidal community states. The
predictive power of the effects of climatic alteration in future will also increase if experiments

lead to greater understanding of the processes generating contemporary patterns.

In my thesis | have taken a quantitative approach to measure patterns in rocky shores
across Europe, re-examining existing paradigms based on qualitative descriptions at limited
sites (Ballantine 1961; Hawkins & Hartnoll 1983; Hawkins et al. 1992). | have studied shifts
in the balance between filter feeders and large fucoid macroalgae and variation in grazing
pressure along horizontal gradients occurring with latitude. The experimental design used has
rigorously controlled for wave action and by using multiple shores in a region this study was
able to separate local variation from broader scale patterns. Furthermore, in order to obtain a
more complete understanding of patterns detected | have undertaken experiments testing
hypotheses about the processes that could be leading to pattern formation.

In the rest of this general introductory chapter, | briefly introduce how rocky shore
species and assemblages respond to major local environmental gradients and a brief overview
of important biological interactions is described in the light of broad changes in balance
between fucoid and filter feeder communities. | introduce the more gentle and complex
latitudinal gradient, which underlies biogeographical patterns and explores some of the
changes caused by climatic differences observed across the European coastline. | conclude by

introducing the overall rational of the thesis and the specific objectives of each chapter.

1.2 SHORE ENVIROMENT

The shoreline and its organisms have been the subject of curiosity and study for a long
time. Diverse habitats such as sandy beaches, estuarine mudflats and rocky shores, despite
presenting a different physical nature, share common environmental and ecological aspects
that characterize them as a shore (Raffaelli & Hawkins 1996). The rocky shore community
experiences some of the most severe physical conditions in the world. Intertidal organisms are
greatly influenced by fluctuation of water level caused by tidal cycles. In addition to the
effects of mechanical forces, such as the movement of water, air or sediments, the cyclic
emersion periods cause multiple biochemical stresses due to variability in temperature, light,
salinity, pressure and moisture levels (Evans 1948; Menge 1976; Underwood & Jernakoff



1984; Carrington 1990). Adding to the physical pressures, intertidal organisms are still
exposed to a complex network of biological interactions caused by a biodiverse intertidal
community. Specific characteristics and strategies are necessary to overcome abiotic and
biotic stresses and the success of organisms will ultimately be reflected in their natural

distribution on the shore.

1.2.1 Tidal effects

Environmental conditions on rocky shores are highly influenced by tidal elevation. A
sharp unidirectional gradient of physical stress occurs from fully marine conditions up to the
highest extent of marine influence, the splash zone. This vertical stress gradient is the main
reason for the development of vertical zonation of intertidal algae and animals on rocky
shores (Stephenson & Stephenson 1949; Stephenson & Stephenson 1972; Lipkin et al. 1993;
Raffaelli & Hawkins 1996). The greatest stress occurs in temperate zones in the summer
during daylight emersion periods. Extreme levels of stress occur when the low tide happens
around mid afternoon on days with clear skies and low influence of waves. This conjunction
of factors, promotes an environment with harsh physiological stresses where abnormal high
temperatures and solar radiance cause extreme levels of desiccation (Stephenson &
Stephenson 1972; Hawkins & Jones 1992; Denny & Wethey 2001). Regarding the vertical
position on the shore, upper areas of the shore are classified as more severe mainly due to
their greater emersion period and the more variable, unpredictable and extreme physical
conditions (Doty 1946; Denny & Wethey 2001).

Several studies exemplify the positive correlation between shore level occupied by
intertidal organisms and their tolerance to physiological stresses. The upper and lower vertical
distribution limits of species can be dictated by physical factors or biotic interactions
(Stephenson & Stephenson 1949; Connell 1972; Wolcott 1973; Menge & Sutherland 1976;
Raffaelli & Hawkins 1996).

Various studies observed the impact of physical factors on the vertical distribution of
species and some upper shore species have been shown to have improved tolerance to
extreme temperatures (Evans 1948; Davies 1970; Somero 2002; Davenport & Davenport
2005), desiccation (Test 1945; Buschmann 1990; Lipkin et al. 1993; Gylle et al. 2009),
osmotic extremes (Smith & Berry 1986; Davison & Pearson 1996) and solar radiance

intensity (Lamote et al. 2007). The importance of physical factors in regulating upper limits



of fucoid species has also been described. Species like Pelvetia canaliculata, Fucus spiralis,
Ascophyllum nodosum and Laminaria digitata have all shown to be directly affected by
physical factors, such as extreme field temperatures and long exposure to sunlight (Schonbeck
& Norton 1978; Todd & Lewis 1984; Hawkins & Hartnoll 1985; Norton 1985).

However, physical factors are not the only forces setting vertical limits in the rocky
intertidal environment (Wolcott 1973; Lubchenco 1980). The vertical distribution of some
intertidal species is not caused by physical limitation but due to the override effect of
biological interactions (Connell 1961a; Dayton 1971; Menge 1976; Grosberg 1982). Canopy
removal experiments and alga transplant studies made in the United Kingdom demonstrated
that the lower limits of fucoid species, like Pelvetia canaliculata, Fucus spiralis, Fucus
vesiculosus, Fucus serratus and Himanthalia elongata, can be established by competition
with species that occupy the vertical zone below (Schonbeck & Norton 1980; Hawkins &
Hartnoll 1985; Johnson et al. 1998b). Similarly to lower levels, upper vertical limits of
distribution of some fucoid species, as Fucus serratus and Laminaria digitata, have also been
showed to be set by competition with the species zoned immediately above, Fucus vesiculosus

and Fucus serratus respectively (Hawkins & Hartnoll 1985; Johnson et al. 1998b).

From the knowledge acquired so far, the consensus seems to be that both abiotic and
biotic processes are possible causes for the vertical distribution limits of species on the shore.
A generally accepted consensus is that the upper limits of species are often limited by
physical factors, especially high on the shore, whilst the lower limit is generally determined

by interactions with other species (Raffaelli & Hawkins 1996).

1.2.2 Effects of exposure to wave action

Wave exposure, defined as the degree of wave action that a shore experiences, has long
been described to have a considerable influence on rocky shore communities (Ballantine
1961; Lewis 1964; Jones & Demetropoulos 1968; Stephenson & Stephenson 1972; Denny
1985). Variation in the magnitude, duration and frequency of wave forces create different
environmental conditions over a horizontal gradient. Unlike the vertical gradient, the

horizontal gradient is not a unidirectional stress gradient (Raffaelli & Hawkins 1996).

The strength and impact of waves is affected by wave height and length, shore topography
and coastal bathymetry (Denny 1988, 2006). The swell generated by distant weather systems

and the influences of local winds are also very important variables that influence wave height



and length (Denny 1988). So, at a large-scale primary wind direction, wind speed and fetch are
the factors controlling wave exposure. While at intermediate scales, coastline topography is
another factor to consider. On such scales, headlands are considerable areas of wave refraction
where the energy converges, whereas embayed areas are regions of divergence of wave energy.
At smaller scales, the effects of local bathymetry and shore topography also contribute to the
level of wave exposure (Denny 1988). Waves create hydrodynamic forces, such as drag, lift and
acceleration that affect the fitness and survival of the littoral community (Carrington 1990). The
risk of dislodgment and loss of biomass increases with wave exposure, leading to selection of
the intertidal organisms that are able to sustain such forces. Organisms that allocate resources
and develop specific characteristics to improve their adhesion to the substratum have better

chances of success in wave-exposed intertidal shores.

In the UK, variation in the composition of communities along wave exposure gradients
has been well illustrated by Ballantine (1961). The dominant organisms in sheltered bedrock
shores are dense canopies of fucoid species, while more exposed areas are represented by a
mosaic of mussels, barnacles and limpets. The experiment carried out by Hawkins and Harkin
(1985), is a good example of the variation in community structure caused by different levels
of wave action. The flourish of Alaria esculenta at wave exposed areas at an height of the shore
dominated in sheltered conditions by Laminaria digitata, illustrates how wave exposure can
promote alterations in the community through selection of species better adapted to mechanical
disturbance. As with the vertical gradient, not only physical factors are significant, biological
processes, like competition and predation explored in the next section, can also determine
species horizontal distribution (Jones 1948; Hawkins 1981a; Hawkins et al. 1992).

The measurement of wave action levels on intertidal shores has been made through
different approaches. Biological indices for the categorization of wave exposure have been
used in Europe since the study of Ballantine in 1961. Although practical in the field,
biological indices cannot be applied to predict the community composition of shores not yet
studied and more crucially have the problem of circularity of reasoning. When the number of
sites to study is not large, an alternative method is the deployment of wave force
dynamometers on the shore that allow the accurate measurement of the maximum force and
maximum water velocity imposed at the place of deployment (Denny 1983; Bell & Denny
1994). Another alternative method is the use of topographical indices (Baardseth 1970;
Thomas 1986). This methodology calculates the effective fetch from actual fetch modified by
shoreline and offshore extents of shallow water. Crucially, a new approach by Burrows et al.



(2008) that uses a combination of geographical information systems, topographical indices
and wind energy data has been recently developed. This method allows the rapid calculation
of wave exposure indices across large sections of coastline, being the most appropriate to be
used in large-scale comparisons studies and as a forecast tool for assessing wave exposure

levels of unvisited coastlines.

1.2.3 Biological interactions

Rocky shores are characterized by the formation of species patterns, achieved through a
combination of abiotic and biotic processes (Raffaelli & Hawkins 1996; Bertness & Leonard
1997; Harley 2003). The biological intertidal community is affected by multiple physical
factors and by a large variety of biological interactions that contribute to the final patterns
observed on each shore (Menge et al. 1999; Jenkins et al. 2008). The strength of different
processes is not always similar and varies over different spatial and temporal scales
(Thompson et al. 1996; Aberg & Pavia 1997; Underwood 1999). Several biological
parameters can influence patterns of organisms on a rocky shore, however the most important
for macroalgal species are the ones affecting their settlement and recruitment levels.
Herbivore pressure (Jenkins et al. 2001; Coleman et al. 2006) and competition for space
(Hawkins & Hartnoll 1985; Johnson et al. 1998b) are main factors restricting macroalgae
survival. Although biological interactions affect macroalgae abundance, their presence on the
shore is also extremely important for other species of the rocky shore community, as they
confer vertical structure to a normally two dimensional environment, becoming especially

important for facilitation processes (Thompson et al. 1996; Bertness & Leonard 1997).

1.2.3.1 Herbivory

The remarkable effect of grazing pressure on macroalgal settlement and recruitment can
explain, to some extent, the variation in algal distribution and abundance over vertical,
horizontal and latitudinal gradients (Jones 1946; Hawkins 1981a, b; Lubchenco & Gaines
1981; Sousa et al. 1981; Hawkins 1983; Johnson et al. 1997; Johnson et al. 1998a; Jenkins et
al. 2001; Boaventura et al. 2002a; Jenkins et al. 2005; Coleman et al. 2006).

The impact of grazing pressure can be responsible for the delimitation of algal vertical
limits. Experiments excluding patellid limpets performed on moderate wave exposed areas
from south and north of Europe help to confirm the concept (Boaventura et al. 2002a).

Boaventura et al. (2002a) showed that after limpet exclusion, turf species could extend their



previously set upper limit, proving that herbivory pressure controls algal turf upper vertical
limits of distribution on both locations.

Experimental work testing the effect of grazing pressure across shores with different
exposures, have too, showed how grazing can influence and control horizontal distributional
limits of intertidal algae (Hawkins & Hartnoll 1985; Cervin et al. 2005). Patellid limpets are
the dominant grazers in north west Europe and have an important role in the control of
macroalgal growth on the mid shore at exposed areas over a latitudinal gradient, though their
influence decreases on the low shore and at sheltered areas (Jenkins et al. 1999a, b; Jenkins et
al. 2008). These epilithic microphagous grazers can directly control the distribution and
abundance of macroalgae by grazing on post-settlement stages (Hawkins 1981a; Lubchenco
& Gaines 1981; Jenkins et al. 2001; Boaventura et al. 2002b) or on mature holdfasts
(Hawkins et al. 1989; Davies et al. 2007). Several experiments, performed in the mid shore at
northern moderately exposed areas, areas normally dominated by barnacles and mussels,
showed that after removal of patellid limpets those areas become completely covered by
macroalgae, which proves the influence of herbivory on the spatial distribution of macroalgae
at this latitude (Hawkins 1981a; Jenkins et al. 2005; Coleman et al. 2006). Coleman et al.
(2006) also demonstrated that grazing in northern areas could reduce spatial variability of
algae. Hence, grazing pressure in northern European rocky shores not only controls
macroalgal abundance but also is responsible for its variability, acting as a regulating force
for macroalgae diversity. Despite such results, a not so linear outcome occurs in southern
European regions. It has been proposed, that with decreasing latitude an increase in grazing
pressure could be observed (Ballantine 1961; Hawkins & Jones 1992; Jenkins et al. 2001,
Jenkins et al. 2008). However, in southern locations, probably due to differences in the
recruitment of algae and harsher environmental stress, grazing has more unpredictable and
unexplained effects (Benedetti-Cecchi et al. 2001; Jenkins et al. 2005; Coleman et al. 2006).
Over the European latitudinal gradient the identity of the dominant grazer species also changes
(Crisp & Southward 1958; Hawkins & Hartnoll 1983; Boaventura et al. 2002b; Jenkins et al.
2008). The boreal-cold temperate Patella vulgata is the dominant grazer at northern latitudes
but its density and importance decreases towards southern latitudes where Patella depressa

becomes the dominant species (Boaventura et al. 2002a; Boaventura et al. 2002b).

Herbivore pressure is the result of a combination of intraspecific and interspecific factors.
The density of herbivores is significantly correlated with grazing pressure (Jenkins et al.
2001; Jenkins & Hartnoll 2001). However, species identity also has a strong impact on algal



community composition. The importance of a single species on the ecosystem equilibrium
can be enormous. In the Irish intertidal, Patella ulyssiponensis has such a significant role
upon their ecosystem that its removal leads to a complete alteration of the habitat. In their
absence the habitat becomes completely covered by macroalgae, regardless of the presence
and abundance of other grazer species (O'Connor & Crowe 2005). In this experiment after a
short period, other grazers, Littorina littorea and Gibbula umbilicalis, seem to gradually
compensate and dilute the expected effect created by the Patella ulyssiponensis eradication
(O'Connor & Crowe 2005), creating a response representative of the redundancy model
(Gitay et al. 1996) and the biological insurance theory (Yachi & Loreau 1999). However,
after approximately one year, compensation disappeared and an increase in macroalgal cover
took place. These sequences of events demonstrate how vital is the contribution of a single
species on the regulation of patterns in a rocky shore (O'Connor & Crowe 2005). Not only
species identity and density are important in determining levels of alga diversity and biomass.
The diversity of grazer species can also be correlated with alterations in the efficiency of
herbivory and contribute to the control of the algal community. A study developed by Raberg
and Kautsky (2007), aimed to clarify the role of nutrient availability and grazer pressure in algal
epiphyte diversity, indicated that monocultures of grazers only partially controlled epiphytes
growth while multispecies cultures were able to control epiphyte growth. These results show the

importance of diversity of grazers for the structure of ecosystems (Raberg & Kautsky 2007).

The strength of herbivory will always be influenced by the probability of an encounter
between a plant and a consumer and by the damage caused to the plant, which consequently
can modify the plant fitness (Lubchenco & Gaines 1981; Johnson et al. 1998a). In addition to
the limitations named above, various other factors can cause minimization of grazing damage
through avoidance or coexistence mechanisms, such as: occupation of adverse or unavailable
areas to grazers; alteration of spatial and temporal distributions; chemical defence; association
with unpalatable, territorial or predator animals; rapid grow rates. All these factors plus
herbivores densities, diversity and identity are accountable for the maintenance or alteration
of patterns in the rocky shore intertidal zone (Hawkins 1981a; Lubchenco & Gaines 1981,
Duffy & Hay 1990; Jenkins et al. 2001).

1.2.3.2 Settlement & Recruitment

Rocky shores are open systems where many organisms have a planktonic phase within

their life cycle. The duration of the larval phase and range of larval dispersal are very



variable, extending from hours to months and meters to hundreds of kilometres (Reed &
Foster 1984; Santelices 1990). At the conclusion of the larval period, availability of suitable
space for settlement in the intertidal becomes critical. The chosen location, with its physical
and biological conditions, will regulate survival chances and how successfully organisms can
complete their life cycle. This combination of settlement and recruitment success is a
fundamental factor in the regulation of littoral communities (Johnson & Brawley 1998;
Jenkins et al. 2000; Navarrete et al. 2008).

The mid-tide region of a moderately exposed British Atlantic shore is a good natural
laboratory. The experiments made by Hartnoll and Hawkins (1985) described the importance of
biotic factors in the balance of the mosaic composed of fucoids, barnacles, limpets and bare
rock. To understand such a mosaic, it is essential to understand the aspects influencing
macroalgal settlement and recruitment, as well as the influence of macroalgal canopy on the
settlement and recruitment of organisms in the intertidal (Johnson et al. 1998a; Johnson &
Hawkins 1998).

Several groups of organisms have a clear influence on macroalgal settlement and
recruitment success. In areas of high barnacle cover the effectiveness of limpet grazing is
reduced. Such a drop in grazing pressure greatly favours recruitment of fucoid plants, as the
probability of escaping grazing increases (Hawkins 1981a, b; Hawkins & Hartnoll 1982;
Hartnoll & Hawkins 1985; Jenkins et al. 1999a). Several studies over the last decades, as
previously mentioned, reinforce the link between limpet grazing pressure and the probability
of algal settlement and recruitment (Lubchenco & Gaines 1981; Jernakoff 1983; Petraitis
1987; Johnson et al. 1997; Cervin et al. 2005; Jenkins et al. 2005). The settlement and
recruitment of algae clearly decreases with increasing grazing activity but can also be
dependent on the effects of other algae. For example, the majority of mid shore turfing algae
can be dependent on the existence of a fucoid cover (Jenkins et al. 1999a). The amelioration
of stress provided by the canopy is important for many turfing species, which in turn can
cause competition for settlement space with the facilitators (Worm & Chapman 1996).
Adding to these biological interactions, several other factors can control or influence algal
settlement and recruitment. The levels of propagules arriving on the shore are essential, as
shown by Vadas’s et al. (1992) study, where high levels of propagules of ephemeral algae
were reported to swamp herbivores and therefore influence recruitment success. The
germination and spore viability are also important factors. Norton’s (1983) study confirmed
such a notion by showing a decrease in the capacity of Sargassum spp. germlings to produce



mucilage, that is essential to the attachment after a couple of weeks in the water column.
Other characteristics, like the type of substratum and physical factors are also influential for

their settlement and recruitment levels (Vadas et al. 1990; Vadas et al. 1992).

Patterns of algal recruitment are clearly important in determining the dynamics of mid
shore intertidal areas. In addition, macroalgae can have important effects on the settlement
and recruitment of other organisms. In the north Atlantic, the abundance and recruitment of
barnacles changes within the wave-exposure gradient, being higher in exposed and lower in
sheltered areas (Jenkins & Hawkins 2003; Burrows et al. 2010). This observation prompted
some researchers (Bertness et al. 1992) to suggest that barnacle larvae supply would follow
this pattern of abundance and occur at low concentrations in sheltered shores. However,
studies by Jenkins and Hawkins (2003) showed that the concentration of Semibalanus
balanoides cyprid larvae could be high in canopy free sheltered areas. Numerous others
studies illustrate the negative effect that sweeping by the algae fronds has in the settlement of
barnacles (Grant 1977; Hawkins 1983; Jenkins et al. 1999c). Those studies show that Fucus
spiralis, F. vesiculosus, Ascophyllum nodosum and F. serratus are species that can negatively
influence barnacle recruitment through sweeping, as physical abrasion of the thallus on the
surface causes increased mortality of both cyprid and spat. Other factors like predation by the
gastropod Nucella lapillus should also be taken into consideration, especially in mid-exposed
areas (Connell 1961a, b; Menge 1976; Leonard 2000). In exposed conditions, it is predation
together with interspecific competition for space and physical factors that regulate settlement

and recruitment levels of barnacles (Connell 1961a, b; Burrows & Hughes 1989).

All these biological and physical processes uncovered above, are part of complex
interactions between fucoid plants, barnacles, grazers and physical stresses that contribute to

the natural spatial variability observed on the rocky intertidal zone.

1.2.3.3 Habitat Facilitation

Facilitative interactions are relationships between organisms where one or more
individuals experience a net benefit and none is negatively affected (Bertness & Callaway
1994; Bronstein 1994). This concept can be specified into mutualism, if all the organisms
benefit from the interaction, or commensalism, if one organism benefits but the other is not
affected (Bruno et al. 2003). Many early scientific studies (Dayton 1971) show important
demonstrations of facilitation interactions, although these interactions were not described as

such until recently. Work of Bertness and co-workers has highlighted the role of facilitation
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as a structuring process in intertidal communities (Bertness & Callaway 1994; Bruno &
Bertness 2001; Bruno et al. 2003). The beneficial effects of facilitation are realized in various
ways, including aspects of amelioration of environmental stress (Jenkins et al. 1999a;
Leonard 2000), improved recruitment levels (Eckman et al. 1989) and increased growth rates
(Irlandi & Peterson 1991).

Facilitation can occur directly or indirectly. Under direct facilitation the simple presence
of a species is sufficient to change the local environment and improve neighbouring
conditions for other organisms, while in indirect facilitation it is the interaction of two other
species that will improve the local environment of a third species (Wootton 1993). Evidence
of direct facilitation is easier to recognize and was acknowledged by several studies (Dayton
1971; Dayton 1975; Bertness et al. 1999; Jenkins et al. 1999a; Moore et al. 2007a). A good
example of direct facilitation comes from the assemblage of fucoid canopy and limpets in the
northwest Atlantic (Jenkins et al. 1999a; Moore et al. 2007a). Adult fucoid plants have a
positive effect on one of the species present, Patella vulgata, improving both adult and
juvenile survival (Hawkins & Hartnoll 1983). Therefore, this can be seen as direct facilitation
as the ecosystem engineers, in this case fucoid plants, are directly ameliorating the physical
stress and consequently improving the survival of young and adult Patella vulgata (Jones
1948; Hawkins & Hartnoll 1985; Bertness et al. 1999; Moore et al. 2007a).

The concepts of foundation species (Dayton 1972; Bruno & Bertness 2001) and
ecosystem engineers (Jones et al. 1997) are closely related with facilitation processes. Such
definitions are used to name species that stabilize environmental conditions, increase habitat
complexity, and generally create habitat by their mere presence. Foundation species and more
generally facilitation processes are directly associated with an increase in habitable space,
expanding the amount of areas that meet species niche requirement (Bertness et al. 1999). As
expected, stress amelioration increases population densities at medium to high levels of stress.
The impact that some facilitators (e.g. fucoids, mussels, barnacles or corals) can have in their
community makes them extremely important as their removal or exclusion can alter species
composition and affect entire community dynamics (Bertness 1989; Bertness et al. 1999;
Jenkins et al. 1999a; Menge 2000a; Bruno & Bertness 2001; Bruno et al. 2003). So, the
impact of facilitative interactions should not be disregarded and changes in the balance
between filter feeder and fucoid community domination must be taken into account as

changes in one of this functional groups can lead to change in community structure.
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1.3 LARGE SCALE FACTORS AND LATITUDINAL GRADIENTS

On a larger geographical scale, climate variation and the effects of upwelling regimes and
ocean currents induce latitudinal dissimilarity on rocky shores (Menge et al. 1997a; Menge
2000b; Broitman et al. 2001; Connolly et al. 2001; Thompson et al. 2002). Upwelling areas
and ocean currents influence the abundance and spatial distribution of many marine species
over a latitudinal gradient. Several examples from North American studies show that bottom-
up processes can regulate benthic communities through their influence on filter feeder growth
rates and abundance. Food availability for larvae, recruits and adults, produce individuals
with better fitness that are more resistant to physical stress, which led to higher levels of space
occupation (Menge et al. 1997a; Menge et al. 1997b; Broitman et al. 2001; Connolly et al.
2001; Blanchette et al. 2006).

Variation in latitude is also normally accompanied by an alteration in the annual mean sea
surface temperature. This physical factor can be highly important for determining the abundance
of large macroalgae (Peters & Breeman 1993; Broitman et al. 2001; Rivadeneira & Fernandez
2005; Hawkins et al. 2009). Previous physiological studies confirmed that low temperatures,
present at higher latitudes, could positively influence growth, reproduction and algae propagule
survival (Lining & Neushul 1978; Peters & Breeman 1993), creating conditions for the

occurrence of areas with high algae abundance (Ballantine 1961; Broitman et al. 2001).

In the European northeast Atlantic intertidal coast, annual mean sea surface temperature
can vary up to 9 °C from northern Scottish areas to the southern Portuguese coast. It has been
proposed, based on some descriptive and qualitative local studies, that a change in the balance
between fucoid algae and sessile invertebrate cover on wave action gradients from northern to
southern Europe could match the changes in temperature across latitude (Ballantine 1961;
Hawkins et al. 1992). Species richness and the extension of fucoid cover are expected to
progressively reduce from shores on the north of the United Kingdom (cooler waters) to the
Portuguese coast (warmer waters). The effect of wave exposure has also been proposed to
vary across latitude. Fucoid cover, which is normally present at UK sheltered and mid-
exposed shores, is expected to become restricted to sheltered areas in Portugal where
temperature is higher (Ballantine 1961; Hawkins et al. 1992). The anticipated change in the
balance between filter feeders and fucoid abundance is expect to be promoted by possible
increase in grazing pressure and by differences in climatic conditions that can influence early

survival, growth and persistence of algae in southern Europe (Ballantine 1961; Hawkins et al.
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1992; Jenkins et al. 2001; Coleman et al. 2006). Despite such hypotheses, a clear
quantification of patterns along the European coastline is still required in order to clarify the

patterns and processes along this latitudinal range.

1.4 CLIMATE CHANGE AND ITS IMPACTS

Intertidal regions are open ecosystems under substantial environmental stress where
organisms live under high pressure from abiotic and biotic conditions. So, increased demands
derived from climate change or anthropogenic sources can be detected through alteration of
the “normal” community pattern. Large scale quantitative surveys and long-term studies that
provide a good knowledge of natural community variation are essential to offer a good base
for the detection of anthropogenic or climate change alterations in intertidal communities
(Thompson et al. 2002; Helmuth et al. 2006b; Jenkins et al. 2008).

Forecasts of climate change follow what was been happening over the last few decades.
Warming of the planet has accelerated and changes in the northeast Atlantic community have
occurred at a fast pace (Jones et al. 2001; Jones & Mann 2004; Hansen et al. 2006; IPCC
2007). Changes in the abundance and range limits of some European intertidal species over
the last decades have followed the climatic fluctuations in the region (Southward et al. 1995;
Mieszkowska et al. 2005; Mieszkowska et al. 2006; Hawkins et al. 2008; Hawkins et al.
2009). During periods of warming, local abundance and biogeographical range of southern
species have been show to increase while northern species have decreased. The opposite was
also shown during cooling periods (Southward et al. 1995; Hawkins et al. 2003; Southward et
al. 2005). Macroalgal species have been some of the organisms under scrutiny. Studies made
on the Portuguese coast showed changes in assemblage composition and distribution of
macroalgae. From data comparison between recent and past surveys, a clear northward range
expansion of warm-water species was confirmed. Interestingly, the distribution of cold-water
macroalgal species did not shrink (Lima et al. 2007). These alterations of biogeographical
ranges are causing changes in community structure. A long-term survey on the abundance
levels of two barnacle species, revealed that over the last years, following the warming of sea
surface temperatures, southern species increased their abundance whilst northern species
decreased (Southward 1991; Southward et al. 1995; Hawkins et al. 2003; Poloczanska et al.
2008). Curiously, as in the macroalgal study mentioned above, the northern barnacle species

did not disappear from the studied area, in this case English southwest coast, being still fairly
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common despite the detection of some recruitment failure (Hawkins et al. 2003; Svensson et
al. 2005). Changes of such magnitude can clearly alter the strength of trophic interactions and
might disturb patterns across large spatial areas with possible repercussions for energy flow

between shores and coastal areas.

1.5 GENERAL AIMS

Generally regarded as possessing an oceanic climate, the European rocky coastline
spreads over several degrees of latitude and encompasses a great topographic variety, from
linear coastlines to enclosed bays. Changeable physical and topographical conditions lead to
areas ranging from protected to wave exposed and consequently to an incredible variety of
biological communities (Ballantine 1961; Dayton 1971; Jenkins et al. 2008). The biological
communities that exist nowadays are a consequence of the evolution of physical and
biological processes that control the species pool (Jenkins et al. 2008), as well as a response
to anthropogenic impacts, such as the introduction of non-native species and
harvesting/collecting pressures (Carlton & Geller 1993; Hawkins et al. 2000; Thompson et al.
2002). European rocky shore communities show patterns of distribution at different scales and

their quantification and understanding was the central focus of my thesis.

The present study can be divided into two distinct sections. The first large section
(Chapter 2), addresses the need to quantitatively describe the intertidal community on vertical
and horizontal patterns across a large spatial scale, the European latitudinal gradient. The
main goal was to determine changes in the balance between fucoid algae and sessile
invertebrate cover on wave action gradients over a European scale (Scotland, northwest
Wales, southwest England and north to central Portugal) through targeted field surveys. By
accounting for variability across different wave exposure and vertical shore heights, the
survey design allowed separation of local scale factors from large scale effects. Distribution
patterns for distinct functional groups were assessed giving the first quantitative global picture

of community variability across the European coastline.

After determining the patterns, exploration of the processes regulating fucoid recruitment
and survival over the European scale of study, and hence the balance between fucoids and
sessile invertebrates, was studied by undertaking factorial field and laboratory experiments. In
this second section, three experiments were undertaken to ascertain the causal factors leading
to the observed gradient in algal-animal balance over the intertidal European scale. Factorial
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experiments were implemented in mid (Wales) and range edge (Portugal) locations. In the
first experiment, manipulations of the physical environment (shade and moisture) and grazing
pressure in field conditions were made (Chapter 3). This contributed to clarify the strength
and impact of varying physical and biotic conditions upon fucoid recruitment success levels

across distinct regions.

In chapter 4, a second factorial experiment was developed in laboratory conditions to test
the physiological performance of algae from northern and southern populations. Specimens
from both locations where subjected to different levels of physical conditions, variable

temperature and shading levels, while macroalgae physiological stress levels were determined.

In order to try to clarify some of the results from these two previous experiments, the
final investigation assessed the reproductive capacity of natural populations (Chapter 5).
Different morphological and reproductive parameters were assessed to understand the extent

to which observed patterns are a consequence of adult fucoid characteristics.

The general discussion (Chapter 6) considers the ability to quantify the patterns and
understand some of the processes leading to changes in intertidal community structure across
a large latitudinal scale. The topics here presented were addressed with the expectation of
providing crucial data for detecting and understanding changes in biomass patterns resulting

from future climatic or anthropogenic stresses.
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CHAPTER 2
BIOGEOGRAPHICAL PATTERNS OF INTERTIDAL ORGANISMS
OVER A EUROPEAN LATITUDINAL GRADIENT

2.1 INTRODUCTION

Physical and biological processes, past and present, set the biogeographic patterns
observed nowadays within and across ecosystems (Menge 2000b; Underwood et al. 2000;
IPCC 2007; Broitman et al. 2008; Hawkins et al. 2008; Jenkins et al. 2008). Patterns of
intertidal species distribution, at several scales, have long been the central focus of several
ecological studies (Crisp & Southward 1958; Ballantine 1961; Lewis 1964; Southward et al.
1995). Characterization of such patterns, in terms of distribution and abundance of species
across scales of time and space, and understanding of the processes leading to the
development of such patterns are major focal points in ecology, physiology and biogeography
research. Early rocky intertidal studies were mainly descriptive and based on qualitative
descriptions of whole assemblages (Colman 1933; Stephenson & Stephenson 1949;
Southward 1958; Ballantine 1961; Lewis 1964). During this early period, several intertidal
studies explored the processes that cause vertical distribution on rocky shores, mainly the role
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of abiotic factors. Factors like the length of exposure to air during emersion (Doty 1946;
Schonbeck & Norton 1978) and its consequences to the levels of desiccation and temperature
amplitude felt by organisms in intertidal conditions were explored (Evans 1948; Davies 1970;
Sousa 1979). The importance of biological factors, such as predation, competition or
facilitation processes, also gained importance after influential studies from Connell (1961b)
and Paine (1966; 1974) were published. Over the years the importance of biotic processes,
physiological stress and physical disturbance, as independent and interacting factors, have
become part of the explanation of pattern formation across the rocky intertidal (Hawkins et al.
1992; Chapman 1995).

Rocky shores are normally defined by clear environmental gradients that act at different
scales. The change from maritime to terrestrial conditions on the shore occurs across a scale
of meters (vertical gradient), while the change in wave exposure levels (horizontal gradient),
which is normally observed between headlands and sheltered bays, generally develops at a
scale of hundred of meters and above (Jones & Demetropoulos 1968; Vadas et al. 1990;
Raffaelli & Hawkins 1996). Superimposed on these gradients are numerous microhabitat
differences operating at small spatial scales, for example, local variation in wave exposure
based on the presence of boulders and reefs and variation in inclination and aspect of the
shore, which affects drainage and provides refuges for predators influencing prey patterns
(Johnson et al. 1998c).

While the consequences of such environmental gradients to the distribution of species
and community structure are the focus of innumerable studies, the influence of much larger
scales, across latitudes, on community structure is less clear. Over such biogeographic scales
the influence of climate on distribution of species and the potential species interactions
becomes a major issue. This is, however, a gentle environmental gradient intersecting and
interacting with the sharper vertical and horizontal gradients at a particular locality. Over the
last decades, several studies have documented latitudinal shifts in species distribution,
expansions and contractions, directly linked with climatic driven changes (Southward et al.
1995; Hawkins et al. 2003; Parmesan & Yohe 2003; Sexton et al. 2009). In general, a
tendency for a poleward movement in some low latitude species and a retreating and decrease
in abundance of higher latitude species due to climate warming has been described. The
majority of the studies have been developed in the northern hemisphere (Southward et al.
1995; Sagarin et al. 1999), but recent work has shown similar shifts in the southern
hemisphere (Rivadeneira & Fernandez 2005; Johnson et al. 2011). Such movement of species
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range and abundance variations can lead to shifts in the composition and structure of natural
assemblages that could affect ecosystem functioning (Southward et al. 1995; Sagarin et al.
1999; Harley et al. 2006; Helmuth et al. 2006b; Lima et al. 2007; Hawkins et al. 2009).

Intertidal rocky communities are optimal study areas for assessing the effect of climate
change due to their extreme physical conditions and accessibility. Many of the organisms
inhabiting the intertidal area live close to their thermal tolerance, which make them very
sensitive to the impacts of climate change and a good indicator of its effects (Helmuth et al.
2006b). So, the development of surveys across large biogeographical regions that examine
latitudinal patterns of diversity and abundance of species seems essential to obtain a good
understanding of the effects of climate change across this ecosystem. As shown by Helmuth
et al. (2002; 2006a), thermal stress does not vary consistently with latitude, so surveying at
large scale is also essential to get a global picture of the effect of climate change upon
populations from the edges and central areas of a species distribution and distinguish local
from global effects.

European shores have been well described over space and time and provide an excellent
system to test ideas of the influence of latitudinal and temporal shifts in climate on species
and assemblages. The balance between fucoid abundance, filter feeder abundance and grazing
pressure across vertical and horizontal gradients over the western European coastline has been
the focus of several studies (Crisp & Southward 1958; Lewis 1964; Southward et al. 1995;
Jenkins et al. 2005; Coleman et al. 2006). Ballantine (1961) described the distribution of the
dominant rocky shore organisms and presented some important concepts on community

composition modification across the vertical, horizontal and latitudinal gradients.

Across the vertical gradient on the shore, upper levels are generally considered as the
most severe mainly because they are exposed to longer emersion periods and more variable,
unpredictable and extreme physical conditions (Stephenson & Stephenson 1949; Denny &
Wethey 2001). Organisms surviving on these vertical shore levels, like the western European
intertidal fucoid species, Fucus spiralis and Pelvetia canaliculata, normally show higher
tolerance to the effects of desiccation (Colman 1933; Stephenson & Stephenson 1949;
Schonbeck & Norton 1978; Lubchenco 1980; Hawkins & Hartnoll 1985).

Disturbance in the intertidal zone is not only related to physiological stress due to
desiccation. Mechanical forces, caused by waves, can also have negative impacts through

dislodgment, biomass reduction or decline of feeding efficiency, leading to the formation of
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horizontal gradients (Denny 1985; Davenport & Davenport 2005; Jonsson et al. 2006;
Scrosati & Heaven 2008; Christofoletti et al. 2011). The strength and impact of waves is
affected by wave height and length, which are a consequence of local and distant weather
systems, coastline topography and coastal bathymetry (Denny 1988, 2006). Waves create
hydrodynamic forces, such as drag, lift and acceleration that affect the fitness and survival of
the littoral community (Carrington 1990; Wolcott 2007). Across the coastline, headlands are
areas of considerable wave refraction where the energy converges, whereas embayed areas are
regions of divergence of wave energy. The risk of dislodgment and loss of biomass increases
with wave exposure, leading to selection of the intertidal organisms that are able to occupy
those areas (Hartnoll & Hawkins 1985; Trussell et al. 1993; Jenkins & Hawkins 2003;
Jonsson et al. 2006). Organisms that allocate resources and develop specific characteristics to
improve their adhesion to the substratum have better chances of success in wave-exposed
intertidal shores. Experimental work developed on north Atlantic shores, demonstrated that
fucoid abundance declines with wave exposure while an increase in filter feeders abundance
is observed (Lewis 1964; Dayton 1971; Hawkins 1983; Vadas et al. 1990; Hawkins & Jones
1992). These works also showed that grazing pressure reduces fucoid abundance on more
exposed shores (Jones 1948; Southward & Southward 1978; Hawkins 1981a, 1983; Jenkins et
al. 2001; Jenkins et al. 2005; Coleman et al. 2006). Jonsson et al. (2006) showed that grazing
prevented establishment of fucoids on more exposed shores, but wave action led to lower
persistence as plants grew and got dislodged. So, the patterns are reflecting specific
characteristics of species and their strategies and capacity to overcome physiological and
mechanical stresses correlated with increased wave action on the intertidal area. Although
these vertical and horizontal gradients have been described, their strength and consistency of

effect across different latitudes is still uncertain.

The clear effect of top-down control by consumers and the effect of bottom-up processes,
where increased primary production leads to greater abundance or diversity of grazers, have
been illustrated across rocky intertidal communities around the word at large spatial scales
(Menge 2000b; Underwood 2000). Parallel to these, the importance of supply of recruits has
also been described as the one of the main structuring forces acting across scales from cms to
1000’s of kms (Connolly & Roughgarden 1998). Latitudinal changes in assemblages and
species are known worldwide (e.g. Europe: Mieszkowska et al. (2005), Lima et al. (2007) and
Hawkins et al. (2008); North America: Connolly & Roughgarden (1998) and Blanchette et al.
(2008); South America: Broitman et al. (2001) and Rivadeneira & Fernandez (2005); New
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Zealand: Menge et al. (1999; 2003). Superimposed on these latitudinal patterns are recent
shifts in distribution prompted by rapid climate change (Hawkins et al. 2008). Over such large
geographical scales, climate variation and the effects of upwelling regimes and ocean currents
can all induce differences in community structure and species abundance levels (Menge et al.
1997b; Menge 2000b; Thompson et al. 2002).

Based on some descriptive and quantitative local studies, a change in the balance between
fucoid algae and sessile invertebrate cover on wave action gradients over a European scale
has been proposed (Ballantine 1961; Hawkins et al. 1992). For the western European
coastline, large scale quantitative surveys from northern to southern European areas, which
would allow confirmation of qualitative patterns based on single site surveys at widely
separated locations (Ballantine 1961), are absent from the literature. Over this latitudinal
gradient a reduction in fucoid levels and a combined increase in sessile invertebrate cover
from northern to southern European regions are expected. Confirmation of such a model is
important, as quantitative information of biogeographic patterns of intertidal and subtidal
species are essential tools in the effort of biodiversity conservation. With growing consensus
on the need for protected marine areas for conservation of marine biodiversity, the
fundamental knowledge of species distribution and abundance over scales of space and time
is indispensable for an informed management of coastal areas. Having a quantitative data set
over a large scale is crucial for understanding processes (Underwood et al. 2000) and can also
be indispensable for long-term studies that provide a good knowledge of natural community
variation and offer a good base for the detection of anthropogenic or climate change alterations
in these communities (Thompson et al. 2002; Helmuth et al. 2006b; Hawkins et al. 2008).

The present work describes and quantifies the biogeographic patterns of major intertidal
functional groups, while accounting for variability across different shore heights (vertical
gradient) and levels of wave exposure (horizontal gradient) across the European coast
(latitudinal gradient). The main aim was to acquire quantitative data of major intertidal
functional groups in order to ultimately be able to determine changes in the balance between
fucoid algae and sessile invertebrate cover over wave action gradients at a European scale and

relate these with levels of grazing pressure on the shore.

In order to construct this dataset, intertidal transects from Scottish, Welsh, English and
Portuguese shores separated by a maximum of 20° of latitude were surveyed to formally test
different hypotheses of ecological interest. During the survey, wave exposure was determined
for each shore surveyed in order to test the hypothesis that community patterns are maintained
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over wave exposure and vertical gradients across latitudes. Along the horizontal gradient of
exposure it is expected that across latitudes, sheltered areas will always show the highest total
biomass of fucoid species, with biomass declining with wave exposure. An inverse gradient of
biomass is expected for filter feeder and grazer organisms. In terms of shore height a maximum
fucoid biomass is expected to occur at mid shore, declining at high and low shore levels. Based
on previous work, it is hypothesised that total fucoid biomass will decline with decreasing

latitude but the abundance of filter feeders and the dominant grazers Patella spp. will increase.

2.2 METHODS

2.2.1 Where and when

The present large-scale geographic study encompassed four geographical regions, west
and northern Scotland, North Wales, southwest England and central and northern Portugal. A
total of 120 shores distributed over 19° of latitude were sampled with the aim of quantifying
variation in species distribution and abundance along the European rocky intertidal zone from

colder to warmer latitudes.

The survey was made between May and October over two consecutive years, 2008 and
2009. Differences encountered among sites were assumed to reflect spatial variation and not
temporal variability. This was based on the similar levels of abundance collected over the two
years. In addition Burrows et al. (2009), resurveyed shores on the west coast of Scotland twice
with a three year interval and found high correlation between new and prior abundance scores.

Therefore, spatial patterns were considered sufficiently consistent across the two years.

All the chosen shores had fully saline environments with maximal tidal range varying
from 6.1 m in North Wales to 3.7m in Portugal (4.8 m and 5.7 m for Scotland and southwest
of England, respectively). Within each shore, transects were chosen at random in areas of
freely draining rock with a slope of less than 45°. Such criteria allow standardization across
locations and guarantee an accurate measurement of all the response variables while

microhabitat variation was stratified as much as possible.

Such a large sampling effort implied some logistical constraints and compromise. The
focus of the survey was on sampling the maximum number of shores using sufficient
sampling effort to characterise the dominant biota. The geographical regions were chosen

taking in consideration mean sea surface and air temperature (Figure 1). As a consequence,
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the survey was spread over the latitudinal scale chosen in an uneven manner but with a more
even spread of mean annual sea surface and air temperatures (Mean sea surface temperature:
10° C Scotland, 12° C Wales, 13° C England & 16° C Portugal; Mean air temperature: 9° C
Scotland, 10° C Wales, 12° C England & 15° C Portugal). In addition to this data, previous
observations over the European latitudinal scale, showing the complex spatial pattern of sea
temperature, were also taken into account. Northern areas of Spain and Portugal were not
used due to the influence of particular hydrographical features, upwelling and rainfall (Botas
et al. 1990; Lemos & Pires 2004; Peliz et al. 2005; Lima et al. 2006). These features were
shown to influence sea temperature in these regions (Figure 1) and led to the reappearance of
some northern cold water species (Southward et al. 1995; Hawkins et al. 2009). In contrast,
the Bay of Biscay present a high sea surface temperature, similar to the ones observed in the
southern Portugal (Crisp & Ficher-Piette 1959; Sanchez & Relvas 2003; Lima et al. 2007)
and for that reason it was also not included in the survey (Figure 1).

Within each of the geographical regions included in the study, 10 shores were surveyed at
each of 3 levels of wave exposure. Thus, 30 shores were surveyed within each geographical
region. By formally incorporating in the analyses the response to different shore heights and
wave action levels, the survey allowed the detection of alterations in species distribution
patterns and community structure caused only by changes in latitude. To achieve this, it was
essential to independently and rigorously assess wave exposure levels at each of the 120

shores surveyed.

A wave fetch model, created by Burrows et al. (2008), was used to independently
determine wave exposure indices for each of the shores. This model determines wave fetch as
the distance to the nearest land cell in 16 angular sectors up to a distance of 200 km. Wind
energy information, was not used according to the recommendations of Burrows et al. (2008).
In order to calculate indices of wave exposure across the surveyed area, a high-resolution digital
coastline dataset was acquired from freely available sources (Global Self-consistent, Hierarchical,
High-resolution Shoreline (GSHHS) dataset available at www.ngdc.noaa.gov/mgg/shorelines/
gshhs.html was used) and the wave fetch model downloaded from the Scottish Association for

Marine Science website (https://www.sams.ac.uk/Members/MT B/wave-fetch-model).

Using the GIS software package ArcGIS9.3, the vector dataset was converted to a
gridded dataset (grain size of 200m) using the British National Grid projection. This gridded
dataset was then loaded into the wave fetch model created by Burrows et al. (2008). The
program identifies sea and land cells, identifying as coastal cells those adjacent to the sea.
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Figure 1: Mean sea surface temperature (from February 2000 to February 2008) and mean air temperature at
surface (from September 2004 to September 2008) from northern Scotland to southern Portugal. Diagrams
extracted and adapted from NASA (http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html) - TES &
MODIS-Aqua missions respectively.

The next step involved the calculation of fetch for each coastal cell (grain size of 200m). The
distance to the closest land cell in each of the 16 equal angular sectors (22.5°) surrounding
each coastal cell was calculated. Then the average of wave fetch in km over all 16 sectors was
calculated. Once the average wave fetch for each coastal cell was calculated, a file was
exported from the wave fetch model, as an ArcGIS ASCII raster file, and further manipulation
was carried out in ArcGI1S9.3 for better display and manipulation of the exposure categories
to be used. With the indices calculated, 3 levels of exposures were created: sheltered shores
(wave fetch values between 0 and 1000), intermediate exposed shores (wave fetch values
between 1350 and 2350) and exposed shores (wave fetch values between 2700 and 3700).
These were created in a non continuous manner to strengthen the difference among shores
within each category. In order to ensure that the area surveyed belonged to the expected
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category of wave exposure, locations were only chosen for survey when they had at least one
neighbouring cell belonging to the same wave exposure category.

A greater number of shores within the determined geographical regions and matching the
relevant criteria were identified than were required for survey. In order to choose survey sites
other practical requirements had also to be taken into account. Factors like accessibility
through a nearby road and proximity to other selectable locations were also considered, to
allow wherever possible that more than one shore could be surveyed per tidal cycle. When all
these requirements were met, the remaining locations were chosen randomly. To guarantee
that chosen locations were precisely surveyed, a hand held GPS device (Garmin eTrex H),
with a precision of 3m, was used in the field throughout the survey.

Within each of the shores, data were collected at low, mid and high vertical levels on the
shore. Biological zones were used to determine vertical levels on the shore. The top, middle
and lower area of the barnacle zone were utilized as guides for the vertical position on the
shore. After a preliminar study where species area curves were produced and cumulative
average densities and percentages of cover where quantified, 8 quadrats (0.5 x 0.5 m) were
considered the number that would maximise efficiency in data acquisition while allowing
replication to occur and good estimates of average density or percentage cover of common
organisms to be obtained. The quadrats were randomly placed on the shore and would only be
refused if the criteria previously described were not met. In these cases another random

location for the quadrat would be assigned until all the criteria were met.

2.2.2 Species chosen

The focus of the survey was to assess changes in dominant rocky shore biota over
latitudinal and local gradients. This large scale approach combined with a requirement to use
digital photography as a sampling tool determined that only relatively common, macroscopic
fauna and flora were sampled. Cryptic, rare and very small organisms were not sampled and
as a consequence the approach does not lend itself to any formal assessment of changes in
biodiversity but provided sound data for the abundance and distribution of functional groups.
Instead, the main algal species, grazers and space occupying filter feeders were sampled, with
the former groups contributing to the general aim of assessing the balance between consumers

and their algal resource over latitudinal and wave exposure gradients.
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2.2.3 Methodology & design

Digital photographs of 0.5 x 0.5 m quadrats were used for determining animal densities
and obtain estimates of algae percentage cover. When multiple layers of cover were present,
several photographs were taken before and after removal of the large canopy algae to quantify
the canopy and understory communities. Photographic methods, rather than in situ
identification, were used to allow rapid collection of data across numerous shores at four
geographic locations. Photographs were taken using a standard 8 megapixel digital camera
(Ricoh Caplio 500G wide) and covered the complete area of the quadrat surveyed. While
taking the pictures care was taken to avoid direct sunlight reaching the area being surveyed in
order to not over expose the images, which would invalidate or make their use difficult. In
addition to photographic sampling, fucoid biomass was determined in the field using 8
haphazardly placed 0.5 x 0.5 m quadrats at each of the shore vertical levels surveyed. All the
specimens that had their holdfast inside the quadrats were removed and separated by species

to have their biomass weighed with spring balances accurate to the nearest 5 g.

Photographs were analysed in the laboratory. The treatment of all images, involving
adjustments of brightness and contrast levels, was undertaken with Adobe Photoshop CS2
software. Before the acquisition of data, a grid of 25 subdivisions was overlaid over the
quantification area of each image to help in assessing the total percentage cover of all
functional groups. This method was chosen rather than a point intersect method because of its
greater adaptability to a photographic survey (Dethier et al. 1993). In addition to
identification, enumeration and quantification of percentage cover of species, digital
photographs were also used to count and measure limpets, using ImageJ 1.38x software.
These were later converted to biomass using a non-linear shell length-dry soft tissue mass
regression derived from limpets from each location. In order to create such regressions, 50
limpets representing each of the wave exposure groups of shores from each of the areas were
collected. The limpets were then blotted dry in the laboratory, their shell lengths were
acquired and their hydrated soft tissue weighed before being placed in a drying oven at 60° C.
After a 72 hour period a constant weight was obtained, the soft tissue dry weight, and the non

linear regression was created.

The biomass, density and percentage of cover data for the functional groups acquired by
the survey were analysed using a 4-factor mixed-model ANOVA. Significant results were

explored in further detail with SNK (Student Newman Keuls) multiple comparisons. Only
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SNK results showing differences are displayed in the results section. Cochran’s test was used
to test the data for heterogeneity of variance and transformations were done when appropriate.
For some analyses homogeneity of variance was not achieved even following transformation.
Given no realistic alternative exists for the complex model design, analyses were still
undertaken. In such cases caution must be taken when analysing the results owing to

increased probability of type I error.

As well as applying ANOVA to means, variability among variances was also examined.
Different ANOVA designs were used for testing exclusively shore variability, as only data
from the mid shore was used. While testing for the variability among shores, a one-way fixed
ANOVA was used for testing the variability across different wave exposures or geographical
regions separately. For testing variability within shores, a two way fixed ANOVA model was
used for testing the combine effect of geographical region and wave exposure. All these

analyses were performed in the statistical package WinGMAVS5 (EICC, University of Sydney).

2.3 RESULTS

2.3.1 Fucoid distribution

2.3.1.1 Total Fucoid Biomass

Across the latitudinal range of the survey, four fucoid species were identified. The work
was done before the recent separation of Fucus guiryi from Fucus spiralis (Zardi et al. 2011).
This only applies at Portuguese shores where F. spiralis encompasses both taxa. At a regional
scale, the pattern of total fucoid biomass shows, if local variability within each of the
geographical regions is ignore, that Portugal has lower fucoid biomass levels than any of the
three regions in the United Kingdom. Regions within the United Kingdom (Scotland, Wales
and England) showed similar total fucoid biomass levels (Table 1: Total Fucoid - SNK of Re x
We x VI, Figure 2 and Figure 3).

Differences in total fucoid biomass between geographical regions varied according to
wave action forces and vertical position on the shore (Table 1: Total Fucoid - F (re x we x vi) 12,
2520 = 2.6; p<0.005). Nevertheless, a consistent effect of wave exposure intensity on fucoid
biomass production was observed across the four geographical regions. The pattern detected
shows that sheltered shores always have higher fucoid biomass levels, with increased

exposure to wave stress leading to reduce biomass production (Table 1: Total Fucoid - SNK of
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Re x We x VI). The effect of vertical position on the shore is less consistent across the four
regions. However, some similarities were still captured by the survey. At all geographical
regions, wave exposed shores showed similarly low levels of total fucoid biomass across all
shore heights. On sheltered and intermediate exposed shores the highest shore level had the
lowest fucoid biomass, within each of the exposures across all geographical regions (Table 1:
Total Fucoid - SNK of Re x We x VI). The most productive vertical level of the shore varied
between the low and mid shore heights depending on the geographical region (Total Fucoid -
SNK of Re x We x VI). Considering only sheltered shores, in Scotland and England fucoid
biomass was greater at the low shore, while in Portugal and Wales the mid shore level showed
the greatest fucoid biomass levels (Figure 3), reflecting the identity and abundance of the

species present at each region (Figure 2).

The comparison of fucoid biomass levels, from similar shore heights within similar wave
action intensities across the four geographical regions, shows that Portuguese shores
consistently had the lowest biomass levels (Table 1: Total Fucoid - SNK of Re x We x VI,
Figure 3). Very low levels of fucoid biomass, never exceeding mean values of 65 g/m?, were
also observed on wave exposed sites, independently of shore height and across all the
geographical regions (Figure 3). So, differentiation in fucoid biomass across geographical
regions was mainly due to differences observed at intermediately exposed and sheltered
shores (Table 1: Total Fucoid - SNK of Re x We x VI). At intermediate wave exposed
conditions, Scottish shores were the most productive at low and mid shore heights, reaching
values of 3119 and 2361 g/m? of fucoid biomass, respectively. On the high shore level,
Scottish and Welsh shores are the geographical regions with greater fucoid standing stock
levels (Table 1: Total Fucoid - SNK of Re x We x VI). In contrast, on sheltered shores the
geographical region presenting the highest level of fucoid biomass production varied with
shore height (Table 1: Total Fucoid - SNK of Re x We x VI). On the low shore level, the three
geographical regions in the UK had similar levels of fucoid biomass. However, at mid shore
height, Welsh shores were clearly the most productive, with a mean biomass of 10126 g/m?,
almost twice the mean biomass production of Scottish and English shores, 5237 g/m? and
6254 g/m?, respectively. At the highest level of the shore, where desiccation is most intense,
English and Welsh shores were the ones showing highest levels of fucoid biomass, 3192 g/m?
and 3885 g/m?, respectively (Figure 3).

The contribution of each species to the total fucoid biomass observed also varied across

geographical regions (Figure 2). On Scottish and Portuguese shores Fucus vesiculosus
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dominates, while on Welsh and English shores the highest biomass level is achieved by
Ascophyllum nodosum and Fucus serratus, respectively. A detail description of how the

biomass of each of these species varies across latitudinal, horizontal and vertical gradients is

given below.
3000 W F. spiralis
W A. nodosum
2500 OF. vesiculosus
& OF. serratus
% 2000
©
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Figure 2: Biomass of F. serratus, F. vesiculosus, A. nodosum and F. spiralis in Scotland (SCO), Wales (WAL),
England (ENG) and Portugal (POR).

2.3.1.2 Fucus serratus biomass

The amount of F. serratus biomass differed in each geographical region: it was absent
from Portuguese shores and within the United Kingdom, Scotland showed the lowest biomass
values (Figure 3).

An interaction of geographical regions, wave exposure intensity and vertical position on
the shore explained F. serratus biomass levels (Table 1: F. serratus - SNK of Re x We x VI).
F. serratus was absent from Portuguese shores, but also from the highest vertical shore level
of all geographical regions, also being rare on exposed and intermediate exposed shores
across all geographical regions (Figure 3). The results confirm the patterns proposed for
British shores by Ballantine (1961), with F. serratus occupying mainly the low shore level on
sheltered shores and its abundance declining with an increase of wave exposure across all the
geographical regions where it was detected. At the most productive area, the low shore in
sheltered conditions, F. serratus biomass was highest on English shores, reaching mean
values of 6116 g/m? significantly greater than 3617 g/m? and 1905 g/m? of Welsh and
Scottish shores, respectively (Figure 3).
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2.3.1.3 Fucus vesiculosus biomass

Analysis of variance showed four significant interactions that explained F. vesiculosus
biomass: geographical region x wave exposure; geographical region x vertical level, wave

exposure x vertical level and vertical level x shore (Table 1: F. vesiculosus).

The wave exposure x vertical level interaction indicates that generally a consistent effect of
wave action is present. Exposed shores over these four geographical regions have very low
biomass of F. vesiculosus across all shore heights with the bladeless form of F. vesiculosus var.
evesiculosus being present. Biomass reached maximal values on sheltered shores, mainly due to

values on low and mid shore heights. (Table 1: F. vesiculosus - SNK of We x VI, Figure 3).

Variability in biomass of F. vesiculosus across the geographical regions was observed on
intermediately exposed and sheltered shores (Table 1: - SNK of Re x We) and across low and
mid shore heights (Table 1. - SNK of Re x VI). On intermediately exposed and sheltered
shores, F. vesiculosus biomass was higher on Scottish shores and lower on Portuguese shores
v: F. vesiculosus - SNK of Re x We, Figure 3). When comparing low or mid shore levels
across the four geographical regions, independently of wave exposure levels, ANOVA results
indicate that, for both shore levels, Scottish shores were again the most productive, while
Portuguese shores had the lowest mean values of F. vesiculosus biomass. Other geographical
regions, central Welsh and English shores, showed intermediate biomass values (Table 1: F.
vesiculosus - SNK of Re x Li, Figure 3). Apart from the variability already discussed,
interactions between shore and shore vertical levels also occurred showing that other shore
characteristics can also be important in controlling the development of F. vesiculosus in the
intertidal (Table 1: F. vesiculosus- SNK of Li x Sh (Re x We)).

2.3.1.4 Ascophllum nodosum biomass

The presence of A. nodusum was generally restricted to sheltered conditions, with virtual
absent from exposed conditions and very low biomass found on intermediately exposed
shores (Table 2: A. nodosum - SNK of Re x We x VI, Figure 4). On sheltered shores, however,
A. nodosum could achieve high biomass levels, with a maximum mean biomass of 7915 g/m?
occurring at the mid shore height of Welsh sheltered shores (Figure 4). In contrast, A.
nodosum individuals were not found at any shore height on Portuguese shores. Variability
across geographical regions was detected but only between sheltered shores, where A.
nodosum was absence from Portugal and most abundant on Welsh shores (Figure 4). Post hoc

SNK showed that among low shore heights of sheltered shores, Scottish and Welsh shores
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had a significantly higher standing stock than English and Portuguese shores, while at mid
shore height Welsh shores showed the highest values, followed by English, Scottish and
finally Portuguese shores (Table 2: A. nodosum - SNK of Re x We x VI).

Although present in the UK, along the three geographical regions surveyed, A. nodosum
is still absence from the high shore levels. At the most northern area, Scotland, low and mid
shore heights were equally productive, while on Welsh and English shores the mid shore level

was the most productive (Table 2: A. nodosum - SNK of Re x We x VI).

2.3.1.5 Fucus spiralis biomass

The distribution of F. spiralis biomass, followed the expected pattern (Ballantine 1961)
for the UK populations. At these populations, F. spiralis biomass is restricted to high shore
levels and their abundance decreases with the increase in wave action (Table 2: F. spiralis -
SNK of Re x We x VI, Figure 4). On Portuguese shores the effect of wave action was still
observed, so a greater standing stock continued to occur in sheltered shores. However, at this
geographical region, the vertical level of the shore with greater biomass was the mid shore
height instead of the highest shore level, which shows that F. spiralis is replacing F.

vesiculosus in some coastal areas (Table 2: F. spiralis - SNK of Re x We x VI, Figure 4).

Differences in biomass abundance between geographical regions were detected at the
highest vertical level of sheltered shores. On such areas, English and Welsh shores presented
significantly higher values than Scottish shores, while Portuguese shores were significantly
the less productive (Table 2: F. spiralis - SNK of Re x We x VI).

30



PIN>MOT>YDBIH - 34S
PIN=MOT>YBIH - 3uj
ays>3ul>dx3 - pIN
ays=iui>dx3y - moj
IAXam
PIN>MOT>YbIH - bu3
PIN>YBIH - oM
PIN=mOT>bIH - 035
00$>[bM=bu3>i0d - pIN
035>0 =bu3>i04 - MO]
"Xy
ays>adx3 - oM
ays=qu/>dx3 - 02§
005>bu3 ‘D >10d ‘03$>10d - AYS
00S>[bM=bu3=J0d - 3|

PIN>MOT>YDIH - 3YS
PIN=MOT>YBIH - 3uj
MOT>PIN>YBIH - aysxbu3
MOoT7>pIN=YbIH - 3ujxbu3
MOT>PIN>YDIH - 2YSX[DM
MOT>PINI=YBIH - UIX[DM
MOT>PIN=YBIH - 34Y$X0S
ays>auj=dxy - pinxbu3
ays>iuj>dx3 - moixbug
ays>1uj=dx3 - pIAIXIOM
ays>1u>dx3 - MoIx|oM
ays>1ui>dx3 - Mo7x09s
bu3g=[pM>005=10d - PINX3YS
bu3>|b ) >025>104 - MOTXAYS
IDbM=BUF=035>104 - MOTXIU|

PIN>YBIH=MOT - 3YSxJod
MoT=pIN>YDIH - aysxbu3
PIN>MOT>YBIH - 3YSX|DM
MOT>PIN>YDBIH - 3YSX09S
MOT=pIN>YDBIH - 3U|X0IS
ays>3u[>dx3 - pINXIOd
ays>1uj=dx3g - ybiHxbu3
ays>quj=dxy - pinxbu3
ays>1uj=dx3 - moixbug
aYys>1uj=dx3 - YbIHX|oM
3YS>3u[>dx3 - PINIXIOM
ays>1ui>dx3 - MoIxb/M
aYs>3uj=dx3 - YbIHX0IS
aYs>3u|>dx3 - PIAIX0IS
ays>ui>dx3 - mMoixoas
IbM=bUTF>005>10d - YbIHXaYS
|bM>BUF=02S>10d - PINIXAYS
bu3=035=|D\>10d - MOTXaYS
[oM>bu3 [opm>10d - YbiHxu|
005>[0M=bu3=10d - pINIXIU|
00$>[bM=DBu3F>I10d - MOTXIU|

EREr] IAX3M X 3y IAX3M X 3y NS
S0'0<d‘S6200=2 S0'0<dZrE00=2 S0'0<d'89200=2 1531 5,ubiy’o)
LS €6 L9  0TSC say
(dGMX3Y) USXIA  £9T0 7' 8'G8 1000> 09 €TLE €000 9 £'S9T 4" IANX9M XY
say 1000> 80T 19 1000> L9 €79 1000> 96 v'¥9  9TZ (SMX3Y) USX|A
(dm x34) Usx|A  TO00> 6'S 8'85¢ T000> 6Tv SCI9C T0O00> 89 v'6EY 17 IA XM
(M X3Y) USXIA  T000> L'V 8'G8C T000> G¥T €706 1000> 9Z WA 9 IA X 3y
(om x 3y) ys €V0°0 €C T'0€€ T00°0> 98 ¢6S0T TOOO> T8 G€CCe 9 M X 3y
(BMX3Y) USXIA  TOO0> ¥'TIE  ¥'6I6T T00'0> T'90T T'CI99 TO00> #TE ¥¥80CT ¢ IN
say 1000> 9'SC 6'SPT T00°0> CTET L'TTT 1000> SOF #1801 (@M Xx3Y)us
(am x ay) ys T000> ¥9T  6'S6ET T000> T09 T¥/EL TO00> S/LOT G'69T6C € aM
(am x ay) ys 1000> SCT  +'8C8T T000> +'6T GS¥8EC  TO00> G0C T'€9S5S € oy
d 4 S d 4 SN d 4 SN
SA ones 4 4a 924nog
snsojnaisan 4 sNIpLI3S 4 |ero) p1oang

‘Tenpisay :say ‘(moj] pue piw ‘ybiy) |9A3] 340US [BIIMBA ;A ‘810US
:yS ‘(pata1jays :ays ‘pasodxa areipawalu] uj ‘pasodxa anepy :dx3) auansodxs anepn 9 (jebniiod 1od puejbu3 :Bu3 iserep ([eM (pue[I0dS :09S) uolbay [edlydeiboss
19y - Pasn suoleIAaIgqY ‘pajuasald ase saoualayip URIIHUBIS JO S1S31 HNS 20U 1S0d "SNSOJNJISAA " pue SNJe.dss ‘4 ‘Splodny [e10] JO SSeWolq JO WYAONY [2pow XIN T 9|qe.L

31



PIN>YBIH=MOT - 3ySXiod
YbIH>piN=moT - 3ysxbu3
YBIH>PIN=MOT - 3YSX|DM
YBIH>PIN=MOT - 3YSX03§
3YS>3uj=dx3 - pINXIOd
ays>1uj=dx3 - ybIHxbu3
ays>1uj=dx3 - ybIHX|pm
ays>quj=dxg - ybiHx0os

bu3=|bM>025>10d - YbIHX3aYs

pIN>mOT=ybiIH - aysxbu3
PIN>MOT>YBIH - 3YSXIDM
MOT=PIN>YBIH - 9Y$X09S
aYS>3ui=dx3 - piNxbu3
aYS>1uj=dx3 - PINXIDM
aYS>1ul=dx3 - MOTX|DM
3YS>3uj=dX3 - PINX0IS
aYs>1uj=dx3 - Mo7x09s
[DM>BUTF>00S>10d - PINIXAYS
00S=[bM>bUF=10d - MOTX3YS

INX3M X3y INX3M X3y JINS
100>d 9ITT0=2 100> d 0280°0=2 1531 5,UDJY20D
L0+3TT 90+3€'v 0TST say
(@M x 24) ys X |A T000> Tv [0+30C T000> v+ [0+306 CT IAX M XY
say T00°0> S'8T 90+38'¥% T000> 8+ L0+3T'CT 917 (BMX3Y) USXIA
(@M x 24) ys X |A T00°'0> 08T £0+3/'8 T00'0> 8'ST 80+IEE + IA X3
(@M x 24) ys X |A 1000> 09 [0+36C T1000> ¢S 80+3T'T 9 IAX3Y
(@M x 24) ys GST'0 9T 90+3T'8 T000> 9% 80+3I8T 9 dM X 3y
(@M x 24) ys X |A T000> 04T 80+3€'T T100°0> 8'/T 80+3L'€ T IA
say T00°'0> 96T 90+3T'S T00'0> 68 [0+38°€ 80T (3M x 24) ys
(dm x 24) ys T00°0> GS'vZ 80+3€'T T00'0> €'ST 80+3L6 T IM
(dM x 34) ys 98/0'0 €T (0+3TT 7000 TS 80+30C € 3y
d 4 SN d 4 SN
SA oljed 4 41a 924nos
: sipaids 4 wnsopou 'y

‘lenpisay :say ‘(moj] pue piw ‘ybiy) [3A8] 810YsS [eIILIBA
JIA ‘adoys tys ‘(paJalays :ays ‘pasodxe areipawlaiul :u ‘pasodxe anepn :dx3) ainsodxa anepn opn f(jebnuiod :lod ‘puejbu3 :Bu3 sajep e (pueiods :02S) uoifiey
[eolydeb0a9) 19y - Pasn SUONRIASICQY "Paiuasald ate saoualaip JUBdILIUBIS JO SI1S3] NS 90y 1S0d 'Sijedids "4 pue WNSopou 'Y JO SSewolq 40 YAONY [3pow X1\ g 3|gel

32



"3STF = SJeq Joai3 ‘paloubi si suoibiai [ealydesboab ayp Jo yoes ulynm Aujigerren aiaym suoibal [eaiydelfioab 1noj syl SsoJoe uoljeLIeA SSewolq
p1oany [e101 Jo ‘ybul ayr uo ‘weiboisiy e smoys [sued doy ayl ‘(Mo pue piw ‘ybiy) sjaas| ybiay aioys pue (patsyays :ays ‘pasodxe alelpawaalu] :uj ‘pasodxe anepn :dx3)
$8INS0dXxa aABM JuaJapIp ssoloe (HOd) [ebnuod pue (9NIT) puejbu3 ‘(TvM) safem (ODS) puBI09S Ul SNSOJNJISAA "4 pue SNTeJas "4 ‘splodny |10} Jo ssewolqg g ainbi-

¥0d ON3 VM 02S
ays | dx3 ays | dx3 ays | dx3 ays ]| dx3
{%___%_______+£*PP%}PPP+PPﬁE*__®*_*+*__%E _*El____o
000€
m.
¥0d OSN3 TYM 0D2S 0009 2
0 &
0006 3
0052 SNSO|NJISaA °o ~
00021
1 -y e 0
o]
000€ &
3
&
¥0d ONI WM 00S 0009 —
S~
0 3
0006 —»
SN}p4ias 4
00s¢ 000ZT
000€ @
S
0009 ®
¥Y0d OSN3 VM 02S il
0006 &
0002 000ZT =
sp1oony ||y
000y 000ST

ysiH ] pin [ mo1 [l : s|9Aa7 240ys



3STF = Seq Joui3 ((mo] pue piw ‘ybiy) spans) ybiay aloys pue (patsyjays :ays :pasodxs arelpawiaiu] U] ‘pasodxe
anep\ :dx3) sainsodxe anem Juasaylp sso4de (HOd) ebnuod pue (9NI) puelbul ‘(AvM) Salem (ODS) puelodas ul sijedids 4 pue wnsopou 'y Jo ssewolq ¢ ainbi

¥0d ON3 WM 02S
ays . 10]] dx3 ays Wi dx3 ays 8 [0]] dx3 ays | dx3
_.w._ 1 1 1 _III_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _||-||_ 1 1 1 1 1 1 1 _.||-||._ 1 1 1 1 1 O
B T w
00oe 3
40d ON3I TYM OIS a
e 0 0009 @
=+ _..m.un.m.._i.l_ ~N
wz
0006 —
sijpJids 4
00s¢ 00021
L 1 1 1 1 1 1 1 1 1 1 1 1 _.dll._ _H_ 1 1 1 1 1 1 1 1 1 _@__ 1 1 1 _.||-||._ 1 1 1 1 1 1 _.||-||._ 1 1 1 1 1 1 1 1 1 o
i)
000 o
3
2
¥0d OSN3 T¥M 00S 0009 m.m
0 3
L 0006 v
wnsopou Yy
005¢ 000ZT

ysiH ] pin [ mo1 [l : s|9Aa7 240ys

34



2.3.2 Fucoid species results: biomass vs. percentage cover

The methodology used for quantifying percentage cover, allowed different layers of
cover, depending on the size of the algae present, to be sampled. This methodology allowed
the quantification of not only the biggest algae that normally cover the sampling quadrat but
also the smallest individuals that could be living under the larger fucoid species. This
contributed to the similarity of ANOVA results conducted on datasets of biomass and
percentage cover of fucoid species (see Table 1 to Table 4, differences are highlighted on the
Post hoc SNK). So, using percentage cover data it was still possible to observe the decline in
total fucoid biomass from the United Kingdom to Portugal and the consistent effect of wave
action on total fucoid biomass across all the geographical regions (Figure 5). With smaller
dimension algae, such as F. spiralis, quantification of percentage cover can be useful to
understand that, despite their small size, space occupation by this species can be high (Figure
6). A fact that can be very important when free space is required for colonization by other

species.

Despite the similarities encountered, the use of percentage cover is less informative as
equal values of percentage cover for different species can be from different biomasses, e.g. a
20 % cover by F. vesiculosus at mid shore height of Welsh sheltered shores corresponds to a
biomass of approximately 1358 g/m? while over the same area a equal 20 % cover of A.
nodosum corresponds to a biomass of approximately 2595 g/m?. So, percentage cover is only
a very approximate indicator of biomass, since it varies considerably depending on species
identity and even on local population characteristics, such as size or bushiness. As a further
example, for F. vesiculosus, a 20% cover at mid shore height on Welsh sheltered shores
corresponded to a mean value of 1358 g/m?, while at mid shore height on English sheltered

shores the same percentage corresponded to a mean value of 1192 g/m? (Figure 5).
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2.3.3 Patella spp. distribution

The collection of 50 limpets, Patella species were not distinguished for this exercise,
representing each of the wave exposure from each of the geographical areas allowed the
development of regression equations that specifically represented the relationship between shell
length and dry tissue biomass for each of the conditions described (Figure 7). The equations
were combined with limpet length data, collected through digital photographs in the field, to
calculate limpet biomass levels in each quadrat sampled. Generally, relationships were best
described by power equations. However, for exposed shores from Scotland, Wales and Portugal
exponential regressions best fitted the data. The presence of few large limpets in some of the
areas, especially at sheltered English shores, heavily influenced the shape of the curves. Despite
that, a tight relationship between size and dry soft tissue biomass was obtained across all
exposures and geographical regions, with R? varying between 0.761 for limpets from wave

exposed Portuguese shores to 0.975 for limpets from wave exposed Scottish shores (Figure 7).

The density and biomass of limpets varied according to the interaction between
geographical region origin, wave exposure and vertical shore height level (Table 5: Density of
limpets - F (re x we x vI) 12, 2520 = 3.2; p<0.001; Biomass of limpets: F (re x we x vi) 12, 2520 = 2.7;
p<0.005). Although, if local variability within each of the geographical regions is discarded,
the results indicate that the density and biomass of Patella spp. in Portugal, as a whole, is
lower than at any of the three regions in the United Kingdom, where similar levels of density

and biomass of Patella spp. are found across the three geographical regions (Figure 8).

Variability in density of limpets within geographical regions followed the expected
patterns across wave exposure and vertical shore heights that had been previously proposed
(Ballantine 1961). Generally, with exception of the mid shore height in Scotland, mid and low
shore heights on sheltered conditions had lower limpet densities than similar shore heights on
intermediate or wave exposed shores (Table 5: Density of limpets - SNK of Re x We x VI).
Density of limpets also varied with vertical shore height, being lowest at high shore levels and
generally the highest at mid shore height (Table 5: Density of limpets - SNK of Re x We x VI).
Maximum densities of Patella spp. were observed at mid shore height of wave exposed

shores in Welsh and English intertidal (Figure 8).

Although the relationship between shore height and biomass of limpets was similar to the

one presented for limpet densities, with lower biomass on higher shore heights, the effect of
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wave exposure on biomass of limpets within each geographical region was not consistent. For
the majority of the geographical regions, where significant differences were detected,
sheltered shores presented the lowest limpet biomass levels (Table 5: Biomass of limpets -
SNK of Re x We x VI). At English shores, however, the reverse relationship was observed,
with sheltered areas showing the highest limpet biomass levels (Figure 8). In terms of biomass
of limpets, analyses further indicate that higher Patella spp. biomass levels were localized at
low and mid shore heights from Welsh exposed shores and at low and mid shore heights from
English sheltered shores (Table 5: Biomass of limpets - SNK of Re x We x VI), (Figure 8)

Table 5: Mix model ANOVA of density and biomass of Patella spp.. Post hoc SNK tests of significant
differences are presented. Abbreviations used - Re: Geographical Region (Sco: Scotland; Wal: Wales; Eng:
England; Por: Portugal); We: Wave exposure (Exp: Wave exposed; Int: Intermediate exposed; She: Sheltered);

Sh: Shore; VI: Vertical shore level (high, mid and low); Res: Residual.

Source DF Density Biomass F ratio vs
MS F p MS F p
Re 3 1336.9 6.4 0.001 98.0 7.5 <0.001 Sh (Re x We)
We 2 8301.9 39.5 <0.001 130.9 10.0 <0.001 Sh (Re x We)
Sh (Re x We) 108 2103 37.1 <0.001 13.1 20.0 <0.001 Res
Vi 2 6861.1 121.9 <0.001 455.9 105.5 <0.001 VI x Sh (Re x We)
Re x We 6 685.6 33 0.006 72.8 5.6 <0.001 Sh (Re x We)
Re x VI 6 505.5 9.0 <0.001 19.2 4.4 <0.001 VI x Sh (Re x We)
We x VI 4 504.7 9.0 <0.001 12.8 3.0 0.021 VI x Sh (Re x We)
VIx Sh (Rex We) 216 56.3 9.9 <0.001 4.3 6.6 <0.001 Res
Re x We x VI 12 179.4 3.2 <0.001 11.5 2.7 0.002 VI x Sh (Re x We)
Res 2520 5.7 0.7
Cochran's Test C=0.0205, p > 0.05 C=0.0309, p >0.05
SNK Re x We x VI Re x We x VI

ExpxLow - Por=Sco<Wal=Eng
ExpxMid - Sco<Por<Wal=Eng
IntxLow - Por<Sco=Wal=Eng
IntxMid - Sco=Por=Wal<Eng
ShexLow - Por<Sco, Por<Eng
ShexMid - Por=Wal<Eng=Sco
ShexHigh - Por<Sco
ScoxLow - She<Exp=Int
WalxLow - She<Int<Exp
WalxMid - She<Int<Exp
WalxHigh - She<Exp=Int
EngxLow - She<Int=Exp
EngxMid - She<Int=Exp
PorxLow - She=Int<Exp
PorxMid - She<Int=Exp
PorxHigh - She<Exp=Int
ScoxExp - High<Mid=Low
ScoxInt - High<Low=Mid
ScoxShe - High=Low<Mid
WalxExp - High<Low<Mid
Walxint - High<Low=Mid
EngxExp - High<Low=Mid
Engxint - High<Low=Mid
EngxShe - High<Low<Mid
PorxExp - High<Low<Mid
Porxint - Low<High<Mid

ExpxLow - Eng<Wal
ExpxMid - Sco=Eng=Por<Wal
ExpxHigh - Eng<Wal
IntxLow - Por<Wal=Eng=Sco
IntxHigh - Eng=Por=Sco<Wal
ShexLow - Por<Wal=Sco<Eng
ShexMid - Por=Wal<Sco=Eng
ShexHigh - Por<Wal=Eng=Sco
ScoxLow - She<Exp=Int
WalxLow - She<Int<Exp
WalxMid - She<Int=Exp
WalxHigh - She<Int
PorxLow - She=Int<Exp
PorxMid - She<Exp=Int
PorxHigh - She<Int=Exp
ScoxExp - High<Mid=Low
Scoxint - High<Mid=Low
ScoxShe - High=Low<Mid
WalxExp - High<Low=Mid
EngxExp - High<Low=Mid
EngxInt - High<Mid=Low
EngxShe - High<Low=Mid
PorxExp - High<Low=Mid
PorxInt - Low=High<Mid
PorxShe - High<Mid
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Patella spp. dry soft tissue biomass (g)
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Figure 7: Graphs showing the relationship between Patella spp. shell length and dry soft tissue biomass for each
wave exposure level at each geographical region; Regression equations and R? values are shown.
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2.3.4 Interaction between grazing pressure and macroalgae biomass

The results obtained for limpet densities and biomass do not seem to support herbivory as
the main factor controlling macroalgae abundance on the southern extreme of this latitudinal
scale. For the presence of such a scenario, where herbivory would have a major influence on
fucoid biomass levels in Portugal, the highest values of limpet biomass or density was
expected to be observed on the Portuguese coast, which is not confirmed by the datasets
(Figure 9). On the other hand, the importance of grazing pressure cannot be disregarded for
Scottish, Welsh and English areas, where the higher abundance of fucoid occurs where limpet
density is reduced (Figure 9). However, other factors like the effect of wave exposure also
seem to be very important for the presence and abundance levels of fucoid species across
different geographical regions. In Scotland for example, where both density and biomass of
limpets is similar across several wave exposures, the level of fucoid biomass is still variable,

favouring the presence of fucoid species in areas most protected from wave action (Figure 9).

To further explore the possibility of such relationships, graphs displaying the relationship
between limpet density and biomass of fucoids were plotted at the scale of the 0.5 x 0.5m
quadrat. All quadrat data independent of geographical origin, wave exposure and vertical
shore position, were plotted together. This plot shows that as densities of limpets increase
across the entire region, fucoid biomass decreases (Figure 10). Although, this tendency is
maintained when the data are analysed separately according to geographical region (Scotland,
Wales, England, Portugal), when the data are separated by wave exposure level the tendency
only appears on intermediately exposed and sheltered shores, (Figure 10). Removing data from

the upper and lower areas of the shore does not change the tendencies observed (Figure 10).

A similar tendency is observed in plots displaying a relationship using biomass rather
than density of limpets when data are combined across regions and exposure levels (Figure
11). Despite this fact, when data are plotted separately for each geographical region some
plots seems to show a variable response to increased grazing. For Scottish, Welsh and
Portuguese shores, the increase in limpet biomass seems to lead to a decrease in fucoid
biomass, but this tendency is not so clear on English shores (Figure 11). When similar
analyses were performed for data from different wave exposure intensities, again for

intermediate and exposed shores a decrease in fucoid biomass seems to occur when limpet
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biomass increases. These tendencies observed are maintained even when only data from the

mid shore height is used (Figure 11).

The majority of the graphs presented, generally confirm the expected relationship
between limpet density or biomass and levels of fucoid on the shore across the four
geographical regions. However, the strength of the relationship seems to be dependent on the
geographical region and wave exposure of each shore.
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Figure 9: Total fucoid biomass, density and biomass of Patella spp. at Scotland (SCO), Wales (WAL), England
(ENG) and Portugal (POR) across different wave exposures (Exp: Wave exposed; Int: Intermediate exposed;
She: Sheltered); Error bars = +1SE
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2.3.5 Distribution of other components of the associated community

2.3.5.1 Other algal functional groups

Foliose algae community found during the survey was mainly composed of species like
Palmaria palmata, Chondrus crispus or Mastocarpus stellatus. In terms of vertical position
on the shore, their presence was normally restricted to low shore heights (Table 6: Foliose
algae - SNK of Re x We x VL). On Portuguese shores, foliose species were present at very low
levels but their percentage cover increased across the United Kingdom from northern
Scotland to southern England (Figure 12). Across the geographical regions, the influence of
wave exposure on levels of foliose algal cover on the shore varied and was not consistent
(Figure 12).

Specimens of Corallina officinalis, Cladophora rupestris and Osmundea pinnatifida,
among others, comprised the turf community observed across the different geographical
regions included in this study. The percentage cover of these specimens progressively
increased from northern to southern regions (Figure 12). This community was typically
observed on the lower area of the shore across all geographical regions. The largest
percentage cover was observed on the Portuguese low shore, especially at intermediate wave
exposed conditions where turf algae occupied up to 51 % of the space available (Table 6: Turf
algae - SNK of Re x We x VL), (Figure 12).

Another functional group also detected at low shore levels along all four geographical
regions was the encrusting algal community, represented mainly by specimens belonging to
the Lithophyllum, Hildenbrandia or Codium genus. In the United Kingdom, a consistent
effect of wave exposure was observed, with encrusting algae coverage reducing as conditions
became more exposed to wave action (Table 6: Encrusting algae - SNK of Re x We x VL). In
contrast, on Portuguese shores, where globally percentage cover of encrusting algae reaches

the highest value, the effect of wave exposure was not so obvious (Figure 12).

Ephemeral algae, such as specimens belonging to Ulva or Porphyra genus, had low
percentage cover across the United Kingdom but achieved high percentages on the southern
Portuguese shores, particularly on sheltered conditions at low and mid shore heights where
algae could avoid the strongest effects of desiccation (Table 6: Ephemeral algae — SNK of Re
X We, Re x VI and We x VI, Figure 12).
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Figure 12: Percentage cover of foliose, turf, encrusting and ephemeral algae at Scottish (SCO), Welsh (WAL),
English (ENG) and Portuguese (POR) regions across different wave exposures (Exp: Wave exposed; Int:
Intermediate exposed; She: Sheltered) and shore height levels (high, mid and low). On the top right of each panel
a histogram of density/biomass variation across the four geographical regions, where variability within each of
the geographical regions is ignored, is shown; Error bars = +1SE
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2.3.5.2 Filter feeders

Barnacles and mussels were the most abundant filter feeding organisms inhabiting the
four geographical regions studied. Barnacle cover was consistently affected by wave exposure
intensity across these geographical regions (Table 7: Barnacles - SNK of Re x We x VL).
Increased percentage of barnacle cover was found on wave exposed shores at all four
geographical regions (Figure 13). Regarding the vertical position on the shore, barnacles were
present at all shore heights but higher percentage cover normally arose at mid shore height
(Table 7: Barnacles - SNK of Re x We x VL, Figure 13). Their cover varied across geographical
regions and patterns were dependent on wave exposure levels and shore height. Higher space
occupancy rates were observed mainly on English and Scottish shores across the different shore
heights and wave exposures (Table 7: Barnacles - SNK of Re x We x VL). The lowest barnacle
percentage cover was detected on the low level of Portuguese shores throughout all wave

exposure conditions, where barnacle cover was not greater than 2 % (Figure 13).

For the other abundant filter feeding organism, the mussel, the highest percentage cover
was found at regions located on the extremes of the range surveyed, Scotland and Portugal
(Table 7: Mussels - SNK of Re x We x VL). Although, these organisms were able to occupy
shores with different exposures to wave action (Figure 13), no consistent effect of wave
action across the four regions was detected. In terms of vertical height, low and mid shore
levels usually developed greater mussel percentage cover consistently across all the

geographical regions included in this study (Table 7: Mussels - SNK of Re x We x VL).

2.3.5.3 Space Available

The upper zone of the shore is the area most subject to large amplitudes of physical
conditions, where the physiology of both intertidal animals and algae is most tested. So, as
expected, the highest percentage of free rock space occurred here (Table 7: Free space - SNK
of Re x We x VL). Although, the effect of wave action was not consistent over the four
geographical regions, global differences in the total amount of free areas to be colonized
across these geographical regions were still detected ((Table 7: Free space - SNK of Re x We x
VL, Figure 13). Globally, without taking into consideration the variability within geographical
region, it is possible to observe that space availability was slightly greater at the two most
northern regions, Scotland and Wales, where up to 40% and 50% of the shore, respectively,

could be available for colonization (Figure 13).
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Figure 13: Percentage cover of barnacles, mussels and free rock substrate at Scottish (SCO), Welsh (WAL),
English (ENG) and Portuguese (POR) regions across different wave exposures (Exp: Wave exposed; Int:
Intermediate exposed; She: Sheltered) and shore height levels (high, mid and low). On the top right of each panel
a histogram of density/biomass variation across the four geographical regions, where variability within each of
the geographical regions is ignored, is shown; Error bars = +1SE
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2.3.6 Within and among shore patterns of variability (patchiness)

Total fucoid biomass and percentage cover levels, as well as, Patella spp. biomass and
density levels were used to quantify variability within shore and variability among shores
exposed to similar environmental conditions. To simplify the analysis for this section only the
mid shore height data were used, as this shore level presented the greatest abundance of

fucoid and limpet species.

The ANOVA'’s results for among shore variability showed that both fucoid and limpet
levels varied similarly across the four geographical regions (Table 8, Figure 14a). However,
when analysing amongst shore variability across wave exposure levels, fucoid variability
amongst shores was lower on wave exposed conditions than on sheltered shores (Table 9:
Fucoid biomass & percentage cover - SNK of We). In contrast, the densities of limpets varied
less amongst sheltered shores (Table 9: Limpet density - SNK of We). This pattern across
exposures was not observed for variability of biomass of limpets among shores, which
showed similar variability across the three wave exposures (Table 9: Limpet biomass - F ) 2,
9 = 0.6, p=0.556, Figure 14a).

Within shore variability of fucoid (biomass and percentage cover) and Patella spp.
(biomass and density) were tested on shores with equal wave exposed conditions from the same
geographical region. For fucoid biomass and percentage cover levels, a pattern across wave
exposures is detectable (Figure 14b). So, for these parameters, low wave action promotes
greater variability within shore, variability that decreases with the increase of wave action
(Table 10: Fucoid biomass - SNK of Re x We; Fucoid percentage cover - SNK of We). The
variability of fucoid biomass and percentage cover within shores, across geographical regions,
was also detected (Table 10: Fucoid biomass - SNK of Re x We; Fucoid percentage cover - SNK
of Re). Variability of fucoid percentage cover was generally different between Portuguese and
Scottish areas (Table 10: Fucoid percentage cover - SNK of Re), while fucoid biomass within
shore variability across geographical regions only occurred across sheltered shores (Table 10:
FUC bio — SNK of Gr x We). For both parameters, Portuguese shores showed the lowest within
shore variability with the highest levels occurring in Wales, for fucoid biomass present in

sheltered conditions, and in Scotland for fucoid percentage cover (Figure 14b).

The variability of biomass and density of limpets that occurs within shores, across
geographical regions, was only detected on wave protected areas (Table 10: Limpet biomass -
SNK of Re x We; Limpet density - SNK of Re x We). On these sheltered shores, the lowest
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variability within shore was verified in Portugal, while the highest was detected on English
shores for both parameters considered above (Figure 14b). Other factor that influenced within
shore variability, on some geographical regions, was wave exposure. Limpet biomass varied
similarly across wave exposures on the different geographical regions, apart from English
shores, where within shore variability was higher on sheltered conditions (Table 10: Limpet
biomass - SNK of Re x We, Figure 14b). Limpet density also varied similarly across wave
exposures on Scottish and English shores but varied differently across wave exposures on
Welsh and Portuguese shores, where sheltered conditions had the lowest variability (Table 10:
Limpet density - SNK of Re x We, Figure 14b).

Table 8: One way ANOVA model testing the effects of geographical region origin on among shore variability of
density of Patella spp. and biomass of total fucoids and Patella spp. (only at mid shore height). Abbreviations
used - Re: Geographical Region; Res: Residual.

source  DF Fucoid Biomass Fucoid % Cover Patella spp. Biomass Patella spp. DensityF ratio
MS F p MS F p MS F p MS F p Vs
Re 3 9.0E+120.1 0.964 2.0E+05 0.6 0.630 224 1.0 0431 9415 0.5 0.692 Res
Res 8 1.0E+14 3.4E+05 21.9 1878.5

Cochran's Test C=0.5963, p >0.05 C=0.3863, p >0.05 C=0.7084, p > 0.05 C=0.6320, p >0.05

Table 9: One way ANOVA model testing the effects of wave exposure on among shore variability of density of
Patella spp. and biomass of total fucoids and Patella spp. (only at mid shore height). Post hoc SNK tests of
significant differences are presented. Abbreviations used - We: Wave exposure (Exp: Wave exposed; Int:
Intermediate exposed; She: Sheltered); Res: Residual

Source DE Fucoid Biomass Fucoid % Cover Patella spp. Biomass Patella spp. Density F ratio
MS F p MS F p MS F p MS F p Vs
We 2 3.0E+1411.2 0.004 9.1E+05 5.6 <0.001 6840.0 0.6 0.556 4.7 8.6 0.008 Res
Res 9 2.7E+13 1.6E+05 10898.2 0.5
Cochran's Test C=0.7026, p > 0.05 C=0.6679, p >0.05 C=0.6504, p >0.05 C=0.7849, p >0.05
SNK We We We
Exp=Int<She Exp <She She<Exp=Int
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Table 10: Two way fix ANOVA model testing the effects of geographical region origin and wave exposure on
within shore variability of density of Patella spp. and biomass of total fucoids and Patella spp. (only at mid
shore height). Post hoc SNK tests of significant differences are presented. Abbreviations used - Re:
Geographical Region (Sco: Scotland; Wal: Wales; Eng: England; Por: Portugal); We: Wave exposure (Exp:

Wave exposed; Int: Intermediate exposed; She: Sheltered); Res: Residual.

Fucoid Biomass Fucoid % Cover Patella spp. Biomass

Patella spp. Density F ratio

Source DF MS F p MS F p MS F p mMS F p 'S
Re 3 33305 9.4 <0.001 6.9 5.5 0.002 0.3 1.6 0.200 2.7 3.6 0.016 Res
We 2 22299.519.0 0.003 40.4 31.6<0.001 1.3 1.3 0.352 8.1 3.1 0.118 RexWe
Re x We 6 11749 3.3 0.005 2.3 1.7 0.109 1.1 6.1 <0.001 26 3.5 0.003 Res
Res 108 355.3 1.3 0.2 0.7
Cochran's Test C=0.1996,p >0.05 C=0.1985, p>0.05 C=0.1867, p >0.05 C=0.2062, p >0.05
SNK Re x We Re Re x We Re x We
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Figure 14: a) Among shore variance of total fucoid biomass, total fucoid percentage cover, limpet biomass and
limpet density at mid shore height at Scottish (SCO), Welsh (WAL), English (ENG) and Portuguese (POR)
regions and across different wave exposures (Exp: Wave exposed; Int: Intermediate exposed; She: Sheltered). b)
Within shore variance of total fucoid biomass, total fucoid percentage cover, limpets biomass and limpets
density at mid shore height at Scottish (SCO), Welsh (WAL), English (ENG) and Portuguese (POR regions across
different wave exposures (Exp: Wave exposed; Int: Intermediate exposed; She: Sheltered); Error bars = +1SE
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2.4 DISCUSSION

The overall results of this large quantitative survey confirmed that fucoid abundance is
reduced in southern Europe. However, there was no clear pattern of decline over the length of
the British Isles, as expected, and the hypothesised link between grazing pressure and fucoid
abundance on southern regions was not apparent. In addition, the results do not confirm the
previously described increase in filter feeder abundance at lower latitudes (Ballantine 1961;
Hawkins et al. 1992; Southward et al. 1995). My results show that simple descriptive
qualitative studies, although important for getting a general idea of species distribution, are
not sufficient to get a complete picture of the complex and variable patterns that occur across

large spatial latitudinal scales.

My large scale survey allowed me to disentangle the effects of small, medium and large
scale factors that impact community structure, namely vertical height on the shore, the
horizontal gradient of wave exposure and latitude. Changes in community composition and
structure across large spatial latitudinal scales, as the results show, can be similar to the
changes observed at scales of only hundreds of meters, due to changes in wave action levels
(e.g. decline of total fucoid biomass from the United Kingdom to Portugal and from sheltered
to wave exposed conditions). So, to evaluate the consequences of latitudinal variation it was
essential to independently assess wave action on all shores included in the survey and ensure
an even distribution of shore selection from exposed to shelter. Biological indices for the
categorization of wave exposure have long been used in Europe (Ballantine 1961). Although
practical in the field, biological indices were not used in this study for a number of reasons.
Firstly, in planning a large scale survey and ensuring coverage across the wave exposure
gradient an approach is required which a priori defines the level of exposure. Secondly,
biological indices have the problem of circularity of reasoning, “a shore is exposed because it
has a certain community pattern and it has this pattern because it is exposed” as stated by
Ballantine (1961). Another alternative method would be the deployment of accurate wave
force dynamometers, simple spring devices that allow the measurement of the maximum
force and maximum water velocity imposed at the place of deployment (Denny 1983; Bell &
Denny 1994; Denny & Wethey 2001). Although reliable, such an approach proved to be far
too expensive and time-consuming to be considered and again suffers from the problem of

preventing classification of shores before they are surveyed. In addition, small scale measures
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of wave force (cms) can be extremely difficult to use in applying classifications of wave
exposure over larger scales (100s of meters). Therefore, the use of topographical indices,
previously used by Thomas (1986) and recently developed by Burrows et al. (2008), proved

to be the essential tool to achieve the proposed aim.

Burrows et al. (2008) showed that the wave fetch index is very reliable and able to
predict and capture the spatial variation in wave exposure, explaining more than 50 % of the
variation of species-site abundance matrix over a study encompassing 57 species surveyed at
185 sites throughout west Scotland. Using this index of wave fetch in the survey, allowed the
independent quantification of wave exposure across the large geographic area that
encompassed the survey, which was an indispensable requirement to be able to independently
separate the effect of wave exposure from the effects of large latitudinal variation. During the
survey, variability in levels of intertidal organisms along shores of different geographical
regions was similar, but differed across wave exposures. This also suggests that the wave
exposure index used to independently choose the shores was able to create differences

between the classes of exposure, which were maintained across the four geographical regions.

Simplification of data acquisition by using photographic methods also proved to be
successful as the survey focused mainly on functional groups. The identification of organisms
to species level was only required for large fucoid species that could be identified with the
resolution of the images obtained. Due to the short time window for sampling in the intertidal
area, the use of photography was essential to extend the number of shores visited, allowing a
more comprehensive view of community composition across wave exposures on the four

geographical regions included in the survey.

It was hypothesised, based on previous work (Ballantine 1961; Jenkins et al. 2001), that
one of the key contributory factors in the decline of fucoids at lower latitude is the possible
increase of molluscan grazer density, particularly patellid species. However, the expected
increase of Patella spp. density and biomass in southern regions was not detected in the
survey. Grazer exclusion experiments in southern areas present a complex picture with some
indicating a limited role for grazing (Benedetti-Cecchi et al. 2000; Benedetti-Cecchi et al.
2001; Coleman et al. 2006) but others indicate that patellid limpets still exert strong top down
control (Jenkins et al. 2001; Boaventura et al. 2002a; Arrontes et al. 2004). The absence of a
clear response to the removal of grazers in some experiments in southern areas probably
reflects the low reproductive output and abundance of fucoid algae in the south (Coleman et
al. 2006; Viejo et al. 2011). One area that requires clarification is the extent to which density
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or biomass of patellid limpets can be used as a surrogate for grazing pressure. Jenkins et al.
(2001) demonstrated that grazing pressure detected through the use of wax discs (Thompson
et al. 1997) could be higher in southern regions. However, although densities of limpets were
documented, biomass was not. The present survey showed that density and biomass of
limpets is not higher in Portugal than in the United Kingdom. However, the lack of
examination of how biomass translates into grazing activity prevents firm conclusions
regarding the change in grazing pressure with latitude especially in the light of output from
Jenkins et al (2001). Whether the same density/biomass of limpets in Portugal as in Wales, for
example, equates to the same level of grazing activity is not clear. Higher temperatures could
easily result in a rise in metabolic rates and hence greater grazing pressure to the south. The
size distribution of limpets also clouds the issue. Do mature limpets with high biomass exert
grazing pressure proportional to their size? Clearly further work is still needed to fully

understand how biomass in each of the geographic regions translates into grazing pressure.

While the levels of Patella spp. densities and biomass did not seem to be the main reason
for the decline of fucoid biomass on southern regions, its effect on northern regions could not
be discarded. Their key role in controlling macroalgal development on northern European
shores has long been recognised by several studies (Jones 1946; Hawkins 1983; Boaventura et
al. 2002a; Jenkins et al. 2005; Coleman et al. 2006; Davies et al. 2007). In their absence,
huge changes in community structure occur in northern areas with colonization of ephemeral
and opportunistic species followed by establishment of fucoid species previously absent from
these areas (Jones 1946; Southward & Southward 1978; Hawkins 1981a; Hawkins & Hartnoll
1985; Jenkins et al. 2005). The strength of this relationship was also demonstrated by this
study when fucoid biomass was compared with limpet density or biomass data from Scottish,

Welsh and English shores collected during the survey.

The effects of latitude were detected in the abundance levels of several of the functional
groups studied. The decline in fucoid abundance from northern to southern regions and a
consequent increase in the dominance of filter feeder community, as proposed (Ballantine
1961; Southward et al. 1995; Hawkins et al. 2009) were only partly observed. The survey
confirmed the expected decline in total fucoid biomass and percentage cover but the expected
increase in filter feeder was not verified. The decline in total fucoid biomass was also
expected to be progressive from the most northern to the most southern area. However,
British regions unexpectedly showed similar levels. There was a steady decline in F.
vesiculosus biomass from Scotland to England, but when the patterns of biomass of the other
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fucoid species are combined they counter such a decline, leading to regions within the United
Kingdom with similar fucoid abundance. So, total fucoid biomass across the United Kingdom

was found to be similar but with different proportions of specific fucoid species.

The analysis of the patterns of individual fucoid species seems to indicate that the decline
in total fucoid biomass in the Portuguese shore is mainly due to the absence of Ascophyllum
nodosum and Fucus serratus specimens. The absence of these species, which reach their
southern limit of distribution in northern areas of the Portuguese coast (areas outside the
surveyed zone) (Lima et al. 2007; Araujo et al. 2009), could be due to a combination of other
abiotic or biotic factors. More demanding weather conditions, with warmer and drier periods
that may lead to failure in recruitment (Thompson et al. 2004; Viejo et al. 2011), or the
presence of strong competition for space with other functional groups, like turf species that
actually have the greatest percentage cover on Portuguese shores, could lead to the absence of

these northern fucoid species, Ascophyllum nodosum and Fucus serratus.

The absence of a consistent pattern of barnacle abundance along the four geographical
regions was also noted, showing that several factors other than changes of latitude are
affecting the abundance of these filter feeders. An explanation, could lie in the levels of
phytoplankton concentration and larvae supply that are greatly affected by ocean currents and
upwelling zones. Burrows et al. (2010) recently showed that such factors are especially
important for the abundance levels of barnacles across the UK. Despite the inconsistent
results across the four regions, the effect of wave exposure within each of the areas was
consistent with patterns proposed by Ballantine (1961), showing that barnacle cover
consistently increased with rising wave action. The reasons for the decline in barnacle
abundance with decreasing wave exposure have been the subject of many studies. Jenkins and
Hawkins (2003) show evidence of interference in supply of larvae to the rock surface by
dense macroalgal canopies on sheltered shores. Additionally, it is well known that macroalgae
have a significant negative impact on barnacle settlement through sweeping effects (Hawkins
1983; Jenkins et al. 1999c).

Focusing on the variation across the main gradients being surveyed, it is possible to
observe that differences in productivity will be expected as changes in trophic structure are
accompanied by changes in energy flow (O'Connor & Crowe 2005). Over larger scales,
primary productivity across Europe is also expected to reflect the variability in community
structure. The combination of patterns observed across the survey seems to indicate that the

most southern intertidal region surveyed, Portugal, displays a lower export of algal based
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detritus and therefore is expected to act more as a net importer system than the regions from
the United Kingdom.

In summary, the survey here presented provides a broad quantitative view of how
patterns and community structure varies across European intertidal areas, while taking into
consideration variability caused by wave exposure and vertical shore position. The
quantification of large scale surveys is time consuming and demands a great input of energy
and resources but provides unique opportunities to improve the knowledge of natural patterns
of distribution and abundance and are the basic tool for the understanding of more complex
ecological processes. The increased amount of work and time spent on the shore are
unequivocally important, as acquisition of quantitative data will allow the improvement of
comparisons across time and scale in the future. Due to the influence of climate change on the
intertidal rocky shores (Harley et al. 2006; Helmuth et al. 2006b; Lima et al. 2007; Hawkins
et al. 2009) and the increased need for quantitative data to inform conservation projects, the
construction of datasets that allow the comparison of data is of the highest importance, as
older studies can become a source of historical quantitative datasets for future comparisons.
Future experimental work should focus on quantifying the relative importance of processes
that act at large, medium and small scales and how these interact with each other to promote
and shape the patterns observed.
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CHAPTER 3

THE EFFECTS OF GRAZING AND ENVIRONMENTAL
CONDITIONS IN FUCOID RECRUITMENT ON NORTHERN AND
SOUTHERN EUROPEAN SHORES

3.1 INTRODUCTION

Fucoid species are important intertidal ecosystem engineers and primary producers;
hence they are very important for community structure and ecosystem functioning. Due to
their size and 3D structure, fucoid canopies are able to influence the physical environment,
providing microhabitats that are utilized by other organisms. Fucoid canopy algae have been
shown to modify the presence and activity of other organisms in the intertidal through a range
of mechanisms including amelioration of temperature and desiccation extremes (Moore et al.
2007a), the reduction of wave action (McCook & Chapman 1991) and the reduction of light
radiance levels (Jenkins et al. 1999a). Sweeping effects of fucoid fronds across the substratum

can also have a strong community structuring role (Hawkins 1983; Jenkins et al. 1999c).
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Fucoid populations occur over much of the European coast, but their abundance declines
with declining latitude towards their southern limit of distribution (Chapter 2; Fischer-Piétte
1955, 1957; Ballantine 1961; Ardré 1970; Hawkins & Hartnoll 1983; Hawkins & Jones
1992). These range edge populations live in sub-optimal conditions that normally lead to the
development of smaller and more fragmented populations (Guo et al. 2005; Bridle & Vines
2007; Araujo et al. 2011). The reasons for the decline of fucoid populations and consequent
changes in community structure across such latitudinal scales are not clearly understood, but
are likely to be the result of a combination of physical and biological processes (Hawkins &
Hartnoll 1983; Hawkins & Jones 1992; Menge 2000b; Underwood 2000; Jenkins et al. 2008).
As sessile organisms living in a tidally dominated environment, fucoid species are adapted to
variable physical environmental conditions (Southward 1958; Lubchenco 1980; Norton
1983), although differences in tolerance to stress (Stephenson & Stephenson 1949; Schonbeck
& Norton 1978) interacting with competition (Schonbeck & Norton 1980; Hawkins &
Hartnoll 1985) and grazing (Hartnoll & Hawkins 1985; Boaventura et al. 2002a) set vertical
patterns of zonation. The effect of minimum and maximum temperatures combined with
extreme climate events, such as unusually cold or warm periods or storms, are important in
setting the geographic distribution and range limits of seaweeds (Crisp 1964; Luning 1984;
Underwood 1999; Adey & Steneck 2001; Wethey et al. 2011). Other physical factors like
solar radiation can also be extremely important. Both low and high solar radiation levels can
control macroalgal species distribution by limiting or damaging their photosynthetic system
(Powles 1984; Creed et al. 1997; Aguilera et al. 1999). In addition to physical control of
macroalgal distribution and population structure (Arrontes 1993; Altamirano et al. 2003),
biological interactions, especially top down control by sedentary grazers, can also have a
strong effect on the abundance and distribution of algae species. Removal of top down
herbivore control can lead to a strong increase in the abundance of prey. Such an increase can
lead to further disequilibrium in the ecosystem owing to enhanced primary production
(Lubchenco 1978; Dethier & Duggins 1988; Paine 2002). Work developed since the 1940s in
Britain (Jones 1946; Hawkins 1981a; Hawkins & Hartnoll 1983; Hartnoll & Hawkins 1985;
Jenkins et al. 1999b; Boaventura et al. 2002a; Thompson et al. 2004; Jenkins et al. 2005;
Jonsson et al. 2006) has shown how grazing can be an important factor in controlling fucoid
recruitment especially at moderately exposed and exposed shores. In southern Europe
however, probably due to differences in the recruitment levels of algae and harsher
environmental stress, grazing pressure though influential has more unpredictable effects
(Benedetti-Cecchi et al. 2001; Jenkins et al. 2005; Coleman et al. 2006).
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Physical and biological processes are especially important in determining survival rates
of early fucoid life stages in the rocky intertidal (Thompson et al. 2004). These seem to be the
most critical stages for the maintenance of viable fucoid populations (Santelices 1990; Vadas
et al. 1992). Intertidal fucoid recruits are delicate structures that are subjected to severe and
variable physical factors and are part of the diet of multiple intertidal grazer species
(Lubchenco 1980; Jenkins et al. 2001). Their fragile mechanisms of protection and resilience
against such environmental stresses, when compared with adult algae, makes them specially
susceptible to high mortality leading to a possible bottleneck effect in successful survival of
fucoid species (Santelices 1990; Lotze et al. 2001; Jenkins et al. 2005).

Therefore, it seems the decline of fucoid species abundance from central to range edge
populations (Chapter 2) could be due to biological or physical effects, in isolation or
combined, and that their impact could be greater on the more vulnerable early recruitment
stages. The ability to disentangle the effects of possible controlling mechanisms on early
mortality is the basis for the development of this experiment. This study aims to explore the
role played by different levels of Patella spp. grazing pressure combined with different levels
of light radiance in the control of fucoid settlement and recruitment at both northern (central
range) and southern (range edge) mid wave-exposed shores of western Europe. | investigated
the general hypothesis that removal of limpets at both locations will result in greater
macroalgae recruitment success. Many factors can affect the effectiveness of grazers and
recruitment of fucoids (Vadas et al. 1990; Jenkins & Hartnoll 2001; Arrontes 2002), but
taking into consideration information from previous studies (Jenkins et al. 2005; Coleman et
al. 2006) it was predicted that removal of grazers will have a greater impact on fucoid
recruitment in northern shores. It was further predicted that the response of fucoid recruitment
to reduction of light intensity levels would be higher on the Portuguese shores, where harsher
conditions during the summer season are expected to greatly affect fitness of fucoid recruits
(Pearson et al. 2009).

3.2 METHODS
3.2.1 Study areas

Manipulative experiments were conducted on four rocky shores in two geographical

regions separated by 11° of latitude. The geographical regions were northern Portugal and
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northern Wales, each represented by two shores separated by a minimum of 10 km, Carreco
(41.729259°, -8.873483°), Vila Praia de Ancora (41.823255°, -8.875501°), Porth Cwyfan
(53.180296°, -4.489920°) and Cemlyn Bay (53.414938°, -4.517396°), respectively. These
fully saline rocky shores were selected because of their similar geomorphology, wave
exposure and the presence of patches of fucoids and limpets on rocky surfaces with gentle
slopes (<45°). Maximal tidal range varied between 3.8 m and 6.3 m on the Portuguese and
Welsh shores, respectively. To determine factors controlling fucoid populations under field
conditions, plots were spread within the equivalent biological zone in Portugal and Wales
(between 2.1 to 4.7 m above Chart Datum in Wales and 2.3 to 3.2 m above Chart Datum in
Portugal), so they were emersed for similar periods of time at both locations. Fucus vesiculosus

and Fucus spiralis were the fucoids species present at both locations at these tidal levels.

3.2.2 Experimental designs

To test for the effect of light intensity and grazing level on fucoid recruitment at these
two geographical regions an experimental design composed of 9 treatments with 4 replicates
each was used. The design allowed testing for the combined effect of 3 different levels of
limpet grazing pressure (natural densities of grazers, half densities and no grazers present)
across 3 different light intensities (natural radiance levels, shaded plots and a procedural
control consisting of a transparent perspex cover). In order to show generality across shores and
geographical regions the design was replicated in two shores in Portugal and two shores in Wales.

3.2.3 Experimental setup and sampling

On each shore 36 randomly spread plots were created in areas of rock with no fucoid
presence at the specified tidal height. The 9 treatments were randomly allocated to
experimental plots. In order to create plots with reduced light intensity, a plastic mesh (model:
Figured 45 from Conwed plastics Ltd.) that provided a reduction in photosynthetically active
radiation (PAR) of 84 % on cloudy and 80 % on sunny days (Rauh 2006) was used in a third
of the plots. To control the effects of this shading apparatus, another third of the plots were
covered with a 4 mm perforated clear perspex sheet that acted as a procedural control. This
material was used because it allows light to reach the plots, while creating a similar physical
barrier to water movement as that created by the plastic mesh. Grazing pressure was
manipulated using grazer inclusion fences. After estimating density of Patella grazers for
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each shore, plots with natural, half and no grazing pressure were attained by removal of
limpets from the plots. Natural grazing levels varied between shores, with mean values in
Portugal reaching 131 limpets/m? in Vila Praia de Ancora and 77 limpets/m? in Carreco and
in Wales reaching 155 limpets/m? in Porth Cywfan and 95 limpets/m? in Cemlyn Bay. Only
limpets larger that 1.3 cm were used in the study. Inclusion fences were created using 3 cm
high fences of plastic coated wire mesh (mesh size 13 mm). To determine the effect of limpet
inclusion, an additional 4 plots marked only by screws in the corners were created allowing
grazing to occur at normal levels. The results from these plots would be compared with results

from fenced plots with natural levels of grazing to test for the effect of fencing.

The experiment started at the beginning of May 2010, ahead of the peak in fertility
(Knight & Parke 1950; Niemeck & Mathieson 1976; Robertson 1987; Berger et al. 2001) and
recruitment (Hawkins 1981a; Jenkins et al. 2005; Coleman et al. 2006) of both Fucus
vesiculosus and Fucus spiralis. From May 2010 to May 2011, macroalgae were allowed to
establish and grow on plots under the manipulated grazing and light radiance treatments.
Measurements of density of Fucus spp. recruits were made at all shores at 3 different dates:
70, 145 and 365 days after deployment. Fucus spp. Designation was used due to difficulties in
distinguishing juveniles of different fucoid species in the field. After 1 year, all the fucoid
individuals were destructively sampled to measure density and dry weight of fucoids from
each of the plots. During the entire period of the experiment, plots on every shore were
checked, fences and shades repaired if needed and limpet densities assessed and adjusted

when required.

3.2.4 Statistical analysis

Differences in total weight after 1 year, plus differences in densities of fucoid species
over the three sampling dates were evaluated using a mixed analysis of variance model
(ANOVA) with 4 factors. Comparisons were done among geographical regions (fixed, 2
levels), shores (random nested in geographical regions, 2 levels), light intensity (fixed, 3
levels) and grazing pressure (fixed, 3 levels). Results from different sampling dates were not
compared due to the non-independence of repeatedly sampled plots. In designing the
experiment, procedural controls were also used to determine whether artefacts were
introduced by the use of perspex screens and fencing material. These procedural artefacts
were tested for with post hoc tests of significant factors. Prior to analysis, heterogeneity of

variance of the data was tested with Cochran’s test and when necessary, transformation of
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heterogeneous data was undertaken. For further analysis of significant factors post hoc
Student-Newman-Keuls (SNK) tests were applied. Only SNK results showing differences are
displayed in the results section. All the analyses were performed using GMAV5 software

(Institute of Marine Biology, University of Sydney, Australia)

3.3 RESULTS
3.3.1 Experimental artefacts

The use of shading apparatus and the control of grazing by use of inclusion cages could
introduce experimental artefacts. However, the control areas (natural level of grazing in
unfenced plots) did not differ significantly from inclusion plots at natural grazing levels for
any of the response variables (fucoid density at 70, 145 and 365 days and fucoid weight at one
year), thus indicating that the behaviour of limpets was not modified to a significant extent in
inclusion plots (Table 11: Density and Weight of fucoids (1Y) - non-significant fence
treatment). Similarly, there was no obvious artefact introduced by the use of shading structures;
no significant difference was found between unshaded plots and those where the shade
procedural control (perspex covers) were used (Table 12 & Table 13: Density of fucoids (70D,
145D and 1Y) and Weight of fucoids (1Y) - non-significant light intensity treatment).

3.3.2 Densities of fucoids (across the entire period)

The levels of natural fucoid recruitment varied between geographical regions across all
sampling dates (Table 12: Density of fucoids (70D, 145D and 1Y) - SNK of Re x Gr, Figure
15). Ungrazed Welsh areas showed significantly greater mean recruitment levels compared to
ungrazed Portuguese areas (Table 12: Density of fucoids (70D, 145D and 1Y) - SNK of Re x
Gr, Figure 15). After 1 year on the shore ungrazed Welsh plots showed mean recruitment
levels greater than 1000 /m?, while for similar areas on Portuguese shores mean recruitment

was very low, not exceeding 10 /m?.

Providing increased shade protection to reduce exposure to light radiance did not promote
increased levels of fucoid recruitment at either geographical region (Table 12: Density of
fucoids (70D, 145D and 1Y) - non-significant light intensity treatment, Figure 15). In

Portugal there was also no significant effect of decreased grazing pressure, leading to similar
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levels of recruitment occurring across all treatments on each of the Portuguese shores (Table
12: Density of fucoids (70D, 145D and 1Y) - SNK of Re x Gr, Figure 15). In contrast there
was a significant effect of grazing on fucoid densities at all sampling dates on Welsh shores
(Table 12: Density of fucoids (70D, 145D and 1Y) - SNK of Re x Gr, Figure 15). Absence of
grazing pressure at Welsh plots promoted the survival of significantly higher numbers of
fucoid recruits (mean densities after 70 days on the shore where > to 700 ind/m?) compared
with grazed plots (mean densities after 70 days on the shore where < to 5 ind/m?). It is also
interesting to point out that the removal of half the limpets from Welsh plots did not
significantly increase recruitment levels, when compared with full grazing pressure plots
(Table 12: Density of fucoids (70D, 145D and 1Y) - SNK of Re x Gr, Figure 15).

Differences in recruitment levels between shores within each geographical region also
occurred (Table 12: Density of fucoids (70D, 145D and 1Y) - SNK of Gr x Sh (Re)). After one
year on the shore in Portugal, higher densities of fucoid recruits occurred at Carreco than at
Vila Praia de Ancora across treatments. In Wales, significant differences were only observed
between ungrazed plots, showing higher recruitment densities at Cemlyn Bay than at Porth
Cwyfan (Table 12: Density of fucoids (1Y) - Gr x Sh (Re), Figure 15).

Table 11: Mix model ANOVA of density and weight of fucoids produced after 1 year on the shore to test the
effect of fence. Abbreviations used - Re: Geographical Region (Sco: Scotland; Wal: Wales); Sh: Shore; Fe:
Fence; Res: Residual.

Density of fucoids (1Y) Weight of fucoids (1Y)

Source df F ratio vs
mSs F p MS F p
Re 1 24.8 0.6 0.535 7.6 0.6 0.518 Sh (Re)
Sh (Re) 2 44.8 5.4 0.012 12.5 4.1 0.031 Res
Fe 1 18.0 1.9 0.306 3.7 1.9 0.305 Fe x Sh (Re)
Re x Fe 1 1.4 0.1 0.743 0.3 0.1 0.752 Fe x Sh (Re)
Fe x Sh (Re) 2 9.7 1.2 0.331 2.0 0.7 0.533 Res
Res 24 8.3 3.1
Cochran test C=0.4343, p >0.05 C=0.4300, p >0.05
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Table 12: Mix model ANOVA of density of fucoids produced after 70, 145 and 365 days on the shore. Post hoc
SNK  tests of significant differences are presented. Abbreviations used - Re: Geographical Region (Sco:
Scotland; Wal: Wales); Sh: Shore (Vil: Vila Praia de Ancora; Car: Carreco; Cwy: Porth Cwyfan; Cem: Cemlyn
Bay); Li: Light intensity; Gr: Grazing level (-G: Ungrazed; %G: Half grazing pressure; +G: Grazed at natural
densities) Res: Residual.

Density of fucoids (70D) Density of fucoids (145D) Density of fucoids (1Y)

Source df F ratio vs
MS F p MS F p MS F p
Re 1 1269 8.8 0.097 93.7 2.1 0.281 99.1 1.7 0.325 Sh (Re)
Sh (Re) 2 145 6.6 0.002 43,7 16.8 <0.001 59.3 15.7 <0.001 Res
Li 2 2.6 3.1 0.149 1.5 2.6 0.191 7.0 25 0.199 Li x Sh (Re)
Gr 2 136.1 25.3 0.005 1924 25.5 0.005 342.5 30.7 0.004 Gr x Sh (Re)
Re x Li 2 0.2 0.2 0.823 0.1 0.2 0.802 6.4 2.3 0.219 Li x Sh (Re)
Re x Gr 2 126.0 234 0.006 200.5 26.5 0.005 271.4 243 0.006 Gr x Sh (Re)
Li x Sh (Re) 4 0.8 0.4 0.832 0.6 0.2 0.924 28 0.8 0.562 Res
GrxSh(Re) 4 5.4 2.5 0.050 7.6 2.9 0.025 111 29 0.024 Res
Lix Gr 4 0.8 0.8 0.573 1.6 1.5 0.298 1.5 0.6 0.650 GrxLixSh(Re)
RexLlixGr 4 2.5 24 0.136 2.6 2.4 0.140 6.0 2.6 0.120 GrxLixSh (Re)
GrxLixSh(Re) 8 1.0 0.5 0.875 1.1 0.4 0.904 24 0.6 0.758 Res
Res 108 2.2 2.6 3.8
Cochran’s test C=0.1414, p >0.05 C=0.1579, p >0.05 C=0.157, p >0.05
SNK Gr x Sh (Re) Gr x Sh (Re) Gr x Sh (Re)
Cwy/Cem-+G=%G<-G Cwy/Cem-+G=%G<-G Cwy/Cem-+G=%G<-G
-G - Vil < Car -G - Vil < Car -G - Vil < Car
-G -Cwy < Cem %G - Vil < Car %G - Vil < Car
Re x Gr +G - Vil < Car +G - Vil < Car
-G - Por < Wal -G -Cwy < Cem -G -Cwy < Cem
Wal-+G=%G<-G Re x Gr Re x Gr
-G - Por < Wal -G - Por < Wal
Wal-+G=%G<-G Wal-+G=%G<-G
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Figure 15: Densities of fucoid (ind/m?) produced after 70 (a), 145 (b) and 365 (c) days on the shore under
different light intensities and grazing treatments (-G: Ungrazed; %G: Half grazing pressure; +G: Grazed at
natural densities) at two geographical regions each represented by 2 shores (Shl: Vila Praia de Ancora
(Portugal), Porth Cwyfan (Wales); Sh2: Carreco (Portugal), Cemlyn Bay (Wales). Error bars = +1SE.
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3.3.3 Fucoid biomass (after 1 year)

The data on biomass after one year reflects densities of individual plants: ungrazed plots
in Wales had significantly higher levels of fucoid biomass (mean weight 221.27g/m?) than
any other grazing treatment independently of the light intensity applied (Table 13: Weight of
fucoids (1Y) - SNK of Re x Gr, Figure 16). In Portugal biomass production was low and not
significantly different across all the treatments. However in contrast, the complete removal of
grazers in Wales greatly enhanced fucoid biomass production; 4.5 times that in %2 grazed or
grazed plots (Table 13: Weight of fucoids (1Y) - SNK of Re x Gr, Figure 16). Increased
shading protection did not, however, promote higher recruitment at either geographical region
(Table 13).

Table 13: Analysis of variance of fucoid biomass after 1 year on the shore. Post hoc SNK tests of significant
differences are presented. Abbreviations used - Re: Geographical Region (Sco: Scotland; Wal: Wales); Sh:
Shore; Li: Light intensity; Gr: Grazing level (-G: Ungrazed; ¥%G: Half grazing pressure; +G: Grazed at natural
densities) Res: Residual.

Weight of fucoids (1Y)
Source df F ratio vs
MS F p
Re 1 985 15 0.351 Sh (Re)
Sh (Re) 2 67.8 10.4 <0.001 Res
Li 2 4.2 0.6 0.609 Li x Sh (Re)
Gr 2 320.0 61.1 0.001 Gr x Sh (Re)
Re x Li 2 7.1 0.9 0.463 Li x Sh (Re)
Re x Gr 2 237.4 453 0.002 Gr x Sh (Re)
Li x Sh (Re) 4 7.5 1.2 0.334 Res
Gr x Sh (Re) 4 5.2 0.8 0.525 Res
Lix Gr 4 5.8 0.7 0.616 Gr x Li x Sh (Re)
Re x Li x Gr 4 6.9 0.8 0.545 Gr x Li x Sh (Re)
Gr x Li x Sh (Re) 8 8.4 1.3 0.258 Res
Res 108 6.5
Cochran’s test C=0.43,p>0.05
SNK Re x Gr
-G - Por < Wal

Wal-+G=%G<-G
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Figure 16: Total fucoid biomass (g/m?) produced after 365 days on the shore under different light intensities and
grazing treatments (-G: Ungrazed; ¥2G: Half grazing pressure; +G: Grazed at natural densities) at two
geographical regions each represented by 2 shores (Shl: Vila Praia de Ancora (Portugal), Porth Cwyfan
(Wales); Sh2: Carreco (Portugal), Cemlyn Bay (Wales). Error bars = +1SE.

3.4 DISCUSSION

The study here presented shows a clear difference in fucoid (Fucus vesiculosus and
Fucus spiralis) settlement/recruitment levels between Welsh and Portuguese shores. In the
absence of grazing pressure by limpets, central populations developed higher numbers of
fucoid recruits than range edge populations, independently of the level of light intensity
present. These increased levels of recruitment in central populations have also been reported
for F. serratus growing under natural conditions (Araujo et al. 2011), which seems to indicate
that these fucoid species have lower recruitment success in range edge populations. Such
differences could be promoted by greater abundance or fitness of fucoid adults from central
shores, which would result in improved reproductive capacity and higher propagule
availability (Mathieson & Guo 1992; Worm et al. 2001). They could also be linked with
lower survival rate of fucoid recruits in Portugal due to exposure to harsher summer physical
environments (Ladah et al. 2003; Pearson et al. 2009) or even due to the presence of different
grazer species affecting recruitment in Portugal (e.g. mobile fish species not controlled by my
experimental design, Ruitton et al. (2000)). Any of these factors could be causing the
differences observed, but could not be resolved with the implemented experimental design.
Therefore, further investigation through experimental studies is still needed to understand the

cause of such variability.
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Assessing the effect of biological and physical processes on fucoid recruitment across
Europe proved to be challenging. The ability to reduce solar radiance levels, especially during
harsh summer conditions in Portuguese shores, was expected to influence survival of fucoid
recruits. Harsher environmental summer conditions have been pointed out as a possible
reason for the decline in algae abundance in southern Europe (Jenkins et al. 2001; Coleman et
al. 2006). Controlling solar radiance levels on this experiment was expected to influence
fucoid recruitment. Surprisingly, different light intensity levels did not significantly affect
fucoid recruitment densities in both geographical regions. In central populations this result
was partly expected since fucoid recruits seem well adapted to deal with the levels of summer
radiation and temperature characteristics of these intertidal shores, information verified by
their dominance at Welsh rocky intertidal sites (Chapter 2; Ballantine 1961; Brazier et al.
2007). Still, differences in shading conditions were expected to influence biomass allocation
over the different shading treatments, similarly to what was showed for epilithic biofilms by
Thompson et al. (2004). However that did not occur which indicates that fucoid populations
from central regions have the capacity to adjust their photosynthetic apparatus to deal with a
range of light intensities and still promote normal levels of growth. In Portugal although the
results were not significant, the low levels of recruitment in all the treatments on the two
Portuguese shores means that detection of shade effects may not be apparent simply because
of a limitation of new individuals. The conclusion that reduced radiance levels were not
important for improved fucoid recruitment success in Portuguese shores has to take into
account the small number of recruits present during this experimental work. In order to
determine whether the physical environment plays a critical role in development of fucoids at
the early post settlement period it may be necessary to artificially manipulate the level of early
recruits by seeding areas with propagules. By doing this it could be ascertained whether
shading of such recruits from harsh physical conditions could lead to enhanced survival and

growth of fucoid plants.

The role played by grazers in the control of macroalgae has long been highlighted as a
major factor controlling algae abundance and their spatial distribution in different
geographical regions (Lubchenco 1978; Southward & Southward 1978; Underwood &
Jernakoff 1984; Boaventura et al. 2002a). The exclusion of grazers generally promotes an
increase of macroalgae recruitment. The presence of grazers can have variable consequences
on the spatial organisation of algae depending on the abundance of the macroalgae on the

shore (Johnson et al. 1997; Coleman et al. 2006). The probability of macroalgae escaping
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grazers, especially during the early post-settlement stages, can determine community
composition on the shore (Vadas et al. 1992; Burrows & Hawkins 1998; Johnson et al.
1998a). The probability of escapes will greatly depend on the identity, abundance and
diversity of the grazer community (Jenkins et al. 2001; Coleman et al. 2006; Moore et al.
2007b). Different grazer species can have distinct effects on the establishment of algae
(Moore et al. 2007b). Some species are not very effective in controlling algae recruitment, as
is the case of littorinid grazers on Swedish rocky shores (Lindegarth et al. 2001), while other
species can be very effective in controlling the spatial distribution of algae (O'Connor &
Crowe 2005). Even species that can control algae recruitment in a specific environment can
have different impact strengths if the surrounding community or the physical environment
changes (Jenkins et al. 1999b). In experiment here presented, the effects of Patella spp.
grazing pressure varied between the central and range edge populations. In Wales, an increase
in the recruitment of macroalgae occurred in plots where limpets were absent independently
of the levels of radiance arriving at the plots, indicating as previously proposed by several
studies (Southward & Southward 1978; Hawkins 1981a; Hawkins & Hartnoll 1983; Jenkins et
al. 1999b; Boaventura et al. 2002a; Jenkins et al. 2005) that fucoid recruitment on moderately
exposed shores in Britain is greatly affected by the level of limpet grazing pressure on the
shore. The results of the experiment seem to indicate that the actual grazing pressure on the
Welsh shores is so efficient that even half the natural grazing pressure by limpets is enough to
control fucoid recruitment levels. Based on these results, it is possible to conclude that at
Welsh mid exposed intertidal rocky areas grazing by Patella spp. is one of the most important
factors controlling fucoid settlement. In contrast, it has been shown by previous studies
(Benedetti-Cecchi et al. 2000; Benedetti-Cecchi et al. 2001; Coleman et al. 2006) that the
impact of limpet grazing in southern European algae communities is more variable. It has also
been proposed that a possible combination of reduced grazing pressure and amelioration of
physical factors may promote fucoid recruitment in these harsher range edge environments
(Underwood 1980; Williams 1994; Kaehler & Williams 1998). The experimental design used
for the experiment explored both processes simultaneously. However, it is likely that the low
levels of supply of new individuals in the form of propagules occurring on the Portuguese
shores meant that no response in fucoid recruitment could be detected even in the absence of
limpet grazers and with environmental light intensity reduced by 80 %. The fucoid
populations in Portugal had lower abundance than in Wales, therefore expected propagule

supply probably is also lower (see Chapter 5 for further information on reproductive capacity).
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In summary, these series of experiments allowed us to clearly show the strong control
that Patella spp. grazing pressure can exert on central populations from Welsh shores and
how physical factors, in this case radiance levels, are not affecting fucoid recruitment on the
Welsh rocky intertidal. Although results for northern areas were clear, on Portuguese shores
due to the low natural levels of fucoid recruitment the influence of reduced radiance levels
and limpet grazing pressure could not be conclusively determined. Even though the processes
controlling the abundance of fucoids are not completely clarified for southern regions, my
results still seem to indicate that northern intertidal areas are greater net producers than
southern intertidal shores. The results of this research further suggest that propagule supply
seems to be crucial and that further experimental work is required on these range edge
populations to clarify what processes are limiting settlement and controlling recruitment on

these intertidal rocky shores.
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CHAPTER 4
PHYSIOLOGICAL RESPONSE OF NORTHERN AND SOUTHERN
FUCOID ALGAE TO PHYSICAL STRESS

4.1 INTRODUCTION

Fucoid algae are important primary producers on rocky intertidal shores of the European
and American Atlantic coast (Raffaelli & Hawkins 1996). In the intertidal zone of the
northeast Atlantic, fucoid cover and biomass decreases with latitude ((Ballantine 1961;
Hawkins & Jones 1992). While work presented in this thesis (Chapter 2) shows the pattern of
decline southward is less gradual than previously thought, my quantitative assessment of
community structure through the British Isles and into Portugal also shows that fucoid taxa
decrease significantly in Portugal. Portugal is known as a biogeographical transition zone
(Ardré 1970; Luning 1990; Southward et al. 1995; Ladah et al. 2003; Lima et al. 2007) where
some fucoid species reach or approach their southern limit of distribution. Populations
occupying such areas, near the limits of the “realized niche” of a species, experience higher
levels of abiotic and/or biotic stresses (Guo et al. 2005; Bridle & Vines 2007), which
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eventually are responsible for the exclusion of the species from these areas (Hutchins 1947,
Lewis 1986; Somero 2002; Davenport & Davenport 2005).

The existence, distribution and abundance of fucoid algae in rocky intertidal areas are
determined by a combination of physical and biotic factors (Schonbeck & Norton 1978;
Lubchenco 1980; Hawkins & Hartnoll 1985; Menge 2000b; Jenkins et al. 2008). Physical
factors, many of which are associated with tidal emersion, have long been known to influence
the position and abundance of organisms in the rocky intertidal (Evans 1948; Ballantine
1961). In temperate zones the peak of environmental stress occurs in the summer, when mid
afternoon low tide periods occur on clear, calm days (Helmuth et al. 2002). These conditions
promote an environment with harsh physiological stresses where high temperatures and solar
radiance cause high levels of thermal and desiccation stresses, particularly at the upper levels
of the shore (Doty 1946; Stephenson & Stephenson 1972; Bell 1993; Davison & Pearson
1996; Denny & Wethey 2001). The pervasive influence of such adverse physical conditions
on algal distribution has been demonstrated numerous times; brown algae species like
Pelvetia canaliculata, Fucus spiralis, Ascophyllum nodosum and Laminaria digitata, have all
been shown to have their upper limit on the shore directly set by physical factors, such as
extreme temperatures and harsh exposure to solar radiation (Schonbeck & Norton 1978;
Dring & Brown 1982; Todd & Lewis 1984; Hawkins & Hartnoll 1985; Skene 2004). As well
as operating on a local scale, such effects are likely to operate in influencing the distribution

and southern limit of fucoid taxa as one moves south in Europe.

To understand the role of physical factors in determining algal distribution, a simple but
effective method may involve the observation of physical damage in algae under extreme
conditions, for example at the upper limit of distribution on a local scale on extreme spring
tides in the summer (e.g. Hawkins & Hartnoll 1985). However, such observations are likely to
be less useful over biogeographic scales where direct physical limitation is less likely to be
important than non lethal effects which influence fitness and hence recruitment at range
edges. A more subtle means, which enables a greater understanding of non lethal effects, is to
measure stress responses. There are several methods to measure stress in algae; one of the
most efficient means is the use of the non-intrusive pulse amplitude modulated (PAM)
fluorometer. Its use in fucoid experimental procedures is well documented. Using a PAM
fluorometer, Malm & Kautsky (2003) were able to show that different fucoid species, Fucus
serratus and Fucus vesiculosus, had different tolerance levels to wave action and freezing

temperatures. Coelho et al. (2001) showed that elevated light levels and UVB radiation could
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be an important stress factor for embryos of F. spiralis. Studies developed in the Baltic Sea
were able to assess the effects of desiccation and depth on F. vesiculosus populations also
through the use of PAM fluorometry. This technique was essential to determine that the
marine ecotype was more resistant to desiccation than the brackish ecotype and that F.
vesiculosus specimens living at lower depths in the Baltic Sea had higher capacity of
photoinhibition, a factor essential to protect their photosystem (Ekelund et al. 2008; Gylle et
al. 2009). Studies similar to these show how widely versatile the fluorometry technique is and
that PAM fluorometers can successfully be used to investigate the physiological response of
fucoid algae. PAM fluorometers can measure various aspects of the photosynthetic response
to light intensity. Through the measurement of the maximum quantum yield of PSII
photochemistry (Fv/Fm values), for example in algae under different environmental stresses,
PAM fluorometers allow researchers to assess the effect of stresses on the reaction centres of
the PSII and its consequences on the photosynthetic performance of the algae (Consalvey et
al. 2005; Baker 2008). The ability to assess the photosynthetic performance of algae is
extremely important due to its direct impacts on growth rates, reproductive output and tissue
health (Davison & Pearson 1996; Somero 2002; Dethier et al. 2005).

The distribution of species across ecosystems is closely linked with the environment
(Clarke 2003; Lima et al. 2007; Hawkins et al. 2009; Wethey et al. 2011). Changes in
temperature, salinity and wave exposure can all contribute to the development of
morphologically distinct fucoid populations (Back et al. 1993; Kalvas & Kautsky 1993, 1998;
Russell et al. 1998). Factors like intensity of grazing or wave action have also contributed to
differences in reproductive effort observed between populations (Russell 1979). More
recently, different populations have also showed different responses to copper due to their
historic exposure to the element (Nielsen et al. 2003). All these studies indicate that distinct
populations can respond differently to similar stress levels. Given that fucoid biomass
declines from northern to southern European areas (Chapter 2) and that Portugal is near the
southern limit of distribution for the majority of the fucoid species (Lima et al. 2007), this
study aims to use flourometry to compare the response of different fucoid populations, from
central and southern peripheral fucoid populations, to naturally high physical stress levels
similar to the ones affecting algae during their emersion period in the summer. To achieve this
objective Fucus spiralis and Fucus vesiculosus, species that occupy respectively the high and

mid shore levels of the intertidal, from central (Welsh) and range edge (Portuguese)
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populations were used. These were chosen as model species since they are present in both

geographical regions.

The main aim of the present study was to determine if fucoid populations are locally
adapted via a physiological response to the levels of physical stress to which they are
normally subjected. To achieve these, fucoid populations from the southern extreme and
central areas of distribution were exposed to equal levels of physical stress. The levels of
physical stress used, can be naturally observed in both regions during the emersion period.
However, the level of physical stress applied occurs with regular frequency on southern
regions but only occasionally at northern regions. Therefore, if populations are locally
adapted it is expect to observe a greater deterioration of the physiological condition of
specimens from the northern populations. The use of stress levels usually found at the
southern extreme of distribution, also allows evaluation of how southern populations are
dealing with the levels of stress they usually have to sustain during the summer emersion
periods. Are southern fucoid populations usually living under physiological stress or does
their physiology allows them to easily recover after the emersion periods? Finally, by running
the experiments separately on different fucoid species, it was assessed if the patterns of stress
observed across geographical regions would be similar in species that normally occupy
distinct shore heights. Do high shore species show less difference across their geographic

range, since they are naturally adapted to high stress, than mid shore species?

4.2 METHODS

4.2.1 Collection

Fucus vesiculosus and Fucus spiralis samples were collected from northern and southern
European areas. The two northern populations were from shores located in Wales, Porth
Cwyfan (53.182821°, -4.489829°) and Cemlyn Bay (53.407460°, -4.533636°); while in the
south the Portuguese populations came from Viana do Castelo (41.690403°, -8.849988°) and
Carreco (41.716555°, -8.866798°). The collection of specimens was undertaken throughout
August 2010 and was undertaken on shores moderately exposed to wave action and easily
accessible. Within each geographical region the shores were at least 3 km apart. They all had
a typical mosaic patchy community composed of fucoids, barnacles, bare rock and limpets,

were gently sloping and exposed to full salinity. In order to maximize the possible effects of
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the different physical environments, species from the middle and higher levels of the shore
were used, Fucus vesiculosus and Fucus spiralis, respectively. These species were also chosen
due to their geographical range; they are present in both areas of the study. At each of the 4
shores, 72 F. vesiculosus individuals and 48 F. spiralis individuals, with approximately 10 to 15

cm length, were collected to be used in the photosynthetic and desiccation resilience experiments.

4.2.2 Transport, acclimatization and maintenance

After being collected, the algae were transported in dark, cold and humid conditions to
the laboratory. The algae from Welsh shores were transported to Portugal by plane in dark,
cold and humid cool boxes wrapped in blotted paper to preserve the macroalgae in a hydrated
condition. The transport took no more than 1 hour from the shore to the laboratory and
transport of Welsh fucoids to Portugal less than 20 hours. After the transport to Portugal,
algae had a 15 day period of acclimatization in laboratory conditions. All the individuals were
cultured under ambient day length conditions in aerated and circulating seawater at 16 °C in
300 L tanks. Seawater was enriched twice a week by adding inorganic nitrogen (NaNO3) and
phosphorus (NaH3PQO,) to a final concentration at least of 50 uM and 5 UM, respectively.

4.2.3 Measurement of response variables

The experimental procedure used involves the assessment of initial fucoid tissue water
content and percentage of water lost with stress. To assess both parameters, algae were
weighed at the different steps of the experiment. Percentage of water in initial fucoid tissue
total weight was determined by the formula:

Hydrated Weight — Dry Weight
ITWC (%) = Y g Y J x 100

Hydrated Weight

By incorporating the weight of the specimens after the stress period had been applied, the
percentage of initial water lost due to the stress period could also be estimated by using the

following formula:

Hydrated Weight — After Stress Weight
% H,0O lost = x 100

Hydrated Weight — Dry Weight
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In addition to the previous parameters, photosynthetic performance of fucoids during the
experiment was also evaluated. The assessment of photosynthetic performance of algae was
measured as the ratio of variable to maximal chlorophyll fluorescence: F./Fr, where F,=Fq-Fo,
Frm is the maximal fluorescence and F is the initial fluorescence in dark-adapted algae (Krause
& Weis 1991). Measurements were made with a WATER-PAM Chlorophyll Fluorometer
(Heinz Walz GmbH, Germany) using saturating pulse intensities (800 ms, 10000 pmol photons
m s™) for both fucoid species. The F./Fn, ratio is an indicator of the maximal quantum yield of
photosystem Il photochemistry (Dring et al. 1996; Baker 2008). The maximum quantum yield
of a specimen is achieved in unstressed conditions when all capable reaction centers are in
prime conditions, so alteration of the optimum conditions will lead to a decline of the Fv/Fm
ratio indicating that the photosynthetic performance of the algae was affected (Butler 1978;
Long et al. 1994; Baker & Oxborough 2004). Therefore, the use of PAM fluorometry to assess
the levels of the F,/F, when algae are exposed to different stress levels is an efficient and
sensitive methodology for measuring the fucoid photosynthetic response to stress. To evaluate
photosynthetic resilience of the fucoid species, F./Fn ratio was quantified three times during
each experimental procedure. The maximal chlorophyll fluorescence (F./Fn, ratio) was
measured in algae in hydrated conditions before, after application of stress and after a 16 hour
recovery period. The initial levels of F,/Fp, ratio were used directly as a response variable to test
for the levels of initial stress presented by fucoid algae from different populations, while the
percentage loss of F,/Fp, after stress and after a 16 hours recovery was used as an insight into
how the samples responded to the different physical stress levels. The percentage of initial
Fv/Fm retained after stress and after a 16 hours recovery were calculated using the formula:

o ) Initial F/F,,, — F/F,, after stress
% of initial F,/F, retained after stress = x 100

Initial F/F,

(To calculate of the percentage of initial F,/F, after working after a 16 hours recovery period,

the value of F,/F, after stress was replaced by the value of F,/F, after a 16 hours recovery period )

4.2.4 Experimental design and set up

During September 2010, a total of ten experiments were performed, six experiments only
using F. vesiculosus and four using exclusively F. spiralis. Each experiment incorporated four
different populations, two from Welsh shores (Porth Cwyfan and Cemlyn Bay) and two from

Portuguese shores (Viana do Castelo and Carreco). Owing to restrictions in space,
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experiments were performed simultaneously in two separate experimental systems located on
the same rooftop, so only three and two days were necessary to perform all the experiments

using F. vesiculosus and F. spiralis, respectively.

The application of the stress period was carried out in Portugal on warm cloudless
summer days on a rooftop location to allow the use of natural sunlight and exposure to
temperatures that could vary due to natural combination of all the other physical elements.
The experimental design used during the stress period allowed simultaneous testing of the
combined effect of two light intensities (natural summer radiance levels and an 80% reduction
provided by shading material) and two temperature regimes (warm and cold) across four
different fucoid populations from two different geographical region, represented in each
experiment. So, on each experiment three replicates of each of the four populations were
assigned to each of the four treatments allowing formal comparisons among geographical
regions (fixed, 2 levels), shores (random nested in geographical regions, 2 levels), light
intensities (fixed, 2 levels) and temperatures (fixed, 2 levels). To create such an experimental
system, 16 identical plastic containers were used as experimental units to assess stress in
Fucus plants. All had transparent perspex covers, but half had an additional cover of mesh,
which achieved the 80% reduction of the photosynthetically active radiation previously
mentioned. Mean light intensities in the full light treatment, measured with a spherical
guantum scalar sensor (QSL-2100, Biospherical Instruments Inc., USA), varied between 2000
and 2200 pmol (photons) m™ s during the experiments, while reduced light levels were

between 400 and 440 pmol (photons) m? s

Half of the sixteen containers in each
experimental set up were also exposed to uncontrolled air temperatures, measured with
temperature-humidity data loggers (MicroLog EC650, Fourier Systems Ltd., USA), which
varied between 20 and 23°C during the experiments (warmer treatment), while the other half
had temperature controlled at 18 °C through an air-conditioning unit (cold treatment). The
conditions of air temperature and light intensity resulted in clear differences in the mean frond

temperatures of the two species across treatments (Table 14)

Table 14: Mean frond temperatures values (in degree Celsius, °C) achieved across the experiments during the
application of different stress conditions, measured with Easyview 15, Extech Instruments Corp., USA.

Cold Cold Warm Warm

Unshaded Shaded Unshaded Shaded
F. vesiculosus 28.7 204 35.3 27.4
F. spiralis 27.4 18.5 353 27.2
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The range of physical conditions, air temperatures and light intensities, utilized in the
experiments had been previously observed under field conditions both in the Welsh and
Portuguese rocky intertidal areas during the summer season. Thus plants from both regions
can naturally be affected by these conditions. However, importantly the number of days
during the summer that experienced physical conditions similar to the ones observed on the
experimental warmer and lighter treatments is greater in southern than in northern regions
(data verified through surface skin temperature and photosynthetically available radiation
data from NASA Aqua (http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html) - AIRS
standard & MODIS-Aqua missions respectively).

In order to complete these experiments, only the apices of algae weighing between 1.5
and 2 g were used. Therefore, the day before the stress period was being applied a tip of
the fronds from each of the specimen being used was blotted dry, cleaned with seawater,
cut and weighed. This first measure of the algae weight was used to determine the
previously mentioned initial tissue water content of samples. Only apices of the algae
were used to restrict the effects of biomass variation and because the tip of the frond
possesses tissues where high photosynthetic performances occur. The apices were then
left in culture over night (12 hours) in a 300 L tank with aerated and circulating seawater
at 16 °C in dark conditions before the initial F,/Fp, ratio of the specimens was measured.
Apices from the algae were left for a minimum of 12h in dark conditions to guarantee an
equilibrium state of the photosynthetic electron transport chain before measuring the
initial F,/Fy. The first measurement of F,/Fy, indicated the maximum quantum vyield of
the algae in optimum physiological conditions. Samples were then left for an extra 30 min
in the tanks exposed to natural light conditions, so the PSII reaction centres could adapt to
the natural sunlight level in a hydrated environment. Subsequently, the physiological
resilience of the algae in emerged conditions was tested by subjecting the specimens for
75 minutes to the different conditions of temperatures and light intensity provided by the
experimental design implemented on the roof. Afterwards, algae were blotted dry and
weighed before being reintroduced to the 300 L tank with aerated and circulating seawater
at 16 °C for a rehydration period of 20 minutes. The fucoid weight measure at this point of
the experiment was essential to determine the previously mentioned percentage of water
lost due to the stress period. During these 20 minutes of the rehydration period, algae were
kept in dark conditions to allow the readaptation of the PSII to dark conditions (Gylle et

al. 2009) before the measurement of F,/F, after stress. After this, algae were left in the
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tank for a 16 hour period of recovery. For the first 4 hours of this recovery period,
ambient light conditions were maintained while during the last 12 hours, the tank was
covered so dark conditions could be achieved before the last measurement of F,/Fy could
be recorded. Finally, samples were removed from the tank and dried at 60°C over 48

hours in order to determine their dry weight.

4.2.5 Data analysis

In order to analyse the results, each experiment was considered individually and the
results across multiple experiments for each of the two species qualitatively compared.
Differences across the majority of response variables were analysed using mixed analysis of
variance model (ANOVA) with 4 factors, with significant results being explored further with
SNK (Student Newman Keuls) multiple comparisons. Only SNK results showing differences
are displayed in the results section. For response variables measured before stress was
applied, initial Fv/Fm values and percentage of H,O in initial fucoid tissue total weight, an
analysis of variance model (ANOVA) with only 2 factors, geographical region and shore, was
used. Cochran’s test was used to test the data for heterogeneity of variance and
transformations were done where appropriate. All the analyses were performed using the
statistical package WinGMAVS5 (EICC, University of Sydney).

4.3 RESULTS

During this study, experiments were repeated multiple times, which led to some
observed differences in the results but also to the emerging of general patterns across
experiments. Although, the focus in the result sections is put on the general patterns
observed across the experiments, reference to the specific experiments is always made. The
experiments carried out with F. vesiculosus are denominated, experiment 1.1, 1.2, 2.1, 2.2,
3.1 and 3.2, while the experiments carried out with F. spiralis are identified as experiment
4.1,4.2,5.1and 5.2.
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4.3.1 Desiccation resilience

4.3.1.1 Percentage of H,0 in initial fucoid tissue total weight
Fucus vesiculosus

The hydration of algae tissues prior to application of stress could introduce variability in
the response to stress. However, the percentage of water present in algae tissues collected
from different shores before experimental exposure to stress was similar, with no significant
differences detected between regions in 5 out of 6 experiments (Table 15: Exp. 1.1, 1.2, 2.2,
3.1 & 3.2) and no significant differences between shores within each geographical region
detected across all experiments (Table 15). These results thus indicate that algae tissues were
equally hydrated and the examination of Figure 17a, indeed shows that there was no
consistent pattern between the two regions. Significant differences between specimens from
opposing geographical regions were detected by the ANOVA analysis only in experiment 2.1
(Table 15: Exp. 2.1 - SNK of Re). However, even in this case the magnitude of the difference
was not large (F. vesiculosus from Portugal had a mean of 71.3% of their weight composed
by H,O which was only slightly greater than the Welsh F. vesiculosus mean of 69.5%) and
was within the range observed across other experiments; F. vesiculosus from Portugal had
mean values between 69.6 and 72.4% while mean values of Welsh F. vesiculosus presented

were between 68.5 and 70.6% across the 6 experiments (Figure 17a).
Fucus spiralis

As in F. vesiculosus, F. spiralis algae collected from different geographical regions
showed similar levels of hydration across all the four experiments before exposure to stress
and no significant effect of geographic region was found (Table 16, Figure 18a). The mean
percentage of water in F. spiralis from both geographical regions varied between 71 and 73%
of their total weight. There was, however, significant variation between shores in 2
experiments (Table 16: Exp. 4.1 & 4.2). Post hoc SNK showed this variation was shown in
the two experiments at Portuguese shores and at Welsh shores only in experiment 4.2 (Table
16). Again the amplitude of the differences found was small, never being greater than 2.5%
(Figure 18a).
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Table 15: Two way mix model ANOVA of the percentage of H,O in initial F. vesiculosus total weight on
experiments 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2. Post hoc SNK tests of significant differences are presented.
Abbreviations used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore; Res: Residual.

Exp 1.1 Exp 1.2 Exp 2.1
Source df F ratiovs
MS F p Ms F p MmsS F p
Re 1 80 0.7 0491 26.2 1.7 0.324 38.7 19.1 0.049 Sh (Re)
Sh (Re) 2 114 3.0 0.060 156 2.9 0.066 2.0 0.4 0.671 Res
Res 44 3.8 5.4 5.0
Cochran’s test C=0.3086, p >0.05 C=0.4431, p >0.05 C=0.4741, p >0.05
SNK Re
Por > Wal
Source df Exp2.2 Exp 3.1 Exp 3.2 F ratio vs
MS F p Ms F p MmsS F p
Re 1 962 7.8 0.108 13.0 1.7 0.323 0.1 0.0 0.933 Sh (Re)
Sh (Re) 2 124 2.8 0.070 7.7 1.5 0.236 15.7 25 0.098 Res
Res 4 4.4 5.2 6.4

Cochran’s test

C=0.3851, p>0.05

C=0.3335,p>0.05

C=0.3859, p >0.05

Table 16: Two way mix model ANOVA of the percentage of H,O in initial F. spiralis total weight on
experiments 4.1, 4.2, 5.1 & 5.2. Post hoc SNK tests of significant differences are presented. Abbreviations used -
Re: Geographical Region; Sh: Shore (Via: Viana do Castelo; Car: Carrego; Cwy: Porth Cwyfan; Cem: Cemlyn

Bay); Res: Residual.

Exp 4.1 Exp 4.2
Source df F ratio vs
MS F p mMS F p
Re 1 2.8 0.2 0.729 8.2 0.3 0.653 Sh (Re)
Sh (Re) 2 17.3 5.7 0.006 30.1 7.5 0.002 Res
Res 44 3.0 4.0
Cochran’s test C=0.3478, p > 0.05 C=0.3404, p > 0.05
SNK Sh (Re) Sh (Re)
Cem > Cwy Via > Car
Cem > Cwy
Exp 5.1 Exp 5.2
Source df F ratio vs
MS F p mMs F p
Re 2.5 0.8 0.460 0.0 0.0 0.972 Sh (Re)
Sh (Re) 3.1 0.7 0.490 6.1 1.2 0.317 Res
Res 44 4.2 51

Cochran'’s test

C=0.5093, p<0.05

C=0.4127,p>0.05

4.3.1.2 Percentage of initial H,0 lost due to the stress period

Fucus vesiculosus

The loss of water was monitored after the period of stress to assess which factors caused

greater desiccation and if similar levels of stress had different impacts on algae from different
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locations. The main factor causing water loss was light intensity. Plants exposed to full light
showed consistently higher water loss than shaded plants across all experiments (Figure 17b).
Four out of six analyses showed light as a significant factor across all shores (Table 17: Exp.
1.2,2.1, 2.2 & 3.1 - SNK of Li and Li x Sh (Re)). Variability in the response across spatial
scales also occurred, with algae from different shores within the same geographical region in
4 out of 6 experiments showing significantly different levels of water loss (Table 17: Exp. 2.1,
2.2, 3.1 & 3.2 - SNK of Sh (Re) and Li x Sh (Re)). However, significant differences in the
amount of water lost were only detected once between algae from distinct geographical
regions. Significantly more water was lost in Portuguese specimens than Welsh, although the
magnitude of the differences was small (mean H,O lost: Wales 68.48%; Portugal 69.95%),
(Table 17: Exp. 1.2 - SNK of Re). Focusing on the effect of temperature, the results show it
did not consistently affect the percentage of water lost through the experiments. However, at
least in experiment 1.2 and 3.1 warm conditions promoted greater loss of water on fucoid
tissues (Table 17: Exp. 1.2 & 3.1 - SNK of Te). These results seem to indicate that temperature

levels are important but probably higher temperatures will be needed to establish a clear result.
Fucus spiralis

Light intensity during the stress period was again the most important factor contributing
to the final levels of hydration throughout all experiments (Figure 18b). F. spiralis individuals
exposed to higher light intensity levels retained lower water levels (Table 18: Exp. 4.1, 4.2,
5.1 & 5.2 - SNK of Re x Te, Li and Te x Li, Li, Figure 18b). As in the experiments using F.
vesiculosus, the effect of temperature on the percentage of water loss by F. spiralis
throughout the experiments was not consistent. However, in half of the experiments it was
shown, once again, that specimens that were subjected to warmer temperatures presented
lower water content than those exposed to cooler conditions during the stress period (Table
18: Exp. 4.1 & 5.1 - SNK of Re x Te and Te x Li). In addition, spatial variability between
shores within the same geographical region was also detected in 3 out of the 4 experiments
(Table 18: Exp. 4.1, 42 & 5.1 - SNK of Sh (Re) and Li x Sh (Re)) with geographical
differentiation only detected in experiment 4.1 (Table 18 - SNK of Re x Te). In this
experiment, Post hoc SNK showed that Portuguese F. spiralis lost slightly more water content
than Welsh specimens during the stress period when subjected to warm conditions (mean H,O
lost: Wales 71.25%; Portugal 71.73%), (Table 18 - SNK of Re x Te, Figure 18b).
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Table 17: Mix model ANOVA of the percentage of initial H,O from F. vesiculosus tissues lost due to stress on
experiments 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2. Post hoc SNK tests of significant differences are presented.
Abbreviations used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo;
Car: Carreco; Cwy: Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light
intensity (Sha: Shaded; Uns: Unshaded); Res: Residual.

Exp 1.1 Exp 1.2 Exp 2.1
Source df F ratio vs
MS F p MS F P MS F P
Re 1 4974 9.0 0.095 333.8 30.6 0.031 16.1 0.0 0.907 Sh (Re)
Sh (Re) 2 552 16 0.214 10.9 0.6 0.555 915.1 33.6 <0.001 Res
Te 1 332 04 0593 5447 33,5 0.029 1025.7 65.4 0.015 Li x Sh (Re)
Li 1 748.0 11.8 0.075 946.4 994.1 0.001 3564.7 36.4 0.026 Gr x Sh (Re)
Re x Te 1 124 0.2 0.737 4.5 0.3 0.652 914 58 0.137 Li x Sh (Re)
Re x Li 1 4.3 0.1 0.819 0.5 0.5 0.562 9.1 0.1 0.790 Gr x Sh (Re)
Te x Sh (Re) 2 836 25 0.102 16.3 0.9 0.419 15.7 0.6 0.568 Res
Li x Sh (Re) 2 633 19 0.172 1.0 0.1 0.949 98.1 3.6 0.039 Res
Te x Li 1 8.5 0.6 0.519 226.6 6.0 0.135 386.1 9.6 0.090 GrxLixSh(Re)
Re x Te x Li 1 140.1 10.0 0.087 1.9 0.1 0.843 4.2 0.1 0.777 GrxLixSh(Re)
LixTexSh(Re) 2 141 0.4 0.666 38.0 21 0.141 40.3 15 0.244 Res
Res 32 341 18.2 27.3
Cochran'’s test C=0.3142, p >0.05 C=0.2912, p >0.05 C=0.2518, p >0.05
SNK Re Li x Sh (Re)
Por > Wal All Sh —Uns > Sha
Te Por x Sha — Via > Car
War > Col Wal x All Li — Cwy > Cem
Li
Uns > Sha
Source df Exp 2.2 Exp 3.2 Exp 3.2 F ratio vs
MS F p MS F p MS F p
Re 1 2727 0.3 0.623 450.8 4.7 0.162 391.0 1.0 0.429 Sh (Re)
Sh (Re) 2 16419 10.8 <0.001 95.4 40 0.028 403.5 159 <0.001 Res
Te 1 1870 49 0.157 326.5 21.1 0.044 233 0.6 0.526 Li x Sh (Re)
Li 1 3182.1 66.6 0.015 1115.0 25.7 0.037 205.0 5.9 0.136 Gr x Sh (Re)
Re x Te 1 1357 3.6 0.199 65.1 42 0.177 15 0.0 0.865 Li x Sh (Re)
Re x Li 1 4147 8.7 0.099 22.6 0.5 0.546 186.8 5.4 0.146 Gr x Sh (Re)
Te x Sh (Re) 2 759 05 0.610 155 0.7 0.530 40.3 16 0.221 Res
Li x Sh (Re) 2 955 0.6 0.538 43.5 1.8 0.178 348 14 0.270 Res
Te x Li 1 0.3 0.0 0.966 1941 14.7 0.062 357.0 13.6 0.066 GrxLixSh (Re)
Re x Te x Li 1 142 0.1 0.780 27.6 2.1 0.286 6.4 0.2 0.670 GrxLixSh(Re)
LixTexSh(Re) 2 277.2 1.8 0.176 13.3 0.6 0.579 26.3 1.0 0.368 Res
Res 32 24154 23.9 25.4
Cochran’s test C=0.2296, p > 0.05 C=0.2481, p >0.05 C=0.2547, p >0.05
SNK Sh (Re) Sh (Re) Sh (Re)
Cwy > Cem Via > Car Car > Via
Li Ie
Uns > Sha War > Col
Li
Uns > Sha
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Table 18: Mix model ANOVA of the percentage of initial H,O lost from F. spiralis tissues due to stress on
experiments 4.1, 4.2, 5.1 & 5.2. Post hoc SNK tests of significant differences are presented. Abbreviations used -
Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo; Car: Carreco; Cwy:
Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light intensity (Sha: Shaded;

Uns: Unshaded); Res: Residual.

Exp 4.1 Exp 4.2
Source df F ratio vs
MS F p MS F P
Re 1 53 0.1 0.820 3.2E+14 0.0 0.967 Sh (Re)
Sh (Re) 2 79.3 3.7 0.037 1.5e+17 5.3 0.010 Res
Te 1 188.2 800.4 0.001 2.3E+17 13.5 0.067 Li x Sh (Re)
Li 1 11964 16.1 0.057 2.4E+18 99.0 0.010 Gr x Sh (Re)
Re x Te 1 19.5 83.0 0.012 22E+16 1.3 0.375 Li x Sh (Re)
Re x Li 1 0.6 0.0 0.939 3.4E+16 1.4 0.359 Gr x Sh (Re)
Te x Sh (Re) 2 0.2 0.0 0.989 1.7E+16 0.6 0.540 Res
Li x Sh (Re) 2 74.2 3.4 0.045 24E+16 09 0.424 Res
Te x Li 1 79.8 49 0.156 1.3E+17 3.5 0.201 GrxLixSh(Re)
Re x Te x Li 1 0.4 0.0 0.88 6.1E+16 1.6 0.335 GrxLixSh(Re)
LixTexSh (Re) 2 6.2 0.8 0.482 3.8E+16 1.4 0.265 Res
Res 32 216 2.8E+16
Cochran'’s test C=0.0280, p >0.05 C=0.0333, p>0.05
SNK RexTe Sh (Re)
All Re — War > Col Cwy > Cem
War — Por > Wal Li
Li x Sh (Re) Uns > Sha
Car/Cwy/Cem — Uns > Sha
Por x Sha — Via > Car
Exp 5.1 Exp 5.2
Source df F ratio vs
MS F p mMS F p
Re 1 4.2 0.1 0.809 92.0 40 0.185 Sh (Re)
Sh (Re) 2 54.8 5.7 0.008 233 24 0112 Res
Te 1 136.5 7.5 0.112 0.5 0.0 0.881 Li x Sh (Re)
Li 1 410.8 6.4 0.128 643.6 140.3 0.007 Gr x Sh (Re)
Re x Te 1 28.4 1.6 0.339 117.6 6.9 0.120 Li x Sh (Re)
Re x Li 1 11.6 0.2 0.713 9.6 2.1 0.285 Gr x Sh (Re)
Te x Sh (Re) 2 18.2 19 0.169 17.1 1.7 0.193 Res
Li x Sh (Re) 2 64.5 6.7 0.004 4.6 0.5 0.632 Res
Te x Li 1 29.2 32.8 0.029 16.8 0.7 0.498 GrxLixSh(Re)
Re x Te x Li 1 6.0 6.7 0.122 230.7 9.3 0.093 GrxLixSh(Re)
Lix Tex Sh (Re) 2 0.9 0.1 0.912 24.9 2.5 0.096 Res
Res 32 9.7 9.9
Cochran’s test C=0.0244, p > 0.05 C=0.2988, p >0.05
SNK Lix Sh (Re) Li

Car/Cwy/Cem — Uns > Sha
Por x Sha — Via > Car
Texli
All Li— War > Col
All Te — Uns > Sha

Uns > Sha
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Fucus vesiculosus

a) % of H,0 in tissue before stress b) % of initial H,0 lost due to stress
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Figure 17: Experiment 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2; Error bars = +1SE. a) Percentage of H,O in initial F.
vesiculosus total weight from Portuguese (POR) and Welsh (WAL) shores (Via: Viana do Castelo; Car: Carrego;
Cwy: Porth Cwyfan; Cem: Cemlyn Bay). b) Percentage of initial H,O lost from Portuguese (POR) and Welsh
(WAL) F. vesiculosus tissues due to different light intensity and temperature treatments.
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Fucus spiralis

a) % of H,0 in tissue before stress b) % of initial H,O lost due to stress
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Figure 18: Experiment 4.1, 4.2, 5.1 & 5.2; Error bars = £1SE. a) Percentage of H,O in initial F. spiralis total
weight from Portuguese (POR) and Welsh (WAL) shores (Via: Viana do Castelo; Car: Carrego; Cwy: Porth
Cwyfan; Cem: Cemlyn Bay). b) Percentage of initial H,O lost from Portuguese (POR) and Welsh (WAL) F.
spiralis tissues due to different light intensity and temperature treatments.
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4.3.2 Photosynthetic resilience

4.3.2.1 Initial Fv/Fm values before stress
Fucus vesiculosus

The measure of the Fv/Fm parameter is important to assess the health status of algae prior
to stress exposure. Mean initial values of Fv/Fm for F. vesiculosus from different shores were
always between 0.72 and 0.78 (Figure 19a). Such high values, similar to the ones observed in
other studies (Magnusson 1997; Pearson et al. 2000; Skene 2004; Gylle et al. 2009), indicate

that the photosystems of algae used were in a good state.

However, Fv/Fm parameters of F. vesiculosus algae still varied significantly between
different shores and geographical regions. Algae collected in Carreco presented significantly
lower Fv/Fm values than algae from Viana do Castelo in 3 experiments (Table 19: Exp. 1.1,
1.2 & 2.1 - SNK of Sh (Re)). Differences between geographical regions in Fv/Fm values were
also detected in 3 other experiments (Table 19: Exp. 2.2, 3.1 & 3.2 - SNK of Re), where
Portuguese algae showed lower Fv/Fm values when compared with Welsh algae (Mean initial
Fv/Fm values: Wales: 0.78, 0.78 & 0.77; Portugal: 0.75, 0.74 & 0.75 for Exp. 2.2, 3.1 & 3.2
respectively). The slightly lower values in Portugal indicate that algae were in a marginally
lower status of health. However, as the magnitude of the difference between geographical
regions was not large (0.03, 0.04 and 0.02 for exp. 2.2, 3.1 & 3.2, respectively) and Fv/Fm
values were high for both geographical regions, algae were all considered to be in good
photosynthetic conditions, confirming that the transport of Welsh fucoids to Portugal was

achieved without negatively impacting the algae.
Fucus spiralis

Significant differences in initial Fv/Fm values in F. spiralis specimens from different
geographical regions were only detected in 1 out of 4 experiments (Table 20: Exp. 5.1). In
this experiment Welsh F. spiralis specimens showed mean Fv/Fm values of 0.75, slightly
superior to the 0.74 mean of Portuguese F. spiralis (Table 20: Exp. 5.1 - SNK Re, Figure 20a).
Across all experiments initial mean Fv/Fm value of Welsh F. spiralis was 0.75 while
Portuguese F. spiralis presented mean values varying between 0.73 and 0.74 across the 4
experiments (Figure 20a). The consistency and high Fv/Fm ratios, similar to the ones
observed in other studies (Skene 2004; Vinegla et al. 2006), indicate that the F. spiralis

photosystems were in good condition prior to experimental stress and that Welsh F. spiralis
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were not damaged by transportation. Spatial variability in initial Fv/Fm values from F.

spiralis from Portuguese shores was also noticed, but in only one of the four experiments
(Table 20: Exp. 5.2 - SNK of Sh (Re)).

Table 19: Two way mix model ANOVA of initial Fv/Fm values from F. vesiculosus tissues before stress was
applied on experiments 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2. Post hoc SNK tests of significant differences are presented.
Abbreviations used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo;

Car: Carreco; Cwy: Porth Cwyfan; Cem: Cemlyn Bay); Res: Residual.

Exp 1.1 Exp 1.2 Exp 2.1
Source df F ratio vs
MS F p MS F P MS F p
Re 1 00 05 0.557 00 0.8 0.458 0.0 1.7 0.319 Sh (Re)
Sh (Re) 2 00 10.6 <0.001 0.0 6.5 0.003 0.0 13.7 <0.001 Res
Res 44 0.0 0.0 0.0
Cochran’s test C=0.4793, p >0.05 C=0.4789, p >0.05 C=0.3372,p>0.05
SNK Sh (Re) Sh (Re) Sh (Re)
Via > Car Via > Car Via > Car
Source df Exp 2.2 Exp 3.1 Exp 3.2 F ratio vs
MS F p MS p MS F p
Re 1 0.0 19.0 0.049 0.0 349 0.028 0.0 200.1 0.005 Sh (Re)
Sh (Re) 2 00 14 0.247 00 0.8 0.455 0.0 0.1 0.943 Res
Res 44 0.0 0.0 0.0
Cochran’s test C=0.2965, p >0.05 C=0.4797, p >0.05 C=0.3779, p >0.05
SNK Re Re Re
Wal > Por Wal > Por Wal > Por

Table 20: Two way mix model ANOVA of initial Fv/Fm values of F. spiralis tissues before stress was applied
on experiments 4.1, 4.2, 5.1 & 5.2. Post hoc SNK tests of significant differences are presented. Abbreviations
used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo; Car: Carreco;
Cwy: Porth Cwyfan; Cem: Cemlyn Bay); Res: Residual.

Exp 4.1 Exp 4.2
Source df F ratio vs
MS F p MS F P
Re 0.0 10.2 0.086 0.0 18.1 0.051 Sh (Re)
Sh (Re) 0.0 1.9 0.165 0.0 0.4 0.684 Res
Res 44 0.0 0.0
Cochran’s test C=0.4782, p >0.05 C=0.3455, p >0.05
Exp 5.1 Exp 5.2 .
Source df F ratio vs
MS F p MS F P
Re 0.0 46.5 0.021 0.0 3.1 0.223 Sh (Re)
Sh (Re) 0.0 0.6 0.572 0.0 3.8 0.030 Res
Res 44 0.0 0.0
Cochran'’s test C=0.3104, p > 0.05 C=0.3501, p >0.05
SNK Re Sh (Re)
Wal > Por Car > Via
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4.3.2.2 Percentage of initial Fv/Fm retained after stress
Fucus vesiculosus

Due to lack of time and resources during one of the days, this parameter was only
measured on 4 of the 6 experiments made using F. vesiculosus. Across all experiments carried
out as expected, thirty minutes after application of stress, Fv/Fm levels in F. vesiculosus
declined as a response to desiccation across all treatments, but mostly under unshaded
conditions (Figure 19b). In all experiments where the measurement was conducted, with the
exception of data for the Viana shore in experiment 2.1, specimens subjected to higher light
intensities showed significantly lower Fv/Fm values than those confined to shaded
compartments (Table 21: Exp. 1.1, 1.2, 2.1 & 2.2 - SNK of Re x Te x Li, Li, Li x Sh (Re) and
Li x Te x Sh (Re)).

Significant differences in Fv/Fm levels among other factors or interactions of factors also
occurred in isolated experiments, but not consistently across the 4 experiments (Table 21).
Temperature levels had a partial effect on some experiments when combined with other
factors, with warmer conditions in some combination of treatments contributing to a greater
reduction of Fv/Fm values than cooler conditions (Table 21: Exp. 1.1 & 2.2 - SNK of Re x Te
x Li and Li x Te x Sh (Re), Figure 19b).

At this point of the experiment, differences in the percentage of initial Fv/Fm retained after
stress between fucoids from different geographical regions were observed on 2 of the 4
experiments (Table 21: Exp. 1.1 & 1.2 - SNK of Re x Te x Li and Re). In these two
experiments, Portuguese specimens of F. vesiculosus were less affected by the stress being
applied, especially when subjected to the full light treatment, than Welsh specimens (Figure
19b).

Fucus spiralis

In a similar manner to the results of F. vesiculosus, Fv/Fm levels of F. spiralis were also
lower after the application of stress. Once again the highest levels of light intensity applied to
the algae greatly decreased the levels of Fv/Fm presented immediately after the stress period
consistently across the 4 experiments conducted (Table 22: Exp. 4.1, 4.2, 5.1 & 5.2 - SNK of Li
x Sh (Re), Te x Li, Re x Li and Re x Te x Li, Figure 20b). A partial effect of temperature was
also detected across the 4 experiments with Fv/Fm levels generally less reduced in algae
subjected to stress periods in cooler conditions (Table 22: Exp. 4.1, 4.2, 5.1 & 5.2 - SNK of Te x
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Sh (Re), Te x Li, Re x Te & Re and Te x Li). The effect of temperature was not consistent,
affecting the Fv/Fm outcome at different spatial scales, within F. spiralis from different shores
(Table 22: Exp. 4.1) to specimens from distinct geographical regions (Table 22: Exp. 5.1 & 5.2).

Differences in the percentage of initial Fv/Fm retained after stress between F. spiralis
from different geographical regions were observed on 2 of the 4 experiments (Table 22: Exp.
5.1 & 5.2 - SNK of Re x Te, Re x Li and Re x Te x Li, Figure 20b). In these two experiments
Portuguese specimens of F. spiralis were less affected than Welsh specimens, but results were
also dependent of interaction between geographical region origin and other factors controlled

during the experimental procedure.
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Table 21: Mix model ANOVA of the percentage of initial Fv/Fm values in F. vesiculosus retained after stress on
experiments 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2. Post hoc SNK tests of significant differences are presented.
Abbreviations used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo;
Car: Carreco; Cwy: Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light
intensity (Sha: Shaded; Uns: Unshaded); Res: Residual.

Exp 1.1 Exp 1.2 Exp 2.1
Source df F ratiovs
MS F p MS F p MS F P
Re 1 316.5 1.7 0321 929.5 210.5 0.005 912.0 0.6 0.507 Sh (Re)
Sh (Re) 2 184.8 0.7 0.508 4.4 0.0 0.987 14183 7.7 0.002 Res
Te 1 336.8 20 0.296 37113 12.0 0.074 5.7 0.0 0.938 Li x Sh (Re)
Li 1 42579.4 763.3 0.001 23257.1 61.6 0.016 16080.2 25.3 0.037 GrxSh(Re)
Re x Te 1 402.6 2.4  0.265 0.5 0.0 0972 2221 03 0.637 Li x Sh (Re)
Re x Li 1 6145 11.0 0.080 700.0 1.9 0307 50383 7.9 0.107 GrxSh(Re)
TexSh(Re) 2 171.3 0.6 0.533 310.0 09 0406 7295 4.0 0.029 Res
LixSh(Re) 2 55.8 0.2 0.813 377.8 1.1 0336 636.7 3.5 0.043 Res
Te x Li 1 324.2 9.2 0.094 303.3 2.0 0.294 277.8 16.5 0.056 GrxLixSh(Re)
RexTexLi 1 998.6 283 0.034 2.0 0.0 0.919 2469 16.2 0.057 GrxLixSh(Re)
LixTexSh(Re) 2 35.3 0.1 0.877 152.1 0.5 0.639 126.2 0.7 0.510 Res
Res 32 266.9 334.6 183.7
Cochran’s test C=0.2693, p >0.05 C=0.2282, p >0.05 C=0.2500, p > 0.05
SNK Re xTe x Li Re Te x Sh (Re)
Col x Uns — Por > Wal Por > Wal Via — War > Col
Por x Uns — Col > War Li Por x Col — Car >Via
All Re at all Te — Sha > Uns Sha > Uns Li x Sh (Re)
Car/Cwy/Cem — Sha > Uns
Por x Sha — Car > Via
Wal x Uns — Cem > Cwy
Exp 2.2 Exp 3.1 Exp 3.2
Source df F ratio vs
mMS F p MS F p MS F p
Re 1 3654.4 193.6 0.005 Sh (Re)
Sh (Re) 2 189 0.1 0.896 Res
Te 1 1375.8 4.8 0.160 Li x Sh (Re)
Li 1 24815.7 2036.3 <0.001 Gr x Sh (Re)
Re x Te 1 1.0 0.0 0.958 No No Li x Sh (Re)
Re x Li 1 2093.5 171.8 0.006 Data Data Gr x Sh (Re)
TexSh(Re) 2 287.7 1.7 0.202 Collected Collected Res
LixSh(Re) 2 12.2 0.1 0.931 Res
Te x Li 1 319.7 0.4 0.604 Gr x Li x Sh (Re)
RexTexLi 1 1062.2 1.2 0.382 Gr x Li x Sh (Re)
LixTexSh (Re) 2 857.3 5.0 0.013 Res
Res 32 171.0

Cochran’s test

C=0.2821, p >0.05

SNK

Lix Te x Sh (Re)

All Sh at all Te (except Via x

War) — Sha > Uns
Car/Cwy x Uns — Col > War

Por x War x Uns - Via > Car
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Table 22: Mix model ANOVA of the percentage of initial Fv/Fm values in F. spiralis retained after stress on
experiments 4.1, 4.2, 5.1 & 5.2. Post hoc SNK tests of significant differences are presented. Abbreviations used -
Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo; Car: Carreco; Cwy:
Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light intensity (Sha: Shaded;
Uns: Unshaded); Res: Residual.

Exp 4.1 Exp 4.2
Source df F ratio vs
MS F p MS F p
Re 1 19495 7.3 0.115 349.1 33 0.212 Sh (Re)
Sh (Re) 2 2489 1.6 0.212 106.2 0.5 0.609 Res
Te 1 58.7 0.1 0.801 2753.2 12.0 0.074 Li x Sh (Re)
Li 1 20104.8 343 0.028 15590.5 29.2 0.033 Gr x Sh (Re)
Re xTe 1 1774 0.3 0.667 50.2 0.2 0.686 Li x Sh (Re)
Re x Li 1 1279 0.2 0.686 208.9 0.4 0.595 Gr x Sh (Re)
Te x Sh (Re) 2 7113 4.3 0.022 229.1 1.2 0.349 Res
Li x Sh (Re) 2 585.6 3.6 0.041 5333 2.5 0.095 Res
Te x Li 1 5215 13 0.369 1126.1 36.0 0.027 GrxLixSh(Re)
Re x Te x Li 1 80.8 0.2 0.695 112.0 3.6 0.199  GrxLixSh(Re)
LixTexSh(Re) 2 393.7 2.4 0.108 313 0.2 0.862 Res
Res 32 165.0 210.6
Cochran'’s test C=0.1839, p >0.05 C=0.1979, p >0.05
SNK Te x Sh (Re) TexlLi
Cem — Col > War Uns — Col > War
Wal x Col — Cem >Cwyl All Te —Sha > Uns
Li x Sh (Re)
All Sh —Sha > Uns
Wal x Uns — Cem >Cwyl
Exp 5.1 Exp 5.2
Source df F ratio vs
MS F p mMS F p
Re 1 109.7 0.3 0.663 197.7 0.3 0.620 Sh (Re)
Sh (Re) 2 4280 4.3 0.022 587.2 4.1 0.025 Res
Te 1 1747 9.6 0.090 2052.8 3.5 0.203 Li x Sh (Re)
Li 1 29864.7 1436.0 <0.001 25052.7 1149.2 <0.001 Gr x Sh (Re)
Re xTe 1 667.0 36.5 0.026 4.5 0.0 0.938 Li x Sh (Re)
Re x Li 1 91838 442 0.022 1450.7 66.6 0.015 Gr x Sh (Re)
Te x Sh (Re) 2 18.3 0.2 0.834 587.6 4.2 0.025 Res
Li x Sh (Re) 2 20.8 0.2 0.813 21.8 0.2 0.851 Res
Te x Li 1 104.8 3.0 0.230 318.7 8.0 0.101  GrxLixSh(Re)
Re x Te x Li 1 6298 17.5 0.053 593.2 20.0 0.047 GrxLixSh(Re)
Lix Te x Sh (Re) 2 36.0 0.4 0.700 39.9 0.3 0.751 Res
Res 32 99.9 141.7

Cochran'’s test

C=0.2099, p > 0.05

C=0.2045, p > 0.05

SNK

RexTe
Col — Por > Wal
Por — Col > War
Rexli
Sha — Por > Wal
All Re — Sha > Uns

Re xTe x Li

Col x Uns — Por > Wal
Por x Uns — Col > War
All Re at all Te — Sha > Uns
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4.3.2.3 Percentage of initial Fv/Fm working 16 hours after stress
Fucus vesiculosus

In order to assess the permanent effect of the different stress levels a measure of Fv/Fm
after a 16 hour recovery period was undertaken. Although Fv/Fm values improved from the
values observed after stress, only algae exposed to reduced light intensities achieved complete
recovery (Figure 19c). The level of previous exposure to light was once more a significant
factor affecting the photosynthetic performance/recovery of the algae across the majority of
the experiments (5 out of 6) (Table 23: Exp. 1.1, 1.2, 2.1, 3.1 & 3.2 - SNK of Re x Li, Li and
Te x Li). Variation in the temperatures provided during stress was also influential for the levels
of recovery but only in 2 experiments (Table 23: Exp. 2.2 & 3.1). In such experiments, cooler
conditions during the stress period promoted greater recovery across all treatments (Table 23:
Exp. 3.1 - SNK of Te x Li) or only at some shores (Table 23: Exp. 2.2 - SNK of Te x Sh (Re)).

However, the most intriguing results occurred in experiments 1.1, 1.2 and 3.2. In these
experiments, the interaction between geographical origin of F. vesiculosus individuals and
light intensity provided during the stress period influenced the degree of recovery achieved
(Figure 19c¢). In all these 3 experiments F. vesiculosus specimens collected in Portugal, which
had previously been stressed in unshaded conditions, were able to significantly achieve greater
levels of recovery than Welsh F. vesiculosus individuals subjected to equal levels of stress (mean
Fv/Fm levels of recovery on specimens previously subjected to unshaded stress conditions,
independently of the temperature provided: Wales - 59.3, 64.1 & 64.1 %; Portugal - 81.9, 81.9 &
81.8 % for Exp. 1.1, 1.2 & 3.2, respectively (Table 23: Exp. 1.1, 1.2 & 3.2 - SNK of Re x Li)).

Fucus spiralis

In contrast to the results from the F. vesiculosus experiments, there was no discernible influence of
geographical origin of F. spiralis individuals on the degree of recovery achieved (Table 24, Figure
20c). The levels of recovery depended mainly on light intensity exposure history (Table 24). In 3 of 4
experiments, specimens that had been exposed to higher light intensities were less able to recover from
the stress period (Table 24: Exp. 4.2,5.1 & 5.2 - SNK of Te x Li, Li and Li x Te x Sh (Re), Figure 20c).
Other factors, such as temperature and shore identity, also had an impact on Fv/Fm recovery (Table 24).
The effect of shore identity was not consistent across experiments (Table 24: Exp. 4.1 & 5.2 - SNK of
Te x Sh (Re) and Li x Te xSh (Re)). Cooler conditions during the stress period generally promoted greater
Fv/Fm recovery after 16 hours, although its impact was not evident throughout treatments across the 4
experiments (Table 24: Exp. 4.1,4.2,5.1 &5.2 - SNK of Sh (Re) x Te, Te x Li, Te and Li x Te x Sh (Re)).
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Table 23: Mix model ANOVA of the percentage of initial Fv/Fm in F. vesiculosus working after 16 hours on
experiments 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2. Post hoc SNK tests of significant differences are presented.
Abbreviations used - Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo;
Car: Carreco; Cwy: Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light
intensity (Sha: Shaded; Uns: Unshaded); Res: Residual.

Exp 1.1 Exp 1.2 Exp 2.1
Source df F ratiovs
MS F p MS F p MS F p
Re 1 2.8E+05 152.2 0.007 1126.1 12.2 0.073 648.1 1.7 0.323 Sh (Re)
Sh (Re) 2 1845 0.1 0.919 92.0 1.1 0.338 382.0 3.7 0.037 Res
Te 1 3161.9 0.1 0.785 175.2 84.5 0.012 4.1 0.0 0.884 LixSh(Re)
Li 1 1.6E+06 509.3 0.002 8156.0 280.7 0.004 8049.7 26.6 0.036 GrxSh(Re)
Re x Te 1 440416 1.2 0.365 45.1 2.2 0.274 0.0 0.0 0.991 LixSh(Re)
Re x Li 1 1.9e+05 58.7 0.017 790.0 27.2 0.035 243.7 0.8 0.464 GrxSh (Re)
TexSh(Re) 2 326379 1.5 0.239 20.2 0.3 0.783 150.9 1.5 0.250 Res
LixSh(Re) 2 3236.2 0.2 0.862 29.1 0.4 0.704 302.5 29 0.070 Res
Te x Li 1 5988.5 1.0 0.423 392.2 8.2 0.104 34.5 0.2 0.696 GrxLixSh (Re)
RexTexLi 1 3374 0.1 0.835 23.6 0.5 0.556 413.5 2.4 0.259 Grx Lix Sh (Re)
Lix Tex Sh (Re) 2 5989.8 0.3 0.761 48.1 0.6 0.562 169.6 1.6 0.212 Res
Res 32 21763.5 82.0 104.1
Cochran’s test C=0.3282, p >0.05 C=0.2267, p >0.05 C=0.2243, p >0.05
SNK RexlLi RexlLi Sh (Re)
Uns — Por > Wal Uns — Por > Wal Cem > Cwy
All Re — Sha > Uns All Re — Sha > Uns Li
Sha > Uns
Exp 2.2 Exp 3.1 Exp 3.2
Source df F ratiovs
MS F p MS F p MS F p
Re 1 3.9E+07 12.8 0.070 2430.5 40.2 0.024 873.8 9.2 0.094 Sh (Re)
Sh (Re) 2 3.1E+06 0.6 0.575 60.4 09 0.427 95.4 09 0411 Res
Te 1 5.5E+07 1.2 0.382 28115 54.7 0.018 947.3 4.5 0.169 LixSh(Re)
Li 1 48E+08 30.5 0.031 8885.2 39.5 0.024 6389.5 5409.0 <0.001 Gr x Sh (Re)
Re x Te 1 2.1E+07 0.5 0.567 3.0 0.1 0.833 0.2 0.0 0.978 LixSh(Re)
Re x Li 1 1.5e+07 1.0 0.428 1013.5 45 0.168 1016.2 860.3 0.001 GrxSh(Re)
TexSh(Re) 2 4.5e+06 8.2 0.001 51.4 0.7 0.484 212.0 20 0.147 Res
LixSh(Re) 2 1.6E+07 2.9 0.072 224.7 3.3 0.052 1.2 0.0 0.989 Res
Te x Li 1 76198.6 0.0 0.952 902.0 129.9 0.008 540.7 2.0 0.293 Gr x Li x Sh (Re)
RexTexLi 1 4.8E+06 0.3 0.645 45.6 6.6 0.125 404.8 1.5 0.346 GrxLixSh (Re)
LixTexSh (Re) 2 1.7E+07 3.1  0.059 6.9 0.1 0.095 270.7 2.6 0.090 Res
Res 32 5.4E+06 69.1 104.2
Cochran’s test C=0.3262, p >0.05 C=0.2546, p >0.05 C=0.2501, p >0.05
SNK Te x Sh (Re) TexLi Re x Li

Car — Col > War
Cwy — Col > War

Por x Col — Car > Via

Por x War — Via > Car

Wal x Col — Cwy > Cem

All Li — Col > War
All Te — Sha > Uns

Uns — Por > Wal
All Re — Sha > Uns
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Table 24: Mix model ANOVA of the percentage of initial Fv/Fm in F. spiralis working after 16 hours on
experiments 4.1, 4.2, 5.1 & 5.2. Post hoc SNK tests of significant differences are presented. Abbreviations used -
Re: Geographical Region (Wal: Wales; Por: Portugal); Sh: Shore (Via: Viana do Castelo; Car: Carreco; Cwy:
Porth Cwyfan; Cem: Cemlyn Bay); Te: Temperature (War: Warm; Col: Cold); Li: Light intensity (Sha: Shaded;
Uns: Unshaded); Res: Residual.

Exp 4.1 Exp 4.2
Source df F ratio vs
MS F p MS F P
Re 1 455 0.4 0.586 2.4E+07 30.1 0.032 Sh (Re)
Sh (Re) 2 110.2 2.2 0.127 8.1E+05 0.1 0.949 Res
Te 1 1111 0.6 0535 2.1E+08 14.8 0.061 Li x Sh (Re)
Li 1 58439 198.4 0.005 9.0E+08 2712.8 <0.001 Gr x Sh (Re)
Re x Te 1 0.0 0.0 0.997 7.6E+06 0.5 0.541 Li x Sh (Re)
Re x Li 1 3.0 0.1 0.780 4.6E+06 13.7 0.066 Gr x Sh (Re)
Te x Sh (Re) 2 2009 40 0.028 1.4E+07 0.9 0.408 Res
Li x Sh (Re) 2 295 0.6 0.561 3.3E+05 0.0 0.979 Res
Te x Li 1 1733 2.7 0.240 2.5E+06 19.7 0.047 Gr x Li x Sh (Re)
Re x Te x Li 1 369 0.6 0525 9.3E+06 1.5 0.345 Gr x Li x Sh (Re)
LixTexSh(Re) 2 63.3 13 0.296 6.2E+06 0.4 0.671 Res
Res 32 501 1.5E+07
Cochran’s test C=0.2046, p > 0.05 C=0.3038, p>0.05
SNK Te x Sh (Re) TexlLi
Cem — Col > War Uns — Col > War
Por x War — Car > Via All Te —Sha > Uns
Wal x War — Cwy > Cem
Exp 5.1 Exp 5.2
Source df F ratio vs
MS F p MS F p
Re 1 2956 17.3 0.053 2.3E+30 15 0.340 Sh (Re)
Sh (Re) 2 171 0.2 0.834 15E+30 54 0.010 Res
Te 1 6734 233 0.040 1.1E+30 1.7 0.323 Li x Sh (Re)
Li 1 4967.4 853 0.012 9.0E+31 558.0 0.002 Gr x Sh (Re)
Re x Te 1 5.8 0.2 0.697 4.4E+29 0.7 0.489 Li x Sh (Re)
Re x Li 1 834 14 0.354 4.5E+28 0.3 0.651 Gr x Sh (Re)
Te x Sh (Re) 2 290 0.3 0.736 6.2E+29 2.3 0.122 Res
Li x Sh (Re) 2 582 0.6 0.544 1.6E+29 0.6 0.564 Res
Te x Li 1 4246 7.2 0.115 3.7E+27 0.0 0.965 Gr x Li x Sh (Re)
Re x Te x Li 1 2696 46 0.166 7.5E+28 0.1 0.846 Gr x Li x Sh (Re)
LixTexSh(Re) 2 58.9 0.6 0540 1.5E+30 5.6 0.008 Res
Res 32 93.7 2.8E+29
Cochran’s test C=0.2603, p >0.05 C=0.3325, p >0.05
SNK Te LixTe x Sh (Re)
Col > War All Sh at all Te — Sha > Uns
Li Via x Uns — Col > War
Sha > Uns Por x Col x Uns — Via > Car

Por x War x Sha — Via > Car
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Figure 19: Experiment 1.1, 1.2, 2.1, 2.2, 3.1 & 3.2; Error bars = £1SE. a) F. vesiculosus initial Fv/Fm values
before stress from Portuguese (POR) and Welsh (WAL) shores (Via: Viana do Castelo; Car: Carreco; Cwy:
Porth Cwyfan; Cem: Cemlyn Bay). b) Percentage of initial Fv/Fm, from Portuguese (POR) and Welsh (WAL) F.
vesiculosus tissues, retained 30 minutes after the application of light intensity and temperature treatments. c)
Percentage of initial Fv/Fm, from Portuguese (POR) and Welsh (WAL) F. vesiculosus tissues, working 16 hours
after application of light intensity and temperature treatments on experiments.
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Figure 20: Experiment 4.1, 4.2, 5.1 & 5.2; Error bars = £1SE. a) F. spiralis initial Fv/Fm values before stress
from Portuguese (POR) and Welsh (WAL) shores (Via: Viana do Castelo; Car: Carreco; Cwy: Porth Cwyfan;
Cem: Cemlyn Bay). b) Percentage of initial Fv/Fm, from Portuguese (POR) and Welsh (WAL) F. spiralis tissues,
retained 30 minutes after the application of light intensity and temperature treatments. ¢) Percentage of initial
Fv/Fm, from Portuguese (POR) and Welsh (WAL) F. spiralis tissues, working 16 hours after application of light
intensity and temperature treatments.
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4.4 DISCUSSION

The warming of the Earth’s climate system is unequivocal and reflected in the increases in
global average air and ocean temperatures during the last 50 years (IPCC 2007). The response
of marine and terrestrial organisms to recent warming has been observed with species from both
central and extreme ranges of distribution being affected (Parmesan 1996; Sagarin et al. 1999;
Helmuth et al. 2002; Sagarin & Gaines 2002; Helmuth et al. 2006b; Hawkins et al. 2008;
Hawkins et al. 2009). Studies undertaken in the Portuguese intertidal seem to indicate that some
species ranges are shifting in this biogeographical transition zone. Lima et al. (2007)
interestingly reported on distributional shifts of species in Portugal, showing an expansion of
the range of warm-water species northwards, while northern species showed no particular
shifting trend. The abundance of fucoid algae declines from the northern to southern coasts of
the northeast Atlantic and some species reach their southern limit of distribution in Portugal or
in nearby coastal areas (Ballantine 1961; Ardré 1970; Hawkins & Jones 1992; Lima et al.
2007). In northern Portugal, where this study was undertaken many fucoid species are present
but their abundance (Chapter 2) and reproductive output (Chapter 5; Viejo et al. 2011) is
limited. Can this decline in the abundance of fucoid species be linked with a difficulty in
dealing with the physical environment? Are the harsher summer conditions limiting the survival
of species like F. vesiculosus and F. spiralis in Portugal or are the local populations adapted to
deal with those levels of stress? In order to test such hypotheses the photophysiological
response of algae to stressful conditions based on temperature and light regimes found naturally
on Portuguese shores was measured. As a comparison, plants from North Wales were exposed
to the same regime to explore if fucoid populations are adapted to local climatic conditions.
Although the levels of stress (temperature and light) used on the experiments were at a level

experienced by Welsh plants, they would typically not experience them regularly.

Results presented in this study indicate that different populations of F. vesiculosus and F.
spiralis have similar potential to use the available excitation energy for photochemistry in PSII
reaction centers and that algae collected from all shores, in central and southern range geographical
regions, were in healthy conditions (measurements of Fv/Fm made before application of stress).
However, the observations and results of these experiments also show that the ability to tolerate
such levels of summer emersion stress varies depending on the intensity of the stress provided,

e.g. the levels of light and temperature, and on the geographical origin of the populations.
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Differences in the ability to deal with emersion stress between fucoid populations of the
same species have previously been observed. Comparisons between marine and brackish
populations of F. vesiculosus, for example, showed that Baltic brackish algae are less able to
recover maximum photochemical yield (Fv/Fm) after a freezing emersion period than North
Sea marine algae (Pearson et al. 2000). Even when subjected to milder temperatures, between
0°C and 20°C during emersion periods, it is only the brackish algae population that shows a
decrease in Fv/Fm values during stress, values that are only recovered in treatments where
Baltic algae had been subjected to 0°C (Gylle et al. 2009). In contrast, the experiments
presented here focus on the southern extreme of distribution, therefore on the effect of high
light intensity levels and higher temperatures. The fact that the photosynthetic system of
northern populations of F. vesiculosus was significantly more affected than the ones from
southern populations, when subjected to physical conditions recreating a southern summer
period of emersion, shows that populations of F. vesiculosus are physiologically adapted to
the levels of physical stress to which they are normally subjected. When strong light intensity
levels were applied, the effect of these stressful summer emersion conditions in F. vesiculosus
was more marked in Welsh than in Portuguese populations. These results indicate that
populations from the central range are greatly affected by episodic warm cloudless days. Welsh
F. vesiculosus populations showed lower recovery potential when high light intensities had been
applied (the trend was always present across experiments and was significant in 3 out of 6
experiments) and as such demonstrated lower capacity to use the available excitation energy for
photochemistry after the recovery period compared to the Portuguese F. vesiculosus specimens.
The fact that Fv/Fm values did not completely recover, suggests damage to the electron
transport chain, probably due to the insufficient capacity of photoprotection mechanisms.
Although, similar results have been explained by higher rates of water loss (Dring & Brown
1982; Ji & Tanaka 2002; Gylle et al. 2009), in this case the percentage of water loss resulting
from stress was not significantly different between algae from distinct geographical regions. So,
could this pattern of stress be observed across F. vesiculosus populations from distinct

geographical regions be similar in species that normally occupy a different shore height?

The analysis of F. spiralis results still shows that populations are adapted to different levels
of physical conditions that they sustain in their natural environment. However, results for F.
spiralis are more complex reflecting the broader “functional niche” that this species possesses. A
range of previous work has shown that the tolerance to climatic variability and capacity to tolerate

desiccation of these sessile species is greater than the ones living on lower areas of the shore
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(Schonbeck & Norton 1978; Dring & Brown 1982; Todd & Lewis 1984). Dring & Brown (1982)
showed that F. spiralis specimens were capable of a complete recovery of photosynthetic levels
after 2 hours, even when subjected to tissue water loss of 80 to 90%, a result similar to the ones
presented here for specimens subjected to shaded conditions. On the shore, F. spiralis sustains
longer periods of exposure to greater amplitudes of climatic conditions than F vesiculosus. Its
fundamental niche is therefore wider than that of F. vesiculosus or other intertidal algae species
living lower on the shore. The recovery levels of F. spiralis presented after 16 hours were similar,
independent of their geographical origin across all experiments, indicating that if damage to the
electron transport chain occurred it affected similarly fucoid specimens from both geographical
regions. However, the results of half of the experiments also showed that geographical region of
origin of F. spiralis influenced the degree of loss of photosynthetic capacity 20 minutes after the
application of the stress period. The fact that results obtained 20 minutes after the application of
the stress period, when specimens had not had time to physiologically recover, still show
significant differences between populations from distinct geographical regions, indicates that
different populations from this species have their photosystem adapted to local climate as well.
Overall, the combination of the results from all the experiments indicates that both fucoid
species studied have their photosynthetic system adapted to local climatic conditions. However,
the levels of physical conditions provided seem to affect less F. spiralis than F. vesiculosus, a
result in accordance with the vertical position of the shore normally occupied by these species,

which reflects the differences in their “fundamental niche” sizes.

Northern populations of both fucoid species were the most affected. However, the results
also indicate that physical factors in southern regions can be one of the reasons for the decline
in fucoid abundance levels observed in chapter 2, as none of the specimens exposed to
unshaded conditions was able to fully regain the initial Fv/Fm ratio. As previously shown by
other studies on photosynthetic depth limitation (Duarte 1991; Rohde et al. 2008), light
intensity can be a main factor determining the distribution and abundance of photosynthetic
species. The results presented here, confirm that light intensity is a main factor affecting the
photosystem of both species. The importance of light intensity was greater than temperature
variation across experiments, affecting the loss of tissue water content and the photosynthetic
performance of algae while subjected to stress, as well as, limiting the photosynthetic
recovery success over time. Specimens of either F. vesiculosus or F. spiralis, exposed to
higher light intensities, during emersion stress, lost a greater amount of tissue water content

and photosynthetic capacity than the ones subjected to shade treatments. When subjected to
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low light intensity levels (80% reduction) both fucoid species were capable of regaining levels
of photosynthetic performance equal or very similar to the ones presented before the application
of stress. However, specimens of any population from either species subjected to the high light
intensity treatment were unable to fully regain the Fv/Fm values experienced before stress, even
after the 16 hours recovery period. Temperature effects were not consistent throughout the
experiments, but when significant, treatments with warmer conditions generally favoured the
decline of Fv/Fm values after stress and reduced the recovery even after the 16 hour period for
specimens from both species. This is in accordance with previous results from Pearson et al.
(2009). Globally, these results show that southern fucoid populations, if subjected consecutively
to levels of stress provided during the experiments, can have their photosynthetic performance
diminished, leading to algae with reduced fitness that ultimately could affect growth rates,

reproductive output and tissue health putting at risk the survival of these populations.

In summary, the results of this study contribute to clarify which ecological processes may
be leading to the decline in abundance of some fucoid species near their southern limits of
distribution. Biological processes, like grazing pressure and facilitation, are probably important
for the decline of fucoid abundance at their southern limits of distribution. However, the
experiments performed here clearly demonstrate that physical stress, caused by emersion on
warm cloudless summer days, can be an important factor limiting the abundance of some fucoid
species by directly affecting their photosynthetic performance. Portuguese specimens exposed
to unshaded conditions were not able to fully regain the initial Fv/Fm ratio, even after a 16 hour
recovery period, which proves the previous idea. By demonstrating that populations inhabiting
different geographical regions can show adaptation of their photosynthetic system to local
climatic conditions and be affected differently when exposed to equal levels of physical stress,
this work also informs future studies of the importance of local historical climatic background.
This often disregarded characteristic can be an important factor to take into consideration,
especially when analysing possible effects of climate change or local anthropogenic stresses. As
showed by Helmuth et al. (2002), the interaction of climate and timing of low tides can seriously
influence the thermal environment and promote a complex network of hotspots in which northern
sites can be more stressful than southern sites. So, the expected effects of climate change may
not lead to a smooth gradient of stress being observed, making the capacity of local populations
very important to avoid localized extinctions in the areas most affected by climate change.
Therefore, in order to fully understand and predict the effects of change in climatic conditions

local capacity of populations should also be included in future models being developed.
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CHAPTER S
PATTERNS OF REPRODUCTIVE OUTPUT OF FUCOID SPECIES
IN CENTRAL AND RANGE EDGE POPULATIONS

5.1 INTRODUCTION

Large brown macroalgae, particularly fucoid species, dominate rocky intertidal areas,
especially wave protected sites, across the north Atlantic. They play an important community
structuring role, providing a three-dimensional habitat and influencing the associated
understory community in a number of different ways (Hawkins 1983; Hawkins & Harkin
1985; Chapman & Johnson 1990; McCook & Chapman 1991; Jenkins et al. 1999a).
Macroalgae are essential for the survival of a large associated community through facilitation,
by providing amelioration of extreme environmental factors during emersion (McCook &
Chapman 1991; Jenkins et al. 1999a). Although present throughout Europe, their biomass
levels decline from northern to southern European regions (Chapter 2; Ballantine 1961;
Hawkins et al. 1992). The processes behind this decline are not fully understood, although
factors such as grazing pressure, emersion stress and recruitment failure are probably

important (Chapter 4; Jenkins et al. 2005; Viejo et al. 2011). Towards their range limits in
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southern Europe, fucoid macroalgae are likely to be greatly impacted by rising seawater
temperatures and air temperatures as a consequence of climate warming, although there is a
lack of quantitative studies in this area (Lima et al. 2007). In general, it is known that these
"northern’ species decrease their abundance in southern Europe (Chapter 2) but the extent to
which the environment has a negative effect on their fitness is still largely undetermined (see

Chapter 4 for environmental effects on photophysiology).

Maintenance of a viable population is dependent on the density of adults forming that
population (Hixon et al. 2002). A population is considered viable when it is persistent,
defined as able to survive over several generations (Hixon et al. 2002). Macroalgal species
can show complex density dependent relationships (Schiel & Foster 2006). Density levels can
at one end, when very low, lead to extinction, if mortality rates exceed reproductive
replacement over a long enough period (Sodhi et al. 2009). When not leading to extinction,
density levels can promote positive and negative effects (Reed 1990; Creed et al. 1998; Scrosati
2005). The effect of density levels of a species can be negative or positive, by promoting
survival at one density level or reducing it at another. Reed (1990) showed that low density
treatments of the subtidal kelp Pterygophora californica had higher growth levels and promoted

greater levels of reproductive maturity, while high density treatments prevented recruitment.

Generally, populations with greater density/biomass levels have increased reproductive
capacity at least up to the point when resources become scarce. Reproductive effort of algae
has been the focus of several studies, although the methods used to measure it have not been
consistent. Two of the most widely used measurements are total reproductive effort and
annual reproductive effort. Work developed by Aberg (1996), applies annual reproductive
effort measurements to define patterns of reproductive effort across two populations of the
brown alga, Ascophyllum nodusum. This method, requires the identification of current and
previous years’ growth in perennial fucoid algae used to calculate the annual reproductive

effort, through the following formula:

Annual reproductive Receptacular biomass

= x 100
effort % Biomass produced in the last year

These annual parameters are difficult to distinguish in some fucoid species.
Consequently, due to the morphological characteristics of some species, a broader delineation

of reproductive effort, total reproductive effort, has also been adopted. This measurement has
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been widely used (Back et al. 1993; Kalvas & Kautsky 1993; Aberg 1996) and refers to the

percentage of receptacular biomass to total biomass, calculated through the following formula:

Total reproductive Receptacular biomass
= x 100

Total biomass

Capacity %

Changes in reproductive effort (measured in various ways) between different fucoid
populations have been described in the literature over the last decades (Cousens 1986; Ang
1992; Mathieson & Guo 1992; Back et al. 1993; Araujo et al. 2011; Viejo et al. 2011).
Different factors can influence reproductive effort of fucoid species. The influence of algae
size on reproductive capacity of fucoid species was described in species like A. nodosum
(Aberg 1996) and Sargassum muticum (Arenas & Fernandez 1998). These studies showed
that bigger individuals have greater reproductive effort than smaller specimens. Exposure to
different physical environments has also been shown to affect reproductive effort of fucoid
species. Comparisons between populations from estuarine and coastal environments have
shown that reproductive effort of different species can respond in opposite ways to the decline
in salinity (Mathieson & Guo 1992). Mathieson & Guo (1992) showed a decline in the
reproductive effort of Fucus spiralis when exposed to estuarine waters, whereas populations
of A. nodosum showed increased reproductive capacity in waters with reduced salinity. Wave
action is also greatly important for fucoid species, being described as a major force shaping
the horizontal distribution patterns of fucoid species. So, it is no surprise that they too
influence levels of reproductive effort. As an example, populations of F. spiralis were shown
to develop lower reproductive capacity as they become exposed to increasing levels of wave
action (Mathieson & Guo 1992).

Variability in abundance of the fucoid community across Europe, more specifically a
decline in macroalgae abundance levels from northern to southern Europe, has long been
proposed (Ballantine 1961). Through a large quantitative survey (Chapter 2) this proposed
decline in fucoid species biomass on the southern European shores was demonstrated,
indicating that these populations are under some abiotic or biotic pressure. Although a study
from Ladah et al. (2003) indicates that fertilization success of F. spiralis and F. vesiculosus
is still high in south Europe, further experimental work also showed that levels of
recruitment are low even when Patella spp. grazers are excluded (Chapter 3;(Coleman et al.
2006). Taking in consideration the lack of recruitment observed on southern populations
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and that variation in reproductive effort can occur in populations subjected to different
environments it is possible that southern fucoid populations may have different reproductive
capacity than northern fucoid populations. Therefore, this study aims to evaluate if in
addition to the decline in biomass levels, southern fucoid populations also presented
diminished reproductive capacity when compared with populations from central areas of
their distribution.

For the development of this study, fucoid specimens from North Wales and northern
areas of Portugal (above Matosinhos area) were collected. Ascophyllum nodosum and Fucus
serratus species occur in both these geographical regions along with F. vesiculosus and F.
spiralis (Lima et al. 2007). However, based on information gathered from the European
survey (Chapter 2) specimens of Ascophyllum nodosum and Fucus serratus were shown to be
absent from areas further south in Portugal. These patterns agree with the southern limits
defined by Lima et al. (2007) for both species and consequently these two species were
considered too rare to be used in this experiment. Therefore, the experimental work was
developed using only specimens of F. vesiculosus and F. spiralis, as these were more
common and also had previously shown susceptibility to the levels of stress caused by

emersion periods during summer along the Portuguese coast (Chapter 4).

To formally test my hypothesis, several variables were quantified for both species. The
variables were measured at three populations with high biomass levels from central areas
(North Wales) and three populations near the southern extreme of their distribution
(Portugal), where a decline in biomass had been observed. Contrary to previous studies,
which tested for the effect of size, salinity and wave exposure levels on the reproductive
capacity of fucoid species, the approach of this study focused solely on latitudinal effects and
minimized variation in local environmental and biotic factors. Thus algae were collected with
a fixed and restricted range of frond lengths (20 to 30 cm), exclusively from moderately wave
exposed and fully saline shores. This restrictive methodology permitted control of some of the
environmental and morphological variability that has been showed to affect reproductive
effort (Cousens 1986; Mathieson & Guo 1992; Aberg 1996; Arenas & Fernandez 1998). By
controlling parameters that are not dependent of latitudinal variation, it was possible to
formally test if specimens of similar length exposed to different geographical environments
could develop different morphologies and reproductive capacity levels.
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5.2 METHODS

5.2.1 Collection and preservation of specimens

Collection of fertile reproductive Fucus vesiculosus and Fucus spiralis individuals was
made on three shores in north Portugal and North Wales. These geographical regions are
separated by 11° of latitude and correspond to areas of high (Wales) and low (Portugal) biomass
for these species (Chapter 2). Portuguese populations of both species are near the southern limit
of distribution. In North Wales, the collection was made at Porth Cwyfan (53.182821°, -
4.489829°), Cemlyn Bay (53.406900°, -4.534340°) and Trearddur Bay (53.271076°, -4.624407°),
while in Portugal algae were collected from Viana do Castelo (41.692656°, -8.850554°), Areosa
(41.712688°, -8.863659°) and Carreco (41.729574°, -8.873184°) populations. All the locations
were moderately exposed to wave action from fully saline environments with maximal tidal

range varying from 6.1 m in North Wales to 3.6 m in Portugal.

The reproductive period, more precisely the period of gamete release, takes place for F.
vesiculosus in the United Kingdom normally between April and July (Knight & Parke
1950), while in Portugal the release of gametes occurs at least as early as April extending
until June (Ladah et al. 2003; Ladah et al. 2008). Fucus spiralis show similar but slightly
longer periods when reproductive structures are found in algae. In the United Kingdom
those periods occur from May to November (Niemeck & Mathieson 1976) and in Portugal it
have been shown to happen from at least April to June (Ladah et al. 2003; Ladah et al.
2008). Due to logistical restrictions, only one sampling period was carried out at each
region. To try to maximise possible differences, all the specimens were collected in the last
10 days of May, which is within the peak of the reproductive season of F. vesiculosus and
within the reproductive season of Fucus spiralis (Knight & Parke 1950; Niemeck &
Mathieson 1976; Ladah et al. 2003; Ladah et al. 2008). In order to guarantee that only adult
specimens with similar size were collected, all specimens were measured approximately in
the field. Quadrats for collection were randomly placed across a stretch of shore,
approximately 100 m long, from where only fucoid individuals with length between 20 and
30 cm were collected. In total, forty and thirty specimens of Fucus vesiculosus and Fucus
spiralis, respectively, were collected from each of the shores. After being collected, the
algae were transported in cold boxes to the laboratory where they were frozen to avoid

tissue deterioration until later assessment.
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5.2.2 Measurement of response variables

The length of each specimen was determined in laboratory conditions. In order to
understand if populations from different geographical regions have distinct reproductive
capacity, numbers of receptacles per individual were determined. This procedure will not only
provide information on the reproductive capacity, but also on the strategy adopted through the
measurement of mean receptacle biomass. A crude estimate of thallus volume (bushiness)
was also achieved by measuring the maximum circumference, as described by Aberg (1990).
This method consisted of laying all fronds from one individual in a pile, so that all the stipes
were parallel, while measuring the circumference of the bundle of fronds in several places
until the maximum value is determined. Using the determined values it is possible to achieve
a crude estimate of volume that reflects “bushiness” of each individual using the formula:
length x squared circumference. Subsequent to these measurements, the dry biomass of
vegetative and reproductive tissues was separately determined after a drying period of 72 hour
at 60° C. In order to have an index of reproductive effort (Ang 1992; Back et al. 1993) that
could be comparable between specimens, a measurement of dry reproductive biomass to total

dry biomass was calculated using the following formula:

Total reproductive _ Dry reproductive biomass % 100

effort (%)

(Dry reproductive biomass + Dry vegetative biomass)

Seven different response variables were analyzed for each of the species. One of these,
fucoid length, was expected not to vary across geographical regions due to stratification of
sampling. To test further morphological variation, volume (bushiness) and vegetative dry
tissue biomass data were used, while data on the number of receptacles, mean receptacle dry
biomass, reproductive dry tissue biomass and reproductive effort were used to analyze

reproductive capacity of populations from both regions.

5.2.3 Statistical design

In order to analyse the effects geographical region and shore identity had on all response
variables, a two way nested ANOVA was performed with data from each fucoid species.
Geographical origin was treated as a fixed factor, while shore was considered random and
nested in geographical origin. Significant results from the two way ANOVA were further
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investigated with SNK' (Student Newman Keuls) multiple comparisons. Only SNK results
showing differences are displayed in the results section. The assumption of homogeneity of
variances was analysed with Cochran’s test and when necessary data transformation was
completed. The statistical package WinGMAV5 (EICC, University of Sydney) was chosen to
run all the analyses.

5.3 RESULTS

5.3.1 Fucoid morphology

5.3.1.1 Fucoid length

Due to the methodology used in the field, where crude measurements of length were
completed before fucoid collection, variation in total length was expected to be limited for
both fucoid species (within lengths of 20 to 30 cm). Importantly, no significant
differences were detected across distinct geographical regions. However, small amplitude
variability across shores was still found for both fucoid species (Table 25 & Table 26:
Length - SNK of Sh (Re), Figure 21 & Figure 22). These results probably reflect the
frequency of large individuals, with the shores with bigger specimens displaying slightly

higher mean values.

5.3.1.2 Volume (Bushiness)
Fucus vesiculosus

The volume of F. vesiculosus individuals differed among geographical regions (Table 25:
Volume). Individuals that characterized southern populations had a smaller volume than
populations from North Wales (Table 25, Figure 21), which indicates that for similar fucoid
lengths northern populations have bushier thalli. Variability among shores was also detected
((Table 25: Volume - Sh (Re)), but only among Welsh shores, where individuals from Porth

Cwyfan showed greater volume (Figure 21).
Fucus spiralis

Similarly to the F. vesiculosus, populations of F. spiralis from different geographical
regions also had significantly different volumes (Table 26), again with Portuguese

populations being smaller (Figure 22). Welsh populations showed larger volumes but also
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volume variability between populations from different shores (Table 26: Volume - SNK of
Sh (Re)). For this species greater volumes were observed in specimens from Cemlyn Bay
(Figure 22).

5.3.1.3 Vegetative dry tissue biomass
Fucus vesiculosus

Although, levels of vegetative dry tissue biomass varied among shores from both
geographical regions (Table 25: Dry vegetative biomass - SNK of Sh (Re), Figure 21), they
were not significantly different between Portuguese and Welsh populations (Table 25). These
results, especially the levels obtained by individuals collected from Porth Cwyfan showed that
significantly greater vegetative biomass levels occurred on some shores, however the

differences occurring at a local scale are not apparent at the larger scales.
Fucus spiralis

As in F. vesiculosus populations, levels of vegetative dry tissue biomass in F. spiralis
populations were not dependent on geographical region (Table 26: Dry vegetative biomass).
Variability in this species was only observed across shores within the Welsh region (Table 26:
Dry vegetative biomass - SNK of Sh (Re)).

5.3.2 Reproductive indicators and related variables

5.3.2.1 Number of receptacles per individual

In an attempt to understand if populations from different geographical regions have
distinct reproductive capacity, the number of receptacles per individual was determined. This

provides some information on the reproductive capacity but also on the strategy adopted.
Fucus vesiculosus

The number of receptacles present in each individual reached a mean value of 71
and 117 from the Portuguese and Welsh shores, respectively (Figure 21). These values
were significantly different (Table 25), which indicates that Portuguese populations are
developing fewer receptacles per individual alga. Interestingly, the mean values among
shores from each of the geographical regions were similar, which indicates that this
might be a consistent pattern for moderately wave exposed rocky shores in both regions
(Figure 21).
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Fucus spiralis

For this high shore species, the ANOVA result confirms non significant variability
between shores and significant differences occurring between geographical regions (Table 26:
Number of receptacles). Similar to the results observed for F. vesiculosus, Portuguese
populations of F. spiralis also had significantly lower numbers of reproductive receptacles per
individual (Table 26, Figure 22).

5.3.2.2 Mean dry biomass of receptacles
Fucus vesiculosus

The mean dry biomass of receptacles varies with shore but no variation was detected between
geographical regions (Table 25). Mean values of 0.05 g were registered for F. vesiculosus for

Portuguese and Welsh regions. The lowest value was registered at Areosa in Portugal (0.03 g).
Fucus spiralis

Geographic region was not a significant factor but shore identity significantly affected the
mean dry biomass of F. spiralis receptacles in Portugal (Table 26). All shores apart from
Carreco showed mean dry biomass of receptacles between 0.03 and 0.04 g. Whereas
receptacles were slightly heavier in Carreco, reaching a mean value of 0.05 g (Table 26: Mean

receptacles dry biomass - SNK of Sh (Re), Figure 22).

5.3.2.3 Reproductive dry tissue biomass
Fucus vesiculosus

As shown for the number of receptacles, reproductive dry tissue biomass levels also
varied between Welsh and Portuguese shores (Table 25, Figure 21). As a whole, Welsh
populations still produced more than twice the amount of reproductive tissue biomass
compared with the populations from Portuguese shores (Figure 21). Welsh populations also
showed significant variation in levels of reproductive dry tissue biomass among shores (Table
25: Dry reproductive biomass - SNK of Sh (Re)).

Fucus spiralis

The variability in levels of F. spiralis reproductive dry tissue biomass between Welsh and
Portuguese shores was also detected, with Welsh shores once more favouring the development
of greater biomass levels (Table 26). For this species, although variability between shores is

shown as a significant factor, the post hoc SNK did not identify which shores differed.
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5.3.2.4 Reproductive effort
Fucus vesiculosus

The percentage of reproductive tissue per total weight gives an indication of reproductive
effort. Differences in reproductive effort of F. vesiculosus populations from distinct
geographical regions were not detected (Table 25: Reproductive effort), despite some
variability observed in populations from different shores within Portuguese and Welsh
regions (Table 25: Reproductive effort - SNK of Sh (Re), Figure 21). Overall, the mean
reproductive effort ranged between 30 and 39.9% in Portuguese shores and 30 and 51.8% in
Welsh shores (Figure 21).

Fucus spiralis

Levels of F. spiralis reproductive effort were not significantly different across both
geographical regions and within each geographical region (Table 26). Mean reproductive
effort was between 39.7 and 46.5% in Portuguese shores and 36.1 and 40.3% in Welsh shores.
This indicates that the ratio of reproductive tissue per total weight was similar across
populations from different geographical regions even if they had distinct volume, number of

receptacles and dry reproductive biomass levels per individual.
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Table 25: Two way mix model ANOVA of Fucus vesiculosus length, volume, number of receptacles, mean
receptacle dry biomass, dry vegetative biomass, dry reproductive biomass and reproductive effort. Post hoc SNK
tests of significant differences are presented. Abbreviations used - Re: Geographical Region (Wal: Wales; Por:
Portugal); Sh: Shore (Are: Are; Car: Carreco; Via: Viana do Castelo; Cwy: Porth Cwyfan; Cem: Cemlyn Bay;
Tre: Trearddur Bay); Res: Residual.

Length Volume (bushiness) .
Source df F ratiovs
MS F p mMS F p
Re 1 65.5 0.2 0.665 3890.6 15.9 0.016 Sh (Re)
Sh (Re) 4 300.5 19.1 <0.001 244.0 2.7 0.033 Res
Res 234 15.8 91.3
Cochran’s test C=0.2191, p >0.05 C=0.2374, p >0.05
SNK Sh (Re) Re
Por - Car>Via=Are Wal>Por
Wal - Cwy>Tre>Cem Sh (Re)
Wal - Cwy>Cem=Tre
Number of receptacles Mean dry biomass of receptacle
Source df F ratio vs
MS F P Ms F ¢}
Re 1 1.3E+05 18.3 0.013 0.0044 0.3 0.596 Sh (Re)
Sh (Re) 4 6907.5 1.7 0.161 0.0133 34.7 <0.001 Res
Res 234  4166.9 0.0004
Cochran’s test C=0.2393, p >0.05 C=0.4003, p <0.01
SNK Re Sh (Re)
Wal>Por Por - Car>Via>Are
Wal - Cem>Cwy>Tre
Dry vegetative biomass Dry reproductive biomass Reproductive Effort
Source df F ratio vs
MS F p Mms F p Mms F p
Re 1 11.7 5.8 0.074 27.7 13.7 0.021 3250.1 0.84 0.412 Sh(Re)
Sh (Re) 4 2.0 9.2 <0.001 2.0 6.8 <0.001 3886.3 25.9 <0.001 Res
Res 234 0.2 0.3 150.1
Cochran’s test C=0.2153, p >0.05 C=0.2152,p >0.05 C=0.2850, p <0.01
SNK Sh (Re) Re Sh (Re)
Por - Are>Car Wal>Por Por - Car>Via>Are
Wal - Cwy> Tre=Cem Sh (Re) Wal - Cem>Tre=Cwy

Wal - Cem>Cwy=Tre
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Table 26: Two way mix model ANOVA of Fucus spiralis length, volume, number of receptacles, mean
receptacle dry biomass, dry vegetative biomass, dry reproductive biomass and reproductive effort. Post hoc SNK
tests of significant differences are presented. Abbreviations used - Re: Geographical Region (Wal: Wales; Por:
Portugal); Sh: Shore (Are: Are; Car: Carreco; Via: Viana do Castelo; Cwy: Porth Cwyfan; Cem: Cemlyn Bay;

Tre: Trearddur Bay); Res: Residual.

Length Volume (bushiness) .
Source df F ratiovs
MS F p mMS F p
Re 1 299.5 4.9 0.092 125.7 10.3 0.033 Sh (Re)
Sh (Re) 4 61.6 3.9 0.005 12.2 3.7 0.007 Res
Res 174 15.9 3.4
Cochran’s test C=0.2706, p >0.05 C=0.2646, p >0.05
SNK Sh (Re) Re
Por - Car=Are>Via Wal>Por
Sh (Re)
Wal — Cem>Cwy
Number of receptacles Mean dry biomass of receptacle
Source df F ratio vs
MS F P Ms F ¢}
Re 1 4.2E+04 9.5 0.037 <0.0001 0.01 0.939 Sh (Re)
Sh (Re) 4 4455.9 1.4 0.248 0.0010 4.03 0.004 Res
Res 174  3265.9 0.0003
Cochran’s test Re Sh (Re)
SNK Wal>Por Por - Car>Via>Are
Wal - Cem>Cwy>Tre
Dry vegetative biomass Dry reproductive biomass Reproductive Effort
Source df F ratio vs
MS F p MS F p mMS F p
Re 1 39.0 3.9 0.120 8.3 15.7 0.017 720.5 2.6 0.179 Sh(Re)
Sh (Re) 4 10.1 2.6 0.036 0.5 2.6 0.039 272.7 2.0 0.102 Res
Res 174 3.8 0.2 138.6
Cochran’s test C=0.2524, p >0.05 C=0.2786, p >0.05 C=0.2495, p > 0.05
SNK Sh (Re) Re
Wal - Cem> Tre=Cwy Wal>Por
Sh (Re)

Por — Are=Car=Via

Wal - Cem=Tre=Cwy
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Figure 21: Fucus vesiculosus length, volume, number of receptacles, mean receptacle dry biomass, dry
vegetative biomass, dry reproductive biomass and reproductive effort at Portugal (POR) and Wales (WAL)
across different shores (Are: Areosa; Car: Carreco; Via: Viana do Castelo; Cwy: Porth Cwyfan; Cem: Cemlyn
Bay; Tre: Trearddur Bay); Error bars = +1SE.
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Figure 22: Fucus spiralis length, volume, number of receptacles, mean receptacle dry biomass, dry vegetative
biomass, dry reproductive biomass and reproductive effort at Portugal (POR) and Wales (WAL) across different
shores (Are: Areosa; Car: Carreco; Via: Viana do Castelo; Cwy: Porth Cwyfan; Cem: Cemlyn Bay; Tre:
Trearddur Bay); Error bars = +1SE.
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5.4 DISCUSSION

| hypothesised that the decline in fucoid biomass levels from northern (Wales) to
southern regions (Portugal), described in chapter 2 and the limited recruitment observed in
chapter 3 could be dependent on changes in reproductive capacity. Evidence supporting
distinct reproductive capacity in populations from the edge of a distribution comes from
recent studies developed by Aradjo et al. (2011) and Viejo et al. (2011), in the northern coast
of the Iberian Peninsula. Whilst studying reproductive patterns of F. serratus, Viejo et al.
(2011) showed that reproductive capacity of marginal populations in northern Spain was
reduced and further suggested that the viability of such populations could be at risk. In
contrast, Araujo et al. (2011) demonstrated that marginal populations of A. nodosum had in
fact higher reproductive output than populations from central regions. In order to evaluate if
the decline in biomass of F. vesiculosus and F. spiralis from northern to southern regions

could be related with differences in reproductive capacity several variables were tested.

The response of variables in the present study was dependent on spatial scales. Shore
variability within each of the geographical regions, measuring variation on the scale of dozens
of kilometers, influenced volume (bushiness), dry vegetative tissue biomass and mean
receptacle dry biomass of both fucoid species. It also influenced dry reproductive tissue
biomass exclusively in F. spiralis and total reproductive effort of F. vesiculosus. Variability at
this spatial scale had also previously been reported at several locations. Some examples
include the variability in receptacle dry biomass of F. vesiculosus across different shores on
Merseyside, UK (Russell 1979) or the variability of A. nodosum total reproductive effort
observed across shores in New England, USA (Mathieson & Guo 1992). These studies show
that variation in reproductive capacity at this spatial scale, due to local changes in

environment, is not uncommon.

Despite identifying some variability at smaller scales, the main goal of the study here
presented was to identify changes in morphological and reproductive characteristics of F.
spiralis and F. vesiculosus populations across latitudinal scales. Although, the fucoid length
values were not significantly different due to the methodology used, other morphological
characteristics varied between populations from North Wales and northern Portugal.
Vegetative dry tissue biomass levels remained similar across the geographical regions studied.
My work, however, on both fucoid species clearly shows that volume (bushiness) is affected
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by geographical variation with algae of both species showing greater volume in northern
areas. This fact could be related to differences observed in levels of reproductive tissue dry

biomass, which could influence the measurement of volume.

At this larger spatial scale, reproductive capacity of F. spiralis and F. vesiculosus
populations varied across geographical region. Curiously, the reproductive effort of both
species measured, as the percentage of dry reproductive biomass to total dry biomass, did not
vary significantly. These results indicate that the reproductive effort of each species per total
biomass is equivalent in populations from northern and southern regions. Creed et al. (1996)
demonstrated a similar effect with reproductive effort of individuals being constant across
different densities. Other response variables, such as number of receptacles per individual and
dry reproductive tissue biomass, showed differences that crucially can be part of the
explanation for the decline in biomass observed near the southern extreme of F. spiralis and
F. vesiculosus distribution (Chapter 2). This study demonstrates for both species that
specimens with similar length possessed a higher number of receptacles and crucially greater
values of dry reproductive tissue biomass in northern populations. These observations imply
that although reproductive effort is maintained in populations from central and southern areas,
total reproductive capacity of F. vesiculosus and F. spiralis is greater in populations from
northern areas due to the larger number of receptacles and total reproductive biomass
observed per individual (assuming that greater biomass of receptacles is translated into greater
levels of propagule output and hence viable recruits). My work on physiological stress in
fucoids (Chapter 4), shows that the natural levels of environmental stress occurring during
emersion periods in the Portuguese region affect southern populations of F. vesiculosus and
F. spiralis. Combining these results with the data here reported leads me to the conclusion
that populations of F. vesiculosus and F. spiralis could be living, under environmental
conditions leading to low reproductive levels in these populations. Similar results were also
proposed by Viejo et al. (2011) for F. serratus populations in northern Spain. Therefore, a
continued increase in temperature, similar to the one that has been observed during the last 50
years along the Portuguese coast (Lima et al. 2007), would lead me to hypothesize that a shift
northwards in the distribution of these species could occur. To assess such a hypothesis a
more comprehensive understanding of reproductive capacity in range edge populations
combined with recruitment assessment over time and at multiple spatial scales is still
necessary, in order to develop a model leading to fuller understanding of the processes

leading to the abundance patterns that have been previously detected.
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CHAPTER 6
CONCLUDING REMARKS

In this last section, information and findings from the preceding five chapters that
constitute the thesis are brought together and interpreted in a holistic manner. Existing
knowledge available from the literature is also integrated to further explore the results
obtained. The ecological consequences of changes in patterns are explored with special
attention to variation in the balance between fucoid and filter feeder across vertical, horizontal

and latitudinal gradients.

6.1 PATTERNS ACROSS LATITUDE (QUANTITATIVE ANALYSIS)

In an ecosystem a single species can play several essential functions for the maintenance of
the ecosystem in a stable state (Power et al. 1996; Bertness et al. 1999; Bruno & Bertness
2001). Therefore, in order to comprehend the properties of an ecosystem it is essential to
understand the specific role and the interactions between the species that are part of the
ecosystem (Hulot et al. 2000; Leonard 2000; Loreau et al. 2001; Yachi & Loreau 2007).
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Changes in the balance between species can lead to alterations in the ecosystem characteristics,
in particular when “key” species are affected (Symstad et al. 1998; O'Connor & Crowe 2005).

Previous studies have proposed that along the west European rocky intertidal a change in
the balance between filter feeder and macroalgae abundance could occur (Ballantine 1961;
Hawkins et al. 1992). Ballantine (1961) proposed that as climate becomes warmer in southern
regions, the dominance of macroalgae will decrease whilst filter feeder abundance will
increase. In order to explore variation of the intertidal community caused by latitudinal
variation, large areas were quantitatively surveyed from Scotland to Portugal, showing that
fucoid biomass declines in southern shores surveyed along the Portuguese coast. As shown in
chapter 2, measurements of biomass and percentage cover of the main functional groups were
made. The evaluation of percentage cover of functional groups, like the fucoid species, was
important to further inform on their structural importance. Studies from Jenkins et al. (1999a)
and others (Bertness & Callaway 1994; Leonard 2000) have shown the important facilitative
role of large fucoid algae. In order to fully assess the impact of the decline of fucoid species, it
was also necessary to understand changes in its spatial cover. The decline in biomass of fucoid
species from northern to southern regions was combined with a decrease in percentage cover.
This drop in percentage cover is probably responsible for the decline of those groups that are
dependent on facilitation processes, like the foliose algae. As shown by photosynthetic studies
(Bell 1993; Dring et al. 2001), these foliose species are greatly affected by temperature and high
light intensities. Jenkins et al. (1999a) also showed that removal of a fucoid canopy could lead
to decreased abundance and survival rates of foliose species due to its dependence on the
overlying canopy for amelioration of physical stresses. These combined results justify the use of

different measurements that allowed a clear picture of community structure to be obtained.

The ability to differentiate the effects of changes happening at different spatial scales is
essential for pattern clarification across latitudinal gradients. This was achieved by using an
independent methodology to determine shore exposure to wave action (Burrows et al. 2008),
allowing the differentiation of local from large scale effects. The methodology developed by
Burrows et al. (2008), was considered to be the best available for such a large survey.
However, improvement in the quantification of wave action probably can be achieved by
incorporating bathymetry data to describe length and inclination of offshore zones.
Nevertheless, the use of this methodology was indispensable to show that the balance between

fucoid abundance and filter feeders along the wave exposure gradient is maintained across
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different latitudes. These results verify that across the western European coastline, fucoid
abundance is higher on sheltered areas and declines at more wave exposed conditions.

The previously proposed decline in fucoid biomass with decreasing latitude was
confirmed by the quantitative survey in Chapter 2. However, the expected increase in filter
feeder percentage cover was not verified, showing it is essential to quantify patterns at
multiple shores to get a clear understanding of changes occurring over such a large spatial
scale. The results demonstrated by the survey also showed that the decline in total fucoid
biomass was not progressive as expected, since maintenance of fucoid biomass within the
shores in the United Kingdom occurred. The insurance hypothesis modelled by Yachi and
Loreau (1999), gives a possible explanation for the maintenance of total fucoid biomass levels
across the United Kingdom. This intuitive idea declares that the probability of ecosystem
functioning to be maintained in the face of environmental fluctuations is higher with
increased biodiversity. As species respond differently to environmental pressures, some
species may be affected by changes in the environment while others may be able to
compensate. This seems to be what occurred with fucoid species within the United Kingdom.
Although environmental variation was able to affect species like Ascohyllum nodosum,
decreasing their abundance in Scotland for example, others like Fucus vesiculosus that
occupy similar shore heights seem able to compensate such loss by occupying the vacant
niche and consequently continuing to provide canopy cover. However, when fucoid diversity
is lower, like in the southern Portuguese areas, the loss of a species, for example F. serratus,
could not be compensated leading to a change in ecosystem functioning. The loss of F.
serratus from the Portuguese low shore could be one of the reasons for the development of an
abundant algal turf community. Such effects of change in species identity and richness are
especially important for primary production in benthic marine communities. Studies with
macroalgae found that in marine ecosystems species identity has a higher impact on primary
production than species richness (Bruno et al. 2005; Bruno et al. 2006; Stachowicz et al.
2007). The level of influence of algal species in the productivity of a system is normally
affected by their growth rates (Worm & Chapman 1996; Bruno et al. 2005). Therefore, with the
loss of F. serratus in Portugal and no canopy compensation occurring, changes in ecosystem

functioning occurred with the loss of a highly productive canopy environment in the low shore.

The large scale survey was elucidative about how patterns of functional groups varied
across European intertidal rocky shores, providing useful data on how the percentage cover of

functional groups varied from northern to southern European regions. It showed some
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interesting patterns that may be related, like the decline of fucoid biomass and the increase of
turf community in southern regions. The absence of F. serratus from the low shore area in the
Portuguese shores surveyed could be caused by competition for space with the increasingly
abundant turf community. A similar process, where Chondrus crispus prevented the
recruitment of Fucus evanescens, was described by Worm and Chapman (1996) on wave
exposed shores in Nova Scotia, Canada.

The latitudinal survey cannot prove ecological processes but it was indispensable for
raising ecological questions to be explored with experimental manipulation. Quantitative
large scale studies are particularly important for assessing changes in community over time
(Sexton et al. 2009). Over the last decades, the importance of large scale studies has been
demonstrated. Using such large areas as a natural laboratory allows us to increase knowledge
and evaluate some of the possible consequences of global warming as large latitudinal
variation may mimic some of the effects of climate warming (Blanchette et al. 2008; Jenkins
et al. 2008; Sexton et al. 2009).

6.2 PROCESSES REGULATING FUCOID SURVIVAL AND
RECRUITMENT

The use of the large scale survey allowed separation of the effects of latitude from the
variability caused by differences in exposure to wave action within each of the geographical
regions. To determine which processes are controlling fucoid biomass levels on northern and
southern European regions, experimental work in the field and laboratory was developed.

Studies from several authors, completed in the United Kingdom, indicate that grazing
pressure can be a very important factor controlling fucoid biomass levels (Hawkins 1981a;
Hartnoll & Hawkins 1985; Johnson et al. 1997; Jenkins et al. 1999a; Thompson et al. 2002;
Jonsson et al. 2006; Moore et al. 2007b). Taking this into consideration and the knowledge
that physical stresses in summer can also affect algae species, the first experiment focused on
the effect of grazing pressure and light intensity on fucoid recruitment at both locations. As
expected, in northern regions reduction of light intensity was not influential while grazing
pressure effectively controlled fucoid recruitment. By testing the effect of different grazing
pressures, it was possible to show that grazers at half the normal densities are still able to
control recruitment of fucoids at northern latitudes. The use of reduced light levels and

reduced grazing pressure in southern regions was expected to improve fucoid recruitment, but
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due to low natural settlement levels conclusions about grazing pressure in the south were
limited. Nevertheless, grazing could still be an important factor for southern fucoid
populations, as proposed by Jenkins et al. (2001). This study showed, through the use of wax
discs, that grazing activity was higher in southern areas. Differences in mean sea temperature
may influence grazers’ activity (Jenkins et al. 2001) and reported changes in the dominant
Patella species could also promote different grazing pressures further south (Moore et al.
2007b). On top of the grazing effect of Patella species other grazers could also be influential.
Species like the herbivorous fish Sarpa salpa are common in southern regions and become
very rare in northern areas. Its effect on seagrass beds has been shown (Havelange et al. 1997;
Ruitton et al. 2000) but its influence on fucoid populations is still not studied, which may

prove to be a good research opportunity.

The low recruitment levels, found on southern European regions during my experiment,
have previously been reported by Coleman et al. (2006) and could be one of the reasons for the
decline in fucoid biomass further south. Low recruitment can be caused by low reproductive
investment, which in turn can be related with levels of stress an alga has to sustain. It has been
shown that algae living under a stressful physiological regime can have reduced survival rates,
lower growth rates and lower reproductive capacity due to the use of energetic resources to
sustain stressful conditions (Davison & Pearson 1996; Somero 2002; Dethier et al. 2005).

To assess stress levels in algae from both locations a widely used technique was
employed, the PAM fluoremeter, to measure how the photosystem of F. vesiculosus and F.
spiralis populations from northern and southern regions would react to equal levels of stress.
Fucus spiralis is regarded as a more resilient species to physical stresses than F. vesiculosus
due to its vertical position on the shore and its capacity to outcompete F. vesiculosus on the
highest areas of the shore (Hawkins & Hartnoll 1985). Previous experiments with both fucoid
species showed that F. spiralis was able to sustain higher desiccation and temperature levels
(Dring & Brown 1982; Li & Brawley 2004). Therefore it was expected that F. spiralis from
both geographical regions would be less affected during the experiment. When both species
were eventually subjected to levels of stress occurring during the Portuguese summer,
differences between populations from different geographical regions after a recovery period
were only observed in F. vesiculosus, which is in agreement with their smaller fundamental
niche size. This indicates that adaptation of the photosystems to local climatic conditions
occurs at least in some fucoid species. However, more importantly these photosynthetic
experiments, described in chapter 4, determined that populations from both species also

128



showed difficulty to recover when exposed to levels of stress encountered during the summer
on the Portuguese coast. Reduced photosynthetic capacity was observed even after a 16 hour
recovery period. This is an important result that could explain the low fucoid biomass levels
observed in Portugal, as stressed specimens normally possess reduced survival rates, low
growth and decreased reproductive capacity, factors that may lead to decline in biomass levels
of a population (Pearson & Brawley 1996; Somero 2002; Dethier et al. 2005).

Knowing that fucoid species in Portugal can be subjected to levels of physical
environment responsible for a reduction in photosynthetic capacity (Chapter 4), another
experiment was developed to understand if the levels of stress observed could be promoting
the reduced reproductive capacity in field conditions (Chapter 5). This last experimental
procedure showed that reproductive effort measured, as percentage of reproductive biomass in
total biomass, and mean biomass per receptacle was similar in populations from northern and
southern regions. These results were described for the two fucoid species used, F. vesiculosus
and F. spiralis. Despite the similar reproductive effort, total reproductive capacity was
enhanced in populations from the northern regions. These specimens, although of similar
length, produced a greater number of receptacles and higher reproductive biomass levels than
the ones from southern populations. As proposed by Viejo (2011), such a decline in
reproductive capacity in southern regions seems to be a major factor contributing to the

decline of fucoid species abundance.

The present work, when the conclusions from the large European survey and results from
the experimental work are taken into account, clearly indicate that physical factors, especially
during emersion, are important due to their influence in stress levels presented by fucoid
species in southern European regions. The levels of stress could also be related with the
decline in reproductive capacity observed, although further experimental work is still needed.
Nevertheless, higher physical stress levels and lower reproductive capacity are clearly
important for populations in southern regions and are most likely among the most important
factors contributing to the decline in fucoid abundance in southern regions. In addition to the
present knowledge, further studies on Ascophyllum nodosum are necessary, due to its role as
an extremely important biomass producer in northern rocky intertidal areas. Its abundance is
greatly affected in Portugal, where it only exists in smaller populations. Therefore, studies
that could provide a better understanding of the processes causing such decline are needed
(Araujo et al. 2009; Araujo et al. 2011). Understanding the processes that lead to the decline

of macroalgae abundance is extremely important, especially due to climate warming. Climate
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warming will probably lead to the expansion of southern communities further north, causing a
possible decline in macroalgae abundance, which should be monitored due to their

importance as primary producers on the rocky shore.

6.3 ENERGETIC CONSEQUENCES AND FUTURE RESEARCH

Functional diversity of communities has been directly linked with the type of ecological
services available in an ecosystem (Loreau et al. 2001; Ostfeld & LoGiudice 2003; Arenas et
al. 2006; Stachowicz et al. 2007). Understanding the functions of the different players in an
ecosystem may be critical to predicting ecosystem responses in a variety of scenarios,
including climate driven global change (Helmuth et al. 2006b; Hawkins et al. 2008; Jenkins et
al. 2008). Changes in biota, for example due to inclusion, complete removal or changes in
species abundance, like the ones observed by the survey (Chapter 2), can lead to significant
alterations in the ecosystem (Jones et al. 1997; Bertness et al. 1999; Levine et al. 2003;
Griffin et al. 2008). The strength of change will depend on the importance of the ecological
functions performed by the affected species and on the existence or absence of other species
that can perform similar ecological functions and occupy the vacated niche (Loreau & Hector
2001; Bruno et al. 2003; Hooper et al. 2005; Raberg & Kautsky 2007; Yachi & Loreau 2007).
Across the geographical regions studied, the decline of some fucoid species in Portuguese
shores is not compensated, which may lead to changes in community structure and variation

in the energetic potential of this intertidal area.

The work here presented, like some others previously proposed (e.g. (Ballantine 1961; Lewis
1964; Raffaelli & Hawkins 1996), shows that the composition of north Atlantic communities
changes over a wave exposure gradient, from one dominated by primary producers on sheltered
shores to a secondary producer community on exposed sites. As described by the survey,
macroalgal primary production dominates sheltered sites while planktonic filter feeders, namely
mussels and barnacle, are the principal space occupiers on wave-exposed intertidal areas. The
identity of species and complexity of trophic levels can influence the ability of an intertidal
system to export energy to coastal areas (O'Connor & Crowe 2005) and therefore this observed
change in trophic structure is accompanied by a change in energetic potential of the intertidal
(Paine 2002). The production of microalgae at exposed shores on the north Atlantic is much lower
than the input of plankton from coastal ecosystems to the dominant filter feeders. Hence, exposed

shores function as a net consumer system (Hawkins et al. 1992; Raffaelli & Hawkins 1996;
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Jenkins et al. 2005; Jenkins et al. 2008). On the other hand, intertidal sheltered areas in the north
Atlantic are areas of high primary production where high levels of macroalgal biomass develop.
The uptake of energy from the system by consumers in sheltered intertidal sites is not comparable
with the larger amount of algae biomass that is exported to the coastal ecosystem, indicating that
canopy dominated areas are a net exporting system (Hawkins et al. 1992; Raffaelli & Hawkins
1996; Jenkins et al. 2005; Jenkins et al. 2008).

On a larger scale, across the European latitudes, variation in community patterns will also
be reflected in the energetic production of different latitudinal zones. Such combination of
factors indicates that southern Portuguese intertidal shores tend to display an inferior export
of fucoid algal based detritus (Chapter 2) and act further as a net importer system than
northern intertidal areas. The amplified effect of physical stress on southern Europe leads to
decrease in the magnitude of dominance of fucoid species, major primary producers, reducing
the ability of this intertidal system, as a whole, to export energy into coastal areas (Jenkins et
al. 2001; Jenkins et al. 2005; Jenkins et al. 2008).

The notion that primary production is crucial for all living systems is indispensable for
the understanding of intertidal patterns. For such diverse communities to remain energetically
viable, links between areas with different productivity are necessary. Rocky shores are the
result of this equilibrium and changes in the factors determining patterns need to be evaluated
with great care, as they might inform and help to prevent major disequilibrium on the global

energetic balance of an entire geographical area.

The work developed through this PhD project allowed exploration of the interaction between
physical and biological aspects that together contribute to the development of variability in
intertidal community structure across western European rocky shores. The knowledge gained on
distribution and abundance levels of major intertidal functional groups across such a large area,
combined with the knowledge gained from experimental work on processes causing variation of
patterns, is expected to help to construct a base for future comparisons. The need to construct
more precise models and improve the understanding of how these culturally and economically
important habitats change and respond to natural variability over time and in response to
possible global warming pressures, will certainly continue to motivate future research. In my
view, future research should focus on clarifying what further processes are operating in edge
range areas of the distribution of “key” structural species. Comparisons between these affected
populations and others from stable areas are expected to be crucial in revealing which aspects

are fundamental for their preservation and maintenance for a long period.
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