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Biodiversity is under increasing pressure from human activities driving global 
environmental change. Global climate driven change interacts with regional (e.g. 
eutrophication) and local scale impacts (e.g. overexploitation). Long-term and broad-
scale data are required to distinguish human-induced changes from natural fluctuations. 
The aim of this thesis was to explore the responses of intertidal ecosystems to climate 
change and other impacts, using the Azores as a model system, by describing patterns 
and experimentally testing processes. Relevant long-term environmental data on 
surface air and sea temperature plus wave action were collected. Baseline data collected 
in the 1980s was compared to the 2010s. Descriptive studies examined the patterns at 
the individual and community level providing evidence of long-term changes in response 
to greater stress due to changing environmental conditions. At the individual level, 
changes in phenology of two Azorean species of limpets (Patella aspera and Patella 
candei gomesii) were assessed over time (1980s versus 2010s) and space across the 
Archipelago. Evidence of temporal and spatial changes were found in the reproductive 
cycle of the limpets; these can probably be related with climate change and spatial 
gradients in environmental conditions across the archipelago. At the community level, 
long-term changes in distribution of key intertidal species were assessed.  Changes were 
found not only in the abundance but also in the vertical distribution of the species. Some 
of these may be ascribed to recent climate change, whereas other may be better 
explained by the overexploitation of keystone limpet grazers. Finally, community 
response to the loss of a key intertidal northern species (Fucus spiralis) was 
experimentally simulated. Fucus spiralis showed fast recovery rates and, unlike 
expected, its loss had minimal effect on the associated assemblages. Overall, results 
indicate that there have been some significant changes on the Azorean rocky shores. 
These included changes in the phenology, abundance and distribution of species. My 
results suggest F. spiralis in the Azores is not a key species as found elsewhere; so its 
potential loss may have little to no impact on the remainder of the community. My 
research highlights the key role of enforced marine reserves in distinguishing between 
the long-term effects of changes in climate from other anthropogenic activities such as 
fishing. Whilst there was some evidence of climate driven change, it is likely that human 
overexploitation of limpets has a greater effect. 
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1. GENERAL INTRODUCTION 

1.1. INTRODUCTORY COMMENTS 

Global biodiversity is under increasing pressure from anthropogenic activities driving 

environmental changes (Parmesan and Yohe, 2003; Helmuth et al., 2006b; Burrows et 

al., 2011, 2014). Global climate driven change interacts with regional and local scale 

impacts (Firth and Hawkins, 2011). In the ocean, global environmental change includes 

increased warming and stormier seas (Trenberth et al., 2007), reduction of pH (Caldeira 

and Wickett, 2003) - although not strictly climate and widespread global 

homogenisation of biodiversity as non-native species invade (Stachowicz et al., 1999) 

from different biogeographic realms. These all interact with regional scale processes 

such as eutrophication (Philippart, 2011) and overexploitation of resources (e.g. 

overfishing, Worm et al., 2006) and local impacts such as habitat loss or destruction 

(Airoldi and Beck, 2007; Firth et al., 2014) and pollution (Thompson et al., 2002). 

The main focus of my thesis was to investigate changes in marine life in the Azores in 

response to global and local pressures. I used rocky shores as a tractable study system to 

describe patterns and experimental processes by comparing historical data from the 

1980s with contemporary re-surveys in the 2010s. Changes in relation to climate at the 

individual level were assessed in terms of the phenology of limpets over time and using 

spatial environmental gradients across the Archipelago. At the assemblage level, 

changes in abundance and distribution of species over time were assessed. Experimental 

work focussed on the main ecosystem engineer Fucus spiralis (Linnaeus 1753), a canopy-

forming northern species located towards the southern limit of its distribution. Fucus 

spiralis is at risk from both extreme hot events and general warming at the upper limit 

of its distribution and greater pressure from herbivory at the lower limit of distribution 

on the shore. Greater storminess including extreme storms will cause disturbance 

throughout its vertical range. 

This general introduction (Chapter 1) sets the scene for the rest of the thesis by 

reviewing the pertinent literature, starting with a brief overview of anthropogenically 

driven climate change in the oceans globally, before focussing on recent changes in the 

North-East Atlantic. This is followed by a review of long-term research, essential to 

distinguish between long wave-length, low amplitude climate signals from the 
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background noise of other sources, such as natural variability plus regional and local 

scale human impacts (Mieszkowska et al., 2014b). These are interwoven by considering 

the influence of climate fluctuations and recent rapid change on nearshore and coastal 

ecosystems. Finally, the basic ecology of intertidal ecosystems is briefly outlined at 

various levels of biological organisation from the individual, through to populations, 

communities and ecosystems to provide background on the model system chosen for 

study. I conclude by outlining the overall aims and rationale of the thesis. 

1.2. CLIMATE CHANGE IN GLOBAL OCEANS 

The recent rapid increase in atmospheric greenhouse gas levels (GHG) (i.e. carbon 

dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3) and fluorinated gases (e.g. 

CFCs, PFCs, HFCs and SF6)) is widely accepted to be the result of anthropogenic activities 

driving global changes in climate conditions (Hegerl et al., 2001; IPCC, 2001, 2007, 2013; 

Tett et al., 2002; Zwiers, 2003; IDAG, 2005; Zhang et al., 2006). It is generally accepted 

that anthropogenically driven global warming has already affected the biota of the 

Earth, in both terrestrial (Jeffree and Jeffree, 1996; Parmesan et al., 1999; Parmesan and 

Yohe, 2003; Root et al., 2003; Parmesan, 2006) and marine ecosystems (Barry et al., 

1995; Southward et al., 1995; Sagarin et al., 1999; IPCC, 2001, 2007, 2013; Benson and 

Trites, 2002; Walther et al., 2002; Parmesan and Yohe, 2003; Alheit and Niquen, 2004; 

Helmuth et al., 2006b; Parmesan, 2006; Hoegh-Guldberg and Bruno, 2010; Philippart et 

al., 2011; Poloczanska et al., 2014; Beaugrand et al., 2015; Firth et al., 2015). The 

Intergovernmental Panel on Climate Change (IPCC, 2001, 2007, 2013) has assessed the 

extent to which recent observed changes in both physical and biological systems have 

been caused by anthropogenic warming. It is expected that in the coming years, climate 

change will cause major changes to the ecosystems of our planet both physically and 

biologically, with major social and economic consequences (IPCC, 2001, 2007, 2013; 

Füssel, 2008).  

Climate change is expected to cause global disruption of marine systems. Most model 

predictions suggest that ocean circulation will be altered (Meehl et al., 2007), sea levels 

will rise (Trenberth et al., 2007), evaporation will increase (Trenberth and Shea, 2005; 

Trenberth et al., 2007), sea temperatures will rise (Trenberth et al., 2007) and there will 

be more frequent severe storms at sea (Trenberth et al., 2007) that will, in turn, increase 
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coastal erosion and flooding. Precipitation will be much more variable with more 

frequent drought and flood extreme events (Trenberth et al., 2003; Wentz et al., 2007). 

These changes will affect inshore waters and semi-enclosed estuaries, lagoons plus rias, 

fjords and sea lochs. Hurricane frequency and intensity will increase (Elsner et al., 2008) 

and runoff from rivers will be amplified (Milly et al., 2002; Philippart et al., 2011), 

affecting ocean productivity and disturbance regimes.  

In addition, increased levels of carbon dioxide in the atmosphere are leading to 

acidification of the ocean (Riebesell et al., 2000; Caldeira and Wickett, 2003; Feely et al., 

2004; Sabine et al., 2004; Orr et al., 2005; Raven et al., 2005; Kleypas and Langdon, 

2006; Hoegh-Guldberg et al., 2007; Kurihara, 2008; Veron, 2008; Kroeker et al., 2010; 

Azevedo et al., 2015). Although not strictly climate change, ocean acidification is an 

inevitable consequence of a high atmospheric CO2 concentration dissolving in seawater 

(Sundquist, 1993; Houghton, 2007).  

Through the reduction of sea ice cover (Comiso et al., 2008; Philippart et al., 2011), 

there will be increased opportunities for shipping in high latitudes (IPCC, 2007; Reid et 

al., 2007) resulting in major shifts of biogeographic regions with exchange between 

oceans that last occurred 3-4 million years ago (Vermeij, 2005; Reid et al., 2007; Greene 

et al., 2008). Some of these impacts, as a result of climate change have already been 

reported in recent years (e.g. IPCC, 2007, 2013; Heip et al., 2009; Hoegh-Guldberg and 

Bruno, 2010; Philippart et al., 2011). These include changes in the range and spatial 

distribution of species (Beaugrand et al., 2002b; Helmuth et al., 2006b; Hawkins et al., 

2008, 2009; Burrows et al., 2011, 2014; Poloczanska et al., 2013; Firth et al., 2015; 

Hiddink et al., 2015) leading to changes in diversity which are likely to accelerate in the 

future (Helmuth et al., 2006b). These shifts increase the risk of increased incidence of 

disease (Harvell et al., 2002), and alteration of food web dynamics (Petchey et al., 1999; 

Clarke et al., 2007). Climate change may interact with and worsen marine eutrophication 

(Philippart et al., 2011) by increasing the likelihood of harmful algal blooms (Anderson et 

al., 2008; Moore et al., 2008; Hallegraeff, 2010).  

Globally climate change will induce different events on a latitudinal gradient; for 

example an increase of temperature will be more evident at the poles than at the 

equator (MacDonald et al., 2005). Marine environments are changing rapidly (Bell et al., 

2000; Church et al., 2001; Bindoff et al., 2007; Hoegh-Guldberg and Bruno, 2010; 
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Burrows et al., 2011; Johnson et al., 2011; Menge et al., 2011; Philippart et al., 2011; 

Schiel, 2011; Wernberg et al., 2011; Poloczanska et al., 2013, 2014). These changes are 

forecasted to continue and accelerate, leading to a global warming of about 0.3°C to 

0.7°C, over the next two decades (IPCC, 2013). Sea temperatures are expected to rise by 

0.6°C to 2.0°C at the sea surface and by 0.3°C to 0.6°C at the depth of about 1000 m 

(IPCC, 2013), posing a severe risk of degradation to marine ecosystems, with 

consequences for human health and welfare (Harley et al., 2006). The goods and 

services provided by marine ecosystems will be affected as sea temperatures rise 

(Cheung et al., 2010) (see also Figure 1.1). 

 
Figure 1.1. Climate change impacts on the marine and coastal environment and the social and 
economic situation of coastal communities (adapted from Heip et al., 2011) 

According to Pereira et al. (2010) future scenarios consistently indicate that biodiversity 

will continue to decline over the 21st century (Thomas et al., 2004). Global biodiversity is 

under increasing pressure from human activities generating environmental change. 

Regardless of the amount of effort that has been made in defining the biological impacts 

of climate change in the ocean (e.g. Southward et al., 1995; Harley et al., 2006; Helmuth 

et al., 2006b; Poloczanska et al., 2013, 2014), the effects of this global driver on marine 

biodiversity and ecosystems are still very poorly known and understood (Wernberg et 

al., 2012). Basic predictions of the responses of marine species to climate change were 

summarized by Harley et al. (2006), who state that as the temperature increases species 
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abundance will change and distributions will shift according to the thermal tolerance 

and adaptability of the species. Thus responses of different marine species to climate 

change will vary (Hawkins et al., 2009; Hoegh-Guldberg and Bruno, 2010; McGinty et al., 

2011); the marine species will also be subject to interactions with other human-induced 

changes in the marine environment (Firth and Hawkins, 2011; Philippart et al., 2011). 

According to Meehl et al. (2007) a predicted outcome of global warming is the change in 

large scale patterns of ocean circulation. These predicted changes will probably have 

effects on assemblage composition and community structure (Reid et al., 1998; 

Beaugrand et al., 2002b; Beaugrand and Reid, 2003; Edwards and Richardson, 2004; 

Sarmiento et al., 2004; Hays et al., 2005; Harley et al., 2006; Johnson et al., 2011). 

Changes in oceanic conditions such as water temperature, circulation and coastal 

upwelling are likely to affect distribution and productivity of plankton and marine 

fisheries (Beaugrand and Reid, 2003; Brander et al., 2003; Alheit and Niquen, 2004; 

Beare et al., 2004; Beaugrand and Ibañez, 2004; Genner et al., 2004, 2010; Beaugrand, 

2005; Hays et al., 2005; Perry et al., 2005; IPCC, 2007, 2013; Cheung et al., 2009, 2010, 

2011, 2012, 2013; Beaugrand et al., 2015; McQuatters-Gollop et al., 2015). The effects 

of global warming will continue, until measures to reduce the greenhouse gas emission 

have been taken (IPCC, 2007, 2013; Friedlingstein et al., 2011). The only way to slow 

climate change is to decrease the dependence on carbon-based sources of energy (IPCC, 

2007, 2013; Edenhofer et al., 2010; Russell and Connell, 2010). Even if a reduction in 

carbon based sources of energy is taken, a minimum time lag will be needed to see any 

effects, due to the inertia of the climate system. If emissions were cut now by 90%, the 

global temperature would reach 2°C, above pre-industrial levels, by the end of the 

millennium (Friedlingstein et al., 2011). Until then human society has to adapt to the 

effects of climate change (Adger et al., 2005; Parry et al., 2007) and manage the 

interactions of global change with regional and local scale impacts (Firth and Hawkins, 

2011). Nevertheless, human adaptations to climate change, such as coastal defences, 

can have a severe impact on coastal ecosystems (Hawkins et al., 2009; Chapman and 

Underwood, 2011; Philippart et al., 2011; Firth et al., 2014), through the loss and 

alteration of available natural habitats for species composition in coastal communities 

(Thompson et al., 2002; Airoldi et al., 2005; Bulleri, 2005; Bulleri et al., 2005; Martin et 

al., 2005; Moschella et al., 2005; Martins et al., 2009; Firth et al., 2013, 2014). 
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1.3. CLIMATE CHANGE IN THE NORTH-EAST ATLANTIC  

The North-East (NE) Atlantic Ocean can be defined as the region between the European 

Western Shores out to the Mid-Atlantic Ridge and constrained to the North by the 

Greenland-Scotland Ridge. The Azorean archipelago and Iceland lie at the outer 

boundaries. The North-East Atlantic has an important moderating effect on the 

European climate, through the effects of the North Atlantic current (extension of the 

Gulf Stream). This current has the capability to warm the atmosphere over Europe by 

about 5°C (Heip et al., 2011). 

The North Atlantic Oscillation (NAO) is the normalized gradient in sea-level air pressure 

between Iceland and the Azores (Hurrell, 1995; Reid et al., 1998; Paeth et al., 1999; 

Hurrell et al., 2001; MacDonald et al., 2005). It is uncertain if the multi-decadal NAO 

variability is associated with climate change (Paeth et al., 1999). This meteorological 

phenomenon affects the surface air temperature, wind strength, precipitation levels and 

storm intensity as well as the frequency of events over the Atlantic and adjacent 

continents (Hurrell, 1995; Hurrell et al., 2001; Stenseth et al., 2002; Trenberth et al., 

2007; Heip et al., 2009; Hurrell and Deser, 2009). According to Hurrell and Deser (2009) 

the ocean is also affected by the NAO, through fluctuations in the heat content, gyre 

circulation, location of the mixed layer depth, salinity, high latitude deep water 

formation and sea ice cover. Therefore, several studies have linked NAO with changes in 

the structure and functioning of marine ecosystems including phenological shifts (Sims 

et al., 2001, 2004), population dynamics (Ottersen et al., 2001), abundance, spatial 

distribution and interspecific relationships (Ottersen et al., 2001; Mieszkowska et al., 

2014a). According to Alexander and Tett (2005) over the past 20 years, mean wave 

heights and frequency of severe wind events have increased; it is predicted that these 

trend will continue (Bacon and Carter, 1991; Wang et al., 2004; deYoung et al., 2008). 

North Atlantic sea surface temperatures (SST) display a cyclical variation (0.35°C range) 

with a periodicity of 65-75 years (Trenberth and Shea, 2006): a cold phase occurred 

between 1905-1925 and 1970-1990, while between 1930-1960 a warm phase occurred 

(Kerr, 2000). This variability in the SST in the North Atlantic Ocean is termed the Atlantic 

Multi-decadal Oscillation (AMO) (Kerr, 2000; Knight et al., 2006; Delworth et al., 2007). 

Mieszkowska et al. (2014a) studied the influence of the AMO on inter-annual population 

dynamics of warm and cold water intertidal species and determined that the 
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fluctuations in relative abundance of boreal versus Lusitanian barnacles are driven by 

wider underlying forces - perhaps influencing circulation patterns and direction of flow 

into the English Channel and also the more proximate effects of SST. 

Several authors have stated that the North-East Atlantic region has shown signs of rapid 

temperature increase above global averages, as a response to global climate warming 

(Lima et al., 2006, 2007; Mieszkowska et al., 2006a, 2006b; IPCC, 2007, 2013; Hawkins et 

al., 2008; Lima and Wethey, 2012). Change in sea surface temperature for the North 

Atlantic Ocean have been well documented, showing a upward trend with a averaged 

warming of 0.49°C for the period of 1850-2007. This increase was attributed to the 

combined effects of anthropogenic global warming and the oscillations of the ocean-

atmosphere system (Heip et al., 2011). These changes are, however, not uniformly linear 

(Philippart et al., 2011). There have been periods of warm conditions (e.g. 1880s to 

1890s, 1920s to early-1960s), followed by colder periods (1914 to 1918, 1960s to mid-

1980s) (Thompson et al., 2010; Lima and Wethey, 2012). From the 1980s there has been 

a period of rapid warming interspersed with cold winters. During the period from 1982 

to 2006, through satellite observational studies, the estimated sea surface temperature 

rise was at a rate of 0.03-0.06°C yr-1 for the North Atlantic and European Seas (Coppini et 

al., 2011). Philippart et al. (2007) stated that the sea surface temperature observed in 

1975-2005 on the North-East Atlantic Ocean increased by 1°C; moreover an increase of 

+2°C on SST in 1990s-2090s has been forecast (Philippart et al., 2011). Lima and Wethey 

(2012) also detected a warming on the coastlines around the world. Oceans are the 

main global sink for carbon dioxide (CO2), however the distribution of the 

anthropogenically sourced CO2 is irregular, with the largest vertically integrated 

concentration of CO2 (23%) found in the North Atlantic (Philippart et al., 2011). 

Several studies in the North-East Atlantic have linked large shifts in marine ecosystem 

structure and dynamics with changes in the oceanic conditions due to fluctuations in 

climate over the past century. These encompass studies of plankton (Russell, 1973; 

Southward et al., 1995; Hawkins et al., 2003; Beaugrand and Ibañez, 2004; Beaugrand, 

2005; Beaugrand et al., 2013; McQuatters-Gollop et al., 2015), fish (Brander et al., 2003; 

Beare et al., 2004; Genner et al., 2004, 2010; Perry et al., 2005; Simpson et al., 2011), 

squid (Sims et al., 2001), benthos (Hawkins et al., 2003; Hiscock et al., 2004; Clare et al., 

2015), marine birds (Durant et al., 2005), and whole ecosystems (Southward, 1980; 

Southward et al., 1995, 2005; Hawkins et al., 2003). 
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1.4. LONG-TERM STUDIES ON THE MARINE ENVIRONMENT  

Long-term and broad-scale data are required to understand and distinguish human-

induced change from natural spatial variation and temporal fluctuations in a system 

(Southward, 1980; Underwood, 1991, 1992, 1994; Southward et al., 1995, 2005; 

Hawkins et al., 2003; Mieszkowska et al., 2006b; Hughes and Heap, 2009; Poloczanska et 

al., 2011; Wethey et al., 2011). Long-term data sets provide a baseline against which we 

can compare changes; however the robustness of the data depends on the quality and 

frequency of the sampling (Schiel, 2011). 

Climate is an important factor in the distribution of biodiversity (Parmesan and Yohe, 

2003). Long-term data sets are particularly valuable in placing these recent changes into 

context, since current abundances and biogeographic distributions of species can be 

compared to those of previous periods (e.g. Southward and Crisp, 1954b, 1956; 

Southward, 1963, 1967, 1991; Hawkins et al., 2008, 2009; Poloczanska et al., 2008). 

Several scientific long-term studies have been developed, focusing on climate change 

and marine ecosystems, contributing to an increased knowledge and understanding of 

the current and future potential impacts of climate change on the marine environment 

(Heip et al., 2011). The majority of the long-term studies on climate change and marine 

ecosystems have focussed on the North-East Atlantic (see Table 1.1), benefiting from 

historical data stretching back many decades (e.g. Southward et al., 2005). 
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Table 1.1. Summary of selected long-term studies on marine ecosystems (CPR: Continuous Plankton Recorder). 

Topic Location e.g. Publications 

Hydrography 
and 

Plankton 

North Sea CPR: Radach et al., 1990; Edwards and Richardson, 2004; Greve et al., 2004; Wiltshire et al., 2008, 2010 
Irish Sea Allen et al., 1998 

Western English Channel Southward, 1963, 1980; Russell et al., 1971; Maddock et al., 1981, 1989; Southward et al., 1995, 2005; 
Hawkins et al., 2003 

North-East Atlantic CPR: Edwards et al., 2001; Beaugrand and Reid, 2003; Hays et al., 2005; McGinty et al., 2011 
North Atlantic Ocean CPR: Beaugrand and Ibañez, 2004; Beaugrand, 2005; McQuatters-Gollop et al., 2015 

Fish and 
Nekton 

Irish Sea Geffen et al., 2011 
Bristol Channel (Britain) Genner et al., 2004; Henderson and Seaby, 2005; Henderson, 2007; Henderson et al., 2011 
English Channel (Thames 
estuary) Attrill and Power, 2002; Power and Attrill, 2002 

 Western English Channel Southward, 1963, 1980; Russell, 1973; Southward and Boalch, 1986; Southward et al., 1988, 1995; 
Genner et al., 2004, 2010 

North-East Atlantic Brander et al., 2003; Beare et al., 2004; Perry et al., 2005; Cheung et al., 2011; Simpson et al., 2011  

South America Alheit and Niquen, 2004 
Atlantic Ocean Sims et al., 2001 
Global scale Cheung et al., 2009, 2010, 2013 

Benthos 

Irish Sea Pennington et al., 1998; Hill et al., 1999; Bradshaw et al., 2002 
North Sea Frid, 2011; Clare et al., 2015 
Western English Channel Holme, 1961, 1983, 1984; Hinz et al., 2009; Capasso et al., 2010 
Britain and Ireland Hiscock et al., 2004 

Intertidal 
organisms 

Western English Channel Southward, 1991; Southward et al., 1995, 2005; Hawkins et al., 2003, 2008, 2009; Mieszkowska et al., 
2014a 

British Isles Mieszkowska et al., 2006a, 2006b, 2007 
North-East Atlantic Lima et al., 2006, 2007; Wethey et al., 2011 
North-West Atlantic Merzouk and Johnson, 2011  
West Coast North America Barry et al., 1995; Sagarin et al., 1999; Helmuth et al., 2006a; Menge et al., 2011  
East Coast North America Bertness et al., 1999 
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Most of the studies related to climate research in marine environments concentrate on 

temperature and on work conducted at the level of individual organisms (Harley et al., 

2006; Helmuth et al., 2006b). One of the most comprehensive long-term data sets with 

regard to species distributions over time has been collected in the Western English 

Channel (Southward, 1963, 1980; Russell, 1973; Southward et al., 1995, 2005; Hawkins 

et al., 2003, 2008, 2009). Despite the rich legacy of monitoring responses of species to 

climate fluctuations in the North-East Atlantic, there are still several other regions that 

have not been so intensively studied and those need further work (Hawkins et al., 2008). 

Through analyses of long-term datasets collected in the Western English Channel, there 

is strong evidence that climate driven fluctuations and more recent directional changes 

(e.g. increasing temperature) have taken place. These interact with regional 

anthropogenic impacts such as fishing (Araújo et al., 2006; Genner et al., 2010) to have 

major impacts on the ecosystem (Russell, 1973; Southward, 1980; Southward et al., 

1995, 2005; Hawkins et al., 2003). Helmuth et al. (2006b), state that the results of long-

term monitoring have shown that the changes can be rapid and are evident across a 

wide range of marine taxa, causing major shifts in biogeographic distributions, which are 

occurring on a sub decadal scale. According to IPCC (2007, 2013), changes may be more 

rapid in the future. In order to understand the influences of climate on community 

structure, dynamics and ecosystem functioning, routine monitoring of species 

abundances, range and assemblage composition is essential. Changes in spatial and 

temporal patterns have already been described; however less work has been done on 

the consequences for community and ecosystem processes (but see Leonard, 2000; 

Moore et al., 2007a; Hawkins et al., 2008, 2009; Poloczanska et al., 2008).  

Through the analysis of long-term data sets and the physiological responses of 

organisms to relevant environmental variables, and consequently the indirect impacts of 

these responses on species interactions, we can predict effects on natural assemblages 

given various scenarios of global climate change (Helmuth et al., 2006b). Southward et 

al. (1995) stated that in order to refine predictive models (e.g. Poloczanska et al., 2008) 

we need continued monitoring of representative or key species at a number of sites, 

enabling us to detect biological changes and assess the degree of stability of the 

ecosystem. Such work is now underway (Mieszkowska et al., 2006a, 2006b) to predict 

future distributions of several organisms; bioclimatic envelope approaches have been 

used. These approaches estimate the distribution patterns of species through the 
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environmental variables, mapping suitable climate (niche) space (Pearson and Dawson, 

2003; Helmuth et al., 2006a), neglecting the effects of species interactions and dispersal 

capabilities (Davis et al., 1998), which will result in inaccurate model predictions 

(Hawkins et al., 2008). These models can also be used to predict the potential 

movement of invasive species, which can also be a consequence of climate change 

(Stachowicz et al., 1999, 2002; Hijmans and Graham, 2006; Hellmann et al., 2008; 

Jeschke and Strayer, 2008; Sorte et al., 2010). According to Poloczanska et al. (2008), 

predicting the future distribution of species, requires extrapolation beyond the present 

range of observations, and therefore requires the application of basic, mechanistic 

ecological principles to new situations. 

In order to adapt to climate change, future research and monitoring have to be closely 

connected to flexible, responsive and adaptive management systems. To accomplish 

this, the designs of monitoring strategies have to be able to detect critical changes in 

species composition and ecosystems functioning (Heip et al., 2011). Overall, broad-scale 

and long-term observations are vital for an accurate knowledge of the state of our seas 

and coasts (Hawkins et al., 2008, 2009), and since change is unavoidable, it is crucial to 

incorporate current patterns and future forecasts into marine conservation and 

management plans (Mieszkowska et al., 2006a; Firth and Hawkins, 2011; Hawkins et al., 

2013b). 

1.5. RESPONSES OF NEARSHORE AND COASTAL ECOSYSTEMS TO CLIMATE CHANGE 

AND OTHER IMPACTS 

Globally, changes are occurring in the biogeochemistry and ecology of the oceans, 

especially in response to increasing temperatures (Parmesan and Yohe, 2003; Helmuth 

et al., 2006b; Burrows et al., 2011; Poloczanska et al., 2014) and reducing pH (Caldeira 

and Wickett, 2003; Cheung et al., 2011). As a result, changes will occur in the physiology 

(see Helmuth and Hofmann, 2001; Helmuth et al., 2002, 2010; Somero, 2002; Ferreira et 

al., 2014), phenology (see Edwards and Richardson, 2004; Sims et al., 2004; Hays et al., 

2005; Parmesan, 2006; Giménez, 2011; McGinty et al., 2011; Moore et al., 2011; 

Poloczanska et al., 2014), and species distribution and assemblage composition (see 

Southward et al., 1995; Sagarin et al., 1999; Perry et al., 2005; Lima et al., 2007; Hiddink 

and ter Hofstede, 2008; Hiddink et al., 2015). Ecological responses to climate change 
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depend on the interactions between the abiotic environment, organism-level processes, 

population dynamics and community structure (Harley et al., 2006). At the organism-

level, the direct effects of climate change will have impacts on the performance of 

individuals at several stages of life history (Moore et al., 2011), through changes in 

physiology (Dahlhoff et al., 2002), morphology and behaviour (Sanford, 2002). Climate 

change will have effects on the transport processes that impact dispersal and 

recruitment influencing population dynamics (Menge et al., 2011). Community-level 

effects will occur due to changes in interactions between species (e.g. facilitation, 

Moore et al., 2007b; predation, Sanford, 2002; competition, Southward and Crisp, 

1954b and Poloczanska et al., 2008) and include climate-driven variations in both the 

abundance and the per capita interaction strength of these species (Harley et al., 2006). 

The combination of these responses will have outcomes via emergent ecological 

responses, encompassing changes in species distribution, biodiversity, productivity, 

population genetics and microevolution (Harley et al., 2006; Hawkins et al., 2008, 2009) 

(Figure 1.2).  

 
Figure 1.2. Potential ecological responses to climate change (light grey boxes - life cycle of a 
generic marine species; yellow boxes - direct effects of climate change at the individual level and 
population level; dark grey circles - community level responses) (adapted from Harley et al., 
2006).  
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Climate change affects all levels of biological organization, from the molecular to the 

ecosystem. One of the most significant impacts of global climate change on biological 

processes is through variation in organism body temperature (Helmuth et al., 2011). 

Temperature change is a significant direct driver of change in marine organisms, as it has 

a strong control over all metabolic and physiological processes (Heip et al., 2011; 

Helmuth et al., 2011). Temperature variations can affect development rates of 

organisms at all life stages (Helmuth et al., 2006b), as well as having significant 

consequences for biochemical processes, cell biology, physiology and the performance 

of organisms (e.g. growth and reproduction, Giménez, 2011). The influence of other 

factors such as disturbance due to storms may be stage-dependent (Giménez, 2011; 

Heip et al., 2011). Extreme temperatures will cause stress and ultimately mortality 

(Denny et al., 2011; Firth et al., 2011; Seabra et al., 2011; Sorte et al., 2011; Wethey et 

al., 2011), but other factors such as rainfall will have an influence on the survival of 

organisms (Morritt et al., 2007; Firth and Williams, 2009).  

At the population-level, responses to climate change, especially at biogeographic 

boundaries, are driven by reproductive output and recruitment success leading to range 

extensions and retractions (Hutchins, 1947; Mieszkowska et al., 2007; Menge et al., 

2011; Wethey et al., 2011). Changes in phenological events (e.g. reproductive timing, 

migrations, and seasonal peaks of abundance) as response to climate change have also 

been detected (Sims et al., 2001, 2004; Edwards and Richardson, 2004; Genner et al., 

2004, 2010; Greve et al., 2004; Moore et al., 2011). These changes can induce a trophic 

mismatch (differential shifts in the timing of events in resources and consumers), 

leading to negative consequences for consumers at the population level (Beaugrand et 

al., 2002b; Edwards and Richardson, 2004; Giménez, 2011). Population-level responses 

are fairly easy to identify and measure; in contrast, community-level responses are often 

subtle and changed by both direct and indirect effects (Harley et al., 2006; Hawkins et 

al., 2008; Poloczanska et al., 2008; Kordas et al., 2011), with consequences for 

ecosystem functioning (Harley et al., 2006; Hawkins et al., 2008, 2009; Johnson et al., 

2011).  
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Clarke et al. (2007) stated that when the extent of environmental variability is minor, 

many organisms can adjust physiologically; however, when a population experiences 

environmental variability out of the normal range, they may respond in three ways:  

(i) Migration - the species shifts to a more favourable area;  

(ii) Adaptation - the species evolves to shift the phenotypic reaction norm to match 

the new environment;  

(iii) Extinction - the species fails to adapt or migrate, and becomes extinct (Clarke, 

1996). 

The latter will be initially at a local scale, but ultimately such local extinctions could scale 

up to global extinctions, especially where species have nowhere to go (e.g. Polar Seas, 

Cheung et al., 2009; Northern Adriatic, Ben Rais Lasram et al., 2010; and Mediterranean 

Sea, Lejeusne et al., 2009). Biological communities react to climate change through 

changes in the abundance and phenology (Moore et al., 2007b; Poloczanska et al., 2014) 

of the organisms and through poleward shifts in distribution (Southward et al., 1995; 

Parmesan, 1996; Sagarin et al., 1999; Walther et al., 2002; Hawkins et al., 2003; 

Parmesan and Yohe, 2003; Helmuth et al., 2006b; Lima et al., 2006; Mieszkowska et al., 

2006b; Hiddink and ter Hofstede, 2008; Sexton et al., 2009; Wethey et al., 2011). The 

structure and functioning of communities can be greatly affected by the changes in 

distribution and associated species interactions (Hawkins et al., 2009; Burrows et al., 

2011; Firth et al., 2011; Poloczanska et al., 2014).  

Several studies have documented shifts in distribution patterns for a number of marine 

species and communities, such as plankton (Southward et al., 1995; Beaugrand et al., 

2002a; Beaugrand and Reid, 2003; Beaugrand and Ibañez, 2004; Edwards and 

Richardson, 2004; Beaugrand, 2005; Hays et al., 2005), fish (Southward et al., 1995; 

Brander et al., 2003; Hawkins et al., 2003; Genner et al., 2004, 2010; Perry et al., 2005; 

Dulvy et al., 2006; Cheung et al., 2009; Drinkwater et al., 2010; Pereira et al., 2010; 

Simpson et al., 2011), and subtidal benthic invertebrates (Ling et al., 2008, 2009). 

Beaugrand et al. (2002a), through data collected monthly by the Continuous Plankton 

Recorder (CPR) survey over the North Atlantic and the North Sea from 1958-1997, were 

able to detect changes in copepod assemblages. The mean number of species per 

assemblage was used as an indicator of change in the biogeographical range of copepod 

communities (Beaugrand, 2005). Biogeographical shifts in all copepod assemblages were 
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identified, with northward extensions of more than 10° in latitude of warm-water 

species (southern species), while cold-water species (northern species) showed a 

decrease in the numbers detected. These changes were attributed to a regional increase 

in sea surface temperature. Perry et al. (2005) studied exploited and non-exploited 

demersal fish assemblages in the North Sea in relation to recent increases in sea 

temperature over 25 years (1977-2001). Survey data were used to determine the 

abundance (over a range of latitudes and depths) for 36 species. Among the species 

studied, 15 showed a latitudinal shift; 13 of these were northwards and 2 southwards; 

these shifts ranged from 48 to 403 km. Most of the species that shifted in latitude also 

moved into deeper waters. The authors concluded that 21 out of 36 studied species 

showed distributional responses to the increase in sea temperature. In this study, 

however, they did not consider other factors such as phenological changes that could 

lead to trophic mismatches (e.g. Beaugrand et al., 2002b; Edwards and Richardson, 

2004; Beaugrand, 2005).  

In marine coastal ecosystems, due to global warming, ecological responses are observed 

through the poleward shifts in the geographic range of species (Herbert et al., 2003, 

2007; Zacherl et al., 2003; Rivadeneira and Fernández, 2005; Lima et al., 2006, 2007; 

Mieszkowska et al., 2006a, 2007; Jones et al., 2009; Müller et al., 2009; Johnson et al., 

2011; Merzouk and Johnson, 2011; Pinsky et al., 2013) and also through changes in the 

composition of nearshore benthic communities (Barry et al., 1995; Southward et al., 

1995, 2005; Mathieson et al., 1998; Bertness et al., 1999; Sagarin et al., 1999; Hiscock et 

al., 2004; Simkanin et al., 2005; Harley et al., 2006; Helmuth et al., 2006b; Kirihara et al., 

2006; Hawkins et al., 2008, 2009; Ling et al., 2009; Poloczanska et al., 2014). In the 

Northern Hemisphere it is expected that the southern limit of the range of cold-adapted 

species will move polewards, as well as the northern limit of warm-adapted species 

(Parmesan and Yohe, 2003). According to Helmuth et al. (2006b) in general cold-water 

species are decreasing in abundance and withdrawing poleward, while warm-water 

species are increasing in abundance and moving northward, in some cases by as much as 

50 km per decade. Kordas et al. (2011) stated that some species ranges are shifting 

rapidly (e.g. Beaugrand et al., 2002b; Hays et al., 2005; Chen et al., 2011), while others 

are shifting gradually (e.g. Sorte et al., 2010; Pinsky et al., 2013; Poloczanska et al., 

2013), and others are either not shifting at all (e.g. Herbert et al., 2007) or are moving in 

the opposite direction (e.g. Perry et al., 2005; Lima et al., 2007). These reductions and 
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extensions of the geographic ranges of species leads to a loss of species from 

communities, but on the other hand leads to the introduction of new species to 

established communities (Mieszkowska et al., 2006a). Schneider (1993) stated that 

southern species will outperform northern species at the same location. Recent work 

challenges this assumption, especially in the intertidal zone where northern species 

often perform better and are more competitive than southern species (Connell, 1961b; 

Boaventura et al., 2002a, 2003; Moore et al., 2007b; Poloczanska et al., 2008; Hawkins 

et al., 2009). 

Mieszkowska et al. (2006a, 2006b, 2007), through the MarClim project (a 4 year multi-

partner project), investigated the effects of climatic warming on marine biodiversity 

using well-studied rocky shore species as indicators. The project used long-term series 

data (in some cases back to the 1950s) and contemporary data collected during the 

project (2001-2005). They were able to provide strong evidence that recent climate 

change has affected the abundance, population structure and biogeographic ranges of 

several intertidal indicator species (Hawkins et al., 2003, 2008, 2009; Southward et al., 

2005). Examples included: northwards shift of northern limits of several southern 

species and small retractions of some northern species at the southern distributional 

limit (Southward, 1991; Mieszkowska et al., 2006a); and increase in the abundance of 

southern trochid snails (Mieszkowska et al., 2007). Changes in the annual reproductive 

cycles of the southern trochids and also increased survival of newly settled recruits were 

also seen (Mieszkowska et al., 2007). Changes have also been observed in the annual 

reproductive cycles of limpets. The southern species Patella depressa (Pennant 1777) is 

starting to reproduce earlier and the reproductive season is lasting longer, while the 

northern species Patella vulgata (Linnaeus 1758), in some years, is not reaching the 

gonad development stages at which spawning can occur, leading to reproductive failure 

(Moore et al., 2011). 

1.5.1. Responses of rocky shore organisms  

While most evidence of recent shifts in organism distribution has been obtained using 

intertidal organisms, similar changes in distribution of subtidal species should also be 

expected (Merzouk and Johnson, 2011; Wernberg et al., 2013). 
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Rocky shores are distributed worldwide, typically being open systems with abrupt 

environmental gradients, which support different communities of animals and plants 

(Thompson et al., 2002). According to Hawkins et al. (2008), these ecosystems are 

relatively simple which makes them an excellent model system for testing and 

understanding the consequences of climate change in marine communities and 

ecosystems. Due to these characteristics, these ecosystems are one of the most 

thoroughly experimentally studied (Connell, 1972; Paine, 1994), providing good baseline 

information to quantify the ecological effects of climate change (Helmuth et al., 2006b). 

Organisms present in rocky intertidal habitats experience steep environmental 

gradients, on the tidal elevation gradient between fully marine and fully terrestrial 

conditions and the horizontal gradient between wave exposed and wave sheltered 

conditions (Raffaelli and Hawkins, 1996). These conditions make rocky shore organisms 

and assemblages good indicators of the effects of climate change on natural ecosystems 

(Barry et al., 1995; Southward et al., 1995; Sagarin et al., 1999; Helmuth, 2002; 

Thompson et al., 2002, 2004; Hawkins et al., 2003; Harley et al., 2006; Helmuth et al., 

2006b; Mieszkowska et al., 2006a; Denny et al., 2011), since intertidal seaweeds and 

animals should be sensitive to direct and indirect effects of environmental temperature 

change (Sanford, 2002; Somero, 2002; Helmuth et al., 2006a, 2011; Poloczanska et al., 

2008; Denny et al., 2011; Lockwood and Somero, 2011). Somero (2002) stated that, at 

low tide, the body temperature of intertidal invertebrates and algae is a crucial 

determinant of organism survival and performance. Since, these intertidal organisms are 

influenced by marine and terrestrial environmental conditions; they often experience 

temperatures near their thermal tolerance limits (Somero, 2002). 

The use of rocky shore organisms as sentinel species in the detection of changes is less 

expensive than the use of other marine systems that are less accessible and more 

expensive to survey (Lewis, 1986; Southward et al., 1995, 2005; Hawkins et al., 2008). 

According to several authors (Lewis, 1996, 1999; Sagarin and Gaines, 2002; Hiscock et 

al., 2004; Helmuth et al., 2006b; Lima et al., 2006) sedentary rocky shore species are the 

best candidates to monitor climate change, since they are visible, simple to identify and 

move slowly. Several studies have used intertidal systems to record rapid changes in the 

abundance and distribution of intertidal species linked to changes in climate (see 

reviews in Southward et al., 1995; Helmuth et al., 2006b; Hawkins et al., 2009).  
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However, most of the best-documented climate-related changes in rocky intertidal 

organisms studies are focussed in Europe and in North America (e.g. Barry et al., 1995; 

Sagarin et al., 1999; Herbert et al., 2003; Zacherl et al., 2003; Simkanin et al., 2005; 

Mieszkowska et al., 2006a; Lima et al., 2007), with far fewer studies in the Southern 

Hemisphere (e.g. Rivadeneira and Fernández, 2005; Smale et al., 2007b; Smale, 2008; 

Smale and Barnes, 2008; Poloczanska et al., 2011; Wernberg et al., 2013). 

Of all the environmental stressors during emersion (e.g. temperature, desiccation, solar 

radiation) that affect intertidal organisms, temperature has been one of the most 

studied and has been identified as one of the most important factors that affect the 

physiology, ecology and biogeography of intertidal organisms (Southward, 1958; Porter 

and Gates, 1969; Southward et al., 1995; Helmuth, 1998; Sagarin et al., 1999; Dahlhoff 

et al., 2001; Helmuth, 2002, 2006b, 2011; Somero, 2002; Wethey, 2002; Lima et al., 

2007; Wethey and Woodin, 2008; Yamane and Gilman, 2009; Berke et al., 2010; Fuller et 

al., 2010; Hofmann and Todgham, 2010; Lockwood and Somero, 2011; Seabra et al., 

2011; Sorte et al., 2011). While exposed to the air, several invertebrate species are 

subjected to daily fluctuations in body temperatures, which can exceed 20°C (Helmuth 

and Hofmann, 2001; Helmuth, 2002; Helmuth et al., 2010). The heat flux on an organism 

is determined by several climatic factors (e.g. air temperature, surface temperature, 

solar radiation, cloud cover, wind speed, relative humidity, and fog). It is also affected by 

characteristics of the organism, such as size, colour, shape, behaviour, and material 

properties (Porter and Gates, 1969; Gates, 1980; Helmuth, 1998; Gilman et al., 2006). 

Evidence at a physiological level suggests that in addition to the magnitude of extreme 

temperatures determining the survival of the organism, factors such as duration and 

frequency of these events are also important (Buckley et al., 2001; Halpin et al., 2004; 

Wright et al., 2004; Helmuth et al., 2006a). During aerial exposure the body temperature 

of an intertidal organism is also influenced by factors such as absolute tidal height of the 

organism on the shore, the wave splash that it receives and the local tidal cycle. The 

interaction of these factors determines the time and duration of exposure to terrestrial 

conditions that the organism is subjected to during low tide. In addition, factors such as 

substratum angle and topographic complexity including shading are also important since 

they determine the amount of solar radiation received by the organism, which will 

modify the degree of desiccation or exposure (Helmuth and Hofmann, 2001; Helmuth et 

al., 2006a; Seabra et al., 2011). According to Bertness and Leonard (1997) and Bertness 
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et al. (1999), local environmental conditions can also be modified by the biota, for 

example, some species are sheltered by beds of seaweeds (Peterson, 1982; Moore et al., 

2007a) and mussels (Witman, 1987). So, the precise environmental characteristics of 

one place on the shore are also dependent of these microhabitat features (Hawkins and 

Jones, 1992; Johnson et al., 2003; Seabra et al., 2011), whether topographically or 

biologically generated. 

To date most studies focusing on the effects of climate change have looked at the 

impacts of increased temperature, usually considered in isolation. Much less is known 

about the influence of factors other than temperature or interactive effects. Moreover, 

much experimental work has focused on the response of a single species to change in 

environmental conditions. Evidence suggests that some species will be negatively 

affected whilst others may thrive under new environmental conditions (Mieszkowska et 

al., 2007). Given the importance of biological interactions in driving community 

structure, it is not known how predictions made at the species-level can be scaled up to 

the ecosystem-level. A more holistic approach, considering the community or ecosystem 

as the response variables and the impacts of several environmental factors together, is 

necessary if we are to accurately predict future changes in the structure and functioning 

of ecosystems (Helmuth et al., 2006b).  

Beyond the effects of climate change, due to other human activities, coastal ecosystems 

have also been impacted at regional (e.g. eutrophication) and local (e.g. habitat loss - 

due to land reclamation and coastal development) scale processes. Several studies have 

focused on the impacts of anthropogenic habitat modification, such as coastal defence 

structures, on intertidal communities, assessing that these structures can have a major 

influence over the abundance and distribution of the species and in the overall 

community structure (Airoldi et al., 2005, 2008; Martin et al., 2005; Moschella et al., 

2005; Martins et al., 2009; Firth et al., 2014; Yesson et al., 2015).  

Evidence that the overexploitation of intertidal living resources, mainly for human 

consumption, also have a major effect at the community structure, have been provided 

by several studies (Martins et al., 1987b; Griffiths and Branch, 1997; Castilla, 1999; 

Crowe et al., 2000; deBoer and Prins, 2002; Roy et al., 2003; Guidetti and Sala, 2007; 

Fenberg and Roy, 2008; Martins et al., 2008a, 2009, 2010, 2011; Griffiths et al., 2010; 

Jimenez et al., 2011; Sala et al., 2012).  
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1.6. FACTORS AFFECTING THE DISTRIBUTION AND ABUNDANCE OF ROCKY INTERTIDAL 

ORGANISMS 

1.6.1. Environmental gradients 

Patterns of distribution and abundance of species result from responses to the physical 

environment and the outcomes of biological rocky shore interactions (Connell, 1972; 

Lewis, 1972; Stephenson and Stephenson, 1972; Raffaelli and Hawkins, 1996; Jonsson et 

al., 2006; Little et al., 2010). Changes in the environmental regime will impact both 

directly (Holmes et al., 2005; Harley et al., 2006) and indirectly by modifying biological 

interactions (Hawkins et al., 2008, 2009; Poloczanska et al., 2008) and patterns of 

species distribution. Such changes are likely to have important consequences for the 

structure and functioning of ecosystems (Southward et al., 1995; Helmuth et al., 2006b; 

Hawkins et al., 2008, 2009).   

Distribution and abundance of intertidal organisms is affected locally by four major 

physical environmental gradients (reviewed in Raffaelli and Hawkins (1996): the vertical 

gradient (air-sea interface see Colman, 1933; Southward, 1958; Connell, 1972), the 

horizontal gradient (wave action see Lewis, 1964; Connell, 1972), the particle size 

gradient (from deposing sedimentary shores to rocky shores) and the salinity gradient 

(transition from seawater-freshwater)). Superimposed on these gradients are mosaics of 

microhabitats influenced by the topographic template as a consequence of the geology 

of the shore (Connell, 1972; Raffaelli and Hawkins, 1996; Johnson et al., 2003; Sugden et 

al., 2009).  

1.6.2. Vertical patterns 

The sea shore represents a unidirectional vertical stress gradient for most marine 

organisms, along the intertidal or vertical gradient. This gradient extends from the low 

water mark to the splash zone, which is the maximum limit of seawater influence on the 

shore (Lewis, 1964; Raffaelli and Hawkins, 1996). Species are vertically distributed along 

the shore determined by tolerance to physical factors (e.g. desiccation and temperature 

see Dayton, 1971; Connell, 1972; Williams, 1994; Williams and Morritt, 1995) and 

variation in responses to biological processes, such as competition (Connell, 1961a; 

Dayton, 1971; Menge, 1976; Lubchenco and Menge, 1978; Johnson et al., 1998a) and 

predation (Connell, 1961a; Paine, 1966, 1969, 1976; Dayton, 1971; Menge, 1976; Castilla 
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and Paine, 1987). According to Connell (1972) the upper limit of species distribution is 

generally determined by physical factors (e.g. Southward, 1958; Connell, 1961b; Lewis, 

1964; Frank, 1965; Foster, 1971; Schonbeck and Norton, 1978, 1980; Hawkins and 

Hartnoll, 1985), such as increased desiccation, higher temperatures or stronger solar 

radiation; while the lower limits of the species seem to be set by biological interactions 

with competitors (e.g. Menge, 1976; Lubchenco and Menge, 1978) or predators (e.g. 

Paine, 1966; Dayton, 1971). Biologically generated habitat structure and complexity 

(Johnson et al., 2003), biological productivity, species diversity (Hawkins and Hartnoll, 

1980) and the intensity of biological interactions (Janke, 1990) all increase towards the 

low shore (Raffaelli and Hawkins, 1996).  

On the upper reaches of the shore, marine organisms experience increasingly longer 

periods of emersion while the relative humidity can vary considerably (Branch, 1981). In 

temperate and tropical areas the most dominant stress is desiccation, due to the 

combined effects of heat and low relative humidity (Moore, 1972; Williams, 1994; 

Williams and Morritt, 1995; Raffaelli and Hawkins, 1996). Precipitation and evaporation 

can affect the salinity and water on the surface (e.g. rocky pools or rock surface see 

Morris and Taylor, 1983; Huggett and Griffiths, 1986; Little et al., 1990), which can cause 

osmotic problems for species (Segal and Dehnel, 1962; Wolcott, 1973; Branch and 

Cherry, 1985; Hawkins and Jones, 1992). At higher shore levels the time available for 

respiration and feeding also decreases, since many intertidal animals are more efficient 

when the tide is in (Branch, 1981; Hawkins and Hartnoll, 1983b; Little, 1989; Hawkins 

and Jones, 1992). Organisms at high shore levels survive long periods without being 

submerged in sea water, due to their morphology (Moore, 1934; Segal, 1956a; Vermeij, 

1973; Lowell, 1984), physiology (Segal, 1956b; Davies, 1969; Wolcott, 1973) and 

behaviour (Frank, 1965; Branch, 1975; Creese, 1980), while low shore species are 

completely marine and can cope only with brief periods of emersion (Little, 1989; 

Raffaelli and Hawkins, 1996).  

Since Connell (1972), various studies have shown that the upper limit of mid and low 

shore species also can be set directly by biological factors such as competition (Hawkins 

and Hartnoll, 1985; Jenkins et al., 1999b; Jenkins and Hawkins, 2003) and grazing 

(Southward and Southward, 1978; Underwood and Jernakoff, 1984; Boaventura et al., 

2002a). On the high shore upper limits still seem generally set by physical factors 

(Hawkins and Hartnoll, 1985). 
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1.6.3. Horizontal patterns 

The horizontal gradient of exposure to wave action, from sheltered bays out to exposed 

cliffs is determined by fetch (Thomas, 1986; Burrows et al., 2008). When the fetch is 

sufficiently large, such as in the Azores, shores will experience heavy wave action 

(Raffaelli and Hawkins, 1996), which has a profound effect on the biological 

characteristics of a shore. Along this exposure gradient stress is not unidirectional 

(Raffaelli and Hawkins, 1996) since for some species, such as suspension feeders or 

sessile predators, exposed conditions provide benefits, such as transportation of food 

and dispersal of reproductive material (Lewis, 1968). For other species, however, these 

conditions prevent attachment to the shore, dislodgement or inhibit foraging (Dayton, 

1971; Lubchenco and Menge, 1978; Hawkins and Jones, 1992; Jonsson et al., 2006). 

Foraging should be dependent on the searching costs required to find prey, the 

metabolic costs of handling the prey and the risks associated with its search and 

handling (Mangel and Clark, 1986). Burrows and Hughes (1989) stated that these costs 

are variable according with the physical conditions of the environment and with 

different microhabitats. Nonetheless, low water movement may also be problematic, 

leading to situations of restricted oxygen supply for both plants and animals and 

resulting in a lack of dissolved nutrients for seaweeds and food for filter feeders. 

According to Airoldi and Hawkins (2007) silt deposition can also be a problem for the 

grazing activity of limpets. Therefore the widespread assumption that exposed shores 

are more stressful is not always true (Raffaelli and Hawkins, 1996). The composition of 

shore communities will be influenced by disturbance due to wave action, as organisms 

are removed from the surface, creating free space ready for recolonization (Connell, 

1961a, 1972; Raffaelli and Hawkins, 1996; Little et al., 2010) and biological interactions 

such as grazing (Hawkins and Hartnoll, 1983b; Jenkins et al., 2005; Coleman et al., 2006; 

Jonsson et al., 2006). This is of extreme importance because on sheltered shores, the 

available free space is limited, and the current occupants can live for long periods; this 

maintains relatively constant community composition which can span decades 

(Ingólfsson and Hawkins, 2008). In contrast, on exposed shores growth can be fast but 

survival rates can be low as individuals are removed by wave action (Connell, 1961a; 

Jenkins et al., 1999a; Jenkins and Hawkins, 2003; Ingólfsson and Hawkins, 2008; Little et 

al., 2010). For example, the establishment of fucoid canopies on exposed shores is 
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determined by grazing, but persistence is determined by wave action (Jonsson et al., 

2006). 

A salinity gradient is created where the freshwater influence is significant, going from 

marine to completely freshwater conditions (Raffaelli and Hawkins, 1996). Variations of 

this gradient happen along the vertical gradient, where water is trapped in rock 

depressions and hollows, and where there is a film of water covering organisms 

attached to rocky shores, or in the interstitial water trapped by finer sediments (Raffaelli 

and Hawkins, 1996). 

1.6.4. Biogeography 

Geographic location and hence climate regime plays a role in the distribution of 

intertidal organisms, and can be considered an overarching but gentle fifth 

environmental gradient. Several studies have provided evidence of the importance of 

geographic location in the distribution of organisms globally (Lewis, 1972; Stephenson 

and Stephenson, 1972; Branch and Branch, 1981). The environmental stress at a 

particular location will depend on the interaction of multiple stress gradients in addition 

to latitude (Helmuth et al., 2006b; Lima and Wethey, 2012). Since, in temperate regions 

stress will be less extreme on the upper levels in comparison with the low latitudes, 

where heat extremes occur. Similarly upper-shore organisms in temperate regions will 

experience less stress than at high latitudes, where freezing is common (Raffaelli and 

Hawkins, 1996). Disturbance due to ice scouring will also be greater at higher latitudes 

(Smale et al., 2007a,b). Different major biogeographic groups have been identified along 

geographic gradients (Briggs, 1974; Lüning et al., 1990), since some groups of 

characteristic taxa are present only within particular temperature ranges. Cold 

temperate and polar sublittoral species do not survive freezing and, like mid-intertidal 

forms, may suffer lethal damage around -20°C; tropical sublittoral species show limited 

tolerance below 10°C with upper lethal limits of 33-35°C; boreal and cold temperate 

species of the midshore survive temperatures below the freezing point of sea water 

(Lüning and Asmus, 1991). 

1.6.5. Geology, topography and microhabitats 

Factors such as the geology, topography and microhabitats also have an influence on the 

distribution and abundance of intertidal organisms. Small-scale variation in 
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environmental conditions and spatial heterogeneity provides refuges from physical 

extremes as well as biological factors (Raffaelli and Hawkins, 1996; Johnson et al., 2003). 

Places like cracks, crevices, gullies and pools, ultimately determined by the geology of 

the bed rock, create microhabitats that can provide refuges from which predators and 

grazers emerge to forage (Hawkins and Jones, 1992; Johnson et al., 1998b, 2008).  

Originally the distribution and abundance of organisms on intertidal shores was thought 

to be related primarily with physical factors, mainly with the vertical gradient or the 

degree of exposure to waves (Lewis, 1964; Stephenson and Stephenson, 1972). 

However, whilst being an ultimate factor, subsequent experimental work has shown 

that physical stresses associated with these two physical gradients do not explain all 

patterns of abundance for many intertidal organisms (Underwood, 1980; Chapman, 

2000); biological factors are thought to be also important in directly setting distributions 

along these environments (for review see Connell, 1972; Raffaelli and Hawkins, 1996), 

although their intensity is modulated by physical factors (e.g. Hawkins and Hartnoll, 

1983b). 

Biological factors such as competition and predation have been shown as being 

important in the setting of lower limits of algae and sessile animals (Southward, 1958; 

Paine, 1966; Dayton, 1971; Connell, 1972; Wolcott, 1973; Menge, 1976; Lubchenco and 

Menge, 1978). For mobile animals, evidence is much scarcer; there is some evidence 

that biological factors can play an important role in determining the lower limits of 

distribution of mobile animals (Benedetti-Cecchi et al., 1999; Perez et al., 2009; Silva et 

al., 2010). In conclusion, species are distributed or zoned along the gradients described 

according to their capability to cope with the changes in physical factors and response to 

biological interactions associated with each gradient (Raffaelli and Hawkins, 1996).  

Other studies (e.g. Menge, 2000) have focused on other broad-scale processes, such as 

upwelling regime and currents in determining patterns of recruitment and other 

ecological patterns. In many cases the behaviour of settling larvae is the direct cause of 

distribution patterns of intertidal organisms (Jenkins, 2005). Settlement behaviour 

ensures that an organism will live in a region where they are likely to survive the physical 

environment and where the risk of biological interactions is reduced (Crisp, 1961; 

Hawkins and Hartnoll, 1982; Raimondi, 1990; Hawkins and Jones, 1992; Thompson et al., 

2000; Jenkins, 2005). Populations limited by reduced recruitment success would be 
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expected to have irregular age structures, missing year classes or a bias towards old 

animals (Hutchins, 1947; Lewis et al., 1982; Wethey et al., 2011). 

1.7. OVERALL AIMS AND RATIONALE OF THESIS 

The overall aim of this thesis is to explore the responses of intertidal ecosystems to 

climate change and other impacts, using the Azores as a test system. The literature 

review (Chapter 1) has set the scene for the rest of the thesis. A brief overview of the 

Azores archipelago (Chapter 2) is then given, focussing on the biota of rocky shores and 

impacts to which they are subject, and a summary of environmental changes from 

publically available data and other sources.  

The specific objectives of this thesis follow two themes: 

(A) Descriptive studies of patterns: Evidence of long-term and broad-scale changes at 

the individual, population and community levels;  

(B) Experimental studies of processes: How might intertidal communities respond to 

changes in environmental conditions?  

Theme (A) examines the patterns of the communities and species providing evidence of 

long-term changes at various levels in response to greater stress due to changing 

environmental conditions, being addressed by Chapters 3 - Reproductive phenology of 

limpets, and 4 - Evidence of long-term changes in the distribution of key intertidal 

species. Theme (B) investigates the processes that influence the distribution of a key 

intertidal northern species via experimental manipulations, addressed in Chapter 5 - 

Experimental simulation of how Azorean intertidal communities might respond to 

changes in environmental conditions? 

Some baseline data exist for the Azores from the 1980s mainly collected by S. J. Hawkins 

and Azorean colleagues from the Department of Oceanography and Fisheries (DOP-UAç) 

as part of wider studies on management limpet populations in particular and rocky 

shores in general. Chapter 3 investigates at the individual level the reproductive 

phenology of the two Azorean species of limpets - Patella aspera (Röding 1798) and 

Patella candei gomesii (D’Orbingly 1840). Differences in seasonality of reproduction 

were compared from unpublished records and grey literature (Martins et al., 1987a,b) 
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from the 1980s with repeat studies between 2012-2014. The spatial gradient in 

environmental conditions across the Azorean archipelago was also used to better 

understand patterns in reproductive seasonality.  

Chapter 4 seeks evidence of changes in distribution and abundance at the population 

and community level of key intertidal species and functional groups. Transect studies 

made in the late 1980s were repeated. These followed up on work by Hawkins et al. 

(1990a) published in the grey literature for São Miguel. Unpublished data collected 

during an expedition to Faial in 1989 (Martins et al., 1992) were also collected and 

compared to present day surveys.  

Processes influencing how intertidal communities might respond to changes in 

environmental conditions were experimentally investigated in Chapter 5. A northern 

canopy forming species (Fucus spiralis) was experimentally manipulated to simulate the 

likely species loss in the future due to climate change. The potential for recovery of F. 

spiralis and consequences for the rest of the community were then investigated. 

Finally, Chapter 6 synthesises and discusses my main findings including the relative 

importance of recent climate change and other impacts on Azorean rocky shores. 

Suggestions for future work were also made.  
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2. AZORES: STUDY AREA, ROCKY SHORES AND ENVIRONMENTAL CHANGES 

In this chapter I describe the study area and summarize knowledge on Azorean rocky 

shores. Publically collected environmental data of relevance to the rest of the thesis are 

summarised and briefly discussed to show differences with time and across the 

Archipelago. 

2.1. STUDY AREA 

The Azorean archipelago has a volcanic origin with the islands being formed through an 

accumulation of eruptive debris over the oceanic platforms of the mid-Atlantic ridge. 

The nine islands range in age between the youngest, Pico at <1 million years and the 

oldest, Santa Maria at 8 million years (Azevedo et al., 1991; Serralheiro and Madeira, 

1993). The Azorean archipelago extends for more than 400 km along a NNW-SSE 

orientation in the Northern Atlantic (IH, 2000; Morton and Britton, 2000). The 

archipelago is composed of nine islands separated in three groups: Western, Central and 

Eastern. It is located between 37° to 40°N and 25° to 31°W (Figure 2.1), in a warm 

temperate region, being considered part of Macaronesia along with Madeira, the 

Salvage islands, the Canaries and the Cape Verde islands. 

 
Figure 2.1. A) Azores archipelago with the location of the three groups (Western, Central and 
Eastern) and the nine islands; B) the Azores relative to Madeira and Canaries archipelagos of 
Macaronesia (Cape Verde Islands not shown).  
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Prevailing meteorological conditions are determined by the subtropical anticyclone of 

the Azores, giving a humid oceanic climate with low annual variation. The average 

annual air temperature is between 16.7-17.7°C; August is the hottest month (~23°C) and 

February the coldest (~15°C). Highest monthly average rainfall occurs between October-

March in the Eastern and Western groups and between September-March and April in 

the Central group of the archipelago (IH, 2000; Santos et al., 2004).  

The Azores are located in an area of relatively cold water, with the sea surface 

temperature normally increasing from the Western to the Eastern groups. Sea surface 

temperatures, in the Azores, ranges between 13°C (March) and 25°C (August-

September), whilst salinity varies between 35.9 and 36.5 at the surface (IH, 2000; Santos 

et al., 2004). The tidal cycle is semi-diurnal with maximum amplitude less than 2m 

(Martins, 2009). The surface currents in the Azores form part of the general circulation 

of the North Atlantic. The current that separates from the North Atlantic main current to 

the South is known as the Azores Current (Klein and Siedler, 1989) (see Figure 2.2).  

 

Figure 2.2. The Azores in the context of North Atlantic currents (GC - Gulf Current, NAC - North 
Atlantic Current, AC - Azores Current, PC - Portugal Current, CC - Canaries Current, NEC - North 
Equatorial Current) (adapted from Instituto Geográfico Português (IGEO)). 

The Azores Current is weak, rarely reaching one knot with a South-South-Easterly 

predominantly direction. From December to April South-Easterly currents predominate, 

whilst from May to November the direction switches southwards. Local winds may 
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significantly alter the direction and flow of the current, together with the effect of the 

location of the Azores anticyclone (Klein and Siedler, 1989; IH, 2000). The islands are 

exposed to strong winds, mostly from South-West, West and North-West in the Central 

and Eastern groups; while in the Western group the wind blows mainly from the North-

East (Martins, 2009).  

The islands are bordered by very deep waters. The coastline topography is very complex 

with high and steep cliffs broken with rocky beaches and occasional black volcanic sandy 

beaches (Morton et al., 1998). The archipelago is subject to high levels of wave action 

with sheltered areas restricted to harbours and breached volcanic cones (“caldeiras”). 

Wave height is lowest during June-August (between 0.9 and 1.1 m) and highest between 

January and March reaching 2.6 m in height (IH, 2000).  

2.2. AZOREAN ROCKY SHORES - BIOTA AND IMPACTS 

Oceanic islands are isolated from the continent, increasing the difficulties for 

colonization of those systems by terrestrial and intertidal biota. The colonization of 

islands, by organisms, can be considered as an invasive procedure, which could and has 

been enhanced through anthropogenic vectors, such as shipping, aquaculture, 

deliberate introductions (Hawkins et al., 2000). In open systems, with long-lived larvae 

(e.g. barnacles), local reproductive output has little influence on local recruitment, 

especially in dispersive environments such as isolated islands (Caley et al., 1996; Jenkins, 

2005).   

In terms of floristic and faunistic affinities the Azores show many affinities with the rest 

of Macaronesia (Madeira, Canaries and Cape Verde), with these similarities between the 

archipelagos being sufficient to consider the Macaronesia (Azores, Madeira, Canaries 

and Cape Verde) as a biogeographical unit (Morton et al., 1998; Hawkins et al., 2000; 

Morton and Britton, 2000). According to Santos et al. (1995a) the Azores are considered 

a crossroads in the middle of the Atlantic, since the flora and fauna show similarities 

with Europe, but also with the Caribbean. 

Oceanic islands, such as the Azores, consist of isolated areas of intertidal habitats 

typically with simpler and less resilient communities (Williamson, 1981). Their small size 

and isolation makes them extremely vulnerable to degradation and system disruption 

(Hawkins et al., 1999; Henderson and Whittaker, 2003). Comparing the Azores with the 
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rest of Macaronesia and continental shores, impoverishment or absence of certain key 

species and guilds is clear (Hawkins et al., 2000; Morton and Britton, 2000). For example 

on the mid to upper shores of the Azores and Madeira, space-occupying organisms are 

reduced only to Chthamalus stellatus (Poli 1791); while on the mainland and the 

Canaries, mussels, stalked barnacles and other barnacle species such as Chthamalus 

montagui (Southward 1976) and Balanus perforatus (Bruguière 1789), are also present. 

In the Azores, patellid limpets are reduced to two species: Patella aspera and Patella 

candei gomesii (Hawkins et al., 1990b; Côrte-Real et al., 1992; 1996; Koufopanou et al., 

1999; Weber and Hawkins, 2002; Sá-Pinto et al., 2005; Weber and Hawkins, 2005; Sá-

Pinto et al., 2008), whereas in Madeira and Canaries there are three species, and in the 

Mediterranean, continental coasts of Africa and Southern Europe there are at least four 

species (Ridgway et al., 1999; Hawkins et al., 2000). Mussels, kelps and seagrass beds 

are largely absent in the Azores, with the exception of a relict subtidal population of 

Laminaria ochroleuca (Bachelot de la Pylaie 1824) in the Formigas islets (Tittley et al., 

2001; Wallenstein et al., 2008). Until recently intertidal trochids of the genus Phorcus 

(Donald et al., 2012) were absent from the Azores, but they have recently colonized the 

Eastern group (Ávila et al. (2015) and M. Vale personal observation). 

In the Azores, the rocky intertidal shore can be classified into three broad vertical areas. 

The upper shore (splash and spray zone) is dominated by littorinids - Tectarius striatus 

(King 1832) and Melarhaphe neritoides (Linnaeus 1758), lichens (Verrucaria sp. and 

Lichina sp.), ephemeral algae (in season) and cyanobacteria (Hawkins et al., 1990a, 

2000; Martins, 2009). The mid shore zone is daily immersed by the tide and is 

dominated by filter feeding barnacles - Chthamalus stellatus and grazing limpets - 

Patella candei gomesii and Patella aspera. Chthamalus stellatus is the major space 

occupier except in sheltered conditions. The abundance of Patella candei gomesii 

generally increases with the exposure to wave-action (Hawkins et al., 1990a, 2000; 

Martins, 2009). At this level, on moderately exposed conditions, an algal association 

between the turf-forming Gelidium microdon (Kützing 1849) and the fucoid canopy 

consisting of Fucus spiralis (probably the recently split form Fucus giuryi (Zardi, Nicastro, 

Serrão and Pearson, 2011) see Zardi et al., 2011) forming scattered patches is common 

(Martins, 2009). During the course of my work, doubts were raised about the 

nomenclature of the only fucoid species present in the Azores; whether it is Fucus giuryi 

instead of Fucus spiralis (K. R. Nicastro and G. I. Zardi personal communication). Since, 
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both fucoid species (F. guiryi and F. spiralis) show the same distribution and are 

considered northern species (Zardi et al., 2011, 2015; Guiry and Guiry, 2015) the 

underlying logic of subsequent work is not affected. For the purposes of this thesis, I 

decided to continue to use Fucus spiralis to designate the fucoid species present in the 

Azores. In the Azores, this species has a prolonged fertile period, being reproductively 

active all year (Neto, 1997). 

On the lower shore, the upper part is dominated by turf-forming species of algae. Other 

taxa such as Patella aspera, Stramonita haemastoma (Linnaeus 1766), Halopteris 

scoparia ((Linnaeus) Kützing 1843), Cystoseira spp., Paracentrotus lividus (Lamarck 

1816), Arbacia lixula (Linnaeus 1758) and Megabalanus azoricus (Pilsbry 1916) are also 

present depending on the conditions, particularly wave exposure (Hawkins et al., 1990a, 

2000; Morton and Britton, 2000; Martins, 2009). Mobile species such as Pachygrapsus 

marmoratus (Fabricius 1787) freely range over the whole shore. Articulated coralline 

algae are the dominant taxa either side of the low water mark (Martins, 2009). 

According to Hawkins et al. (1990a), on Azorean shores the large amplitude of wave 

action in relation to tidal range amplifies microhabitat differences, obscuring zonation 

patterns.  

The grazing limpet Patella ulyssiponensis (Gmelin 1791) which occurs on continental and 

its Macaronesia sister P. aspera (Weber and Hawkins, 2005; Sá-Pinto et al., 2008), occur 

predominantly in the low intertidal of exposed shores, but it can also occur in the 

shallow subtidal (Thompson, 1979; Côrte-Real et al., 1992). According to Martins et al. 

(1987b), P. aspera is a protandrous hermaphrodite species that reaches sexual maturity 

between 41-45 mm shell length, with the peak of maximum gonad development being 

in January and the gonad resting period in May-June. Patella candei gomesii is an 

endemic subspecies of the Azores (Côrte-Real et al., 1996; Weber and Hawkins, 2002; 

Sá-Pinto et al., 2005, 2008) which occurs predominantly in the mid and high intertidal 

zone (Hawkins et al., 2000). According to Martins et al. (1987b), P. candei gomesii is a 

gonochoristic species with an early sexual maturity (16-20 mm shell length). No clear 

peak of spawning was determined, however, they suggest that this species spawns 

throughout the year and that there is no defined resting period (Martins et al., 1987b). 

More recently, Cúrdia et al. (2005) were able to determine that this species shows a 

synchronous spawning peak at the end of summer. Menezes (1991) determined that P. 

candei gomesii reaches first sexual maturation around 10 mm in shell length. Both 
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species are external fertilizers and their larval stage probably lasts between 1-2 weeks as 

in other limpets (Hawkins et al., 2000; Ribeiro et al., 2009). 

The Azores, due to their location, isolation and unpolluted conditions are considered an 

excellent model for the study of recent climate changes and possible interactions with 

other impacts such as overexploitation of the littoral zone. The Azorean archipelago 

represents the southern range limit of several northern species, so recent changes, such 

as global warming, could be expected to have a major effect over the populations and 

communities present at several levels. Responses of marine species to temperature 

increase include both shifts in species distribution and changes in abundance, according 

to the thermal tolerance and adaptability of the species. So, it is expected that the 

southern limit of the range of cold-adapted species will move polewards, as well as the 

northern limit of warm-adapted species. According to Morton and Britton (2000), there 

is also evidence of introduced exotic marine species in the Azores, such as Balanus 

eburneus (Gould 1841) and Littorina saxatilis (Olivi 1792). These species have only 

localized distribution and are absent from the majority of the Azorean rocky shores. 

Also, arrival in the Azores of tropical species, with southern range limits of distribution, 

has been reported. This was the case of the fishes Parablennius sanguinolentus 

parvicornis (Valenciennes 1836), Squaliolus laticaudus (Smith and Radcliffe 1912) and 

Seriola fasciata (Bloch 1793) (Santos et al., 1995b; Silva et al., 1998; Machado and 

Barreiros, 2006), and the algae Caulerpa webbiana (Montagne 1837) (Cardigos et al., 

2006). Chainho et al. (2015) registered a total number of 64 non indigenous marine 

species for the Azores, with 20% of these known as established species, 13% 

unestablished species and 21% of unknown population status. Also Martins et al. (2014) 

presented evidence of new species arriving in the archipelago. From the 190 epibiont 

species present in limpets shells (P. aspera), 17 algae were warm-water species. 

According to Petit and Prudent (2008), in the Macaronesia region the recently built 

infrastructure to support tourism is exerting pressure on coastal areas, which added to 

the threats of invasive species and climate change could lead to major disruptions of 

ecosystems. In the Azores, the tourist industry is poorly developed, compared with 

other regions of Macaronesia. Even so, a big increase of coastal tourist infrastructures 

such as marinas has been observed over the last years (Petit and Prudent, 2008). It is 

predicted that the tourist industry will increase in the Azores, especially now, since low-

cost flight companies recently started to operate to the Azores region. 
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As in several coastal areas with long established human populations, in the Azores, the 

harvesting of marine resources is traditional part of the culture, leading to an 

overexploitation of many stocks (Martins et al., 1987a,b; Santos et al., 1995a; Morton et 

al., 1998; Hawkins et al., 2000; Morton and Britton, 2000; Martins, 2009, 2010). The 

overexploitation of keystone grazers (P. aspera and P. candei gomesii) for human 

consumption is well known in the Azores and has led to a decline in the populations of 

these species in much of the archipelago (Martins et al., 1987b; Santos et al., 1990, 

1995a; Hawkins et al., 2000; Martins et al., 2010). In the 1980s, a collapse in the stocks 

of limpets led to several investigations funded by the regional government (Martins et 

al., 1987a,b; Santos et al., 1990, 1995a, 2010), resulting in fishery regulations (e.g. D.R.R. 

14/93/A Diário da República - I Série B, 178) for the collection of limpets. This regulation 

declared that between the periods - 1st of October to 31st of May, the collection of 

limpets was forbidden. For the rest of the year, the collection of limpets was allowed, 

outside the protected areas, but only above the established minimum sizes (P. aspera - 5 

cm and P. candei gomesii - 3 cm in shell length) and to a maximum of 1 Kg per person 

per day. Due to the lack of enforcement of these management measures, limpet 

populations continue to suffer overexploitation and are still much reduced in the Azores, 

particularly in the Central and Eastern groups (Menezes, 1991; Ferraz, 1998; Ferraz et 

al., 2001; Martins et al., 2010; Santos et al., 2010). Their reduction has a strong impact 

on the community structure (Martins et al., 2011). Even so, very recently, the regional 

government of the Azores has changed the management measures (D.L.R. 31/2012/A - 

Portaria n. 74/2015/A, 15th June 2015). Presently, the closed season is between the 1st of 

October and the 30th of April; while over the rest of the year the collection of limpets is 

allowed, outside of the protected areas, above the established minimum sizes to a 

maximum of 80 Kg per day per legal license holder. These new measures are likely to 

have an impact on limpet populations, since the populations are already under pressure 

due to the overexploitation. Low population densities, especially in species that are 

external fertilizers will reduce the likelihood of fertilization success, since the 

opportunities for an encounter between the gametes are reduced (Levitan, 1991; 

McCarthy, 1997; Hawkins et al., 2000). Also, overexploited populations tend to show an 

overall decrease in their average size (Siegfried et al., 1994; Hawkins et al., 2000; 

Moreno, 2001; Fenberg and Roy, 2008, 2012; Fenberg et al., 2010; Jimenez et al., 2011). 

In the case of P. aspera, because it is a protandrous hermaphrodite species, this will 
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result in a lower number of females, which could increase the likelihood of recruitment 

failure. 

2.3. ENVIRONMENTAL CHANGES 

There is growing evidence that environmental changes are taking place in the North-East 

Atlantic (e.g. Kushnir et al., 1997; Wang et al., 2004; deYoung et al., 2008; Burrows et al., 

2011; Lima and Wethey, 2012). For the Macaronesia region, it is predicted that the 

temperature will increase by an average of 2.1°C (range - 1.9 to 2.4°C) by the year 2099 

(IPCC, 2007). According to Cropper (2013), a significant increase in temperature for the 

whole region has already been observed. In the Azores, an increase of 0.24-0.76°C was 

detected for the period between 1973-2012; there are predictions that the temperature 

will continue to increase by between 0.82-2.87°C until the year 2100 (Cropper, 2013). 

In order to set the scene in terms of the possible environmental changes occurring in the 

Azores, analyses were made of the following environmental variables - surface air 

temperature (SAT), sea surface temperature (SST) and wave heights, to determine any 

changes that might have affected rocky intertidal communities over the course of 

interest of my work (1980s to the present). 

2.3.1. Material and Methods  

Environmental data sets, surface air temperature (°C) (SAT) and sea surface temperature 

(°C)(Gauss SST), were accessed through the National Oceanic and Atmospheric 

Administration (NOAA) website (NOAA, 2015). Monthly means were re-analysed using 

the tool - National Center for Environmental Prediction/National Center for Atmospheric 

Research - reanalysis monthly means (NCEP/NCAR) (Kalnay et al., 1996). These data sets 

extended from 1948 to 2014. The analyses were made at the surface level for the Azores 

archipelago (Lat. 39°45'-36°55'N, Long. 31°16'-25°0'W), and for four islands: Flores 

(Western group: Lat. 39°33'-39°23'N, Long. 31°16'-31°6'W), Faial (Central group: Lat. 

38°30'-38°38'N, Long. 28°50'-28°35'W), São Miguel (Eastern group: Lat. 37°55'-37°41'N, 

Long. 25°51'-25°7'W), and Santa Maria (Eastern group: Lat. 37°1'-36°55'N, Long. 25°11'-

25°0'W). 

The wave action data for monthly average significant wave height (m) (SWHave), 

monthly maximum significant wave height (m) (SWHmax) and monthly total wave 
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energy density per unit area (KJ/m2) (WEDave), were obtained through spatial averaging 

of ECMWF (European Centre for Medium-range Weather Forecasts) and analyses of the 

WAve Model (WAM) operational datasets for UTC 00, 06, 12 and 18 times, using a grid 

resolution of 0.25° x 0.25°.  

Total wave energy density (WED) was computed for each area from the averaged 

significant wave height (SWH) using the following expression (where ρ is the sea water 

density (1029 g m-3) and g the acceleration of gravity (9.8 ms-2)): 

𝑊𝑊𝑊𝑊𝑊𝑊 =
1
8
𝜌𝜌𝜌𝜌 𝑆𝑆𝑆𝑆𝑆𝑆2 

SWHave and WEDave monthly values were computed averaging all SWH and WED 

values respectively for each month. Monthly maximum SWHave values were found from 

the SWH hourly values for each month. These data sets were collected between 1985 

and 2014. These analyses were made for four islands: Flores (East coast: Lat. 39°30’-

39°60’N, Long. 31°25’-31°00’W; West coast: Lat. 39°30’-39°60’N, Long. 31°50’-31°25’W), 

Faial (South coast: Lat. 38°30’-38°60’N, Long. 29°00’-28°50’W), São Miguel (South coast: 

Lat. 37°50’-37°80’N, Long. 26°00’-25°00’W), and Santa Maria (South coast: Lat. 36°70’-

37°00’N, Long. 25°5’-24°75’W), in order to inform the ecological studies. These data sets 

were kindly provided by the national government agency Instituto Português do Mar e 

da Atmosfera (IPMA) through its Regional Delegation in the Azores. 

Initially, in order to detect a long-term trend in the environmental data, a Mann-Kendall 

trend test was made for the all range of data collected (SAT and SST: from 1948 to 2014; 

wave action variables: from 1985 to 2014), using XLSTAT2015. The Mann-Kendall test is 

a non-parametric test used to identify increasing or decreasing trends in time series data 

(e.g. Allen et al., 1998; Drápela and Drápelová, 2011).  

To investigate if there were significant differences in the monthly average 

environmental variables between 1980s and 2010s, a Wilcoxon matched pair signed-

rank test was made (W critical value α=0.05) (Quinn and Keough, 2002). For analyses of 

SAT and SST a time window of 20 years was used; this was because the long-lived 

organisms present in the rocky shores will be influenced by the conditions of the 

previous 10-15 years. The 1980s period comprise the monthly averaged data from 1970 

to 1989, while the 2010s period covers the monthly averaged data from 1995 to 2014. 

For wave action, since there were no data available before 1985, a time window of 10 
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years was selected (1980s: 1985-1994; 2010s: 2005-2014), using the first and last 10 

years of data available for these variables. 

To investigate if there were significant differences in the annual average environmental 

variables (annual average, hottest month - August and coldest month - February) 

between 1980s and 2010s, a Mann-Whitney test was made for a time window of 10 

years. For SAT and SST the 1980s period comprise the annual averaged data from 1980 

to 1989, while the 2010s period covers the annual averaged data from 2005 to 2014. For 

the wave action the 10 years’ time window period used the annual averaged data from 

1985 to 1994 (1980s) and 2005 to 2014 (2010s), as there were no data available before 

1985. 

2.3.2. Environmental analysis 

Surface air temperature and sea surface temperature exhibited a cyclical pattern of 

climate variability through time. In both surface air temperature and SST data (1948-

2014), for all the locations, the presence of two warm periods with the peaks in the early 

1950s and 2000s are evident, interwoven with a cool period around the 1970s and 

1980s (Figures 2.3 to 2.7). Even so, it is quite clear that for all the selected locations, 

both the surface air temperature and the SST data show higher values in the second 

warmer period (2000s) than in the first warmer period (Figures 2.3 to 2.7). Averaged 

surface air temperature and sea surface temperature exhibited the same pattern 

throughout the four islands, with the lowest temperatures being recorded in Flores and 

the highest in Santa Maria, showing increasing temperatures from the West to the East 

(FLW<FAI<SMG<SMA). Mann-Kendall trend tests, detected a significant increase trend 

of the surface air temperature for the Azores archipelago, and also for three of the four 

selected islands (Faial, São Miguel and Santa Maria islands), for the period 1948-2014 

(Table 2.1). An increase of surface air temperature is apparent between the early (1950) 

and later (2000) warm periods (Figures 2.3 to 2.7). SST did not show any significant trend 

for the period 1948-2014 (Table 2.1). Even so, in all the locations, SST in recent periods 

has been warmer than in the previous warmer period of the 1950s (Figures 2.3 to 2.7). 

The Wilcoxon matched signed rank tests on the monthly averaged surface air 

temperature and sea surface temperature between the 1980s (1970-1989) and the 

2010s (1995-2014), detected a significant increase of temperature (SAT and SST) for the 

Azores archipelago and for the four selected islands (Flores, Faial, São Miguel and Santa 
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Maria) over the course of the year (Table 2.2 and Figures 2.8 and 2.9). The Mann-

Whitney tests on the annual averaged surface air temperature and sea surface 

temperature between the two selected periods - 1980s (1980-1989) and the 2010s 

(2005-2014), detected a significant increase of temperature (SAT and SST) for the Azores 

archipelago as a whole and for the four selected islands (Flores, Faial, São Miguel and 

Santa Maria), the exception being for the SAT in Flores Island that did not showed a 

significant result (Table 2.3). The Mann-Whitney tests analysis on the hottest (August) 

and coldest (February) months surface air temperature and sea surface temperature 

between the 1980s (1980-1989) and the 2010s (2005-2014), only detected a significant 

increase of SST for the coldest month (February) for the Azores archipelago as a whole 

and three of the four selected islands (Flores, São Miguel and Santa Maria) (Table 2.3). 

These analyses show some geographic and seasonal differences. The changes in the 

Central and Eastern groups are more apparent than in the milder Western group. Much 

of the increase in average annual temperature is attributable to raised winter 

temperatures. 

For the three wave action variables, a pattern of increase in wave action from the East 

to the West was detected (SMA<SMG<FAI<FLW) (Figures 2.10 to 2.14). However, the 

Mann-Kendall trend test was not able to detect any temporal trend in all the selected 

locations for the period 1985-2014 (Table 2.4), which could be because the duration of 

the available data for these variables is rather short. Looking at the maximum wave 

height data, overall there was some evidence of more extreme events in the preceding 

decade (2005-2014) than in the period of historic data (Figures 2.10 to 2.14). The 

Wilcoxon matched signed rank tests analysis on the monthly averaged wave action 

variables, between the two selected periods - 1980s (1985-1994) and the 2010s (2005-

2014), detected significant differences in the monthly maximum significant wave height 

(SWHmax), and on the monthly total wave energy density (WEDave) for some islands 

with differences between variables (Table 2.5). While the monthly maximum significant 

wave height (SWHmax) showed a significant increase for Flores (East and West) and 

Santa Maria between the selected periods; the monthly total wave energy density 

(WEDave) showed a significant increase for Flores (East and West) and Faial (Table 2.5). 

The Mann-Whitney tests analysis on the annual averaged wave action variables between 

the two selected periods - 1980s (1985-1994) and the 2010s (2005-2014), only detected 
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a significant increase of the monthly maximum significant wave height (SWHmax) for 

Flores (East and West) (Table 2.6). 
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a)   b)  

Figure 2.3. Long-term data on a) surface air temperature (SAT) and b) sea surface temperature (SST) averaged for the whole Azores archipelago (5 year moving average and 
6th order polynomial trendline; open red symbols: 2 periods studied in remaining chapters - 1980s (1985-89) and 2010s (2010-14). 

a)   b)  
Figure 2.4. Long-term data on a) surface air temperature (SAT) and b) sea surface temperature (SST) averaged for Flores island (5 year moving average and 6th order 
polynomial trendline; open red symbols: 2 periods studied in remaining chapters - 1980s (1985-89) and 2010s (2010-14). 
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a)  b)  
Figure 2.5. Long-term data on a) surface air temperature (SAT) and b) sea surface temperature (SST) averaged for Faial island (5 year moving average and 6th order 
polynomial trendline; open red symbols: 2 periods studied in remaining chapters - 1980s (1985-89) and 2010s (2010-14). 

a)  b)  
Figure 2.6. Long-term data on a) surface air temperature (SAT) and b) sea surface temperature (SST) averaged for São Miguel island (5 year moving average and 6th order 
polynomial trendline; open red symbols: 2 periods studied in remaining chapters - 1980s (1985-89) and 2010s (2010-14). 
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a)  

b)  

Figure 2.7. Long-term data on a) surface air temperature (SAT) and b) sea surface 
temperature (SST) averaged for Santa Maria island (5 year moving average and 6th order 
polynomial trendline; open red symbols: 2 periods studied in remaining chapters - 1980s 
(1985-89) and 2010s (2010-14). 
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Table 2.1. Mann-Kendall statistics for surface air temperature (SAT) and sea surface 
temperature (SST) in the Azores archipelago, and in the four selected islands: Flores, Faial, 
São Miguel and Santa Maria, for the period 1948-2014 (in box - statistically significant). 

 

Table 2.2. Wilcoxon signed rank test statistics for the monthly average of surface air 
temperature (SAT) and sea surface temperature (SST) in the Azores archipelago, and in the 
four selected islands: Flores, Faial, São Miguel and Santa Maria, between the periods 
1980s-2010s (1980s: 1970-1989; 2010s: 1995-2014; in box - statistically significant). 

 

 
Figure 2.8. Surface air temperature (SAT) and sea surface temperature (SST) for Azores 
archipelago in the periods 1980s and 2010s (1980s: 1970-1989 and 2010s: 1995-2014). 

Te
m

pe
ra

tu
re

 (°
C)

 

AZORES ARCHIPELAGO 

68 
 



  

  
a) 

  
b) 

  
c) d) 

Figure 2.9. Surface air temperature (SAT) and sea surface temperature (SST) in the periods 1980s and 2010s for: a) Flores, b) Faial, c) São Miguel and d) Santa Maria 
(1980s: 1970-1989 and 2010s: 1995-2014).  
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Table 2.3. Mann-Whitney test statistics for the annual average, hottest month (August) and 
coldest month (February) of surface air temperature (SAT) and sea surface temperature (SST) in 
the Azores archipelago, and in the four selected islands: Flores, Faial, São Miguel and Santa 
Maria, between the periods 1980s-2010s (1980s: 1980-1989; 2010s: 2005-2014; in box - 
statistically significant). 
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a)  b)  

c)  
Figure 2.10. Long-term data on a) monthly average significant wave height (m) (SWHave), b) monthly maximum significant wave height (m) (SWHmax) and c)  monthly 
total wave energy density per unit area (KJ/m2) (WEDave) for Flores island (East coast)  (5 year moving average trendline; open red symbols: 2 periods studied in 
remaining chapters - 1980s (1985-89) and 2010s (2010-14).  
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a)  b)  

c)  
Figure 2.11. Long-term data on a) monthly average significant wave height (m) (SWHave), b) monthly maximum significant wave height (m) (SWHmax) and c)  monthly 
total wave energy density per unit area (KJ/m2) (WEDave) for Flores island (West coast)  (5 year moving average trendline; open red symbols: 2 periods studied in 
remaining chapters - 1980s (1985-89) and 2010s (2010-14).  
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a)  b)  

c)  
Figure 2.12. Long-term data on a) monthly average significant wave height (m) (SWHave), b) monthly maximum significant wave height (m) (SWHmax) and c)  monthly 
total wave energy density per unit area (KJ/m2) (WEDave) for Faial island (5 year moving average trendline; open red symbols: 2 periods studied in remaining chapters - 
1980s (1985-89) and 2010s (2010-14).  
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a)  b)  

c)  
Figure 2.13. Long-term data on a) monthly average significant wave height (m) (SWHave), b) monthly maximum significant wave height (m) (SWHmax) and c)  monthly 
total wave energy density per unit area (KJ/m2) (WEDave) for São Miguel island (5 year moving average trendline; open red symbols: 2 periods studied in remaining 
chapters - 1980s (1985-89) and 2010s (2010-14).  
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a)  b)  

c)  
Figure 2.14. Long-term data on a) monthly average significant wave height (m) (SWHave), b) monthly maximum significant wave height (m) (SWHmax) and c)  monthly total 
wave energy density per unit area (KJ/m2) (WEDave) for Santa Maria island (5 year moving average trendline; open red symbols: 2 periods studied in remaining chapters - 
1980s (1985-89) and 2010s (2010-14).  
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Table 2.4. Mann-Kendall statistics for wave action (SWHave: monthly average significant 
wave height (m), SWHmax: monthly maximum significant wave height (m), and WEDave: 
monthly total wave energy density per unit area (KJ/m2)), in the four selected islands: Flores 
(East and West coast), Faial (South coast), São Miguel (South coast) and Santa Maria (South 
coast), for the period 1985-2014 (in box - statistically significant). 

 

Table 2.5. Wilcoxon signed rank test statistics for the monthly average of wave action 
(SWHave: monthly average significant wave height (m), SWHmax: monthly maximum 
significant wave height (m), and WEDave: monthly total wave energy density per unit area 
(KJ/m2)), in the four selected islands: Flores (East and West coast), Faial (South coast), São 
Miguel (South coast) and Santa Maria (South coast), between the periods 1980s-2010s 
(1980s: 1985-1994; 2010s: 2005-2014; in box - statistically significant). 
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Table 2.6. Mann-Whitney test statistics for the annual average, hottest month (August) and 
coldest month (February) of wave action (SWHave: monthly average significant wave height 
(m), SWHmax: monthly maximum significant wave height (m), and WEDave: monthly total 
wave energy density per unit area (KJ/m2)), in the four selected islands: Flores (East and 
West coast), Faial (South coast), São Miguel (South coast) and Santa Maria (South coast), 
between the periods 1980s-2010s (1980s: 1985-1994; 2010s: 2005-2014; in box - statistically 
significant). 

 

2.3.3. Discussion 

The analyses of the surface air temperatures are in agreement with works such as Lima 

and Wethey (2012), which have shown a warming of coastlines around the world. A 

general trend of SST increase was not detected through the Mann Kendall trend test. 

However, an increase of the SST was detected using other analyses with a selected 

subset of data (Wilcoxon signed rank test and Mann-Whitney test) in all the selected 

locations, these results being in agreement with past work in the North-East Atlantic by 

Thompson et al. (2010) and Lima and Wethey (2012). 

My analysis of wave action variables differed from the works published by Wang et al. 

(2004) and Wolf and Woolf (2006) for the North-East Atlantic, since it was not possible 

to detect a significant increased trend for the three wave action variables over the last 
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~30 years in the Azores. This may be because the Azores archipelago is located in the 

middle of the Atlantic, totally unprotected and subject to all the fluctuations of the 

currents and climate throughout the year. Additionally these analyses only considered 

the mean monthly values of the environmental variables. However, more focussed 

analyses detected that there has been an increase of the maximum significant wave 

height, mainly in the Western group (Flores island), reinforcing the idea of the 

occurrence of more frequent extreme events. According to Young et al. (2011), over the 

past two decades there was a non-significant trend in mean monthly values of wave 

height; however, when considering extreme conditions a significant trend of increasing 

in wave height was detected especially at higher latitudes. There were no obvious trends 

in wave action data; however, some cues were obtained that reinforce the assumptions 

that the North Atlantic is becoming stormier (Wang et al., 2004). Most importantly, the 

environmental information highlights the cyclical nature of climate fluctuations, in line 

with the AMO (Atlantic Multidecadal Oscillation) (Mieszkowska et al., 2014a).   

According to Seabra et al. (2015) the use of the appropriate metrics of an environmental 

variable and the identification of the appropriate environmental pressure variable will 

provide knowledge to detect, interpret and predict the impacts that these variables will 

have in the ecosystem. Even so, comparing the two selected periods 1980s and 2010s, I 

was able to detect a significant difference in the surface air temperature and sea surface 

temperature, providing evidence that temperature between those two periods has 

increased in this region. Through this analysis I have shown that the 1980s was at the 

end of a cold period, while the 2010s period was after a peak warm period. These 

differences could have a major influence over the rocky shores organisms and 

communities. Lima and Wethey (2012) demonstrated that 38% of the coastlines are 

experiencing more extremely hot days, while 46% of the coastlines show a significant 

decrease in the frequency of extremely cold days. Data were not available for these 

analyses locally, but it is reasonable to assume that extreme temperatures are more 

frequent. 

The historic ecological data explained in subsequent chapters were collected at the 

switch from a cold to a warmer period. The resurvey period represented the end of a 

warm period with a slightly down turn of both air and sea temperatures in recent years. 

Annual SAT and SST data for the period 1980-1989 and the period 2005-2014 were 
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compared by Mann Whitney tests, showing a significant increase of the general 

temperature between the selected periods. More importantly several very warm years 

were recorded for both air and sea surface temperature from the mid-1990s onwards 

compared to the 1970s and 1980s for all the Azores combined and for each of the 

individual islands. These warm years exceeded values seen in the previous warm periods 

of the 1950s. Four or five (depending on island) of the warmest years recorded were 

observed from the mid-1990s onwards in all islands. The differences in temperature 

were more pronounced in the Eastern and Central group, but less so for the Western 

group; while the Western group appeared to have experienced stormier weather in 

recent years. 
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3. TEMPORAL AND SPATIAL PATTERNS OF REPRODUCTIVE PHENOLOGY OF 

LIMPETS 

3.1. INTRODUCTION 

Recent rapid climate change has driven shifts in the phenology of marine, freshwater 

and terrestrial organisms (Root et al., 2003; Parmesan, 2007; Devictor et al., 2012; 

Wolkovich et al., 2012; Poloczanska et al., 2013). Phenology is the study of periodic 

biological life cycles stages (e.g. reproductive period, larval season), especially their 

timing and interactions with weather and climate (Schwartz, 2013). These phenological 

shifts differ among species as different environmental processes and signals drive or 

trigger idiosyncratic phenological responses (Saikkonen et al., 2012); these also vary 

between different systems (e.g. terrestrial and marine see Edwards and Richardson, 

2004). Phenological shifts can have consequences for aquatic communities and 

ecosystems due to the potential occurrence of trophic mismatches, and in the case of 

commercial species, increased risks of recruitment failure (Beaugrand et al., 2002b; 

Pörtner and Farrell, 2008; Giménez, 2011; Cheung et al., 2013). Thus phenological timing 

is critical for individual fitness, with potential population and community-level 

consequences depending on the capability of different species to adapt by using 

modified environmental cues (Bradshaw and Holzapfel, 2006; Saikkonen et al., 2012). 

In marine ecosystems, the majority of phenological studies have focussed on planktonic 

species (Edwards and Richardson, 2004; Genner et al., 2010) and on vertebrates such as 

turtles (Mazaris et al., 2008) and marine birds (Gaston et al., 2009). These include 

observed phenological responses to past climate fluctuations (e.g. in squid and fish see 

Sims et al., 2001, 2004) and more recent rapid climate changes (Poloczanska et al., 

2013).  

Rocky shores occur worldwide, being typically open systems with sharp environmental 

gradients, supporting a diverse community of plants and animals (Lewis, 1964; 

Stephenson and Stephenson, 1972; Raffaelli and Hawkins, 1996; Thompson et al., 2002). 

Hawkins et al. (2008, 2009), stated that rocky shore ecosystems are relatively simple, 

which makes them an excellent model system to investigate the consequences of 

climate change for community structure and ecosystem processes. Their accessibility 

makes intertidal and shallow-water rocky shore habitats some of the most studied 
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ecosystems, including a plethora of field experimental studies (stemming from the 

pioneering work of Hatton, 1938; Jones, 1946; Connell, 1961b, 1972; Paine, 1994) 

providing much insight into processes, particularly interactions amongst species. There 

is also good broad-scale and long-term baseline information from historical studies (e.g. 

Southward and Crisp, 1954a; Crisp and Southward, 1958; Fischer-Piette and Crisp, 1959; 

Fischer-Piette, 1963) against which the ecological effects of climate change can be 

assessed and quantified (e.g. Helmuth et al., 2006b; Lima et al., 2006; Mieszkowska et 

al., 2006a, 2007; Firth et al., 2015). Intertidal organisms, in particular, experience large 

environmental fluctuations as a result of the rising and falling of tides and the 

consequent exposure to both aquatic and aerial climatic regimes. All the above 

characteristics make rocky intertidal organisms and assemblages potentially good 

indicators of the effects of climate fluctuations and change on natural ecosystems 

(Southward, 1967, 1980, 1991; Barry et al., 1995; Southward et al., 1995; Sagarin et al., 

1999; Helmuth et al., 2002, 2006b; Thompson et al., 2002; Hawkins et al., 2003; Harley 

et al., 2006; Mieszkowska et al., 2006a; Denny et al., 2011). 

Patellid grazers are considered keystone species playing an important role in the 

structure of intertidal communities (Branch, 1981; Hawkins and Hartnoll, 1983b). 

Removal and exclusion experiments have shown how limpet grazing controls algal 

biomass (Jones, 1946, 1948; Underwood, 1980; Hawkins, 1981; Hawkins and Hartnoll, 

1983b; Jernakoff, 1985; Castilla, 1999; Bulleri et al., 2000; Benedetti-Cecchi et al., 2001a; 

Jenkins et al., 2005; Coleman et al., 2006; Jonsson et al., 2006; Davies et al., 2007; 

Martins et al., 2010), sets patterns of vertical distribution (Underwood and Jernakoff, 

1984; Boaventura et al., 2002a) and patchiness (Hawkins and Hartnoll, 1985; Burrows 

and Hawkins, 1998; Johnson et al., 1998a), and interact strongly with space-occupying 

sessile species such as barnacles (Hawkins, 1983; Miller and Carefoot, 1989; Arrontes et 

al., 2004) and mussels (Crowe et al., 2011).  

Limpet grazing has a major influence on community structure and functioning of coastal 

ecosystems, which can be disrupted by heavy human exploitation as in Chile (Godoy and 

Moreno, 1989; Moreno, 2001), South Africa (Siegfried et al., 1994) and the Azores 

(Martins et al., 2008a, 2009, 2010). 

Moore et al. (2011) were able to investigate the consequences of recent warming on 

two species of limpets (Patella vulgata and Patella depressa) through variations in their 
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phenology. They concluded that the warm-water species (P. depressa), near its 

poleward range limit in the British Isles, was reproducing earlier and more successfully 

than in the past; often via an extended breeding season leading to increased number of 

broods (Moore et al., 2011). Meanwhile, the cold-water species (P. vulgata), has been 

failing to reproduce successfully in South-West England due to a delay in the maturation 

compromising the single autumn spawning period (Moore et al., 2011).  

The overall aim of my work was to describe the reproductive phenology of the two 

Macaronesia endemic patellid species - Patella candei gomesii (Côrte-Real et al., 1996; 

Weber and Hawkins, 2002; Sá-Pinto et al., 2005, 2008) and Patella aspera (Weber and 

Hawkins, 2005; Sá-Pinto et al., 2008), in the Azorean archipelago. Assessment of 

seasonality of reproductive activity has been prompted by the desire to understand 

climate sensitivity of these economically and culturally important species in the Azores. 

Using largely unpublished and “grey” historic data (Martins et al., 1987b) from the 1980s 

and collections between 2012 and 2014, differences in Patella spp. phenology were 

assessed. Differences in the phenology of reproduction of Patella spp. were also 

compared between the Western and Eastern groups of Azorean islands comprising a 

gradient of temperature of about ~1.2°C, from the milder less seasonally variable 

Western to the warmer Eastern groups. This is associated with differences in latitude 

(2°N) and longitude (6°W) and variable influences of oceanographic conditions of the 

islands. More formally, the following specific questions were addressed: 

1) Is inter-annual variability of reproductive cycles Patella candei gomesii and P. 

aspera apparent in the recent data (2012-2014)? 

2) Has the duration of the autumn-winter-spring reproductive spawning period of 

Patella aspera altered and shifted over time? 

3) Has the duration of the summer reproductive resting period of Patella aspera 

changed over time? We predict that greater stress due to warming would lead 

to an extended summer resting period. 

4) Are there differences in reproductive seasonality of Patella candei gomesii and 

P. aspera in response to the spatial environmental gradient from the Western to 

Eastern groups of islands? 
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3.2. MATERIAL AND METHODS  

The reproductive seasonality of the two species were compared over time (1980s to 

2010s) and over a spatial environmental gradient from the Western group (Lat. 39°45'-

39°23'N, Long. 31°16'-31°5'W) to the Eastern group (Lat. 37°55'-36°55'N, Long. 25°51'-

25°0'W)(Figure 3.1). 

 
Figure 3.1. A) The Azores archipelago with the location of the three groups (Western, Central and 
Eastern) and the nine islands (limpet collections were made on the underlined islands); B) the 
Azores relative to Madeira and Canaries archipelagos of Macaronesia (Cape Verde Islands not 
shown).  

 3.2.1. Historic data collection: Study area and sampling design 

Archived unpublished data on the reproductive phenology of Patella spp. were collected 

by S. J. Hawkins and colleagues (led by Ricardo S. Santos and Helen Martins) in the 1980s 

and early 1990s (Martins et al., 1987a,b). The data from the 1980s were collected to 

help establish a management regime to counter the intensive overexploitation, which 

had led to the collapse of stocks in some islands (Martins et al., 1987a,b). Historic 

information includes data for both species compiled from several sources. Patella 

aspera and P. candei gomesii data from São Miguel and Faial islands were obtained 

through market samples, opportunistic collections, and stock assessment by standard ½ 
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hour diving collections and also through confiscated illegal catches. For Flores Island 

data on P. aspera were gathered through opportunist collections (Tables 3.1 and 3.2).  

Table 3.1. Historic sampling locations for Patella candei gomesii in São Miguel and Faial islands 
(1985-1989) and seasonal coverage of samples. 

Island Sampling period Locations (and collectors) Comments 

São 

Miguel 

(SMG) 

1986: August  
1987: September  
1989: October  

Mosteiros, Candelaria, Ponta Delgada, Rabo de 
Peixe, Ribeira Quente and Feteiras 
(S. J. Hawkins, R. S. Santos, H. Martins, and other 
colleagues from Department of Oceanography 
and Fisheries from University of Azores (DOP-
UAç)) 

Patchy 
coverage; 

Mainly 
intertidal, 

with 
occasional 

subtidal 
individuals 

Faial 

(FAI) 

1986: April-August; 
October-December 
1987: January-December 
1988: January-December 
1989: January; April; June 

Lajinha, Horta, Capelinhos, Varadouro, 
Ribeirinha, Porto Pim, Pasteleiro, Porto do 
Alcaíde, Porto Salão, Monte da Guia  
(S. J. Hawkins, R. S. Santos, H. Martins, and other 
colleagues from Department of Oceanography 
and Fisheries from University of Azores (DOP-
UAç)) 

Full 
coverage; 
Intertidal, 

with 
occasional 

subtidal 
individuals 

Total number of historic P. candei gomesii collected: 24(SMG)+2497(FAI) = 2521 specimens 

Table 3.2. Historic sampling locations for Patella aspera in São Miguel, Flores and Faial islands 
(1985-1989) and seasonal coverage of samples. 

Island Sampling period Locations (and collectors) Comments 

São 
Miguel 
(SMG) 

1985: August-December 
1986: January-October  
1987: August-September  
1989: October 

Mosteiros, Porto da Baleia, Porto da Ribeirinha, 
Rabo de Peixe, Porto Formoso, Ponta Garça, 
Caloura-Cerco, Maia, Candelária, Ferraria, Ponta 
Delgada, Feteiras, Lagoa and Ribeira Quente 
(S. J. Hawkins, R. S. Santos, H. Martins, and other 
colleagues from Department of Oceanography 
and Fisheries from University of Azores (DOP-
UAç)) 

Patchy 
coverage; 

Mainly 
subtidal, 

sometimes 
working 

with 
professional 

divers 

Flores 
(FLW) 1987: October  

Santa Cruz das Flores, Lajes das Flores, Baia da 
Ribeira da Silva 
(S. J. Hawkins, R. S. Santos, H. Martins, and other 
colleagues from Department of Oceanography 
and Fisheries from University of Azores (DOP-
UAç)) 

Patchy 
coverage; 

Mainly 
subtidal 

Faial 
(FAI) 

1986: May; July 
1987: January; April; June; 
November 
1989: April; June; 
November  

Capelinhos, Praia do Norte, Varadouro, 
Ribeirinha, Porto Salão, Capelinhos, Feteira, Praia 
do Almoxarife, Monte da Guia 
(S. J. Hawkins, R. S. Santos, H. Martins, and other 
colleagues from Department of Oceanography 
and Fisheries from University of Azores (DOP-
UAç)) 

Patchy 
coverage; 

Mainly 
subtidal 

Total number of historic P. aspera collected: 1293(SMG)+259(FLW)+656(FAI) = 2208 specimens 
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3.2.2. Recent data collection (2012-2014): Study area and sampling design 

Limpets were collected in four of the nine islands of the archipelago - Flores (FLW), São 

Miguel (SMG), Faial (FAI) and Santa Maria (SMA), at two different locations within each 

island for at least 36 months (Tables 3.3 and 3.4), between 2012 and 2014. Spatial and 

temporal coverage was limited by various logistic constraints and bad weather 

compromising collection. 

Table 3.3. Recent sampling locations for Patella candei gomesii in São Miguel, Flores, Faial and 
Santa Maria islands (2012-2014) and seasonal coverage of samples. 

Island Sampling period Locations (and collectors) Comments 

São 
Miguel 
(SMG) 

2012: May-December 
2013: January-December 
2014: January-December  

Forno de Cal, Ferraria, Cruzeiro and Lagoa - 
OVGA 
(A. Prestes, R. Patarra, E. Cacabelos, G. M. 
Martins, I. Moniz, J. Faria, M. Vale, N. Álvaro) 

Full coverage; 
Intertidal 

Flores 
(FLW) 

2012: May-December 
2013: January-December 
2014: January-December  

Rolo da Fajanzinha and Ponta da Caveira 
(C. Mendes) 

Full coverage; 
Intertidal 

Faial 
(FAI) 

2012: May-July; September; 
December  
2013: April-July  
2014: July-August  

Porto Salão, Castelo Branco, Ribeirinha, Praia 
do Norte, Praia da Fajã, Monte da Guia and 
Espalhafatos (Pedreira do Nunes)  
(N. Serpa, P. Ribeiro) 

Patchy 
coverage due 

to logistic 
constraints; 

Intertidal 

Santa 
Maria 
(SMA) 

2012: May-December 
2013: January; August-
December  
2014: January-December  

Costa do Campo, Pedra que Pica, Baía do Cura, 
Vila do Porto, Ilhéu da Vila, Campo Ponta 
Ponderado, Baixa S, Praia da Malbusca, 
Figueiral, Prainha, Praia dos Frades, Baía da 
Cré, Ponta Castelete and Praia dos Cedros 
(M. Cabral, B. Couto) 

Patchy 
coverage due 

to logistic 
constraints; 

Intertidal 

Total number of recent P. candei gomesii collected: 5939(SMG)+2643(FLW)+1099(FAI)+1541(SMA) = 11 
222 specimens 
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Table 3.4. Recent sampling locations for Patella aspera in São Miguel, Flores and Faial islands 
(2012-2014) and seasonal coverage of samples. 

Island Sampling period Locations (and collectors) Comments 

São 
Miguel 
(SMG) 

2012: June-December 
2013: January-December 
2014: January; March-June; 
August-December 

Mosteiros, Feteiras, Ginetes, Relva, Fenais da 
Luz, Ponta Delgada, Candelária, São Vicente de 
Ferreira, Santo António das Capelas, Ferraria, 
Capelas, Remédios da Bretanha, Ajuda da 
Bretanha and Ponta da Bretanha 
(M. Ferreira) 

Generally 
good 

coverage; 
Patchy in 

2014 due to 
weather 

conditions; 
Subtidal 

Flores 
(FLW) 

2012: May-December 
2013: January-December 
2014: January-December  

Rolo da Fajanzinha and Ponta da Caveira 
(C. Mendes) 

Full coverage; 
Intertidal 

Faial 
(FAI) 

2012: May-July; September; 
December  
2013: April-July 
2014: July-August 

Porto Salão, Castelo Branco, Ribeirinha, Praia 
do Norte, Praia da Fajã, Monte da Guia and 
Espalhafatos (Pedreira do Nunes) 
(N. Serpa, P. Ribeiro) 

Patchy 
coverage due 

to logistic 
constraints; 

Intertidal 
Total number of recent P. aspera collected: 2979(SMG)+1773(FLW)+224(FAI) = 4976 specimens  

 

At each location, at least 40 individuals of each species were collected; between the 4th 

and the 11th day of each month (logistical and/or weather constraints prevented the 

collection of animals within this time window a few times). Whenever possible, 

collections respected standardized individual sizes (Patella candei gomesii (endemic 

subspecies): +10 mm; Patella aspera (Macaronesia species): 45 to 65 mm), following 

Martins et al. (1987b) and Menezes (1991).  

Samples were frozen (-20°C) for later inspection. In the laboratory, limpets were 

measured (maximum shell length and height), weighed, and dissected to determine the 

sex and the gonad stage. Gonad staging used the semi-quantitative scale of Orton et al. 

(1956) that scores gonad development, ranging between empty neuters (sex and gonad 

indistinguishable) and gonad full and releasing gametes (stage V), with pluses indicating 

filling and minuses emptying of the gonads (Figure 3.2). Sampling methods and further 

processing of samples followed the exact methodology used in 1980s, to ensure 

comparability (Martins et al., 1987b). S. J. Hawkins trained the staff in the Azores in the 

1980s and recently trained Maria Vale during the period 2012-2014. S. J. Hawkins was 

trained by A. J. Southward, who had been trained by J. H. Orton. There was thus some 

consistency in gonad staging over time. 
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Figure 3.2. Semi-quantitative scale of limpet gonad ripening stages (adapted from Orton et al., 
1956 and Moore et al., 2011). 

3.2.3. Data analysis 

Data were used in two ways to assess both the temporal differences (historic versus 

recent) and spatial patterns (Eastern to Western groups) in reproductive phenology in 

relation to the location in the archipelago. In order to compare historic and recent 

phenology, data for both periods were aggregated as monthly averages. Inter-annual 

variability in recent data was also assessed. Prior to analyses, a quality assessment of the 

data was made to ensure the data were balanced and sufficient through the selection of 

the most complete data series. This resulted in using only part of the data available. For 

the temporal analysis, the historic (where present between 1985-1989) and recent 

(2012-2014) data sets from S. Miguel Island for P. aspera (+40 mm) were used (Table 

3.2). While for P. candei gomesii (+10 mm) the selected data sets were the data from 

Faial Island (where present historic data: 1985-1989; where present recent data: 2012-

2014) (Table 3.1). For the spatial analysis of recent data (2012-2014) from two islands (S. 

Miguel and Flores islands) for P. aspera (+40 mm) were used (Table 3.4); whereas for P. 

candei gomesii (+10 mm) the selected data sets were from three islands (S. Miguel, 

Flores and Santa Maria islands) (Table 3.3). 
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3.2.3.1. Inter-annual variability in recent reproductive phenology of Patella spp. 

The developmental stages of gonads were considered in three groups: (i) I--N-I+ - earlier 

stages of gonad development, (ii) II+- III+-III--II- - intermediate stages of gonad 

development or emptying, and (iii) IV--V-IV+ - advanced stages of gonad development, 

following the approach used by S. J. Hawkins in the historic data (Martins et al., 1987b). 

To test for inter-annual variability among recent years (2012, 2013 and 2014) in gonad 

development (IV+-V-IV- and I--N-I+), a Mann-Whitney test was applied using XLSTAT 2015 

(Bonferroni correction p=0.017) separately for each species. For P. aspera the recent 

data from the islands of S. Miguel and Flores were analysed; while for P. candei gomesii 

the data from the islands of S. Miguel, Flores and Santa Maria were used.  

3.2.3.2. Temporal differences in reproductive phenology of Patella spp.  

Temporal differences in the ripening or fullness in early and advanced stages of gonad 

development (I--N-I+ and IV--V-IV+) were assessed using a Wilcoxon signed-rank test 

using SigmaPlot v12.5. This was done separately for each species: P. aspera - historic 

versus recent data (SMG); P. candei gomesii - historic versus recent data (FAI). To assess 

if temporal differences detected previously (historic versus recent data) differed with 

sex, a Wilcoxon signed-rank test was made separately for both females and males of P. 

aspera. A two-sample Kolmogorov-Smirnov test (K-S test) was also used (XLSTAT2015) to 

examine differences in the total shell length size of limpets between historic and recent 

data, as this could potentially influence the results.  

3.2.3.3. Spatial patterns in reproductive phenology of Patella spp.  

For the spatial patterns, the same overall approach used in the temporal analyses was 

followed (i.e. three groups: I--N-I+, II+- III+-III--II-, IV--V-IV+). The differences in the ripening 

or fullness in early and advanced stages of gonad development (I--N-I+ and IV--V-IV+) 

were assessed through a Wilcoxon signed-rank test (W critical value α=0.05) using 

SigmaPlot v12.5.  Analyses were run separately for each species: P. aspera - São Miguel 

and Flores; P. candei gomesii - São Miguel, Faial and Santa Maria. To assess if the 

differences detected previously (between islands) varied with sex, a Wilcoxon signed-

rank test was applied separately for both females and males of P. aspera. For both 

species, a two-sample Kolmogorov-Smirnov test (K-S test) was also applied using 
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XLSTAT2015, to examine for differences in the total shell length size of limpets between 

islands.  

3.3. RESULTS  

3.3.1. Inter-annual variability in recent reproductive phenology of Patella spp. 

In S. Miguel there was no significant inter-annual variability in the annual cycle of gonad 

development groups (%I-N-I and %IV-V-IV) for P. aspera; in contrast significant inter-

annual variability was observed in Flores for both the ripening and resting periods 

between 2012 and 2014 (%I-N-I: p=0.009) and %IV-V-IV: p=0.005) (Table 3.5). 

For P. candei gomesii, significant inter-annual variability in the annual cycle of gonad 

development were only observed in Flores for both gonad development groups (%I-N-I 

and %IV-V-IV); with resting season and ripeness occurring earlier in 2014 and later in 

2012. The inter-annual variability observed for the immature and mature gonad 

development stages occurred between 2012-2014 (immature: p=0.010 and mature: 

p<0.001) and between 2013-2014 (immature: p<0.001 and mature: p<0.001) (Table 3.6). 

Table 3.5. Inter-annual variability among recent years (2012-2014) in gonad development (%I-N-I 
and %IV-V-IV) for Patella aspera in São Miguel and Flores islands (Bonferroni correction: p=0.017 
(0.05/3 years); in box - statistically significant). 
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Table 3.6. Inter-annual variability among the recent years (2012-2014) in gonad development 
(%I-N-I and %IV-V-IV) for Patella candei gomesii in São Miguel, Flores and Santa Maria islands 
(Bonferroni correction: p=0.017 (0.05/3 years); in box - statistically significant). 

 
 

3.3.2. Temporal differences in reproductive phenology of Patella spp. 

3.3.2.1. Temporal differences in reproductive phenology of Patella aspera - São Miguel 

Island 

In the historic data (1980s) the percentage of immature individuals (%I-N-I) reached its 

maximum, indicating the resting season, in May and June (respectively 86% and 89%). 

Recently, however, the resting period was observed later in the year occurring in June 

and July (respectively 77% and 70%). This result suggests a delay in the onset of the 

resting season (Figure 3.3.a,b). Intermediate stages (%II-III, both filling and emptying) 

were more common throughout the year recently (2012-2014) than historically (1985-

1989) (Wilcoxon signed rank test: p=0.005) (Figure 3.3.a,b). In the historic data a greater 

proportion of individuals reached the spawning stage in December and January 

(respectively 54% and 70%); whereas in the recent data this peak occurred earlier in the 

months of November and December (respectively 26% and 25%), suggesting that the 

spawning has been starting earlier (Figure 3.3.a,b). Moreover, in recent years a 

considerably lower percentage of individuals (less than 25% of individuals) reached the 

maximum ripening stage, subsequently progressing to spawning (Figure 3.4.a,b). 

Wilcoxon signed-rank tests revealed that the changes in the advanced (%IV-V-IV) and in 

the intermediate (%II-III) gonad stage development between the historic and the recent 

data were statistically significant (respectively p= 0.002 and p= 0.005).  

There were more neuters present during the resting period in the summer (May to 

August) and in the remaining months of the year, with more neuters being present 

historically (ranging between 0-67%, respectively November-February and June) than 

recently (0-26%, respectively November to February and June), especially during the 
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resting phase. The percentage of males historically ranged between 14-75% 

(respectively June and February), whereas recently they ranged between 45-78% 

(respectively October and February). Historically the percentage of females ranged 

between 13-43% (respectively March and October), while in the recent data they ranged 

between 22-54% (respectively February and October) (Figure 3.3.c,d). 

The shell lengths of P. aspera, used for gonads analysis, were significantly greater in the 

historic sample compared to the recent sample (Kolmogorov-Smirnov test: p <0.0001) 

(averaged shell length: historic data - 51.38 mm (±7.51 mm); recent data - 50.26 mm 

(±6.59 mm)) (Figure 3.5.a). 

Although, the percentage of reproductive active females and males has increased 

recently, fewer individuals reached the advanced gonad stage development IV-V-IV, in 

comparison with the historic data (Figure 3.4.c,d). For both males and females, 

advanced gonad development (IV-V-IV) was significantly greater historically than at 

present (Wilcoxon signed-rank test - females: p=0.002 and males: p=0.007). Analysis of 

total shell length of P. aspera separately for females and males also revealed significant 

differences for both sexes (Kolmogorov-Smirnov test: females - p=0.013 and males - 

p<0.0001) (averaged shell length: historic data - female 52.33 mm (±7.85 mm), male 

51.65 mm (±7.48 mm); recent data - female 51.25 mm (±6.65 mm), male 50.02 mm 

(±6.48 mm)) with the largest shell lengths being recorded for both sexes in the historic 

data (Figure 3.5.b,c). 
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Figure 3.3. Annual pattern of gonad development and sex ratios for Patella aspera in São Miguel (+40 mm) historically (1985-1989) and recently (2012-2014): a) total 
historic percentage of  immature (%I-N-I), intermediate (%II-III) and mature (%IV-V-IV) gonad stages, b) total recent percentage of  immature (%I-N-I), intermediate (%II-III) 
and mature (%IV-V-IV) gonad stages, c) historic percentages of sexes (female, male and neuter), and d) recent percentages of sexes (female, male and neuter). 

93 
 



 

a)  b)  

c)  d)  
Figure 3.4. Annual pattern of gonad development for Patella aspera in São Miguel (+40 mm): a) total historic and recent percentage of  immature gonad stages (%I-N-I), b) 
total historic and recent percentage of  mature gonad stages (%IV-V-IV), c) historic and recent female percentage of mature gonad stages (%IV-V-IV), and d) historic and 
recent male percentage of mature gonad stages (%IV-V-IV). 
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a)  

 
                            b) 

c)  

Figure 3.5. Cumulative frequency distributions of shell length for Patella aspera in São Miguel 
(+40 mm): a) both sexes shell length (historic N=1293, recent N=2979), b) female shell length 
(historic N=426, recent N=1057), and c) male shell length (historic N=655, recent N=1681). 
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3.3.2.2. Temporal differences in reproductive phenology of Patella candei gomesii - 

Faial Island 

Analysis of the available data, showed that, in both historic and recent data, the 

percentage of immature or neuter individuals (%I-N-I) reached its peak in July (historic - 

65%, recent - 70%) indicating a short and incomplete resting season (Figure 3.6.a,b). 

Reproductive activity, however, was lower over the summer in both periods (Figure 

3.6.d). Due to logistical constraints, no winter samples were collected recently for this 

island. The percentage of individuals at intermediate stage of maturation and emptying 

(%II-III) ranged between 28-66% (July-November) in the historic data and between 29-

66% (July-December) for the recent data (Figure 3.6.a,b). In both periods the higher 

percentage of individuals reaching the spawning stage (%IV-V-IV) occurred in April 

(historic - 58%, recent - 42%) (Figure 3.6.a,b). An overlap of the resting season between 

the historic and the recent data was observed, with perhaps this extending longer more 

recently (Figure 3.6.c). Despite the low statistical power, due to logistical constraints, 

there were still significant differences detected in the percentage of immature or empty 

gonads recently than in the past (Wilcoxon signed-rank test: p=0.047) (Figure 3.6.c). 

Fewer individuals reached peak ripeness in recent years (Wilcoxon signed-rank test: 

p=0.016) compared to the past; but the peak of the reproductive season was missed. 

Therefore these results must be treated with caution (Figure 3.6.d). 
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a)  b)  

c)  d)  
Figure 3.6. Annual pattern of gonad development for Patella candei gomesii in Faial (+10 mm) historically (1985-1989) and recently (2012-2014): a) total historic 
percentage of immature (%I-N-I), intermediate (%II-III) and mature (%IV-V-IV) gonad stages, b) total recent percentage of immature (%I-N-I), intermediate (%II-III) and 
mature (%IV-V-IV) gonad stages, c) total historic and recent percentage of immature gonad stages (%I-N-I), and d) total historic and recent percentage of mature gonad 
stages (%IV-V-IV). 
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3.3.3. Spatial patterns in reproductive phenology of Patella spp. 

3.3.3.1. Spatial patterns in reproductive phenology of Patella aspera - Flores and São 

Miguel islands 

In Flores the percentage of immature and neuter individuals (%I-N-I) reached its 

maximum (resting season) in August (56%); while in São Miguel this maximum was 

observed earlier in June (77%) (Figure 3.7.a,b). Through the comparison of the immature 

gonad stage development (I-N-I) of both islands, a clear resting season was evident for S. 

Miguel (>50% resting - June, July and August). This was less evident in Flores with over 

50% resting only occurring in August, but with more than 40% resting between June and 

October (Figure 3.8.a). Onset of ripening started earlier in Flores than in S. Miguel. For 

the most advanced development of gonad stages (%IV-V-IV) the highest percentage of 

individuals reached the spawning stage in December (34%) in Flores, whereas in S. 

Miguel this occurred in November (26%) (Figure 3.7.a,b), but the trajectories of ripening 

were similar. The proportion of ripe individuals (%IV-V-IV) was low in both islands, but 

ripe individuals were significantly greater in Flores (Wilcoxon sign-rank test: p=0.021) 

(Figure 3.8.a,b).  

The largest shell lengths of P. aspera were observed in S. Miguel, the differences in shell 

length being significant between the islands (Kolmogorov-Smirnov test: p<0.0001) 

(averaged shell length: SMG - 50.26 mm (±6.59 mm); FLW - 47.68 mm (±5.70 mm)) 

(Figure 3.9.a). In S. Miguel there was some variation of the sex ratio in the limpets 

collected throughout the year (Figure 3.7.c). In contrast the limpets collected in Flores 

did not show much variation of the sex ratio through the year (Figure 3.7.d). The 

percentage of females in samples from Flores ranged between 26-42% (respectively 

December and May); while in S. Miguel they ranged between 22-54% (respectively 

February and October) (Figure 3.7.c,d). In Flores, the percentage of males ranged 

between 45-63% (respectively February and November); whereas in S. Miguel they 

ranged between 45-78% (respectively October and February) (Figure 3.7.c,d). The 

percentage of neuters in Flores ranged between 7-27% (respectively November and 

February) while in S. Miguel these ranged between 0-26% (respectively November, 

December, January, February and June) (Figure 3.7.c,d).  
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The percentage of females and males was similar between the islands. Both sexes 

showed a lower percentage of individuals reaching advanced gonad stages (%IV-V-IV) in 

S. Miguel and Flores, with these percentages being even lower in S. Miguel (Figure 

3.8.c,d). A Wilcoxon signed-rank test showed that there were significant differences in 

the percentage of ripe individuals (%IV-V-IV), both in females and males, between 

islands (females: p<0.001 and males: p=0.034). There were also significant differences, 

for both sexes, in shell length between islands, with the largest individuals collected in S. 

Miguel (Kolmogorov-Smirnov test: females - p<0.0001 and males - p<0.0001) (averaged 

shell length: SMG - female 51.25 mm (±6.65 mm) and male 50.02 mm (±6.48 mm); FLW - 

female 48.56 mm (±5.90 mm) and male 47.92 mm (±5.73 mm)) (Figure 3.9.b,c). 
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Figure 3.7. Spatial differences in annual pattern of gonad development and sex ratios for Patella aspera (+40 mm) recently (2012-2014) across the archipelago (São Miguel 
(SMG) and Flores (FLW)): a) São Miguel percentage of immature (%I-N-I), intermediate (%II-III) and mature (%IV-V-IV) gonad stages, b) Flores percentage of  immature (%I-
N-I), intermediate (%II-III) and mature (%IV-V-IV) gonad stages, c) São Miguel percentages of sexes (female, male and neuter), and d) Flores percentages of sexes (female, 
male and neuter). 
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a)  b)  

c)  d)  

Figure 3.8. Annual pattern of gonad development for Patella aspera in S. Miguel (SMG) and Flores (FLW) (+40 mm): a) percentage of immature gonad stages (%I-N-I), b) 
percentage of mature gonad stages (%IV-V-IV), c) percentage of female mature gonad stages (%IV-V-IV), and d) percentage of male mature gonad stages (%IV-V-IV). 
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a)  

b)  

c)  

Figure 3.9. Cumulative frequency distributions of shell length for Patella aspera in São Miguel 
and Flores islands (+40 mm): a) both sexes shell length (SMG N=2979, FLW N=1773), b) female 
shell length (SMG N=1057, FLW N=559), and c) male shell length (SMG N=1681, FLW N=930). 
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3.3.3.2. Spatial patterns in reproductive phenology of Patella candei gomesii - Flores, 

Santa Maria and São Miguel islands 

In all the three islands, the percentage of immature and neuter individuals (%I-N-I) 

reached its maximum (resting season) in July (Flores - 30%, Santa Maria - 48% and S. 

Miguel - 62%), with an evident resting season in the Eastern islands (Figure 3.10). In S. 

Miguel this lasted from June to August, with over 50% resting, while in Santa Maria 

nearly 50% were resting only in July and August (Figures 3.10 and 3.11). This was less 

clear in Flores, but over 20% were resting between June and September (Figures 3.10. 

and 3.11). The percentage of individuals at intermediate levels of gonad maturation (%II-

III, filling or emptying) ranged between 43-66% (September-November) in Flores, 

between 41-82% (November-April) in Santa Maria, and between 30-61% (November-

February) in S. Miguel (Figure 3.10). In Flores the highest percentage of individuals 

reaching the spawning stage (%IV-V-IV) occurred in March (44%); in Santa Maria this 

occurred in December (54%); whereas in S. Miguel it occurred in November (65%) 

(Figure 3.10). In all the three islands, a low percentage of individuals (~50% of 

individuals) reached the maximum ripening stages (IV-V-IV), and subsequently spawned 

(Figures 3.10 and 3.11). In S. Miguel a clear maximum, indicating spawning, occurred in 

November (>50% spawning), while in Santa Maria the peak of reproductive activity 

lasted from December to January (over 50% spawning) (Figures 3.10 and 3.11). In Flores 

the spawning period was less clear, with over 40% spawning in March and May (Figures 

3.10 and 3.11). 

A Wilcoxon signed-rank test revealed statistically significant differences in the 

percentage of individuals at immature stages of gonad development between S. Miguel 

and Flores islands (p<0.001). For the remaining combinations, there were no differences 

among islands (Table 3.7).  

Significant differences were found on the total shell length of P. candei gomesii among 

the islands, with the largest shell lengths recorded in Flores and the lowest in S. Miguel 

(Kolmogorov-Smirnov test: SMG-FLW - p<0.0001, SMG-SMA - p<0.0001, and FLW-SMA - 

p<0.0001) (averaged shell length: SMG - 20.54 mm (±4.19 mm), FLW - 35.92 mm (±5.72 

mm) and SMA - 27.85 mm (±5.36 mm)) (Figure 3.12). 
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a)  

b)  

c)  
Figure 3.10. Spatial differences in annual pattern of gonad development for P. candei gomesii 
(%I-N-I, %II-III and %IV-V-IV) across the islands (+10 mm) recently (2012-2014): a) Flores (FLW), b) 
Santa Maria (SMA), and c) São Miguel (SMG). 
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a)  

b)  
Figure 3.11. Annual pattern of gonad development for Patella candei gomesii in São Miguel 
(SMG), Flores (FLW), and Santa Maria (SMA) islands (+10 mm): a) percentage of  immature gonad 
stages (%I-N-I), and b) percentage of  mature gonad stages (%IV-V-IV). 
 

Table 3.7. Wilcoxon signed-rank test of gonad stage development between islands (%I-N-I and 
%IV-V-IV) for Patella candei gomesii (Bonferroni correction (p=0.017); in box - statistically 
significant). 
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a)  

b)  

c)  
Figure 3.12. Cumulative frequency distributions of shell length for Patella candei gomesii 
between the three islands (+10 mm): a) São Miguel - Flores (SMG N=5939, FLW N=2643), b) São 
Miguel - Santa Maria (SMG N=5939, SMA N=1541), and c) Flores - Santa Maria (FLW N=2643, 
SMA N=1541) (Bonferroni correction: p=0.017). 
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3.4. DISCUSSION 

3.4.1 Limitations of work 

As this work has progressed, several issues have emerged in terms of collection of past 

data and logistical issues with collection of present day data. Recent collection of the 

limpets was made on a monthly basis concurrently in several islands; thus several 

collaborations had to be established. Unfortunately, for Faial Island we were not able to 

obtain enough data to allow a complete temporal and spatial analysis. Harsh sea 

conditions, especially in the winter months, also impaired the number of samples 

collected on several islands. Moreover, intensive exploitation of limpets in the Azores 

raised some problems for our sampling. For example, the recent collection of P. aspera 

in S. Miguel was made subtidally to ensure specimens matching the established size 

criteria (+40 mm shell length) for evaluation of gonad development. Historical data for S. 

Miguel came from market samples collected subtidally, thereby ensuring comparability. 

 Overall the historical data was scattered in time and space due to past funding 

limitations and logistical constraints. Despite these problems the overall pattern of 

reproductive activity of P. aspera in S. Miguel could be determined; especially as there 

was no inter-annual variability in the recent samples. For P. candei gomesii, only the 

duration of the resting period could be determined for recent years. Bad weather and 

logistical constraints meant samples during peak reproductive activity were missing. 

3.4.2. Long-term changes 

Investigations into the breeding cycle of the P. aspera in Azores in 1985 revealed that 

this is a protandrous hermaphrodite species that becomes reproductively active 

between 40-45 mm in shell length (Martins et al., 1987b). According to Martins et al. 

(1987b), P. aspera reached the highest gonad state, leading to the spawning, in January 

(winter spawning), and between May and July specimens were at the lowest gonad state 

development (summer resting period). In contrast, Martins et al. (1987b) were not able 

to determine a clear breeding cycle in the gonochoristic species - P. candei gomesii 

(sexually mature 10 mm). This species apparently spawned all year round and did not 

show a synchronized resting period nor a peak of spawning activity. 
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In my study, the resting period of P. aspera appears to be longer, less sharp and with a 

delay of approximately 1 month (July to August) compared with the data from 30 years 

ago. These variations could be related with the clear increase of surface air temperature 

in S. Miguel (see Chapter 2), reflecting the likely increased stress in the summer months; 

perhaps leading to a longer and delayed resting season. In this study we are comparing 

the end of a cold period (1980s) with the end of a warm period (2010s) (see Chapter 2). 

Thus it would be expected that increased global temperatures and higher frequency of 

extreme warm events would have had a major influence on these populations, perhaps 

leading to an extended resting period (Moore et al., 2011).  

In the recent data, a clear peak of spawning could not be determined for P. aspera. 

However, a statistically significant difference was detected at the onset of reproductive 

activity, occurring earlier (November and December) compared with the historic data. 

This could be an indirect consequence of an increase in storminess conditions (extreme 

events). According to past work (e.g. Orton et al., 1956; Bowman and Lewis, 1977, 1986; 

Thompson, 1979; Fretter and Graham, 1981) high wave action is a stimulus for the 

spawning. Guerra and Gaudêncio (1986) also detected a relationship between the 

spawning peak and stormy conditions for P. depressa and P. ulyssiponensis in Portugal. 

Synchrony in the release of the gametes between females and males of P. aspera was 

also observed in my study, which is in agreement with that described for other patellid 

species (e.g. Branch, 1981). In contrast with historic data, however, a lower proportion 

of individuals now seem to be reaching mature gonad stages (IV-V-IV less than 25%), 

suggesting incomplete spawning in this species. This could be due to a lack of synchrony 

at lower population densities, since according to Ferraz (1998) P. aspera is the most 

exploited of the two exploited patellid species in the Azores. It could also be because 

limpets were larger in historical samples, thus enabling progress to full maturity; this 

may not be possible in small recently matured individuals. This lack of full reproductive 

development and hence output could strongly affect the population dynamics of the 

species. Moore et al. (2011), also recorded a lower proportion of individuals reaching 

advanced stages of gonad development for P. vulgata in Britain and related this with the 

increase of adverse environmental conditions (increased warming), which could affect 

the reproductive success of the populations. 

The temporal analysis of the reproductive phenology of P. candei gomesii has shown 

significant differences in the breeding cycle of this species. Care is needed, however, in 
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the analyses of these results due to the low number of recent samples. Even so, 

historical data suggests, this species has multiple spawning peaks (spring and autumn) 

followed by redevelopment of gonads with some partial resting over the summer 

months. There appears to be a more defined resting period in recent years than 

historically, perhaps reflecting greater stress in the summer. These results are partially in 

agreement with the findings from Cúrdia et al. (2005), who stated that this species is an 

end summer single brood spawners. Their findings, however, were based on 

observations for one year with sampling once in each season. Moore et al. (2011) 

showed that, in Southwest Britain, the warm water Lusitanian P. depressa has multiple 

broods for much of the year (March-October), as was also shown in warmer conditions 

of Portugal (Ribeiro et al., 2009). Patella depressa is closely related to P. candei gomesii 

(Côrte-Real et al., 1996; Sá-Pinto et al., 2005), suggesting that both species could be 

multiple spawners. 

3.4.3. Spatial patterns 

The spatial patterns of the reproductive phenology of P. aspera across the Azorean 

archipelago revealed that populations in West (Flores) had a much less clear resting 

season than in East (S. Miguel). Moreover, the resting season in the Flores appears to be 

occurring approximately 2 months after that recorded in S. Miguel. These differences 

could be related with surface air temperature and sea surface temperature regimes 

across the archipelago. Sea and air temperatures increased from the West to the East, 

with the temperatures being highest in S. Miguel (see Chapter 2). Timing of spawning 

maxima differed across the archipelago, occurring in the West (Flores - December) a 

month later than in the East (S. Miguel - November). This winter breeding species, 

however, did not show a clear peak of spawning. It has been suggested that in single 

brood spawners, such as P. vulgata, spawning is triggered by wave activity, resulting in 

the release of gametes (Orton et al., 1956; Bowman and Lewis, 1977, 1986; Moore et al., 

2011). In the Azores, wave action pattern along the archipelago shows an increase of the 

median wave action from the East to the West (Chapter 2). Also, the Western group 

appear to have experienced stormier weather conditions in recent years than the 

Eastern group (Chapter 2). The results for P. aspera therefore appear to contradict the 

suggestion that the increase in stormier events would trigger spawning: earlier peak 

spawning would be expected in the West; but this was not the case. This could be 
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because lower temperatures result in less rapid gonad development and that there is 

insufficient ripeness for spawning to be triggered by storms. Low proportions reached 

maturity in both the East and West; the lowest proportions of individuals reaching 

mature gonad stages were detected in S. Miguel (less than 25%).  

In recent years, P. candei gomesii showed a clear summer resting season in all three 

islands (Flores, S. Miguel and Santa Maria). The resting period started earlier in S. Miguel 

than in Flores. My results, revealed an evident spawning peak in S. Miguel and Santa 

Maria (Eastern islands), and suggest that spawning season occurred first in the East (S. 

Miguel - November and Santa Maria - December) and later in the West (Flores - March). 

These results follow a similar pattern to that observed for P. aspera; both the resting 

and spawning season in P. candei gomesii appear to be occurring earlier in the Eastern 

than in the Western islands of the Azores archipelago. This perhaps reflects greater 

stress due to high summer temperatures in the East; this is not alleviated by greater 

wave action over the summer, leading to an earlier and longer resting phase. The 

warmer temperatures in the East may allow more rapid ripening and earlier progression 

to spawning. 

3.4.4. Evidence for overexploitation 

There was a significant decrease in the shell size of sampled populations of P. aspera 

collected historically and recently in the subtidal. These results reflect the 

overexploitation of this species in the Azores. According to Ferraz (1998) from the two 

exploited species of limpets present in the Azores, P. aspera is the most harvested. 

Martins et al. (1987b) also shown that the Azorean populations had suffered a decrease 

in the size of this species in the early 1980s.  

There was also a sharp difference in the size of P. aspera sampled populations between 

the East (S. Miguel) and the West (Flores). This may also be related with the different 

locations were the limpets were collected. It is difficult to find edible and reproductive 

size P. aspera in the intertidal zone, so the collection of this species was made subtidally 

in S. Miguel. In Flores sufficiently sized individuals could be collected in the low intertidal 

zone. Côrte-Real et al. (1992) observed that subtidal limpets were always larger than 

those found intertidally, probably related to less stress and greater food availability 

found in these environments (Hawkins et al., 1990b; Côrte-Real et al., 1996).  
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The decrease in size, due to harvesting, would have a major impact on the populations, 

especially on species that are protandrous hermaphrodites (Ribeiro et al., 2009), such as 

P. aspera (Martins et al., 1987b). Continuous overexploitation of this species will have a 

major effect in these populations, since the size-selective harvesting will alter the sex 

ratio (Borges et al., 2015), leading to a recruitment failure, due to a decrease in the 

reproductive output (particularly less eggs) (Ribeiro et al., 2009). At very low population 

densities lack of synchrony in gamete release often prompted by sperm release acting as 

a signal (see Levitan, 1988, 1991; Levitan and Petersen, 1995; Levitan and Sewell, 1998; 

Yund, 2000). These exacerbate this problem increasing Allee effect (Levitan, 1991; 

McCarthy, 1997; Hawkins et al., 2000; Borges et al., 2015). 

In Patella candei gomesii limpets were significantly larger in the less populated islands 

(Flores) than in the highly populated and heavily exploited S. Miguel, confirming 

previous work (Martins et al., 1987b; Ferraz, 1998; Martins et al., 2008a). Patella candei 

gomesii matures early, does not change sex and shows fast growth; together these traits 

make this species less susceptible to overexploitation.  

3.4.5. Concluding remarks 

Some evidence of temporal and spatial shifts in the phenology of the Azorean limpets 

were identified in this study, probably associated with changes in climate and 

harvesting. Overall, temperature is an ultimate driver of physiology and hence ripeness 

of gonads, while storms are a proximate cue for gonad release once ripe. Spatial 

patterns of phenology did not match predictions; therefore more studies are required in 

order to determine which environmental factors are important in determining these 

patterns. In the Azores, the overexploitation of limpets is a major pressure on these 

populations making these endemic species even more vulnerable to climate change, 

especially in the case of the protandrous Patella aspera.  
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4. EVIDENCE OF LONG-TERM CHANGES IN THE DISTRIBUTION OF KEY 

INTERTIDAL SPECIES: CALOURA (PONTA DA GALERA - SÃO MIGUEL ISLAND) 

AND MONTE DA GUIA (FAIAL ISLAND) 

4.1. INTRODUCTION 

Global biodiversity is under increasing pressure from human activities driving 

environmental change. In recent years, there have been major changes in the 

distribution and abundance of species as a result of complex responses to global 

environmental changes (Sala et al., 2000; Walther et al., 2002; Helmuth et al., 2006b; 

Worm et al., 2006; Brook et al., 2008; Cardinale et al., 2012; Garcia et al., 2014). Future 

scenarios consistently indicate that biodiversity will decline through the 21st century 

(Pereira et al., 2010). The interaction between regional and local scale impacts (such as 

habitat loss, habitat degradation, pollution, overexploitation and invasive species) and 

global climate change represents a great challenge to the biodiversity (Walther et al., 

2002; Helmuth et al., 2006b; Brook et al., 2008; Hawkins et al., 2008, 2009; Garcia et al., 

2014).  

Long-term and broad-scale data are required to distinguish human-induced changes 

from natural fluctuations (spatial and temporal) in a system (Southward, 1980; 

Underwood, 1991, 1992, 1994; Southward et al., 1995, 2005; Hawkins et al., 2003, 2008, 

2009; Mieszkowska et al., 2006b; Hughes and Heap, 2009; Poloczanska et al., 2011; 

Wethey et al., 2011). These data sets provide a baseline against which changes can be 

compared, and provide information to help diagnose the relative importance of global 

change from regional and local scale impacts (Hawkins et al., 2008, 2015; Mieszkowska 

et al., 2014b).  

Focusing specifically on the effects of recent climate change over the marine 

ecosystems, several scientific long-term studies have been made; contributing to an 

increased knowledge and understanding of the current and future potential impacts of 

climate change (Heip et al., 2011).  

Rocky shores are found worldwide, and are typically open systems with sharp 

environmental gradients, supporting a varied community of plants and animals (Raffaelli 

and Hawkins, 1996). Their easy accessibility renders them very vulnerable to several 

human-induced impacts, such as overexploitation, introduction of alien species, coastal 
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urbanization (e.g. addition of coastal defence structures), pollution (e.g. oil spills, 

eutrophication) as well as responses to global changes (e.g. sea level rise and climate 

change) (Thompson et al., 2002). These ecosystems are fairly simple which makes them 

an exceptional model system to study the consequences of climate change and other 

impacts on communities and ecosystem processes (Helmuth et al., 2006b; Hawkins et 

al., 2008, 2009). There have been extensive long-term and broad-scale studies providing 

baselines against which to judge change (e.g. Barry et al., 1995; Herbert et al., 2003; 

Rivadeneira and Fernández, 2005; Mieszkowska et al., 2006a; Lima et al., 2007; 

Poloczanska et al., 2011; Wernberg et al., 2013). Moreover, a plethora of experimental 

studies on these ecosystems (e.g. Connell, 1972; Paine, 1994) has provided good 

understanding of ecological processes, enabling interpretation of the ecological 

consequences of climate change and interactions with other impacts (Helmuth et al., 

2006b).  

The use of rocky shore species as sentinels for the detection of change has advantages 

over other marine systems that are less accessible and more expensive to survey (Lewis, 

1986; Southward et al., 1995, 2005; Hawkins et al., 2008). According to several authors 

(Lewis, 1996, 1999; Sagarin and Gaines, 2002; Hiscock et al., 2004; Lima et al., 2006) 

sessile and sedentary rocky shore species are the best candidates to monitor change, 

since they are visible, simple to identify and slow-moving. Several studies have used 

intertidal systems to record rapid changes in the abundance and distribution of 

intertidal species linked with changes in climate (see reviews in Southward et al., 1995; 

Helmuth et al., 2006b; Hawkins et al., 2009). 

The MarClim project investigated the effects of climate change on marine biodiversity in 

the UK and Ireland using previously well-studied rocky shores species as biological 

indicators. Results provided evidence of recent climate change leading to changes in the 

abundance, population structure and biogeographic ranges in some intertidal species 

(Hawkins et al., 2003, 2008, 2009; Southward et al., 2005; Mieszkowska et al., 2006a,b, 

2007, 2014a). Examples of northward shifts of the northern limits of several warm-water 

species and small retractions of some cold-water species at their southern distributional 

limits were also provided (Southward, 1991; Lima et al., 2006; Mieszkowska et al., 

2006a; Wethey and Woodin, 2008). Changes have also been observed in the annual 

reproductive cycles of several species (Mieszkowska et al., 2007; Moore et al., 2011). 
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The overall aim of this chapter was to make long-term comparisons (late 1980s to 2012-

2014) in two marine protected areas (MPAs) in the Azores for which baseline data were 

available: Caloura in São Miguel (see Hawkins et al., 1990a) and Monte da Guia in Faial 

Island (unpublished data from Expedition Azores 1989 and Martins et al., 1992). For 

both Caloura and Monte da Guia, patterns of vertical distribution and abundance of key 

species in the Azorean rocky intertidal zone were compared. Comparisons were made 

between 1988 and 2012-2014 in the case of Caloura, and between 1989 and 2013-2014 

in the case of Monte da Guia. The recent surveys were done annually for three (Caloura) 

and two (Monte da Guia) years respectively to measure inter-annual variability. 

The observed changes were discussed in light of the knowledge of the factors affecting 

the Azorean rocky intertidal in these areas. In addition to possible climate change 

responses, Azorean rocky shores are heavily exploited for limpets (Martins et al., 

1987a,b; Hawkins et al., 1990a, 2000; Santos et al., 1990) a keystone grazer that has a 

major influence on rocky shore communities (Martins et al., 2008a, 2009, 2010). 

4.2. MATERIAL AND METHODS  

4.2.1. Study Areas, data collection and sampling design 

4.2.1.1. Caloura - Ponta da Galera (São Miguel Island) 

On São Miguel, the study site was at Ponta da Galera, Caloura (Figure 4.1). This is a Site 

of Conservation Interest (SCI) and a Limpet Protection Zone (LPZ) where the extraction 

of biota is completely forbidden; nevertheless, there is a lack of complete enforcement 

precluding its full function as a marine protected area (Martins et al., 2011). Three 

basaltic rock areas separated by at least 40 m were surveyed, with different levels of 

wave exposure ranging from exposed (a small headland - A), to moderately exposed (the 

side of a gully - B) and moderately sheltered (a small embayment - C) (Figure 4.2).  
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Figure 4.1. São Miguel Island showing location studied - Ponta da Galera (Caloura). 

 

 
Figure 4.2. Transects studied: A) Exposed; B) Moderately Exposed; C) Moderately Sheltered. 

Data were collected in two distinct periods, the 1980s (in 1988 by S. J. Hawkins, A. I. 

Neto and their colleagues (Hawkins et al., 1990a)) and the 2010s (2012-2014) under the 

present study. Historic data was extracted directly from Hawkins et al. (1990a) using the 

program ImageJ v.1.46e and compared with recent data, since, unfortunately the raw 

data could not be relocated. The same transects were used in both the historic survey 

(Hawkins et al., 1990a) and the new surveys. The exact survey areas from 1988 survey 

were easily located due to marks left on the rock and the memory of S. J. Hawkins who 

participated in two of the re-surveys. 
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The recent survey was replicated annually over three years: July-August 2012, July 2013 

and July 2014. Although only a single survey was made historically (Hawkins et al., 

1990a), using data from three replicated years was necessary to reduce the likelihood 

that results are influenced by chance or stochastic events preceding the sampling time 

(e.g. storms) or particularly abnormal years in terms of environmental conditions that 

could affect the interpretation of results. This approach is often used in environmental 

impact studies where only a single impacted site is available and compared to multiple 

control sites (ACI and BACI designs) (Underwood, 1991, 1992, 1994). Surveys were made 

during low-water spring tides, using the same sampling methods as the 1988 surveys, as 

described in Hawkins et al. (1990a) to ensure comparability. 

Two graduated poles were used to determine the elevations along each transect relative 

to low water. Elevations were related to chart datum for the Azores, using the level of 

the sea at the time of predicted low-water (± 0.10 m above Chart Datum). On each 

sampling date and in each of the three areas, non-destructive samples were made at 

several vertical intervals, determined by the shore topography and the upper and lower 

limits of vertical distribution of taxa and functional groups. At each area and shore level, 

the abundance of mobile organisms (e.g. patellid limpets) was estimated by counting all 

individuals inside replicate quadrats. The abundance of sessile organisms was estimated 

as percent cover using the relative abundance of taxa in each of the quadrats. Five 

replicate quadrats (0.50 x 0.50 m on the lower algal dominated shore; 0.25 x 0.25 m 

quadrats from the barnacle-dominated shore upwards) were sampled at each level on 

the shore. Taxa were identified to the lowest taxonomic resolution possible in the field. 

4.2.1.2. Monte da Guia (Faial Island) 

Monte da Guia (Faial Island) is a fully-enforced no-entry marine reserve (Figure 4.3). At 

this location, four soft volcanic tuff areas were selected and surveyed (Figure 4.4): two 

inner (T1 and T5) and two outer areas (T2 and T6). The surveyed areas were exposed to 

different levels of wave action from relatively sheltered to exposed sites (inside to 

outside of Monte da Guia). Areas outside were more accessible and hence protection 

was less enforced, but was still greater than non-protected sites. 
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Figure 4.3. Faial Island showing location studied - Monte da Guia. 

 

 

Figure 4.4. Transects studied: T2 and T6 - outside; T5 and T1 inside of Monte da Guia. 

The data were collected in two distinct periods: 1989 and in 2013-2014. From the ten 

areas surveyed in the summer of 1989 by S. J. Hawkins and his colleagues (Martins et al., 
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1992), four were selected to resurvey (T1, T2, T5 and T6). The same exact transects were 

located by marks left on the rock and the memory of S. J. Hawkins. 

T1, T2, T5 and T6 surveys were made in July 2013 and 2014. Data collection and 

sampling design followed the same approach as in Caloura. 

4.2.2. Data analysis 

For analysis in Caloura, organisms were grouped to match the categories used by 

Hawkins et al. (1990a). In Monte da Guia the organisms were grouped to match the 

categories used in 1989 by S. J. Hawkins and colleagues (unpublished data). These were 

broadly similar. 

4.2.2.1. Changes in the structure of assemblages at key shore levels  

At both locations, for each area (Caloura - A (Exposed), B (Moderately Exposed) and C 

(Moderately Sheltered); Monte da Guia - T1, T2, T5 and T6), historic (Caloura - 1988; 

Monte da Guia - 1989) and recent (Caloura - 2012 to 2014; Monte da Guia - 2013 and 

2014) data on the abundance of key organisms was compared at each of three distinct 

functional shore levels: (i) the lower eulittoral or sublittoral fringe - low shore (Caloura 

(0.55-0.76m); Monte da Guia (0.50-0.74m)); (ii) the upper eulittoral - mid shore (Caloura 

(1.46-1.83m); Monte da Guia (1.95-2.02m)); and (iii) the supralittoral or upper littoral 

fringe - high shore (Caloura (2.66-2.75m); Monte da Guia (2.25-2.52m)). This was done 

by comparing the abundance of organisms between the historic data and each of the 

recent surveys respectively and also against the pooled average of the recent surveys. 

For each taxon, the relative variation in the abundance between periods was estimated 

by dividing the abundance of the taxa extracted from the historic data (Caloura - 

Hawkins et al. (1990a); Monte da Guia - unpublished data), for the corresponding shore 

level, from the relative abundance of the taxa for each of the 5 replicate quadrats 

recently surveyed. These were then averaged (n=5 for each year, n=15 pooled data for 

Caloura, n=10 pooled data for Monte da Guia) to provide a standardized measure of 

change in the abundance of taxa, where values greater than 1 indicate that the taxa 

increased in abundance, values smaller than 1 indicate that the taxa decreased in 

abundance and values around 1 indicate that abundance of taxa has remained similar 

relative to sampling in 1988 (Caloura) or 1989 (Monte da Guia). The overlap of 95% 

confidence intervals was used to assess whether changes in abundance were significant. 
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4.2.2.2. Changes in the overall abundance of taxa 

To investigate if there were significant differences in the overall abundance of the taxa 

between 1988 (Caloura) or 1989 (Monte da Guia) and the recent pooled data (Caloura - 

2012 to 2014 and Monte da Guia - 2013 and 2014), a Wilcoxon matched-pairs signed-

rank test was used where data were sufficient (at least 6 pairs) (W critical value α=0.05). 

This rank-based non-parametric statistical test uses the relative size of the scores of the 

same or matched subjects under two experimental conditions by comparing the 

distributions for positive and negative differences of the ranks of their absolute values 

(Lowry, 1998). This test allows testing, for paired samples, the null hypothesis (H0) that 

the two sets of observations come from the same population against the hypothesis (H1) 

that the populations differ in each location (mean or median) (Quinn and Keough, 2002). 

This was done separately for each location and area with the pooled recent data 

(Caloura - A, B and C; Monte da Guia - T1, T2, T5 and T6). 

4.2.2.3. Changes in the vertical distribution of taxa 

For each location and area surveyed (Caloura - A, B and C; Monte da Guia - T1, T2, T5 

and T6), the mean abundance of each taxon in both historic and recent surveys (Caloura 

- 1988, 2012, 2013 and 2014; Monte da Guia - 1989, 2013 and 2014) was plotted against 

shore height to visually inspect any change in vertical distribution of the organisms over 

time. It must be noted that for Caloura only the taxa that were plotted in Hawkins et al. 

(1990a) were considered. 

4.3. RESULTS  

4.3.1. Caloura - Ponta da Galera (São Miguel Island) 

4.3.1.1. Changes in the structure of assemblages at key shore levels  

Whilst most taxa sampled in 1988 were still present in 2012-2014, some changes in 

abundance and assemblage composition were recorded.  

In the exposed transect (A), taxa such as Verrucaria sp., sponges and Mitra nigra (Gmelin 

1791), which were present in 1988, were never found during the 3 recent surveys. In 

contrast, Halopteris scoparia was consistently present in all 3 recent surveys but was not 
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recorded in 1988. This could have been due to lack of taxonomic expertise of S. J. 

Hawkins and A. I. Neto in 1988. A few other species were sporadically absent, but not 

consistently so during the 3 surveyed years (Table 4.1). 

In the moderately exposed area (B), Fucus spiralis, Verrucaria sp., higher plants, 

sponges, Mitra nigra and Pachygrapsus marmoratus were regularly absent (over the 

three years) during the recent surveys. In contrast, Rivularia sp. and Halopteris scoparia 

were consistently present in the recent surveys but were not recorded in 1988 (Table 

4.1). 

In the moderately sheltered transect (C), higher plants, sponges and M. nigra were the 

only 3 taxa present in 1988 that were now consistently absent in all the recent surveys. 

Unlike these, green algae, Asparagopsis armata (Harvey 1855) and Dictyota sp. were 

constantly present in all the recent surveys but were absent from 1988 records (Table 

4.1). 

Despite the conspicuous changes in the presence or absence of taxa between the two 

periods, these represent local, not regional extinctions, and are all still relatively 

common elsewhere. In fact, a few taxa (e.g. Verrucaria sp., sponges and higher plants) 

were not recorded in the recent surveys, although they were present nearby. A few 

species might also have been overlooked or misidentified during surveys. For instance, 

the dark colour of Verrucaria sp. makes it difficult to distinguish within a black basalt 

background and it also could be confused with cyanobacteria.  
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Table 4.1. Caloura taxa absent (-) and new taxa (+) in recent surveys (2012-2014) compared 
with 1988 survey. 

 
 

In all transects and shore levels, the majority of the taxa showed a significant decrease 

in abundance between 1988 and the recent surveys (Table 4.2).   

On the lower shore, compared to 1988, there was a significant increase in the 

abundance of total algal turfs both in the exposed and moderately sheltered transects 

(Table 4.2). In the moderately exposed transect, there was a significant, albeit small, 

decrease in abundance of total algal turfs. Where present, non-calcareous crusts, 

calcareous crusts, the macroalgae Codium adhaerens (Agardh 1822) and the whelk 

Stramonita haemastoma, all showed a significant reduction in abundance compared to 
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1988 (Table 4.2). The abundance of the sea-urchin P. lividus increased significantly in the 

exposed transect, but decreased significantly in the other two transects (moderately 

exposed and sheltered) (Table 4.2). These changes were generally consistent when 

comparing each year separately and when data were pooled together.  

At mid shore levels, and where present, there was a significant reduction in the 

abundance of the barnacle C. stellatus, the grazing gastropods P. aspera and M. 

neritoides, calcareous crusts, green algae and N. helminthoides ((Velley) Batters 1902) 

(Table 4.2). In contrast, the abundance of non-calcareous crusts and G. microdon 

increased, although this was not significant for the later. The abundance of the littorinid 

T. striatus decreased significantly in the exposed and moderately exposed transects but 

increased significantly in the moderately sheltered transect (although this was only 

significant in one of the three years) (Table 4.2). 

At upper levels on the shore, the abundance of both littorinids T. striatus and M. 

neritoides decreased significantly across all the range of wave exposure (Table 4.2). The 

barnacle C. stellatus was absent from the moderately sheltered transect. In the 

remaining transects, its abundance increased significantly in the exposed transect, but 

decreased significantly in the moderately exposed transect (Table 4.2). 

Overall, there appears to have been a functional change in the community, especially at 

mid shore levels, where the abundance of key perennial primary producers increased, 

while the abundance of the dominant space occupier, the filter-feeder barnacle C. 

stellatus, and grazing gastropods (P. aspera and M. neritoides) tended to decrease. 

 

123 
 



 

Table 4.2. Caloura:  relative changes in mean abundance of taxa (recent versus historic data) for 3 shore heights (low, mid and high) at the Exposed, Moderately Exposed and 
Moderately Sheltered areas (±CI - interval of confidence (95% confidence), (*) significant difference in the abundance between 1988 and 2012-14, POL - data pooled). 
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4.3.1.2. Changes in the overall abundance of taxa 

When considering the entire vertical range of species distribution, there was generally a 

reduction in the abundance of seven taxa: the gastropods M. neritoides and P. aspera, 

the barnacle C. stellatus, the calcareous crusts, N. helminthoides, and the lichens Lichina 

pygmaea ((Müller) Agardh 1820) and Verrucaria sp. (Table 4.3). In contrast, there was 

generally an increase in abundance of the gastropod P. candei gomesii, total algal turf, 

non-calcareous crusts, H. scoparia, Osmundea sp./Laurencia sp., coarsely-branched 

algae and blue/green cyanobacteria. Unlike the above, the littorinid T. striatus, the semi-

terrestrial crab P. marmoratus, green algae and F. spiralis had variable changes in 

abundance depending on the level of wave exposure (Table 4.3). 

Wilcoxon matched-pairs signed-rank test (Table 4.4) showed that overall, some of these 

changes were significant although the ability of this test to detect significant changes 

largely depend on the number of pairs which was limited in most cases. 
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Table 4.3. Caloura overall mean abundance of taxa in 1988 and recent surveys (2012-2014 
pooled (POL); difference between 1988 and recent data (≠)). 

 
Table 4.4. Wilcoxon matched-pairs signed-rank test comparing changes in abundance between 
1988 and recent pooled data (2012-14) in the three studied areas at Caloura (NA - not enough 
match pairs; in box - statistically significant). 
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4.3.1.3. Changes in the vertical distribution of taxa 

Compared to 1988, the recent surveys showed that across the gradient in wave 

exposure there was a substantial number of taxa (50-73%) whose upper vertical limits of 

distribution extended upshore; this being most pronounced on the exposed transect 

(Table 4.5 and Figures 4.5 to 4.10). These included taxa such as T. striatus, P. candei 

gomesii, P. aspera, total algal turf, Gelidium sp., Codium adhaerens, non-calcareous 

crusts, N. helminthoides, calcareous crusts, Lichina pygmaea and Rivularia sp.. In 

contrast, on the moderately sheltered transect, a few taxa (22% - M. neritoides, C. 

stellatus, Verrucaria sp. and S. haemastoma) showed contraction of their upper limits 

compared 1988 (see Table 4.5 and Figures 4.5 to 4.10). Across the range of exposure to 

wave action, the lower limits of a substantial proportion of taxa (26-60%) also rose to 

higher levels on the shore compared to 1988 (Table 4.5 and Figures 4.5 to 4.10). These 

included taxa such as M. neritoides, T. striatus, C. stellatus, P. candei gomesii, P. aspera, 

Gelidium sp., N. helminthoides, Verrucaria sp., Lichina pygmaea and Rivularia sp..  

Compared to 1988, most species moved up on the shore as a block with extensions of 

both the upper limit of vertical distribution and by disappearing from lower levels on the 

shore (retraction of the lower limit). In general, patterns of vertical distribution were 

consistent between the recent years (2012-2014), not showing inter-annual variability. 

Exceptions were the high shore snails (M. neritoides and T. striatus) where peaks of 

abundance varied between years, although overall vertical range changed little. 

 

Table 4.5. Numbers of taxa that changed their upper and lower limits of vertical distribution 
compared to 1988 at Caloura. 
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Figure 4.5. Caloura vertical distribution of Melarhaphe neritoides, Tectarius striatus and Chthamalus stellatus in the studied transects A, B and C (Exposed, Moderately 
Exposed and Moderately Sheltered) for historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level 
(0.16m)). 

128 
 



 

 
Figure 4.6. Caloura vertical distribution of Patella candei gomesii, Patella aspera and total algal turf in the studied transects A, B and C (Exposed, Moderately Exposed and 
Moderately Sheltered) for historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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Figure 4.7. Caloura vertical distribution of non-calcareous crusts, Gelidium sp. and Paracentrotus lividus in the studied transects A, B and C (Exposed, Moderately Exposed 
and Moderately Sheltered) for historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)).  
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Figure 4.8. Caloura vertical distribution of green algae, Nemalion helminthoides and Codium adhaerens in the studied transects A and B (Exposed and Moderately Exposed) 
for historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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Figure 4.9. Caloura vertical distribution of calcareous crusts in the studied transects A, B and C (Exposed, Moderately Exposed and Moderately Sheltered) and higher plants 
in transect A (Exposed) for historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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Figure 4.10. Caloura vertical distribution of Verrucaria sp., Lichina pygmaea, Stramonita haemastoma and Rivularia sp. in the studied transect C (Moderately Sheltered) for 
historic (1988) and recent surveys (2012, 2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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4.3.2. Monte da Guia (Faial Island) 

4.3.2.1. Changes in the structure of assemblages at key shore levels  

In general, most taxa sampled in 1989 were still present in 2013-2014. There were, 

however, some recorded changes in abundance and assemblage composition. In the 

relatively sheltered transect T1, taxa such as Gelidium sp., Cladophora sp. and 

Plocamium cartilagenium ((Linnaeus) Dixon 1967) were consistently (over two years) 

absent during the recent surveys. In contrast, Rivularia sp., Pachygrapsus marmoratus, 

Melarhaphe neritoides, Cardita calyculata (Linnaeus 1758), Halopteris scoparia, 

Colpomenia sinuosa ((Mertens ex Roth) Derbès and Solier 1851), Chaetomorpha linum 

((Müller) Kützing 1845), sponges and anemones were consistently present in the recent 

surveys but not recorded in 1989 (Table 4.6). 

For the exposed transect T2, taxa such as Gelidium sp., Megabalanus sp., Arbacia lixula 

and serpulidae polychaetes that were present in 1989 were not found during the two 

recent surveys. In contrast, Littorina saxatilis, blue/green cyanobacteria and 

pomatoceros were consistently found in the two recent surveys but were absent from 

1989 records (Table 4.6).   

In the relatively sheltered transect T5, Eriphia verrucosa (Forskål 1775), Halopteris 

filicina ((Grateloup) Kützing 1843), Padina pavonica ((Linnaeus) Thivy 1960), Leathesia 

sp. and Arbacia lixula were the only 5 taxa present in 1989 that were absent in the 

recent surveys. Unlike these, Pachygrapsus marmoratus, Patella candei gomesii and 

Colpomenia sinuosa were consistently present in all the recent surveys but were absent 

from the 1989 survey (Table 4.6). 

For the relatively sheltered transect T6, taxa such as, Gelidium sp., Pterocladiella 

capillacea ((Gmelin) Santelices and Hommersand 1997), Ceramium sp., Mastocarpus 

stellatus ((Stackhouse) Guiry 1984), serpulidae polychaete and Ligia sp., were recorded 

in 1989, but were never found during the two recent surveys. In contrast, Stramonita 

haemastoma, Patella candei gomesii, Colpomenia sinuosa, green algae and pomatoceros 

were consistently present in both the recent surveys but were not recorded in 1989 

survey (Table 4.6).   

Regardless of the changes in the presence or absence of taxa between 1989 and 2013-

2014 surveys, all these taxa continue to be common in the intertidal rocky shores of the 
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Azores. A few species might also have been overlooked or misidentified during the 

surveys (e.g. cyanobacteria or Verrucaria sp.).  

Table 4.6. Monte da Guia taxa absent (-) and taxa addition (+) in recent surveys (2013-2014) 
compared with 1989 survey. 

 
 

In all transects and shore levels, the majority of the taxa showed a significant decrease 

in abundance between 1989 and the recent surveys (Table 4.7).   

On the lower shore, compared to 1989, there was a significant increase in the 

abundance of total algal turfs, coralline turfs and the filter-feeder Megabalanus azoricus 

in T1. In contrast the abundance of these taxa decreased significantly in T6. Coralline 

turfs also decreased significantly in T5 and T2. Abundance of the macroalga 
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Asparagopsis armata decreased significantly in T1 and T6. Where present, Osmundea 

sp./Laurencia sp., Halopteris scoparia, bare rock, calcareous crusts and Eriphia 

verrucosa, all showed a significant reduction in abundance compared to 1989. The 

abundance of the sea-urchin P. lividus increased significantly on T6, but decreased 

significantly in the other three transects (T1, T2 and T5). The whelk Stramonita 

haemastoma decreased significantly in T2. The abundance of the alga Codium 

adhaerens, where present, increased significantly in T2, but decreased significantly in 

transects T1 and T5. The algae Chondracanthus acicularis ((Roth) Fredericq 1993) and 

Chaetomorpha pachynema ((Montagne) Kützing 1847), where present, showed a 

significant increase in abundance. Non-calcareous crusts, present only in T2 and T5, 

showed significant but opposite results, since in T5 their abundance has increased while 

in T2 it had decreased. The limpet P. aspera was present in T2 and T5, showing an 

overall increase of abundance in both transects, yet these increases were not significant. 

However, in 2013 the abundance of this grazer in T5 showed a significant decrease. The 

remaining taxa (sponges and anemones), did not show significant differences in 

abundance. The majority of the above changes, were generally consistent both when 

comparing each year separately and when data were pooled together, the exception 

being for the grazer P. aspera in T5 (Table 4.7). 

At mid shore levels, where present, there was a significant reduction in the abundance 

of the grazing gastropods P. candei gomesii (T1) and P. aspera (T6), the non-calcareous 

crusts (T1 and T6), Lithophyllum tortuosum ((Esper) Foslie 1900) (T6) and Rivularia sp. 

(T6). In contrast, where present, the abundance of littorinid T. striatus increased 

significantly (T2). The barnacle C. stellatus, showed a significant decrease of abundance 

in T1 and T2, in contrast with T6 where its abundance was greater. Calcareous crusts, 

showed significant but variable results, increasing abundance in T1 and T2 but 

decreasing in T6. In general the total algal turf and the coralline turfs, where present, 

increased significantly in abundance. The alga N. helminthoides and green algae did not 

show a significant difference in the abundance. These changes were generally consistent 

both when comparing each year separately and when data were pooled together, the 

exception being for total algal turf (T6) and bare rock (T2) (Table 4.7). 

At upper levels on the shore, the abundance of the barnacle C. stellatus, the littorinid M. 

neritoides, calcareous crusts and Rivularia sp. decreased significantly in all the studied 

areas. In contrast, the abundance of total algal turf and cyanobacteria increased 
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significantly in transects T1 and T5, respectively. Bare rock in T2 showed a significant 

increase, while in the remaining transects decreased (T1, T5 and T6). The littorinid T. 

striatus showed a significant decrease in abundance in T1 and T5, while in T2 and T6 it 

increased significantly in abundance. The algae N. helminthoides showed a non-

significant increase in abundance. These changes were generally consistent both when 

comparing each year separately and when data were pooled together, the exception 

being for the littorinid T. striatus in T2 (Table 4.7). 

Overall, there appears to have been a functional change in the community at mid shore 

level, through a decrease of abundance in the dominant space occupier C. stellatus and 

an increase of algal turf. The remaining two shore levels do not appear to have suffered 

a functional change in community. However, it must be noted that at low shore levels, 

especially in T6 there was a significant reduction in the abundance of total algal turf and 

an increase in the number of sea-urchin P. lividus. Worth considering also, that in the 

high shore levels all transects showed a reduction in the littorinid M. neritoides and the 

filter-feeder barnacle C. stellatus. 
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Table 4.7. Monte da Guia: relative changes in mean abundance of taxa (recent versus historic data) for 3 shore heights (low, mid and high) at the T1, T2, T5 and T6 areas (Note: no 
data for T5 at mid shore level in 1989 survey) (±CI - interval of confidence (95% confidence), (*) significant difference in the abundance between 1989 and 2013-14, POL - data 
pooled).  
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4.3.2.2. Changes in the overall abundance of taxa 

When considering the entire vertical distribution of the 15 species studied as a whole, 

there were variable changes in abundance depending on the level of wave exposure. 

From these, some taxa can be highlighted, such as the littorinids (T. striatus and M. 

neritoides), the gastropod grazers (P. candei gomesii and P. aspera), the filter-feeders (C. 

stellatus), the sea-urchin (P. lividus), the turfs and the blue/green cyanobacteria. The 

abundance of M. neritoides and the turfs (total algal and coralline turfs) increased in T1, 

T2 and T6, and decreased in T5. The abundance of P. candei gomesii and the blue/green 

cyanobacteria decreased in T1, and increased in T2, T5 and T6. Patella aspera decreased 

in abundance in T6, but increased in all the remaining transects (T1, T2 and T5). 

Tectarius striatus decreased in T1 and T5, whereas in T2 and T6 it increased in 

abundance. Chthamalus stellatus increased in abundance in T5 and T6 and decreased in 

the remaining two transects (T1 and T2). The sea-urchin P. lividus increased in 

abundance in T1 and T6, whereas in T2 and T5 it decreased (Table 4.8). 

Overall, the Wilcoxon matched-pairs signed-rank test did not detect significant changes, 

since its ability to detect significant changes largely depends on the number of pairs, 

which was limited in most cases (Table 4.9). 
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Table 4.8. Monte da Guia overall mean abundance of taxa in 1989 and recent surveys (2013-2014 
pooled (POL); difference between 1989 and recent data (≠)). 

 

Table 4.9. Wilcoxon matched-pairs signed-rank test comparing changes in abundance between 
1989 and recent pooled data (2013-14) in the four studied areas at Monte da Guia (NA - not 
enough match pairs; in box - statistically significant). 
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4.3.2.3. Changes in the vertical distribution of taxa 

The recent surveys, compared to 1989, showed that across the wave exposure gradient 

there were differences in the vertical distribution of the taxa. In the more exposed 

transects (T1 and T2) there were a considerable number of taxa (72-95%) with higher 

upper vertical limits of distribution (Table 4.10 and Figures 4.11 to 4.18). These included 

taxa such as M. neritoides, T. striatus, C. stellatus, total algal turf, Osmundea 

sp./Laurencia sp., Asparagopsis armata, P. candei gomesii, P. aspera, P. lividus, non-

calcareous crusts, green algae, calcareous crusts, Megabalanus azoricus, S. haemastoma 

and Codium adhaerens. In the less exposed transects (relatively sheltered T5 and T6), a 

substantial number of taxa (46-62%) also showed a retraction in their upper limit of 

distribution compared to that recorded in 1989 (Table 4.10 and Figures 4.11 to 4.18). 

These included taxa such as P. lividus, coralline turfs, Asparagopsis armata and 

Halopteris scoparia. 

Across the range of exposure to wave action, a substantial proportion of taxa (18-38%) 

also showed a rise in their lower limit of vertical distribution on the shore compared to 

1989 (Table 4.10 and Figures 4.11 to 4.18). This suggests that compared to 1989 many 

species effectively moved up on the shore as a block with extension of their upper limit 

of vertical distribution and by disappearing from lower levels on the shore (contraction 

of the lower limit), especially on more exposed transects. Despite some differences in 

abundance, in general, the patterns of vertical distribution were consistent between 

recent years (2013-2014), not showing an inter-annual variability. Exceptions were the 

high shore snail T. striatus and the filter feeder C. stellatus where overall the peaks of 

abundance varied between years, even though generally the vertical range changed 

little. 

Table 4.10. Numbers of taxa that changed their upper and lower limits of vertical distribution 
compared to 1989 at Monte da Guia. 
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Figure 4.11. Monte da Guia vertical distribution of Melarhaphe neritoides, Tectarius striatus and 
Chthamalus stellatus in the studied transects (T1, T5, T2 and T6) for historic (1989) and recent 
surveys (2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level 
(0.16m)). 
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Figure 4.12. Monte da Guia vertical distribution of total algal turf, bare rock and Osmundea 
sp./Laurencia sp. in the studied transects (T1, T5, T2 and T6) for historic (1989) and recent 
surveys (2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level 
(0.16m)). 

 

 

 

143 
 



 

 

 
Figure 4.13. Monte da Guia vertical distribution of Patella candei gomesii, Patella aspera and 
Paracentrotus lividus in the studied transects (T1, T5, T2 and T6) for historic (1989) and recent 
surveys (2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level 
(0.16m)). 
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Figure 4.14. Monte da Guia vertical distribution of blue/green cyanobacteria, non-calcareous 
crusts and Rivularia sp. in the studied transects (T1, T5, T2 and T6) for historic (1989) and recent 
surveys (2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level 
(0.16m)). 
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Figure 4.15. Monte da Guia vertical distribution of green algae, calcareous crusts and coralline 
turfs in the studied transects (T1, T5, T2 and T6) for historic (1989) and recent surveys (2013 and 
2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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Figure 4.16. Monte da Guia vertical distribution of Codium adhaerens, Asparagopsis armata and 
Stramonita haemastoma in the studied transects (T1, T5, T2 and T6) for historic (1989) and 
recent surveys (2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water 
level (0.16m)). 
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Figure 4.17. Monte da Guia vertical distribution of Verrucaria sp., Nemalion helminthoides and 
Megabalanus azoricus in the studied transects (T1 and T2) for historic (1989) and recent surveys 
(2013 and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 

 
Figure 4.18. Monte da Guia vertical distribution of sponges, Halopteris scoparia and Lithophyllum 
tortuosum in the studied transects (T2, T5, and T6) for historic (1989) and recent surveys (2013 
and 2014) in relation to shore height (MSLW - Maximum Spring Low Water level (0.16m)). 
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4.4. DISCUSSION 

Long-term research is essential to discriminate global climate signals from the 

background noise of natural variability plus the effects of regional and local scale human 

impacts (Mieszkowska et al., 2014b). Such studies thus provide an excellent baseline 

against which we can compare changes. The robustness of the data, however, depends 

on the quality and frequency of the sampling (Schiel, 2011). Through a combination of 

available historical data and contemporary recently collected data, I was able to 

describe long-term changes in the abundance and distribution of intertidal species, in 

relation to recent climate change.  

The major limitations in this study were the comparability between the two sets of data 

(historic versus recent), since only a single historic survey was available for comparison. 

There were also no intermediate data collected between the historic and the recently 

collected data. Details regarding the methods used in the historical data were scarce, at 

least for the Monte da Guia location. Also, some of the historic data was collected by 

researchers with different backgrounds and different fields of expertise, which could 

have led to misidentifications (e.g. Verrucaria sp. and cyanobacteria). In order to 

guarantee quality long-term research, a methodology has to be previously planned and 

set up, then being applied by staff with proper training, avoiding subsequent errors. 

Despite the above, some inferences can still be made from the available data. 

4.4.1. Changes in the abundance of taxa and structure of assemblages  

In general, differences in the presence or absence of some taxa were recorded for both 

Caloura and Monte da Guia. Most of these taxa, however, continue to be common on 

the rocky shores of the Azores. Absences recorded may represent local, not regional, 

fluctuations and absences. These changes could reflect small-scale changes in the 

distribution of organisms (Martins et al., 2008b), combined with a relatively poor level of 

replication (5 per transect). Also the presence or absence of motile animals (e.g. Mitra 

nigra, Pachygrapsus marmoratus) may be related to short-term changes in behaviour, 

and hence not related to variations in environmental conditions. 

Overall, there has been a substantial increase in the abundance of algal turfs on the 

lower shore (lower eulittoral zone and sublittoral fringe), whereas at mid and high shore 

levels, the abundance of the dominant space occupier C. stellatus and grazing 
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gastropods (limpets and littorinids) has decreased concomitantly with increasing 

abundance of algal turf. These results suggest that there has been a functional change in 

community structure over time with consumers being replaced by primary producers; 

especially at mid shore levels. This occurred on all transects in both Monte da Guia and 

Caloura - the notable exception was T5 in the inner Caldeira of Monte da Guia, which 

was a properly enforced no-take and no-entry area 

These observed changes could be related with the overexploitation of limpets within the 

Azores archipelago (Martins et al., 2009, 2010). At the transition between low and mid 

shore levels there is an interaction between 3 key taxa - algae, limpets and barnacles, all 

competing for space (Hawkins and Hartnoll, 1983b, 1985; Boaventura et al., 2002a,c). 

Due to the human consumption of limpets in the Azores, that equilibrium has been 

disrupted, which has led to a major increase in the abundance of algal turf, and as a 

consequence a reduction in free space available for recruitment of limpets and 

settlement of barnacle larvae (Martins et al., 2008a, 2010). The removal of top-down 

herbivores can lead to an increase of algal abundance (Lubchenco, 1978; Hawkins and 

Hartnoll, 1983b). Herbivores directly control the distribution and abundance of 

macroalgae through the grazing of post settlement stages or on mature plants (Jones, 

1946; Hawkins, 1981; Lubchenco and Gaines, 1981; Hawkins and Hartnoll, 1983b; 

Hawkins et al., 1989; Jenkins and Hartnoll, 2001; Boaventura et al., 2002b; Jenkins et al., 

2005; Coleman et al., 2006; Jonsson et al., 2006; Davies et al., 2007). Removal of grazers 

can lead to increased primary production, disrupting communities and ecosystem 

functioning (Lubchenco, 1978; Lubchenco and Gaines, 1981). Overall, an increase in the 

abundance of taxa appears to occur between the historic and the recent data, especially 

at mid and high shore levels, at more exposed locations. 

4.4.2. Changes in the vertical distribution of taxa 

Generally there was an upward shift of both lower and upper vertical limits of 

distribution of the taxa recorded in comparison to the historic data. These results 

suggest that species have moved up the shore as a block via extensions of the upper 

limit of vertical distribution, and by disappearing from lower levels on the shore. Yet, 

there were some notable differences in behaviour among transects differing in the 

exposure to wave action. Expansion of the upper limits of taxa was more evident in 

exposed transects and less so in the more sheltered transects. In contrast, some 
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contraction of the upper limit of vertical distribution was evident in more moderately 

sheltered transects, but was not apparent in more exposed transects. The lower limits of 

vertical distribution also tended to retract in more exposed transects. Such difference in 

species responses between transects may be related to an interaction between global 

warming and wave action. The trimming of upper limits of some species on relatively 

sheltered transects could be related to the increase of heat stress during extreme warm 

events. Without the amelioration due to wave splash that occurs in more exposed 

conditions, the organisms present at sheltered shores are more vulnerable to these 

impacts (Schonbeck and Norton, 1978; Hawkins and Hartnoll, 1985). In contrast, on the 

more exposed transects, heat stress may be alleviated or overridden by the continuous 

wetting due to increased wave action. As warming increases, mobile animals will 

became constrained to microhabitats where climatic extremes are ameliorated by 

topographic features (Seabra et al., 2011) or biota such as algal canopies (Moore et al., 

2007a). 

According to climate change predictions, there will be an increase in mean temperature 

and wave action (Schneider, 2001; Trenberth et al., 2007). Increasing wave action seems 

to be a more logical explanation for the overall uplifting of assemblages towards upper 

levels on the shore, suggesting that increase wave action may actually mitigate the 

effects of increasing temperature in more exposed conditions. The increasing 

abundance of total algal turf observed at the low shore levels, however, is most likely 

the result of overexploitation of limpets (Martins et al., 2009, 2010). The removal of 

grazers after oil spills (Southward and Southward, 1978) and experimentally 

(Underwood and Jernakoff, 1984; Boaventura et al., 2002a) has been shown to lead to 

algal turf occurring higher on the shore. Lower shore species would be expected to out-

compete those higher in the turf zone if conditions are favourable (Hawkins and 

Hartnoll, 1985). 

Our results are consistent with the predicted response to increased wave action 

(stormier seas) in the Azores over the last ~30 years. These changes might have the 

largest influence over the community structure of the intertidal rocky shore in the 

Azores, where exposed shores are the dominant feature of the coastline. The biological 

data collected in this study are consistent with the expected increase in wave action 

(stormier seas) having occurred. The oceanographic analysis (Chapter 2) suggests, 

however, that mean monthly values of wave action over the last ~30 years in São Miguel 
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and Faial islands have not increased. According to Young et al. (2011), over the past two 

decades there was a non-significant trend for mean monthly values of wave height. 

When considering the extreme conditions, however, a significant trend of increasing 

wave height was detected especially at higher latitudes. Thus more frequent return time 

of extreme events may be more important than average conditions (Benedetti-Cecchi et 

al., 2006, 2015).  

Wave action affects organisms directly and indirectly, by changing behaviour, the 

relative importance of biotic interactions and via modifying thermal and desiccation 

stress (Connell, 1972; Menge, 1976; Lindegarth and Gamfeldt, 2005). Physical variables, 

such as wave exposure and desiccation have an important effect on the distribution and 

abundance of sessile species (Dayton, 1971). According to Connell (1972), the upper 

limit of many rocky intertidal organisms, particularly higher shore species (Schonbeck 

and Norton, 1978; Hawkins and Hartnoll, 1985) is thought to be established by thermal 

or desiccation stress related to aerial exposure at low tide. This explains the upward 

expansion and the increase of abundance of Tectarius striatus, since desiccation is 

reduced at the upper levels of exposed shores by wave spray (Lewis, 1964), allowing 

organisms to spread higher, up the shore on exposed coasts. Upper limits can also, 

however, be set by competition and grazing, particularly on the mid and lower shore 

(Underwood, 1980; Hawkins and Hartnoll, 1985; Boaventura et al., 2002a). Organisms 

living on the shore have been shown to occur at or near the edge of their limit of 

thermal tolerance (Wolcott, 1973; Davenport and Davenport, 2005). Chthamalus 

stellatus also showed a decrease in abundance at higher shore levels, which is also 

probably related to increasing cover of algal turfs as a consequence of the low 

abundance of limpets (Martins et al., 2008b, 2010). Martins et al. (2010) showed that 

barnacles are out-competed by turf-forming algae in the absence of limpets in the 

Azores. When this occurs, algae extend higher on the shore until they have reached their 

ability to deal with desiccation, which prevents further extension. This leads to a 

decrease of space available for barnacles to settle. 

4.4.3. Changes in the intertidal due to other factors 

According to Martins et al. (2010) the Azorean upper eulittoral is dominated by algal 

turf, which is not a stable condition and only persists due to the low levels of limpet 

abundance caused by chronic overexploitation of this resource. Although in Caloura, the 
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abundance of Patella candei gomesii recorded was slightly greater (albeit not significant) 

than that of 1988, these were mostly very small individuals. In addition, the larger 

Patella aspera showed a decrease (albeit not significant) compared to 1988. On a more 

extensive survey Martins et al. (2010), found a substantial decline in limpet abundance 

on this same area. Although Caloura is within a marine protected area, which should 

confer the area some protection, Martins et al. (2011) found that enforcement levels 

were low and did not prevent the illegal harvesting of limpets. The above may suggest 

that limpets have decreased in abundance through time (due to overharvesting), which 

may be driving the increasing abundance of algal turfs recorded (Underwood, 1980; 

Hawkins and Hartnoll, 1983b; Underwood and Jernakoff, 1984; Boaventura et al., 2002a; 

Martins et al., 2008a).  

Monte da Guia is within a marine protected area with a higher level of enforcement (no-

take and no-entry area). Despite this, scars of recently collected limpets were seen in 

transects on the outer side of Monte da Guia. This suggests that real enforcement only 

takes place inside the inner Caldeira of Monte da Guia. The only transect where algal 

turf did not spread upwards was inside Monte da Guia (T5) where a dense population of 

larger limpets was also present (Figure 4.19). Also, this was the only transect where an 

increase in the range of the vertical distribution of C. stellatus both upwards and 

downwards was detected. Moreover, T5 showed an increase in numbers of P. aspera on 

lower shore in recent surveys compared to 1989. Although this increase in numbers was 

non-significant, limpets were much larger than previously recorded. Limpets are 

important grazers in most temperate ecosystems, influencing patterns of relative 

dominance by macroalgae or barnacles (Southward, 1964; Hawkins, 1981; Hawkins and 

Hartnoll, 1985) and modifying community dynamics (Jones, 1946, 1948; Raffaelli and 

Hawkins, 1996; Jenkins et al., 1999b; a; Jenkins and Hartnoll, 2001; Coleman et al., 

2006). Thus, factors affecting the performance or distribution of limpets will likely have 

cascading community-level effects (Seabra et al., 2011).  
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Figure 4.19. Limpets on the lower shore inside the Caldeira of Monte da Guia (transect 5) 
(quadrat size: 50 x 50 cm). 
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4.4.4. Concluding remarks 

There are some indications of the possible influence of climate change on the intertidal 

communities in the Azores. Possible trimming back of upper limits, consistent with 

higher frequency of extreme warm events, is only apparent in more sheltered locations 

and restricted to upper shore species (e.g. M. neritoides and T. striatus). There has been 

an uplifting of the zones of several species in more exposed shores, perhaps attributable 

to more upward wetting due to stormier conditions; although the available averaged 

physical data for the Azores is not consistent with increased storminess reported by 

others (e.g. Wang et al., 2004; Wolf and Woolf, 2006). In the absence of limpet grazing 

due to overexploitation, low shore algal species can extend upshore aided by more 

upward wetting. This in turn leads to less barnacle cover, even on moderately sheltered 

shores such as at Caloura. On most of the shores of the Azores any influence of extreme 

warm events are likely to be overridden by upward wetting due to storminess. Transect 

5 in the heavily limpet repopulated inner Caldeira of Monte da Guia is a tantalising 

indication of what rocky shores would be if limpets were not heavily exploited. Thus 

human exploitation of limpets is probably having a greater effect than climate on 

Azorean shores; but both factors probably interact to enable rising of low shore algae in 

more exposed locations. Overall, long-term observations are vital for an accurate 

knowledge of the state of our seas and shorelines (Hawkins et al., 2008, 2009). It is 

crucial to incorporate current patterns and future forecasts into marine conservation 

and management plans (Mieszkowska et al., 2006a; Firth and Hawkins, 2011; Hawkins et 

al., 2013b). 
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5. EXPERIMENTAL SIMULATION OF HOW AZOREAN INTERTIDAL COMMUNITIES 

MIGHT RESPOND TO CHANGES IN ENVIRONMENTAL CONDITIONS? 

5.1. INTRODUCTION 

Recent rapid climate change, such as increases in temperature  and changes in the 

magnitude and frequency of extreme climatic events (Trenberth et al., 2007; Lima and 

Wethey, 2012; IPCC, 2013) will influence the distribution of species, community 

structure and hence ecosystem functioning (Harley et al., 2006; Helmuth et al., 2006b; 

Smale et al., 2013). Changes in disturbance regimes as a consequence of climate change 

may lead to ecosystem disruption if they influence keystone consumers or habitat 

forming species (Hawkins et al., 2009; Smale et al., 2013; Smale and Vance, 2015). 

Climate change scenarios forecast increasing sea temperatures and storminess (physical 

factors) (IPCC, 2013). Predictions and observations also support the idea that many 

warm temperate, sub-tropical and tropical organisms such as algae (e.g. Beaugrand et 

al., 2002b; Hays et al., 2005; Lima et al., 2007), invertebrates (e.g. Parker and Dixon, 

1998; Sagarin et al., 1999; Mieszkowska et al., 2006a, 2007) and fish (e.g. Parker and 

Dixon, 1998; Perry et al., 2005; Fodrie et al., 2010; Sala et al., 2011; Nakamura et al., 

2013) will continue shifting northwards. Species range shifts will probably lead to new 

species interactions between warmer and colder water (Cheung et al., 2013; 

Poloczanska et al., 2013; Vergés et al., 2014a). Temperate canopy algae may be 

particularly vulnerable to predicted increases in physical stresses such as extreme 

temperatures and greater wave action, as well as intensified biological stresses (Hawkins 

et al., 2008, 2009; Jenkins et al., 2008; Ferreira et al., 2014; Smale and Vance, 2015). 

Canopy algae are considered ecosystem engineers (sensu Jones et al., 1994) in coastal 

environments. They modify habitat conditions and thus promote the survival or the 

presence of other organisms, increase mortality in some contexts due to sweeping 

increasing spatial complexity, enhancing biodiversity and thus influencing the structure 

and functioning of coastal ecosystems (Hawkins, 1983; Reed and Foster, 1984; Hawkins 

and Hartnoll, 1985; Thompson et al., 1996; Jenkins et al., 1999b, 2008; Bruno and 

Bertness, 2001; Castilla et al., 2004; Jonsson et al., 2006; Borthagaray and Carranza, 

2007; Bouma et al., 2009; Cavieres and Badano, 2009  ; Altieri et al., 2010; Sueiro et al., 

2011; Bulleri et al., 2012; Nicastro et al., 2013; Watt and Scrosati, 2013).  
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Canopy-forming macroalgae are key elements of intertidal and shallow subtidal 

communities in many temperate regions (Lewis, 1964; Stephenson and Stephenson, 

1972; Jonsson et al., 2006; Ferreira et al., 2014). In the rocky intertidal, algal canopies 

can have direct and indirect positive and negative effects on other species (Chapman 

and Johnson, 1990; Steneck et al., 2002; Eriksson et al., 2007; Jenkins et al., 2008), for 

instance, among direct effects, algal canopies negatively affect the amount of light 

reaching the substratum and that is available for understorey organisms (Arenas et al., 

2006). They may also, reduce the settlement of algal propagules and larvae via the 

sweeping of their fronds (Hawkins, 1983; Hawkins and Hartnoll, 1983b; 1985; Jenkins et 

al., 1999c), whilst they may positively influence understorey organisms by retaining 

moisture, reducing temperature stress and protecting organisms from the solar radiance 

(Hawkins, 1983; Bertness et al., 1999; Jenkins et al., 1999b; Figueiredo et al., 2000; Lilley 

and Schiel, 2006; Moore et al., 2007b; Hawkins et al., 2008). These direct effects may in 

turn lead to indirect effects such as via changes in the abundance of key organisms. For 

instance, by negatively affecting the settlement of limpets and barnacles, canopy algae 

may indirectly promote the establishment of macroalga turfs (Jenkins et al., 2005). 

There has been a global decline or loss of habitat-forming species in many temperate 

rocky shores (e.g. North Atlantic: Jenkins et al., 1999a,b; Yesson et al., 2015; 

Mediterranean: Benedetti-Cecchi et al., 2001a; Airoldi and Beck, 2007; New Zealand: 

Lilley and Schiel, 2006; California: Thom and Widdowson, 1978; Baltic Sea: Vogt and 

Schramm, 1991; Wikström and Kautsky, 2007; Nicastro et al., 2013). These key habitat-

forming species have been exposed to several impacts of human origin at local scales, 

such as coastal urbanization (Airoldi and Beck, 2007), harvesting (Airoldi et al., 2008), 

invasive species (Mangialajo et al., 2008), as well as global climate change (Schiel and 

Lilley, 2011). The loss of such key habitat-forming canopy algae may lead to changes in 

the biodiversity with potentially community-wide cascading effects (Nicastro et al., 

2013).  

Fucoid canopy algae are dominant on sheltered conditions on North-East Atlantic rocky 

shores (Lewis, 1964; Hawkins and Hartnoll, 1985; Thompson et al., 1996; Jonsson et al., 

2006), tending to decline in abundance with decreasing latitude along the coasts of the 

North-East Atlantic (Ballantine, 1961; Hawkins and Hartnoll, 1983a; Southward et al., 

1995; Jenkins et al., 2008; Ferreira et al., 2014). Many fucoid species reach their 

southern range limit along the Portuguese coastline (Ballantine, 1961; Ribera et al., 
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1992; Lima et al., 2007; Ferreira, 2012; Nicastro et al., 2013; Ferreira et al., 2014). Fucus 

spiralis and the recently described Fucus giuryi are the exceptions extending South down 

to Morocco and Canaries. Here, they are edge populations, which may be particularly 

vulnerable to global changes (Lima and Wethey, 2012).  

In the Azores, the northern species F. spiralis is present at the mid shore zone of 

moderate exposed conditions. It forms scattered patches and is commonly associated 

with the turf-forming Gelidium microdon (Martins, 2009). According to Neto (1997), F. 

spiralis has a prolonged reproductive period being fertile all year around in the Azores.  

The overall aim of my study was to investigate the community-level consequences of the 

loss of the northern ecosystem engineer species Fucus spiralis from Azorean rocky 

shores. Fucus spiralis, in the Azores, is an edge population and it is at risk from both 

extreme hot events and general warming at the upper limit of its distribution. Moreover, 

it is potentially exposed to intense herbivory at the lower limit of distribution on the 

shore. Here, I simulated the complete and partial loss of Fucus spiralis, mimicking 

macroalgae loss both due to increased storminess that rips off the entire plant, as well 

as the thinning of macroalgae cover as a result of heat stress (Schonbeck and Norton, 

1978; Hawkins and Hartnoll, 1985) or increased grazing levels due to northward 

migration of herbivorous fish (e.g. Sarpa salpa). It was hypothesised that the loss of F. 

spiralis might affect the structure of the understorey assemblage and that the effects 

will vary according to the intensity of the treatment (complete versus partial loss). The 

experiment started at two different seasons: (1) at the end of the summer, to simulate 

reduction in canopy cover as a consequence of increased temperature stress and 

grazing; and (2) at the end of winter, to simulate loss of canopy due to extreme wave 

action. This was important as timing of disturbance may mediate the response of the 

understorey assemblage to the loss of the canopy macroalgae. The damage caused by 

fish grazing was also quantified and the suspected grazer identified as Sarpa salpa (M. 

Vale personal observation).  

Note that during the course of my thesis, the taxonomy of F. spiralis was reviewed (Zardi 

et al., 2011, 2015). The fucoid species present in the Azores is now thought to probably 

be the recently described Fucus giuryi and not Fucus spiralis as previously thought (K. R. 

Nicastro and G. I. Zardi personal communication). Since, both fucoid species (F. guiryi 

and F. spiralis) show the same distribution and are considered northern species (Zardi et 
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al., 2011, 2015; Guiry and Guiry, 2015); the underlining logic of the work has not 

changed. For simplicity, and until further confirmation, I have retained the initial name 

Fucus spiralis. 

5.2. MATERIAL AND METHODS  

5.2.1. Study Area 

Two study locations were selected on the South coast of São Miguel: A) Lotacor - 

adjacent to Lotaçor at Santa Clara in Ponta Delgada, and B) ETAR - adjacent to the 

sewage treatment station at Pranchinha in Ponta Delgada (Figure 5.1). These two 

locations were selected because they support extensive patches of Fucus spiralis; they 

are both gentle sloping shores and similarly exposed to wave action (moderately 

exposed). At these locations F. spiralis forms conspicuous patches in the upper eulittoral 

zone and is commonly associated with the corticated Gelidium microdon and the foliose 

algae Ulva rigida. Barnacles and limpets are generally not as abundant amongst F. 

spiralis, unlike elsewhere. No influence of effluent from the sewage treatment station 

was anticipated as this was dispersed offshore (~50m) via a pipe. Some problems were 

later encountered due to leakage during the course of the experiment (see below). 

 
Figure 5.1. Study locations on the South coast of São Miguel island: A) Lotacor and B) ETAR. 
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5.2.2. Experimental design 

For each experiment (end of summer and end of winter initiation) and at each location, 

20 x 20 cm plots with >70% cover of F. spiralis were selected and marked in the corners 

with screws and a coloured label. The plots (patches of habitat) were then randomly 

assigned into one of three treatments (n=5 per treatment): 1) Control (C) - no removal of 

F. spiralis; 2) 100% Complete Removal (R) of F. spiralis achieved by scraping off plants 

holdfast with a scalpel; and 3) Partial Removal (PR) of F. spiralis plants achieved by 

cutting algal fronds with scissors leaving only the stipe and holdfast mimicking the 

effects of grazing by Sarpa salpa. There were thus a total of 60 experimental plots (2 

locations (Lotacor and ETAR) x 2 experiments (end of summer and end of winter 

initiation) x 3 treatments (C, R and PR) x 5 replicates). Plots were sampled prior to the 

treatment establishment (T0) and at 1, 2, 4, 8, 12, 20, 28, 36 and 48 weeks subsequently 

(Figure 5.2). The end of summer initiation started in October 2013; the end of winter 

initiation started in the following March (2014). In the experiment initiated at the end of 

the summer sampling was not possible during the 1st week due to harsh sea conditions. 

The abundance of species was estimated in each plot using a 10 x 10 cm quadrat with 64 

subquadrats by calculating the total number of subdivisions in which each species was 

present and later converting these into percentage cover. This was done firstly for the 

cover of F. spiralis and secondly, by gently pushing the canopy aside, for the understorey 

species (algae and sessile invertebrates). The number of F. spiralis plants and motile 

animals were counted in the entire quadrat area. 

To investigate temporal patterns in fucoid fitness, on each of the two shores, 50 

individual plants of F. spiralis were randomly selected (25 towards the higher and 25 

towards the lower limits of the F. spiralis zone). The length of each plant was measured. 

Each plant was also inspected for signs of heat stress (bleaching) and grazing damage 

and assigned a score of 1 (bitten) or 0 (not bitten).  
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a)  b)  

c)  

 

 

 
d)   

Figure 5.2. Fucus spiralis removal experiment: a) study location - ETAR da Pranchinha; b) study location - Lotacor; c) experimental sampling design; 
d) three treatments - Control, 100%R (100% complete Removal of F. spiralis), and 100%PR (100% Partial Removal of F. spiralis) (red arrow shows 
the cutting level). 
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5.2.3. Data analysis 

Preliminary data analyses showed that the cover of F. spiralis in disturbed quadrats 

could be divided into three distinct periods: I - post-disturbance (1st, 2nd and 4th weeks 

(T1-T3)), II - recovery (8th, 12th and 20th weeks (T4-T6)), and III - stabilization (28th, 36th 

and 48th weeks (T7-T9)). Data from different times were thus pooled together within 

these periods in order to make data analyses and interpretation of results clearer (Table 

5.1).  

Table 5.1. Sampling dates and respectively response periods for both experiments (end of 
summer and end of winter initiation experiments). 
 

SAMPLING END OF SUMMER 
INITIATION 

END OF WINTER 
INITIATION 

RESPONSE 
PERIOD 

T0 October 2013 March 2014 T0 
1st week - March 2014 

I 2nd weeks October 2013 March 2014 
4th weeks November 2013 April 2014 
8th weeks December 2013 May 2014 

II 12th weeks January 2014 June 2014 
20th weeks March 2014 August 2014 
28th weeks May 2014 October 2014 

III 36th weeks June 2014 December 2014 
48th weeks October 2014 March 2015 

 

From this point forward the treatments will be referred as Control - C (no removal of F. 

spiralis), Removal - R (100% complete Removal of F. spiralis), and Partial Removal - PR 

(100% Partial Removal of F. spiralis plants). For the analyses, taxa were grouped into 8 

morpho-functional categories (adapted from Steneck and Dethier, 1994) that included:  

Fucus spiralis, corticated foliose algae, crustose algae, articulated coralline algae, 

Chthamalus stellatus, foliose algae, filamentous algae and Patella candei gomesii, plus 

bare rock.  

The response of each taxa was analysed using a 2-way mixed model permutational 

analysis of variance with the following factors: Treatment (3 levels, fixed) and Location 

(2 levels, random). In addition, the response of the assemblage as a whole was also 

investigated by running a multivariate analysis. Analyses were run separately for the end 

of summer and end of winter initiation experiments. Variation in the mean length of F. 

spiralis and the percentage of plants with grazing marks were compared monthly using a 
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2-way mixed model permutational analysis of variance with the following factors: Shore 

level (2 levels, fixed), and Location (2 levels, random).  

All analyses were run on PRIMER 6 and PERMANOVA+ packages (Clarke and Gorley, 

2006) based on Euclidean (in the case of univariate analysis) or Bray-Curtis (in the case 

of multivariate analysis) distances and using 999 permutations. Where appropriate, data 

were transformed prior to analysis to remove heterogeneity of variances. In the 

multivariate analyses, species contributions to differences among treatments were 

examined using SIMPER.  

5.3. RESULTS  

5.3.1. Fucus spiralis 

The response of F. spiralis to the canopy removal differed with the time of the initiation 

of the experiment (Figure 5.3). Over the period investigated, the Control plots show the 

natural pattern of F. spiralis cover at each site. In the end of the summer initiation 

experiment, cover rapidly declined at both locations in the autumn and winter of 2013, 

probably in response to storms, with the cover of the controls converging towards the 

manipulated treatments (Figure 5.3.a). A similar decline occurred in the Controls of the 

end of winter initiation experiment in the following autumn (2014) (Figure 5.3.b). 

Following disturbance simulated at the end of the summer initiation, recovery was 

apparent after eight weeks at Lotacor and 4 weeks at ETAR. At ETAR recovery was 80% 

complete within a year, whilst at Lotacor a much slower recovery was observed (Figure 

5.3.a). At ETAR, growth of newly recruited fucoids exceeded that of Controls, where 

canopy loss occurred due to winter storms. Recovery was apparent slightly more rapid 

following the end of winter disturbance (after 4 weeks in both locations) (Figure 5.3.b). 

Recovery was more rapid at Lotacor, reaching 80% of cover in just under a year, with 

growth of new recruits exceeding the Controls. At ETAR only 50% of the initial cover had 

recovered, matching the Control levels that had been reduced by winter storms (Figure 

5.3.b). After the disturbance treatments (period I), there were, as expected, significant 

differences in the cover of F. spiralis among treatments both in the end of summer and 

end of winter initiation experiments (Table 5.2). Inspection of pairwise comparisons 

showed that the cover of F. spiralis was significantly lower in the Removal treatment 

compared to Control treatment and intermediate in Partial Removal treatment (Figure 
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5.3.c,d). As time since disturbance elapsed (period II), there were still significant 

differences among treatments detected in both the end of summer and end of winter 

initiation removal experiments (Table 5.2). Inspection of pair-wise tests revealed that 

the cover of F. spiralis in Partial Removal treatment recovered converging to that of 

Control treatment although in Removal treatment the cover of F. spiralis was still 

significantly lower (Figure 5.3.c,d). As time further elapsed (period III), the cover of F. 

spiralis in the three treatments had converged fully both in the end of summer and end 

of winter initiation removal experiments (Figure 5.3.c,d and Table 5.2). The response of 

F. spiralis to treatments was spatially consistent in the two locations despite differences 

in temporal patterns of cover between locations (Table 5.2). 
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Figure 5.3. Abundance of Fucus spiralis in end of summer and end of winter initiated removal experiments for the 3 treatments: a) abundances for the end of summer 
initiation, b) abundances for the end of winter initiation, in c) end of summer initiation (N.B. non-linear scale ) and d) end of winter initiation (N.B. non-linear scale) the data 
has been grouped into three periods of response (I - immediate response period (weeks: 1, 2 and 4), II - recovery period (weeks: 8, 12 and 20), and III - stabilization period 
(weeks: 28, 36 and 48)) (Location: Lotacor and ETAR; Treatment: Control (C) - black circles, Removal (100%R) - white circles,  and Partial Removal (100%PR) - grey circles; 
Seasons: A - Autumn, W - Winter, SP - Spring, and SU - Summer). 
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Table 5.2. PERMANOVA results on Fucus spiralis for both experiments at the 3 response periods 
(Response periods: I - immediate response (weeks: 1, 2 and 4), II - recovery (weeks: 8, 12 and 20) 
and III - stabilization (weeks: 28, 36 and 48)) (bold - statistically significant). 

 

5.3.2. Fucus spiralis: size and grazing damage 

At the lower end of the vertical distribution of F. spiralis, in both locations, the canopy 

was biggest in May (ETAR - 8 cm and Lotacor - 5.9 cm) and smallest in August (ETAR - 1.4 

cm and Lotacor - 1.7 cm). At the higher level of vertical distribution, smallest sizes of F. 

spiralis occurred in April (ETAR - 6.5 cm and Lotacor - 4.9 cm) in both locations. There 

was not a consistent pattern of largest sizes at the two locations (Lotacor - October and 

November (8.9 cm), ETAR - December (11.5 cm)) (Figure 5.4). Analysis of F. spiralis 

length showed a significant location x shore level interaction in ten of the twelve months 

(from January to May and from July to December). In the remaining two months (April 

and June), F. spiralis was significantly smaller at the lowest shore level (Table 5.3). 

Inspection of pair-wise tests for the ten months showed, that in nine of the ten months 

(all except May), F. spiralis was significantly smaller at the low shore levels and that 

these were consistent in the two locations. In May, the pair-wise test revealed that F. 

spiralis was smaller in the low shore level at ETAR (p=0.002), but not at Lotacor (Table 

5.3). 

At the lower shore levels, grazing marks were more frequent in summer than in winter 

(June to September - 100% of the canopy plants showed grazing marks) in both 

locations. At higher shore levels, grazing marks were generally low and the highest 

167 
 



 

percentage was recorded in October in both locations (percentage of canopy plants that 

presented grazing marks: ETAR - 22% and Lotacor - 24%) (Figure 5.4). There were 

significant differences between the shore levels for five months (March, June, August, 

September and October), with the percentage of grazing marks being higher at the low 

shore level. In December there was a significant location x shore level interaction (Table 

5.3). Inspection of pair-wise tests, revealed a significant greater percentage of grazing 

marks on the lower shore at both the locations (Lotacor: p=0.001, and ETAR: p=0.001). 

Occasional bleaching was detected along the study, especially in the summer months, 

when high levels of solar radiation (unclouded) occurred simultaneously with low tide 

(emersion period). However, these bleaching events appeared to be overweight by the 

wave action. 

          a)  

          b)  

Figure 5.4. Fucus spiralis monthly averaged lengths and monthly percentage of plants with 
grazing marks for low and high shore levels: a) ETAR and b) Lotacor. 
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Table 5.3. PERMANOVA monthly results on Fucus spiralis length and grazing marks percentage 
for both low and high shore levels (bold - statistically significant). 
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5.3.3. Assemblage responses 

In the first period of the experiment (I), there were no significant differences in the 

assemblage structure among treatments and this was consistent both in the end of 

summer and end of winter initiation experiments (Table 5.4 and Figure 5.5).  

In the second period (II), in the end of winter initiation experiment there were 

significant differences in the assemblage structure among treatments (Table 5.4). 

Inspection of pair-wise comparisons showed that assemblages in the Removal treatment 

were similar to Control treatment but differed significantly from the assemblages in the 

Partial Removal treatment ((C=R)≠PR) (Figure 5.5). SIMPER analysis revealed that in the 

end of winter initiation experiment, the assemblages in Partial Removal treatment were 

characterised by a greater abundance of corticated foliose algae than the assemblages 

in the Control and Removal treatments (Table 5.5).  

In the third period (III), in the end of winter initiation experiment, there was a significant 

interaction between treatments and locations (Table 5.4). Inspection of pair-wise tests 

revealed spatially consistency results in both locations - ETAR and Lotacor, with the 

assemblages in the Removal treatment being similar to the Partial Removal treatment 

but significantly different from assemblages in the Control treatment ((C≠R)=PR) (Figure 

5.5). SIMPER analysis revealed that at the end of the winter initiation experiment, the 

assemblages in the Removal treatment were characterised by a greater abundance of 

corticated foliose algae and bare rock then the assemblages in the Control treatment. 

While the assemblages in Partial Removal treatment revealed similar abundances of 

corticated foliose algae, foliose algae and bare rock with the assemblages in the 

Removal treatment (Table 5.5). The n-MDS ordination for the third period (III) showed 

that two samples from Controls and one sample from Partial Removal at ETAR diverged 

substantially from the remaining data set (Figure 5.5). These could be related to the fact 

that the study area is located below an industrial water treatment station and regular 

sewage releases here reported from August 2014 to June 2015, due to leakage in the 

sewage pipe (Figure 5.5). 
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Table 5.4. Multivariate PERMANOVA comparing the structure of assemblages among treatments 
for both the end of summer and end of winter initiation experiments (Response periods: I - 
immediate response (weeks: 1, 2 and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization 
(weeks: 28, 36 and 48)) (bold - statistically significant). 

 

Table 5.5. SIMPER analysis to the structure of assemblages among treatments for end of winter 
initiation experiment in the response periods - II and III (Response periods: II - recovery (weeks: 8, 
12 and 20) and III - stabilization (weeks: 28, 36 and 48)). 
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Figure 5.5. n-MDS ordination analysis of assemblages for end of summer and end of winter 
initiation experiment for the 3 response periods (Treatment: C - Control (black symbols), R - 
Removal (white symbols) and PR - Partial Removal (grey symbols); Location: ETAR (triangular 
symbols) and Lotacor (circular symbols); Response periods: I - immediate response (weeks: 1, 2 
and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 and 48); Note: F. 
spiralis removed from the analysis). 
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5.3.4. Responses of individual taxa 

Patella candei gomesii appears to have benefitted from the removal of the F. spiralis in 

the beginning of the end of summer initiation experiment (only at ETAR - Removal); also 

in the end of winter initiation experiment a peak of abundance was observed in the 

Removal treatment at week 8 (only at Lotacor) (Figures 5.6 and 5.7). Chthamalus 

stellatus appears to have responded positively to the removal of the F. spiralis at the 

beginning of the end of summer initiation experiment in Lotacor (Partial Removal) 

(Figures 5.6 and 5.7). These differences, however, were not spatially consistent not 

statistically significant (P. candei gomesii: end of summer initiation - p=0.29 (response 

period I - treatment), end of winter initiation - p=0.46 (response period II - treatment); C. 

stellatus: end of summer initiation - p=0.64 (response period I - treatment)) (Figures 5.8 

and 5.9 and Table 5.6). There were no obvious patterns in the bare rock space (Figures 

5.8 and 5.9 and Table 5.6). 

Corticated foliose algae appear to have benefitted from the removal of the F. spiralis in 

both experiments and locations through the whole experiment time (Figures 5.6 and 

5.7). The cover of corticated foliose algae did not respond to treatments during the 

period I. In the period II, there was a significant interaction between treatments and 

locations in the end of summer initiation experiment and among treatments in the end 

of winter initiation experiment (Table 5.6). Inspection of pair-wise tests revealed 

inconsistent results between the two starting dates: whereas in the end of summer 

initiation experiment the abundance of corticated foliose algae was significantly larger in 

the complete Removal (R), in the end of winter initiation experiment that its abundance 

was significantly larger in Partial Removal areas (PR) (Figure 5.8). In the period III, there 

was also a significant interaction between location and treatments detected in the end 

of winter initiation experiment. Pair-wise comparisons revealed an inconsistent 

response of corticated foliose algae to treatments in the two locations (Figure 5.9).  

Crustose algae responded negatively to the removal of the F. spiralis, since a decline in 

their abundance was observed in both experiments (end of summer and end of winter 

initiation experiments) and treatments (Removal and Partial Removal), only recovering 

towards the end of the experiments (Figures 5.6 and 5.7). Crustose algae only 

responded significantly to treatments during the period II (Table 5.6). Inspection of pair-

wise tests revealed that in the end of summer initiation experiment the cover of 
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crustose algae decreased significantly as a response to the removal of F. spiralis (both 

Partial and complete Removal (PR and R)) (Figure 5.8). In the end of winter initiation 

experiment, this trend was also present (Figure 5.7) although statistically the difference 

between the Controls (C) and the complete Removals (R) was only marginal (p=0.09). 

Articulated coralline algae appear to have benefitted from the removal of the F. spiralis 

in the end of summer initiation experiment in Lotacor (Partial Removal) (Figures 5.6 and 

5.7). There were significant differences in the cover of articulated coralline algae among 

treatments during period III in end of summer initiation experiment and during period II 

in the end of winter initiation experiments as indicated, in both cases, by the significant 

location x treatment interaction (Table 5.6). Inspection of pair-wise tests, however, 

revealed spatially inconsistent results in both circumstances (Figures 5.8 and 5.9).   

Foliose algae appear to have benefitted from the removal of the F. spiralis at the 

beginning of the experiments (Removal and Partial Removal) (Figures 5.6 and 5.7). The 

cover of foliose algae varied among treatments only during the period II of the end of 

summer initiation experiment (Table 5.7). Inspection of pair-wise tests showed the cover 

of foliose algae increased significantly in response to the removal of F. spiralis; this was 

similar in both partial (PR) and complete Removal (R) disturbed treatments (Figure 5.8). 

Filamentous algae appear to have benefitted from the removal of the F. spiralis in both 

experiments and locations (Removal and Partial Removal) (Figures 5.6 and 5.7). The 

cover of filamentous algae only differed significantly among treatments in last period 

(period III) and only at the end of summer initiation experiment (significant interaction 

between treatments and locations, Table 5.7). Inspection of pair-wise tests revealed that 

its abundance tended to increase in the Partial Removals (PR) although this was not 

consistent in the two locations (Figure 5.8).  
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Figure 5.6. Abundance of limpets, barnacles, bare rock and algal functional groups for the 3 
treatments along the time of the experiment for the end of summer initiation experiment 
(Location: Lotacor and ETAR; Treatment: C - Control (black symbols), R - Removal (white symbols) 
and PR - Partial Removal (grey symbols); Response periods: I - immediate response (weeks: 1, 2 
and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 and 48); Seasons: A 
- Autumn, W - Winter, SP - Spring, and SU - Summer). 
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Figure 5.7. Abundance of limpets, barnacles, bare rock and algal functional groups for the 3 
treatments along the time of the experiment for the end of winter initiation experiment 
(Location: Lotacor and ETAR; Treatment: C - Control (black symbols), R - Removal (white symbols) 
and PR - Partial Removal (grey symbols); Response periods: I - immediate response (weeks: 1, 2 
and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 and 48); Seasons: A 
- Autumn, W - Winter, SP - Spring, and SU - Summer). 
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Figure 5.8. Abundance of limpets, barnacles, bare rock and algal functional groups for the 3 
treatments in the 3 response periods for the end of summer initiation experiment  (N.B. non-
linear scale) (Location: Lotacor and ETAR; Treatment: C - Control (black symbols), R - Removal 
(white symbols) and PR - Partial Removal (grey symbols); Response periods: I - immediate 
response (weeks: 1, 2 and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 
36 and 48); Seasons: A - Autumn, W - Winter, SP - Spring, and SU - Summer). 
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Figure 5.9. Abundance of limpets, barnacles, bare rock and algal functional groups for the 3 
treatments in the 3 response periods for the end of winter initiation experiment  (N.B. non-linear 
scale) (Location: Lotacor and ETAR; Treatment: C - Control (black symbols), R - Removal (white 
symbols) and PR - Partial Removal (grey symbols); Response periods: I - immediate response 
(weeks: 1, 2 and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 and 
48); Seasons: A - Autumn, W - Winter, SP - Spring, and SU - Summer). 
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Table 5.6. PERMANOVA results on Patella candei gomesii, bare rock, corticated foliose algae, crustose algae, articulated coralline algae and Chthamalus stellatus for both 
experiments at the 3 response periods (Response periods: I - immediate response (weeks: 1, 2 and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 
and 48)) (bold - statistically significant). 
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Table 5.7. PERMANOVA results on foliose and filamentous algae for both experiments at the 3 response periods (Response periods: I - immediate response (weeks: 1, 2 
and 4), II - recovery (weeks: 8, 12 and 20) and III - stabilization (weeks: 28, 36 and 48)) (bold - statistically significant). 
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5.4. DISCUSSION  

My study planned to assess the community-level consequences to the loss of the 

northern species Fucus spiralis on the Azorean rocky shores, through a manipulative 

experiment to simulate the loss of macroalgae as a result of increased storminess, that 

damage or rips off the entire plant (extreme wave action), as well as the result of 

increased heat stress or grazing, leading to the thinning of macroalgae. In particular I 

wanted to explore whether expected climate change would constrict the distribution of 

intertidal algal species at their upper limits with extreme temperature (desiccation), 

directly affecting the upper limits of these species, and indirectly through driving more 

grazing pressure at the lower limits. Disturbance would be expected to affect F. spiralis 

throughout its vertical range on the shore. 

5.4.1. Community level effects of loss of fucoid canopy 

Overall, my results showed no general response of the assemblage to the experimental 

loss of F. spiralis during the initial period after the disturbance and this was consistent in 

both experiments (end of summer and end of winter initiation). As time elapsed, 

however, assemblages as a whole responded to the loss of the canopy in the end of 

winter initiation experiment (but not in the end of summer initiation experiment), 

suggesting that the assemblage responses between the end of winter initiation 

experiment (increase temperature stress) and the end of summer initiation experiment 

(extreme wave action) were not similar and were mediated by season. According to 

Moore et al. (2007a), in the summer, underneath patches of Fucus sp. the temperature 

can be up to 5°C lower than in open rock and the relative humidity can be up to 20% 

higher than in open rock. In winter, differences in environmental conditions in areas 

underneath patches of Fucus sp. and open rock may not be as relevant.  

Even so, the disturbed assemblages revealed signs of recovery from the initial impact 

after 12 months (48 weeks), this result being similar to that obtained by Crowe et al. 

(2013) in which after 18 months the communities had recovered from the loss of a key 

canopy alga. This is a rapid period of recovery that contrasts with the work of Jenkins et 

al. (2004), who found that disturbed patches of the long-lived Ascophyllum nodosum 

((Linnaeus) Le Jolis 1863) on sheltered shores had not fully recovered, even 12 years 

after the initial removal of A. nodosum. This indicates that identity and environmental 
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context of the species lost matters for the recovery of disturbed assemblages. Fucus 

spiralis in Azores seems well adapted to disturbance, as became evident in the Control 

plots. In both experiments (end of summer and end of winter initiation) Fucus spiralis 

recovered towards the end (one year). In end of summer initiation experiment, both 

locations showed an accentuated decline in the abundance of F. spiralis in Control 

treatment between initial response (period I) and subsequent recovery (period II). This 

might have been related to harsher sea conditions, during the winter period which 

might have ripped-off plants from the experimental patches. This contrasts with Jenkins 

et al. (1999a, 2004) and Benedetti-Cecchi et al. (2001b), where lost canopies led to more 

grazers and algal turfs.  

Responses of understorey species to the removal of the canopy were generally similar in 

both end of summer and end of winter initiations; towards the end of the experiments 

the effect of the Removal and Partial Removal of the F. spiralis tends to dissipate. 

Moreover, the majority of the functional groups showed spatially inconsistent responses 

to the removal of the canopy. One exception was the abundance of ephemerals. Their 

colonization occurred in the earlier stages of the experiment, mostly in disturbed 

patches, but this was only evident in the end of summer initiation experiment. 

According to Watt and Scrosati (2013), removal of canopies can lead to a higher 

abundance of green filamentous algae, which could be related with the release of 

competition. Hawkins and Harkin (1985) also obtained a bloom of ephemeral algae 

followed by a smothering of limpets in the Isle of Man after they removed F. serratus 

low at the shore, since the limpets grazing capability was not enough to control the 

rapid increase of algae. However, that was not the case in the present study, perhaps 

because the abundance of limpets did not change. Another exception was the crustose 

algae. Canopy removal had a direct negative effect on the abundance of crustose algae 

and this effect was clearer in end of winter initiation experiment, which could be related 

to the increase of thermal stress (summer season). Such decline in crustose algae in 

response to the loss of canopy species has also been seen in the work developed by 

Kennelly (1987), and is probably related to increasing levels of thermal stress 

(desiccation), since in the absence of the amelioration effect of the canopy algae the 

crustose algae tend to bleach and subsequently die.  

According to Jenkins et al. (2005) an indirect negative effect of the canopy algae is the 

sweeping of their fronds, which affects negatively the number of settling larvae of 
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barnacles (see also Hawkins, 1981; Hawkins and Hartnoll, 1983b, 1985), promoting the 

establishment of algal turfs. It was expected, in this study that the abundance of 

Chthamalus stellatus would increase as a response to the removal of F. spiralis, 

benefiting from reduced sweeping. Although, Fucus spiralis has been shown to enhance 

survival of the northern species, Semibalanus balanoides (Linnaeus 1767) high on the 

shore (e.g. Hawkins, 1983; Hawkins and Hartnoll, 1983b; Jenkins et al., 1999b), Dayton 

(1971) has shown that the decline of fucoid abundance, due to exposure, led to an 

increase of abundance of filter feeders. In the present study the expected increase of C. 

stellatus abundance in patches where F. spiralis was experimentally removed was not 

observed.  

5.4.2. Distribution and abundance of Fucus spiralis 

It has already been shown that emersion stress (Schonbeck and Norton, 1978; Hawkins 

and Hartnoll, 1985) and wave induced forces (Blanchette, 1997), combined with biotic 

factors, such as grazing (Hawkins, 1981) and competition (Jonsson et al., 2006), have a 

major influence over the abundance, distribution and fitness of canopy algae such as F. 

spiralis. Analysis of F. spiralis lengths and grazing marks emphasize the role of herbivory 

at the lower levels on the shore. Fucus spiralis plants were always taller at the upper 

level whilst grazing marks were more evident in the lower level, especially during the 

summer months. The patterns of grazing marks and plant size suggest that F. spiralis is 

especially susceptible to fish grazing (e.g. by Sarpa salpa) and that this was more intense 

during the summer, when calmer sea conditions allow plenty of access of herbivorous 

fish to higher shores where F. spiralis is present. The outcomes of plant-herbivore 

interactions may change due to global warming, with consequences for community 

structure and ecosystem functioning (Schiel et al., 2004). According to Petit and Prudent 

(2008) the range of tropical fishes species has shifted northwards, with evidence of their 

occurrence in the Azores (e.g. Santos et al., 1995b; Silva et al., 1998; Machado and 

Barreiros, 2006). Several studies have already provided evidence of the effects of 

herbivorous fish over the loss of habitat-forming species (Sala et al., 2011; Bianchi et al., 

2014; Vergés et al., 2014a, b).  
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5.4.3. Concluding remarks 

Overall, simulation of the predicted disappearance of the Fucus spiralis from the 

Azorean rocky shores, due to the climate changes (increase storminess and desiccation), 

does not appear to have a major impact on the understorey assemblage, suggesting that 

these canopies in the Azores do not have a strong ecosystem engineering effect. This 

could be related with the fact that F. spiralis in the Azores is rather small and forms 

scattered patches in contrast with what is found elsewhere (e.g. British coastlines), so 

their canopy effect is minimal. In the Azores, F. spiralis appears to be mainly vulnerable 

to predicted increases of wave action (higher disturbance throughout its vertical 

distribution) and grazing (at the lower limits of distribution). Fucus spiralis appears to 

recover rapidly, being very resilient and well adapted to the high energetic Azorean 

system. Occasionally bleaching events were observed at the upper limits of distribution 

of F. spiralis, due to the extreme heat during the emersion periods in the summer, but 

subsequently recovery happened. Thus heat stress seems to be counteracted by wave 

action (wetting). Increasing grazing pressure, due to the predicted shifts in the 

distribution of tropical fish species northwards including more herbivores, may have an 

impact on the population of this canopy in the Azores, especially over the summer on 

plants lower on the shore. The population reproductive output of this canopy alga could 

be reduced, since the observed herbivores (Sarpa salpa, M. Vale personal observation) 

fed mostly on the reproductive conceptacles of plants. The extended period of fertility 

of F. spiralis, however, will moderate the effects of grazing on the reproduction of these 

plants.  
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6. GENERAL DISCUSSION 

In this general discussion, I first highlight the limitations of this study, followed by a 

synthesis of the main results achieved. I then discuss the main findings in the light of 

current knowledge of recent climate changes (temperature and storminess) in the 

Azores. I also consider and discuss the role of the interaction of global changes with local 

impacts, particularly the overexploitation of limpets in the Azores. I conclude with some 

suggestions for future research in the Azores, including advocating long-term studies. 

6.1. LIMITATIONS OF THE STUDY 

There are several limitations in the work for this thesis. While this study progressed, 

several unanticipated issues have emerged. In the analysis of the environmental changes 

(Chapter 2), only the monthly means of the surface air temperature and sea surface 

temperature were available. This limited understanding of how these environmental 

variables have influenced the biological responses shown in subsequent chapters. 

Changes in the return time of extremes events such as hot weather or major storms are 

essential for interpreting climate change (IPCC, 2001, 2007, 2013; Lima and Wethey, 

2012). The time window of data available for the wave action variables (1985-2014) was 

too short to be able to detect long-term trends, limiting what conclusions could be 

drawn. The use of the appropriate metrics of an environmental variable and the 

identification of the appropriate environmental pressure or stressor is essential to 

provide knowledge to detect, interpret and predict the impacts that these variables will 

have on ecosystems (Seabra et al., 2015). Also, it became clear that in this study we 

were comparing the end of a cold period (1980s) with a down turn of a warmer period 

(2010s); this complicates inference. There are also fundamental problems in snap shot 

studies of a “then” and “now” nature. Unfortunately these are often all that is available 

to make comparisons over time (e.g. Sagarin et al., 1999; Zacherl et al., 2003). This is 

especially the case where there is either cyclicity or considerable fluctuations in the 

data. This was partially overcome by having data for three years in the 2010s (Chapters 3 

and 4), giving some insights into inter-annual variability. 

The descriptive studies of patterns (Chapters 3 and 4), focussed on finding evidence of 

long-term and broad-scale changes at several levels of organization. There were 

difficulties in the comparability of data for work in chapters 3 and 4. This also affected 
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the analyses that could be performed. In chapter 3, the historical limpet data was 

scattered in time and space due to past funding and logistical constraints, which limited 

temporal and spatial coverage. During the resurvey we were not able to obtain enough 

data to allow a complete temporal and spatial analysis of both species of limpets for 

Faial Island, due to logistical constraints. Harsh sea conditions, especially in the winter 

months, also prevented the collection of some samples occasionally. The main 

constraint in chapter 4 was the comparison between the two sets of data (historic 

versus recent); since only a single historic survey was available from both studied 

locations, limiting the selection of statistical analyses to use. Also details of the historic 

sampling methodologies used in Monte da Guia were not available, although S. J. 

Hawkins could largely remember what had been done. The raw data had also been lost 

from the Caloura survey and was extracted from graphs. In the experimental study of 

processes (Chapter 5), the only constraint was the harsh sea conditions that prevented 

sampling during the first week of the experiment initiated at the end of the summer. A 

burst sewage pipe also had a localised impact. 

Despite these problems some differences were still detectable between the 1980s and 

2010s and spatially across the archipelago. 

6.2. SUMMARY OF MAIN FINDINGS 

The main focus of my thesis was to explore the responses of intertidal ecosystems to 

climate change and other impacts, using the Azorean rocky shores as a test system to 

describe patterns and explore processes. When investigating temporal and spatial 

environmental patterns in the Azorean archipelago (Chapter 2), I showed a general 

trend in increased temperature (surface air temperature and sea surface temperature). 

There was also some evidence of greater storminess including extreme events, mainly in 

the Western group of the Archipelago. These temporal changes were not monotonic 

with considerable fluctuations with both cold (1970s and 1980s) and warmer (1950s and 

2000s) periods. In recent years, temperatures peaked in the 2000s and have dropped a 

little since. Across the Azorean archipelago temperatures increased from the West to 

the East; conversely wave action increased from the East to the West. 

At the individual level (Chapter 3), I demonstrated some evidence of temporal and 

spatial changes in the phenology of limpets (P. aspera and P. candei gomesii) in Azores. 

186 
 



 

These changes were probably associated with differences in climate both with time and 

spatially across the archipelago.  

Temporal analyses of the reproductive cycle of P. aspera in S. Miguel have shown a 

summer resting period that apparently has become less sharp and longer, with earlier 

onset of the autumn-winter spawning. A less clear peak of spawning was also apparent 

in recent years. These long-term changes in the phenology of this species are probably 

related to recent climate change. Specifically, with the increase of surface air 

temperature, which could possibly increase stress in the resting period during summer 

months leading to a longer and delayed season (Moore et al., 2011). The occurrence of 

more frequent extreme events (wave action) could lead to earlier spawning as this is 

known to be prompted by storm events (Orton et al., 1956; Bowman and Lewis, 1977, 

1986; Moore et al., 2011). Synchronous peaks in release of male and female gametes 

was shown in P. aspera in the past but were less apparent more recently. In recent years 

incomplete development in this species was observed with the proportion of individuals 

reaching mature gonad stages being less than 25%. This result could be related to 

increased stress. It could also be related with smaller recently mature individuals not 

capable of reaching full ripeness. Low population densities in the Azores due to the 

overexploitation of limpets could minimize spawning cues. Analysis of shell length for P. 

aspera showed a significant decrease in size in subtidal populations collected between 

1980s-2010s (S. Miguel). There is also the possibility of some kind of signalling occurring 

between externally fertilizing animals prompting both maturity and ripening in addition 

to the well-known phenomena of gametes release. This is clearly speculative but would 

re-inforce Allee effect at low density. These decreases were probably related with the 

overexploitation of the limpets in the Azores.  

For Patella candei gomesii from Faial, a low number of recent samples were acquired 

due to logistical constraints. So care is needed when analysing the long-term changes 

found in the reproductive cycle of this species. Even so, temporal analysis showed 

significant differences in the breeding cycle of this species; with the summer resting 

period appearing to have extended recently as also found in P. aspera. This could be 

related to greater summer stress in the higher shore P. candei gomesii. 

Analysis of breeding cycles of P. aspera and P. candei gomesii across the Azorean 

archipelago revealed the same general pattern, with both the resting period and 
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spawning occurring earlier in the Eastern than in the Western group in both species. 

These patterns could result from a greater stress due to higher summer temperatures in 

the East. This stress is less likely to be alleviated by greater wave action in the East, 

leading to an earlier and longer resting phase. In the East, warmer sea temperatures, 

might allow more rapid ripening and earlier development to spawning after the resting 

phase ceases. Both species showed a low proportion of individuals reaching the later 

spawning stages across the Azorean archipelago in recent years. These patterns confirm 

that the temporal differences between P. aspera in S. Miguel and between P. candei 

gomesii in Faial may be more general across the archipelago.  

At the community level (Chapter 4), repeat surveys in the 1980s and 2010s in two 

Azorean Marine Protected Areas (MPAs) showed long-term differences in the 

abundance and distribution of the intertidal species. These changes could be 

attributable to recent climate change in conjunction with the overexploitation of limpets 

in the Azores. At both sites enforcement of protection is limited, with the exception of 

the inner Caldeira at Monte da Guia. Results in both islands, suggest a functional change 

in the community structure over time. At low shore levels a considerable increase in the 

abundance of algal turf occurred; while on the mid and upper shore levels the 

abundance of barnacles and grazing gastropods decreased as they were smothered by 

algal turfs, these results being in accordance with the work of Martins et al. (2008a, 

2010). At mid-shore level these changes are especially evident, with consumers being 

replaced by primary producers.  

Also, at mid and high shore levels, I showed a pattern of some taxa increasing in 

abundance on transects with greater wave exposure. In terms of the vertical distribution 

of the taxa, my results suggest that the species behaved as a block and moved upwards 

on the whole shore, their upper limits of vertical distribution extending whilst retreating 

upwards from lower shore levels. All these changes are probably an outcome of recent 

climate change plus overexploitation of limpets in the Azores. Greater storminess leads 

to more wave spray on the upper shore allowing organisms to spread upwards; whilst 

the collection of limpets results in the settlement of algae species upwards (Boaventura 

et al., 2002a; Martins et al., 2010). Both MPAs still suffer from exploitation of limpets; 

except the strictly regulated inner Caldeira of Monte da Guia, where zonation patterns 

typical of near-pristine conditions were shown. 
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Also at the community level (Chapter 5), I assessed the potential consequences of the 

loss of a northern cold-water canopy forming species (ecosystem engineer sensu Jones 

et al., 1994) - Fucus spiralis from the Azorean ecosystem. This is the only mid shore 

canopy forming species present in the Azores. Through manipulative experimental work 

that simulated conditions of canopy removal and thinning due to increased temperature 

(heat stress) and greater disturbance due to increased storminess, I showed that F. 

spiralis recovered rapidly (12 months). The loss of this ecosystem engineer did not 

appear to have a major impact on the understorey assemblages.  

6.3. CLIMATE CHANGE - TEMPERATURE VERSUS STORMINESS 

Anthropogenic driven global warming has already affected the distribution and 

abundance of many species in recent years (Parmesan and Yohe, 2003; Root et al., 2003; 

Helmuth et al., 2006b; Fischlin et al., 2007; Greene et al., 2008; Hawkins et al., 2008, 

2009). Predictions have been made of even larger effects in the future (Thomas et al., 

2004; Pearce-Higgins et al., 2010), suggesting that temperatures will rise and there will 

be more frequent severe storms at sea (Trenberth et al., 2007). These changes will have 

a major impact on marine biodiversity and ecosystems (Gilman et al., 2006; Wernberg et 

al., 2012). According to Hulme et al. (2002) for the North-East Atlantic, it is predicted 

that summer season will became hotter and wetter and winters stormier, which will 

have a major impact specifically on intertidal species. Temporal patterns in storm 

frequency will also be altered with extreme events returning more frequently 

(Benedetti-Cecchi et al., 2006, 2015).  

For several years, the main focus of investigations has been on the effects of 

temperature on the performance and thermal tolerance limits of an organism and hence 

the geographic distributions patterns of species (Orton, 1929; Hutchins, 1947; Somero, 

2002, 2005; Helmuth et al., 2006a). As temperature increases species abundance will 

change and distributions will shift in accordance to species’ thermal tolerance and 

adaptability (Harley et al., 2006). These changes include shifts in the range and spatial 

distribution of species (Beaugrand et al., 2002b; Helmuth et al., 2006b; Hawkins et al., 

2008, 2009; Burrows et al., 2011, 2014; Poloczanska et al., 2013; Firth et al., 2015; 

Hiddink et al., 2015) leading to changes in diversity which are expected to accelerate in 

the future (Helmuth et al., 2006b).  
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Wave action (exposure) influences the abundance and distribution of intertidal 

organisms and can have a positive (e.g. alleviate thermal stress through splash) or 

negative (e.g. disturbance by dislodgment or damage of organisms) effect in the rocky 

shore species.  

My work found evidence of direct and indirect effects of climate change on the 

abundance and distribution of rocky intertidal species in the Azores (Chapters 4 and 5). 

On rocky shores, it is well established that the upper limits of zonation of several 

intertidal organisms are set by thermal and desiccation stress, with these organisms 

living at or near their thermal tolerance limits (Southward, 1958; Dayton, 1971; Connell, 

1972; Schonbeck and Norton, 1978; Hawkins and Hartnoll, 1985; Williams, 1994; 

Raffaelli and Hawkins, 1996; Somero, 2002; Davenport and Davenport, 2005), especially 

high shore species (Hawkins and Hartnoll, 1985). With the predicted increase in 

temperature it would be expected that a downward shift in the upper limit of 

distribution of the intertidal species would occur (Harley and Helmuth, 2003; Helmuth et 

al., 2006b). In this thesis, however, my results showed an upward shift of the vertical 

distribution range of the species over the last decades. Species appear to have moved 

upwards on the shore as a block, these upward shifts being most evident on the exposed 

shores. An increase in abundance was mainly observed at more exposed locations 

(Chapter 4). These changes in abundance and distribution could be explained by the 

increase in wave action, and subsequently an increase of wave spray higher on the 

shore. Wave wetting and spray can significantly decrease desiccation allowing species 

on wave-beaten shores to extend higher on the shore (Lewis, 1964; Hawkins and Jones, 

1992; Helmuth et al., 2006a). Fucus spiralis, at their higher limits of distribution, showed 

occasional bleaching events as a response to heat stress (see also Schonbeck and 

Norton, 1978; Hawkins and Hartnoll, 1985); although the algae appeared to recover 

(Chapter 5).  

An indirect response to the increase of temperature (SST) in the Azores was detected at 

low levels on the shore, through increasing grazing pressure of the fish Sarpa salpa on 

Fucus spiralis (Chapter 5). This result supports the predictions and observations that 

warm temperate, sub-tropical and tropical organisms including more herbivorous fish 

species are already and will continue shifting northwards (e.g. Santos et al., 1995b; 

Parker and Dixon, 1998; Silva et al., 1998; Perry et al., 2005; Machado and Barreiros, 

2006; Fodrie et al., 2010; Sala et al., 2011; Nakamura et al., 2013) in response to recent 
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climate change. There was some evidence of spatial constriction of F. spiralis by physical 

factors such as heat stress at the upper limit (see also Schonbeck and Norton, 1978; 

Hawkins and Hartnoll, 1985), as well as possible increased herbivory from fish, primarily 

towards the lower limit. Disturbance due to wave action is likely to occur throughout its 

zone (see also Blanchette, 1997)(Figure 6.1). 

 

 

Figure 6.1. A schematic diagram of the influence of various climate change related factors on 
Fucus spiralis in the Azores.  

Differences in temperature and wave action explained the majority of the spatial and 

temporal patterns that were seen throughout this thesis, suggesting that climate change 

has had some influence on Azorean rocky ecosystem. Even so, my results suggest that, 

generally in the Azorean ecosystem, the increasing temperature (desiccation, heat 

stress) was overridden by increasing wave action (storminess). This is ultimately 

determined by the small tidal range of the Azores and its presence in the middle of the 

Atlantic Ocean with a regime of large wave swell and storms (Martins, 2009). 
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6.4. INTERACTION OF GLOBAL CHANGE WITH LOCAL EXPLOITATION OF KEY SPECIES 

Coastal ecosystems are anthropogenically impacted at the global (e.g. recent climate 

change), regional (e.g. eutrophication), and local (e.g. overexploitation of living 

resources and habitat loss) scales (Firth and Hawkins, 2011; Hawkins et al., 2013a,b; 

Mieszkowska et al., 2014b; Smale and Vance, 2015). According to several studies (e.g. 

Walther et al., 2002; Hawkins et al., 2009; Garcia et al., 2014), the greatest threat to 

biodiversity and ecosystems arises from the interactions of these impacts. The 

overexploitation of limpets (Patella aspera and Patella candei gomesii) in the Azores has 

led to a decline in the populations of these species in much of the archipelago (Martins 

et al., 1987a,b; Santos et al., 1990, 1995a; Hawkins et al., 2000; Martins et al., 2010). In 

the Azorean archipelago, evidence that the overexploitation of intertidal living 

resources, specifically of limpets that are a keystone intertidal grazer (Jenkins et al., 

2005; Coleman et al., 2006), has a major effect at the community structure have been 

provided by several studies (Martins et al., 1987a,b; Hawkins et al., 2000; Martins et al., 

2008a, 2010).  

At the organism-level, the direct effects of climate change will have impacts on the 

performance of individuals at several stages of life history such as reproductive 

phenology (Moore et al., 2011), through changes in physiology (Dahlhoff et al., 2002), 

and behaviour (Sanford, 2002). Also, evidence of continued exploitation of these species 

has been found in this thesis (Chapter 3). Long-term studies on Azorean limpet species, 

suggest that the reproductive cycle of these species has changed as a direct response to 

the increased global warming and earlier seasonal onset of storminess (Chapter 3). Both 

temporal and spatial analysis of the reproductive cycles of two limpet species have 

shown also that a lower proportion of the individuals reach ripe gonad stages reducing 

likely spawning success. According to Moore et al. (2011) this could be a direct result of 

the increased warming. More speculatively it could also be a result of a lack of 

synchrony at lower populations’ densities (Allee effect) (see above pp. 187). A significant 

decrease in the size of both limpet species was observed (Chapter 3). This could be a 

direct result of the overexploitation of this living resource, since overexploited 

populations tend to show an overall decrease in their average size (Siegfried et al., 1994; 

Hawkins et al., 2000; Moreno, 2001; Fenberg and Roy, 2008, 2012; Fenberg et al., 2010; 

Jimenez et al., 2011). These phenological changes can have a major impact in the 
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population of these species in the Azores, since they may affect the reproductive output 

and subsequently the recruitment success of these endemic species in the Azorean 

ecosystem (Chapter 3). Specially in the case of Patella aspera, a protandrous 

hermaphrodite species (Martins et al., 1987b), size-selective harvesting has a major 

impact on the sex-ratio of this species, leading to a smaller reproductive output and 

subsequently greater risk of recruitment failure (Ribeiro et al., 2009; Borges et al., 2015).  

According to Hawkins et al. (2000) these endemic species (Côrte-Real et al., 1996; 

Weber and Hawkins, 2002, 2005; Sá-Pinto et al., 2005, 2008) are extremely vulnerable 

and at risk of complete extinction. There is not a recruitment reservoir from outside the 

Azores as indicated by genetic work (Côrte-Real et al., 1996; Sá-Pinto et al., 2005). In the 

Azores, the overexploitation of limpets is undoubtedly the major pressure on these 

endemic populations. I have shown, however, that recent climate change has also an 

influence on the reproductive success of these species making them even more 

vulnerable.  

Heip et al. (2009) stated that changes in abundance of key species will affect ecosystem 

functioning more than changes in species diversity. The role of limpet grazing in the 

intertidal shores is of extreme importance, since they maintain the eulittoral zone free 

of algae preventing their upward spread until the algae reach their desiccation upper 

limit (Hawkins and Hartnoll, 1983b; Hawkins et al., 1990a; Boaventura et al., 2002a). 

Removal of top-down control by herbivores can lead to an increase of algal abundance, 

resulting in disequilibrium of the ecosystem due to enhancement of primary production 

(Lubchenco, 1978). Throughout this study, evidence of changes in Azorean rocky shore 

community structure, due to the exploitation of limpets (key intertidal grazing species), 

were found confirming work by Martins et al. (2010). Especially on the mid shore, a 

functional change in the community structure has occurred as a direct consequence of 

limpet exploitation, which subsequently has had effects in the remaining levels on the 

shore (Chapter 4) (Figure 6.2).  

At the higher level on the shore, despite the increased heat stress, an upward shift of 

the vertical distribution range of the high shore intertidal species (e.g. T. striatus) has 

occurred. This upward shift was more evident in the exposed locations, probably being 

related with the increase of wetness at higher shore levels overriding the extreme 

temperatures.  
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At mid-shore levels, the consumers (limpets and barnacles) have been replaced by 

primary producers. In the absence of limpet grazers (exploited) and increased wetting by 

waves have allowed the upward spread of the algal turf towards their thermal tolerance 

limit (Chapter 4) (Figure 6.2). An interaction between algae, limpets and barnacles (key 

taxa), all competing for space, occurs in the transition between low and mid shore levels 

(Hawkins and Hartnoll, 1983b; 1985; Boaventura et al., 2002a, c). Yet, in the Azores that 

dynamic equilibrium has been disrupted, due to the human consumption of limpets 

leading to a major increase in the abundance of algal turf. As consequence, there has 

been a reduction in free space available for recruitment of limpets and settlement of 

barnacle larvae (Martins et al., 2008a, 2010). In the Azores, the only known place that 

shows an intertidal ecosystem approaching near pristine conditions is inside Monte da 

Guia (Faial Island). This no-take and no-entry marine protected area is the only place in 

the Azores where the management measures are effectively enforced. This location is 

the only example of a healthy system indicative of how shores were before human 

exploitation initiated (see also work in Chile - Moreno et al., 1984; Oliva and Castilla, 

1986; Godoy and Moreno, 1989; Castilla, 1999; Moreno, 2001, and South Africa - Hockey 

and Bosman, 1986; Siegfried et al., 1994; Griffiths and Branch, 1997). 

Further down the shore at low tide mark level, abundance of turf forming primary 

producers have increased significantly, reflecting once again the lack of grazing limpets. 

Some species have shifted deeper into the subtidal zone (e.g. the sea-urchin A. lixula 

absent in recent surveys), probably due to the increase in disturbance (wave action) 

(Chapter 4) (Figure 6.2). 
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Figure 6.2. Possible interactions of recent climate change with limpet exploitation on vertical 
distribution patterns of rocky shore assemblages. 

It is likely, that human exploitation of limpets has had a much greater effect, than the 

increases in temperature and storminess, in the Azorean ecosystem. Even so, recent 

climate change has had some influence over this ecosystem. This, on top of the 

overexploitation, will disrupt even more the rocky intertidal ecosystems of the Azores. 

6.5. FUTURE RESEARCH 

Long-term research is crucial to distinguish global climate signals from the background 

noise of natural variability (Hawkins et al., 2013a,b; Mieszkowska et al., 2014b; Firth et 

al., 2015). These data sets provide a baseline against which changes can be compared, 

providing information to help diagnose the relative importance of global change 

compared to regional and local scale impacts. Several long-term studies have revealed 

the effects of recent climate change on the marine ecosystems contributing to an 

increase of knowledge and understanding of the current and future potential impacts of 

climate change on the marine environment (e.g. Barry et al., 1995; Southward et al., 

1995, 2005; Sagarin et al., 1999; Sims et al., 2001; Beaugrand and Reid, 2003; Genner et 
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al., 2004, 2010; Mieszkowska et al., 2007; Heip et al., 2011; Menge et al., 2011; Moore 

et al., 2011; Poloczanska et al., 2011; Beaugrand et al., 2013, 2015). Long-term 

observations are vital for better understanding of the state of our seas and coastlines 

(Hawkins et al., 2008, 2009). It is crucial to incorporate past changes, current patterns 

and future forecasts into marine conservation and management plans (Mieszkowska et 

al., 2006a; Firth and Hawkins, 2011; Hawkins et al., 2013b). 

 During the course of this thesis I have started an on-going monitoring programme on 

the rocky intertidal shores of São Miguel Island that intends to establish a baseline 

against which future changes in the intertidal can be compared (not included in the 

thesis). This monitoring programme comprises two complementary sampling 

approaches: a semi-quantitative broad-scale survey (similar to MarClim project) and 

more focussed quantitative sampling. The design includes both protected and 

unprotected shores in order to disentangle the impacts of changes in climate from those 

driven by other local impacts (e.g. harvesting). It also provides evidence of lack of 

enforcement of protected areas. Considering the location of the Azorean archipelago 

and the existing knowledge of how the rocky intertidal ecosystem is being affected by 

the overexploitation of key intertidal species and by the recent climate change, it is 

extremely important to continue with these long-term observations. Such information is 

essential for responsive and more effective management measures. Had such a 

programme existed the influence of climate change on the rocky shores of the Azores 

would have been detected much earlier and could have been quantified more easily. 

Implementation and enforcement of MPAs in the Azores is also a pressing priority. Such 

implementation would also ensure that any monitoring would be effective. They would 

also provide resilience to climatic driven change by reducing the pressure of exploitation 

as species at risk. 
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