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1. INTRODUCTION

The rocky intertidal zone spans the region of the coastline from the highest

vertical level reached at high water during spring tides (with associated wave

splash) to the lowest level exposed to the air during low water springs. A wide

variety of taxa inhabit the rocky intertidal zone, including algae, molluscs,

echinoderms, cnidarians and crustaceans. Owing to the accessibility of rocky

shores, intertidal species have been studied extensively throughout the nine-

teenth and twentieth centuries by amateur naturalists [1,2] and professional

researchers as model systems for the development of ecological and biological

theory [3–15].

Intertidal invertebrates and macroalgae are ectotherms of marine evolu-

tionary origin, but due to the daily regime of emersion and immersion they

must contend with both marine and terrestrial regimes. Therefore, they
281
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provide a unique insight into the impacts of changes in both aquatic and ter-

restrial climatic environments. Diurnal tidal cycles and seasonal fluctuations

in both sea and air temperature mean that intertidal organisms are subject to

extremes of temperature with resultant fluctuations in body temperature of

over 30 �C frequently experienced [16]. Additional stressors such as desicca-

tion [17], current and wave forces [18], rapid fluctuations in salinity [19–21],

oxygen availability [22,23] and nutrient levels [24] mean that organisms are

often living close to their physiological tolerance limits [25–32].

Marine ectothermic species often respond faster than terrestrial species to

environmental change: the typically short lifespans [33] and sessile or seden-

tary nature of the adult and juvenile stages prevents escape from changing

environmental regimes. The larval stage of most intertidal species is plank-

tonic, and therefore also provides an indication of the impacts of environmen-

tal change in the pelagic zone. Changes in distribution and abundance are,

therefore, likely to be driven by the direct response of organisms to changes

in the environment. Intertidal invertebrates and marine macroalgae are from

lower trophic levels, and thus would be expected to respond quicker to altera-

tions in local conditions than species at higher trophic levels, often showing

the first response in a cascade of effects up the food chain to tertiary and apex

predators [34,35]. Variation in the abundance of keystone structural or func-

tional species can alter the composition and dynamics of entire rocky commu-

nities [5,36,37] and these small changes in environmental conditions can lead

to major alterations in community structure and functioning [38,39]. Taking

all of the above factors into account, the rocky intertidal ecosystem is likely

to be one of the most sensitive natural systems and show some of the earliest

responses to climate change [40,41].

The geographical ranges of intertidal species are essentially one-

dimensional, as they occupy a narrow strip of coastline between the low

and high tide levels [42]. In combination with the highly stressful and fluc-

tuating environment in which these species live, the rocky intertidal zone is

thus ideal model system in which to study the effects of climate change.

Rocky intertidal ecosystems occur all over the globe and thus facilitate spatial

and temporal comparisons of the relative impacts of global environmental

change. Responses to environmental change can be divided into two cate-

gories; proximate ecological responses which depend upon relationships

between abiotic factors and organismal-level processes, population dynamics

and community structure [43], and direct impacts on individual performance

during various life stages through changes in physiology, morphology and

behaviour. These impacts scale up to the population level response, which

can be additionally affected by climate driven changes in hydrographic

processes that affect dispersal of the pelagic larval life-stages and recruitment.

All lead to alterations in distributions, biodiversity, productivity and micro-

evolutionary processes.
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2. CLIMATE CHANGE AND BIOGEOGRAPHY

Biogeographical studies were first introduced by Tournefort [44] in the 1700s,

and work undertaken in the early 1900s [24,45–51] is used as the basis for

ecological climate change research today. The major marine biogeographic

provinces have been defined primarily on where clusters of biogeographic dis-

tributional limits occur for taxa of interest. Sea temperature has been assumed

to ultimately set biogeographical ranges of marine species (see [24,52] for

reviews). Low and high latitude biogeographic limits have been associated

with August and February sea surface isotherms, respectively, for fauna and

flora across a diverse range of taxonomic groups including marine algae

[53–58], cirripedes [59] and molluscs [60,61]. However, the relationship

between species’ distributions and climate is not simple. Biogeographic stud-

ies are often complicated by covarying environmental parameters that prevent

cause-and-effect relationships from being understood.

Suitable habitat exists beyond the distributional limits of many species of

marine invertebrates [62–65] but the unsuitability of environmental conditions

currently prevents their colonisation and therefore the ranges are assumed to

be limited by climate. This principle is termed the ‘climate envelope’ of a

species, and is the basis for many bioclimatic models in use today [66,67]

but see Refs. [68,69]. Where environmental conditions alter to fall within

the physiological tolerance range of a species, range extensions are predicted

as organisms are able to colonise new sites of suitable habitat. In practice,

however, the range edge may lie some distance inside this fundamental niche

‘envelope’. Interactions between species and between organisms and environ-

mental factors, and local influences such as a lack of suitable habitat, poor

dispersal and connectivity of suitable habitat space act to set the realised niche

for each species. The effects of climatic variability on the distributions of

plants and animals and their interactions must, therefore, be measured in order

to understand and ultimately forecast changes in marine ecosystems.
2.1. Using Long-Term Datasets to Detect Climate Change

Some of the most spatially and temporally extensive datasets in the world

exist for the distribution and abundance of intertidal invertebrates and macro-

algae along the coastline of the north east Atlantic. Intensive and wide ranging

surveys were made in the 1930s, 1940s and 1950s by Fischer-Piette [70–73]

along the Atlantic coastlines of France, Spain, Portugal and North Africa.

Crisp and Southward made similar surveys around the coastlines of Britain

and Ireland during the 1950s ([74,75], Southward and Crisp, unpublished

data). These datasets are particularly valuable within the context of climate

change monitoring as they provide extensive baselines from which to measure

the rate and extent of changes in distribution and abundance of intertidal
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species during periods of warming and cooling over the past 70 years [76].

Time-series data for abundance and population structures for barnacles, tro-

chids and limpets also exist for British shores dating back to the 1950s,

1970s and 1980s, respectively [74,75,77–79].

The Marine Biodiversity and Climate Change Project ‘MarClim’ was

established by the Marine Biological Association of the United Kingdom in

2001 to assess and forecast the influence of climate change on rocky intertidal

biodiversity in Britain and Ireland. It combined historical data with contem-

porary re-surveys at over 400 rocky shores (Fig. 1) to provide evidence of

changes in abundance, population structure and geographical distribution of

intertidal species in relation to recent climate change [64]. MarClim survey

protocols were the same as those used in the original surveys made in the

1950s [74,75] to map the distribution and range limits of over 50 species of

invertebrates and macroalgae of both cold and warm water origins. In addi-

tion, quantitative data on the abundance and population dynamics of key

species of barnacles, limpets and trochids were collected. These surveys were

carried out at locations spanning sites from the range edges to locations closer

to the centers of distribution. These combined datasets have been used to track

the changes in abundance and relative dominance of warm and cold water

species on shores where they co-exist in response to fluctuating climatic

conditions throughout the twentieth century.

2.2. Responses of Intertidal Biota

Contractions and expansions of geographic range edges due to global environ-

mental change are resulting in species both being lost from and introduced to

assemblages. Such changes are initially being recorded at the periphery of the

geographic range of a species, where organisms are often already experien-

cing temperatures close to their thermal limits [26]. However, there can also

be local or regional heterogeneity within the geographic range of a species

as evidenced by environmental hotspots [31,40] or coldspots [79] occurring

far from the distributional limits of sessile invertebrates. Such changes in turn

influence the outcomes of species interactions for example competition, facil-

itation and predation, ultimately altering the structure of communities and

marine ecosystem processes [41,43,80–82,85].

2.2.1. Europe

Alterations in distributional limits of a wide range of intertidal taxa have

already occurred in Britain since rapid warming of the climate began in the

mid-1980s. Northern and eastern range edges of warm water trochid gastro-

pods such as Osilinus lineatus and Gibbula umbilicalis, barnacles including

Chthamalus montagui, C. stellatus and Perforatus (Balanus) perforatus and

the brown macroalga Bifurcaria bifurcata have extended between 85 and

180 km since previous records in the twentieth century [64,65,83] and at rates



FIGURE 1 Rocky shores in Britain where survey data has been collected in the 1950s and

2000s. Clockwise from bottom left, warm water species which have extended their northern

limits; Perforatus perforatus, Osilinus lineatus, Gibbula umbilicalis, Chthamalus montagui,

Bifurcaria bifurcata. Cold water species which have shown contractions in their southern range

edge: Alaria esculenta, Semibalanus balanoides.
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of up to 50 km per decade. This rate is much faster than the average move-

ment of 6.1 km per decade for terrestrial species’ ranges [84] and is concor-

dant with northward shifts in plankton recorded in British coastal waters

(see Chapter 12 in this volume). The limpet Patella rustica has recently

bridged a historical gap in its distribution in north Portugal during a period

of weakened upwelling in coastal waters [79]. Several factors may be
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responsible, including increase in sea surface temperature (SST), decrease in

upwelling strength in the southern Bay of Biscay and an increase in the

strength of the Western Iberian Shelf Current, all of which are driven by

the global climate.

Saccharina latissima (Laminaria saccharina) has disappeared from large

areas across northern Europe during the last decade, with significant losses

of populations along the coasts of Scandinavia, Helgoland and southern

Brittany. No such decline has been recorded in populations of this macroalga

on British coastlines, however [64], suggesting that the causal factor may not

be climatic, but potentially disease-related.

In the Mediterranean, influxes of warmer water and propagules of tropical

species from the Atlantic, combined with lessepian migration of species from

the Red Sea via the Suez canal and human introduction of exotic species are

altering ecosystem structure with potential impacts on the trophic web [86].

Marine caves have also been impacted by increases in a warm water mysid

and severe declines in an endemic cold water congener [87].

Species of cold water origin including the barnacle Semibalanus bala-
noides [88], tortoiseshell limpet Tectura testudinalis and the brown macroalga

Alaria esculenta [65,89] have shown retractions in the southern range limits

and decreases in abundance in Britain and Europe during the last few decades.

Surveys of macroalgal distributions along the coast of Portugal during the

1950s, 1960s [90,91] and the 2000s [92] have identified �120 conspicuous

species that have shown significant alterations in the location of a range edge

between these periods. Warm water species have all shifted their high latitude

range limits further north, with significant correlations between distributional

movement and mean annual inshore SST since 1941 [93]. Species classified

as cold water in origin displayed both north and south shifts with no signifi-

cant change when considered as a group. This alternative response may be

in part due to the grouping of these species for this study, some of which

are non-native, and others that are widely considered to have a cosmopolitan

distribution throughout Europe rather than a warm or cold affinity [76].

2.2.2. Arctic

The blue mussel Mytilus edulis extended its distribution from the Norwegian

mainland north, by 500 km to Bear Island on the Svalbard archipelago

between 1977 and 1994 [94], and was found on the Arctic island of Svalbard

itself for the first time in 1000 a after a period of anomalously warm Atlantic

seawater influx between 2002 and 2004 [95,96]. This reappearance repre-

sented a huge poleward shift in distributional limits of �1000 km, probably

due to transport of pelagic larvae north in the warm water current. However,

it is not known whether these populations are sustainable or if the prevailing

climate is still too cold for this species to reproduce and survive at such high

latitudes.
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2.2.3. United States

Studies of rocky shores on both the Atlantic and Pacific coasts of the US date

back to the early 1900s, but are mostly limited to recent decades, stemming

from the growing awareness of the need for datasets of broad spatial and tem-

poral coverage to track and predict impacts of global environmental change

[97,98]. Both geography and oceanography have a large influence on intertidal

community structure along the Pacific coast of the USA. In warm-regime years,

some species from the Californian biogeographic province of the east Pacific

have extended their ranges north into higher latitudes [99,100]. Additional bio-

geographic shifts have been inferred from increases in the abundance of warm

versus decreases in the abundance of cold water gastropods, limpets and

anthazoans between the early 1930s and the 1990s at a fixed site in Monterey

Bay, California [38,102]. These alterations in the relative dominance of

co-occurring species have changed the assemblage composition to a more typ-

ically warm-water community. The southern neogastropod Kelletia kelletii
shifted its biogeographic range northwards in the California region of the north-

east Pacific between the late 1970s/early 1980s and the 2000s [103,104]. Fossil

records and surveys from the 1830s to the present illustrate that this is the first

recorded extension beyond Point Conception, and coincided with strong warm-

ing of SST during the late 1900s [104]. Codium fragile, a warm water green

alga has appeared in the Gulf of Maine on the east coast of the US since the

1970s as summer sea temperatures have increased sufficiently to facilitate suc-

cessful reproduction [105].
2.2.4. Southern Hemisphere

Both Australia and New Zealand have a very high number of endemics due to

their extensive history of geographic isolation from other temperature regions

[106,107]. In such regions, reductions in abundance and geographic extent

may lead to species becoming globally extinct. In Australia, new research

programmes have been initiated to track the rate of biogeographic shifts of

rocky intertidal species [108] but data is still sparse for this region. Tropical

species of rockpool fishes are already being found at temperate latitude loca-

tions on the east coast as coastal water temperatures have increased [109].

Temperate species of kelp that form a dense zone from the low intertidal to

shallow subtidal in Tasmania have been continually declining due to the direct

impact of rising sea temperatures [110,111]. The decline has been exacerbated

by intensive grazing from the spread of the warm water long-spined sea

urchin Centrostephanus rodgersii from the mainland since the 1960s [112]

and increases in abundance of the warm water urchin Janus edwardsii and
the abalone Haliotis rubra [108]. The western rock lobster, Parulirus cygnus
is the most important single species fishery in Australia [113]. Fisheries land-

ings correlate strongly with the strength of the Leeuwin Current, which drives
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cross shelf transport of larvae and hence productivity of the stock [113].

The Leeuwin Current strength is highly correlated with ENSO events, with

a weakening during El Niño years. Since the 1970s, El Niño events have

become more common [114], resulting in more frequent depressions in the

size of the lobster fishery.

New Zealand has little quantitative data for intertidal species covering the

entire coastline, although extensive time-series exist for individual locations

([115] and Ballantine, unpublished data). Research began in 2008 to quantita-

tively survey the New Zealand rocky coastline to establish a baseline from

which future climate-induced shifts in species distributions and ecosystem-

level responses can be measured [116]. Experiments show that the mussel

Perna canaliculus is less tolerant to warm air temperatures than the

co-occurring Mytilus spp. on New Zealand shores [117] and exhibits reduced

growth and reproductive effort when transplanted to higher intertidal eleva-

tions, indicating potentially deleterious effects of climate change. This species

typically inhabits the lowshore and damp, shaded regions of the mid-shore

and thus may not be subjected to as severe exposures as under experimentally

manipulated conditions.

2.2.5. South Africa

Little climate related research has been published from the African continent.

Range extensions and population-level changes were reported for warm water

rocky intertidal species of limpets (Patella longicosta, P. oculus) and winkle

(Oxystele variegata). Recruitment failure was observed in the cold water lim-

pet P. granatina in South Africa in response to the unusually warm surface

temperatures in the southern Benguela current (around South Africa) in

1982/1983 [118] probably connected to the strong 1982/1983 El Niño event

in the Pacific [119]. Whilst there is plenty of evidence for species expanding

their northern range limits there is less for contraction of southern limits. This

issue stems in part from the lack of knowledge of both past and present loca-

tions of southern biological limits of many intertidal species, and the paucity

of data collected from southern limit populations, which tend to lie in African

or South American coastal waters.

2.3. Extreme Weather Events

The extreme cold winter of 1962/1963 in Britain substantially cut back north-

ern range limits of many intertidal species as a direct result of exposure to

sub-zero temperatures. Communities in north Wales were particularly

severely impacted due to low water spring tides occurring in the early hours

of the morning, when air temperatures are at their lowest. Populations were

less affected further south in Wales and England due to low water occurring

around mid-day, and northern limits were re-located in these regions [120].

The northern range edge of O. lineatus in north Wales did not show much
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recovery from the retraction caused by the extreme cold winter of 1962/1963

until the 1980s. In the intervening two decades, the range has re-extended by

�100 km around the coastline and multi-age, breeding populations have

become established within 15 km of the previous limits [121].

Heatwave events are becoming more common during the current period

of rapid global environmental change, and have also caused catastrophic

mortalities of intertidal species including the Pacific seastar Pisaster ochra-
ceus (Harley, personal communication), the mussel M. edulis and macroalgae

(Mieszkowska, personal observation) due to exposure to high air tempera-

tures. Interestingly, survival and foraging behavior of P. ochraceus does

not appear to be negatively influenced by chronic, less severe increases in

aerial temperature [122], suggesting that it will cope with global warming

over long time periods as long as intense thermal shocks do not occur

frequently. Although extreme weather events can cause temporary alterations

in range limits of intertidal species, it is the longer-term climatic trends that

appear to determine the biogeographic limits and large-scale distributional

shifts.

2.4. Interactions

Increasing numbers of species from warm climatic regions are beginning to

replace those with colder climate affinities in temporal regions, leading

to alterations in the composition of local assemblages [76,101,102,123,124].

These local scale changes will also facilitate the pole-ward spread of species by

altering the ratio of extinction to colonisation events within range edge popula-

tions. The northern cold water species of barnacle S. balanoides and limpet

Patella vulgata have also declined in abundance relative to southern warm water

barnacles (Chthamalus species) and limpets (P. depressa) in Britain and northern
Europe [76,125,126]. Models built and tested using the long-term barnacle time-

series for Britain show that this rate is increasing, and S. balanoides are predicted
to have been completely replaced by Chthamalus spp. in south west England

between 2060 and 2080. Climate change is also altering facilitative interactions.

The cold water limpet, P. vulgata, preferentially locates its homescar under the

shade of the macroalgae Fucus vesiculosus. When F. vesiculosus is experimen-

tally removed from shores to simulate the impacts of climate warming, significant

mortality is observed in P. vulgata, with surviving individuals relocating their

homescars. In contrast, the warm water congener P. depressa does not

suffer increased mortality and does not alter its location [72,127].
3. MECHANISMS

While correlational biogeographic studies can be used to obtain probabilistic

maps of species occurrence and generate testable hypotheses, they cannot

provide information on cause and effect [84,128]. In order to accurately predict
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the rate and extent of future biogeographic shifts in species distributions, the

biological mechanisms driving these changes need to be better understood.

Physical, ecological, evolutionary and physiological factors acting on the

processes of reproduction, birth, dispersal, recruitment and mortality are all

involved in shaping species’ ranges [25,129–131] and must also be considered

when studying the effects of a changing environment. Mechanistic responses

to climate warming have been detected from the cellular and molecular to the

organismal and population levels of biological organisation.
3.1. Thermotolerance

Most species of plants and animals are able to withstand a certain degree of

thermal stress due to increased production of heat shock proteins (hsp), which

reverse the unfolding of cellular proteins under elevated or reduced tempera-

tures and remove badly damaged proteins from the cell [132]. Geographical

trends in increased heat shock protein expression have been shown for inter-

tidal species such as Nucella canaliculata, a temperate intertidal whelk occur-

ring along rocky coastlines of the north east Pacific. The increase in hsp

expression in southern populations indicates that individuals are more stressed

at the southern range edge than in range centre [133]. The purple urchin,

Strongylocentrotus purpuratus also displays geographic variation in genetic

regulation of hsp induction in response to increasing temperatures, which

reflects the level of thermal stress experienced at different locations along

the biogeographic distribution [134]. hsps may therefore be a sensitive tool

with which to monitor the extent of climate-induced stress in intertidal

species.
3.2. Reproduction and Recruitment

Variations in sea and air temperatures have also long been known to influence

the physiological performance and reproductive success of marine species

[14,45,137–141]. Synchronous increases in abundance have been recorded

in populations of southern trochids throughout Britain and northern France

since the mid-1980s. These increases in abundance are linked to warming in

the regional climate since the mid-1908s due to increased frequency of annual

recruitment success [65]. The mechanisms behind these changes are earlier

onset of annual reproductive cycles of southern trochid gastropods Osilinus
lineatus and Gibbula umbilicalis in response to milder winters and warmer

springs, coupled with increased survival of newly settled recruits (often the

most sensitive lifestage to environmental stress) exposed to milder, shorter

winters on the shore [121]. The annual reproductive cycles of southern lim-

pets are also starting earlier and lasting longer in south-west Britain. In con-

trast, less than 20% of the population of northern limpets is reaching gonad

development stages at which spawning can occur [135]. Recruitment can also
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be influenced by oceanographic features, which can control dispersal of the

pelagic larval phase. Large-scale surveys of the Pacific coast of the USA

have demonstrated a tight correlation between SST and recruitment, and large

intraspecific differences in recruitment rate along the biogeographic range of

keystone barnacle and mussel species [98] demonstrating the potential for

alterations in recruitment success in a warming climate.

4. ADDITIONAL IMPACTS OF GLOBAL CHANGE

4.1. Ocean Acidification

Dealt with in Chapter 21, ocean acidification is predicted to impact upon rocky

shore species such as barnacles, limpets and topshells during the second half of

the twenty-first century. Potential synergistic effects of warming seas and

decreases in oceanic pH are as yet unknown, and may also vary depending on

the position of the organism within the latitudinal distribution of the species.

4.2. Coastal Zone Development

Other facets of global environmental change are rising sea levels and extreme

weather events [142]. Many areas of low-lying coastline are facing greater

risk of flooding around the world. This risk has led to proliferation of coastal

defences to protect property, agricultural land and infrastructure such as roads

and railways. Localised defences can scale up to whole coastlines when mul-

tiple structures are built along large sections of the land–sea interface. This

has occurred in the Mediterranean [143,144] and on the coasts of the northern

Irish Sea and eastern English Channel and North Sea. These developments

can have severe impacts with loss of sedimentary habitats and their replace-

ment with artificial rocky shores with an impoverished biota [144]. Such

large-scale coastal modification can also influence biogeographic processes.

Recent range extensions of rocky shore species in the eastern English Channel

are probably the result of a combination of increased reproductive success and

the provision of artificial habitat (sea defenses, marinas, seaside piers) as step-

ping stones for advance across patches of unfavourable habitat [145].

4.3. Climate Change and Non-Native Species

Introductions of non-native species are increasing globally due to increases in

maritime shipping, aquaculture, mariculture, the aquarium trade and imported

live bait. Ballast water, hull fouling and intensive culture practices have been

identified as high risk vectors for the introduction of invasive non-native

species into the marine environment. There is also evidence that such intro-

ductions are more likely in a warmer world [146]. The importation of shellfish

species for aquaculture and mariculture businesses in the United Kingdom

(e.g., the Pacific oyster Crassostrea gigas, the Mediterranean blue mussel
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M. galloprovinicialis) have facilitated the spread of these species into natural

ecosystems in Britain, Europe and the USA. Inshore sea temperatures are now

warm enough to allow successful reproduction of these introduced species,

resulting in aggressive colonisation of areas outside their site of cultivation,

often to the detriment of native congeners which are outcompeted by the

non-native species. Once non-natives become established in the natural

environment there are few barriers to prevent further spread. The introduction

of non-native species from different biogeographical realms can be consid-

ered as a facet of global environmental change with the potential for global

homogenisation of biotas and hence decreased biodiversity.

5. CONCLUSIONS

Intertidal invertebrates and algae are already responding to global climate

warming, with shifts in biogeographic distributions away from warmer low lat-

itude regions towards the cooler poles. In general, the rate of recession of north-

ern species is not as fast as the rate of advance of southern species. The rate and

extent of change is also species specific, leading to alterations in community

composition with knock-on effects for ecosystem structure and functioning

and likely declines in biodiversity in temperate-tropical regions. These shifts

are ultimately being driven by physiological responses to temperature, with

additional indirect impacts from species interactions, oceanographic processes,

coastal zone development and habitat availability. There is still a paucity of

data with long temporal and wide spatial coverage, which is hampering the

detection of environmentally driven changes in coastal ecosystems, especially

in the southern hemisphere. It is of vital importance that research focuses on

the combination of maintaining these valuable datasets with the development

of experimental research to determine the mechanisms underpinning the

observed responses, so that we may be better placed to predict the future

impacts on intertidal systems from our rapidly changing environment.
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87. P. Chevaldonné, C. Lejeusne, Ecol. Lett. 6 (2003) 371–379.

88. D.S. Wethey, S.A. Woodin, Hydrobiologia 606 (2008) 139–151.

89. T. Vance, MRes Thesis, University of Plymouth, 2005.
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