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Introduction

There is no doubt that rapid global warming and ocean acidification are real, and very high confidence that both are forced by human 
activities and emissions o f carbon dioxide. Climate change effects are especially evident in the oceans, w ith  European regional seas showing 
some o f the most pronounced and rapid impacts.

The EU has funded many research projects and regional sea programmes on the effects o f climate change on marine ecosystems. Scientists 
are producing world-leading research, but the perception persists that they have not transmitted their findings effectively to policy-makers 
and the public. The 7th Framework Programme project ‘Climate Change and Marine Ecosystem Research' (CLAMER) addresses this, w ith 17 
marine research institutions cooperating to provide a synthesis o f understandable science, helping European citizens and policy-makers 
recognise the gravity o f climate change's effects on the oceans and their socio-economic consequences. This w ill make it easier for the 
public to change habits and accept expensive m itigation and adaptation policies.

CLAMER has reviewed and summarised past research, organised a pan-European awareness and perception poll, examined socio-economic 
implications and produced outreach products like the film  Living w ith  a Warming Ocean -  and this book.

The book starts w ith three short contributions by collaborating colleagues from  CLAMER summarising the poll results, public understanding 
and communication o f marine climate change issues. Twelve chapters follow, each describing a different issue, illustrated w ith a 
commissioned image by Glynn Gorick.

Levels o f atmospheric CO2 are accelerating, reaching a global average o f 392 ppm (NOAA ESRL) in May 2011. Concentrations are close to 
-  some believe have already passed -  a level that w ill lead to a global temperature rise o f 2°C ("dangerous" human interference w ith the 
climate system). Humanity needs to change direction and find alternative energy sources to carbon. Failure to do so is likely to have grave 
consequences for security and global socio-economic welfare.
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Public attitudes towards climate change and the 
oceans

Geraldine Terry, Tyndall Centre, University o f East Anglia, Norwich, UK. Jason Chilvers, 
School o f Environmental Sciences, University o f East Anglia, UK.

In industrialised countries, responding to climate change requires a transformation of 
economies, societies and individual lifestyles. It is vital that the public engage w ith efforts 
to curb and adapt to climate change and that scientists and policy makers understand 
the basis o f their opinions. Previous studies have focussed on attitudes to sea level rise 
and coastal flooding and show that few people feei personally at risk, even in vulnerable 
locations. While sea level rise and harm to w ild life have visibility and immediacy other 
issues such as ocean acidification do not and are seen as remote and scientific w ith little 
relevance to people's lives.

A review o f social science research concerning public views on climate change and its 
impacts on marine environments was carried out in CLAMER, alongside a study exploring 
public responses in greater depth.The studies showed that people prioritise environmental 
problems based on their experience, w ith pollution as the priority marine issue. Marine 
climate change, sea level rise, coastal flooding and erosion were regarded as im portant 
because they affect human populations on land and in some instances are already visible. 
However, the salience o f impacts on w ild life in the survey responses plus public campaigns 
on the protection o f the marine environment, show that concern is not solely driven by 
self-interest.

The public see scientifically defined climate change impacts as remote in space and time 
and often irrelevant to their daily lives. This is compounded by alarmist stories from some 
journalists, which are shown to be counter-productive, promoting psychological 'denial'. 
The most effective messages combine authoritative scientific information about climate 
impacts on local scales w ith simple advice on how to respond. Any attem pt to involve 
the public should start from  an understanding o f how they understand, experience and 
engage w ith marine climate change issues in their own terms.
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The thoughts of 10,000 European 
citizens on marine climate change

Paul Buckley, CEFAS, Lowestoft, UK

A public poll as part o f the CLAMER project was organised to find out what European citizens know and care about in relation to climate 
change impacts at the coast and in our seas. As the first survey to focus on marine climate change issues in Europe, over 10,000 people 
were polled in 10 countries, from  the Arctic to the Mediterranean. The poll provided statistically robust data at European and national levels 
for age, gender, proxim ity to the coast and interaction w ith  European seas. Public concerns about marine climate change issues (such as 
sea level rise and coastal erosion) were examined against other issues such as overfishing, pollution and habitat destruction. Gathering 
information on the public's views o f marine environmental issues is im portant for the EU to help improve scientific communication to 
citizens and enhance its standing as a trusted source o f knowledge.

The survey shows the public cares about climate change, ranking it second ina list o f major global threats. M itigation measures (international 
agreements on cutting CO2 and technological fixes) were preferred over adaptation (such as coastal management). Awareness was linked 
to perceived research priorities, w ith  melting sea-ice coming out on top. Other issues such as disease, pests or non-native species were rated 
high, despite limited awareness o f these subjects. Knowledge o f social and economic research was low w ith support for policies that help 
communities cope w ith climate change against those that focus on economic cost.

The EU is regarded as 'effective in tackling climate change' by tw ice as many people in some countries than others, whilst females, older 
people and those living near the coast are typically m ore'concerned'about all issues. The poll revealed that some scientists and media are 
trusted more than others (e.g. scientists from  universities compared to those supported by industry or government).
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Communicating EU marine science to the public

John Pinnegar, CEFAS, Lowestoft, UK

The CLAMER initiative was instigated because o f a perception w ithin the European 
Commission that scientific messages on climate change and the marine environment 
were not being heard and there was low awareness o f these issues by European citizens. 
To examine this thesis the outreach activities o f 64 EU and national research projects that 
focussed on marine climate change were examined to determine and highlight examples 
o f 'good practice; innovation and success in communicating w ith the public. Most EU 
projects engaged in an information campaign or public outreach activity, although rarely 
asan integral part o f the wider programme o f work. In mosteases, outreach did not extend 
beyond a one-way transfer o f knowledge through project websites, factsheets, or scientific 
papers although a quarter generated media interest w ith mention in newspapers, 
magazines or on television and radio. More imaginative ways o f engaging the public have 
started to emerge, including public expeditions, web blogs or Twitter feeds, explanatory 
videos or films and use o f online video repositories like 'YouTube'. Projects have involved 
celebrities to put across their message and increase media coverage.

A new development, 'citizen science', is the active involvement o f members o f the public 
in scientific data gathering or analysis. Examples include projects that use home computer 
power when PCs are sitting idle and a global project that is digitising historic maritime 
weather observations from the 18th to 20th centuries. Other schemes use members o f the 
public to record sightings or strandings o f unusual or'charismatic'species such as whales, 
sea turtles and seahorses.

Outreach and engagement should be viewed as an integral part o f scientific programmes 
and not simply an afterthought. Large scale public engagement programmes are not 
always appropriate, but more thought should be directed towards two-way approaches, 
involving the public -  rather than simply informing them.
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ft O  CLAMER Chapterl

Changes to temperature, the 
thermohaline circulation and ice

Background
All European seas have warmed over the last few decades at 4 to 7 times the global rate, due to natural variation 
and global warming. Both surface and deeper temperatures in the North Atlantic have increased, but below that 
o f the global mean. The tim ings o f sea temperature maxima and minima show considerable variability, w ith strong 
impacts on food web interactions and seasonal processes in marine ecosystems. Decadal changes are thought to 
be related to the large-scale Atlantic Meridional Overturning Circulation (AMOC) that is part o f what is commonly 
known as the'G lobal Conveyor Belt'. Formation and sinking o f cold dense water in the northern North Atlantic is 
a major driver o f the deep cell o f the AMOC, reinforced by global density gradients created by surface heat and 
freshwater fluxes. The enclosed, brackish and layered Baltic is dominated by irregular sub-surface saline intrusion 
events. These oxygenate stagnant deep basins and have shown a marked change in their occurrence over the last 
30 years, and the picture is complicated by variability in river inflows at the surface.

Warming in the Arctic is by far the fastest on Earth, due to amplification from  feedbacks such as the albedo effect 
(reduced reflection o f sun rays as ice melts), intrusion o f pulses o f warm water from  the North Atlantic and Pacific 
and changes in atmospheric circulation. All these have had a pronounced effect on the Arctic cryosphere (the 
part o f the Earth where water exists as ice or snow), causing a decline in sea-ice cover and o f the volume o f the 
Greenland ice sheet. An associated intensification o f the hydrological cycle, w ith thawing permafrost and increased 
river runoff, is changing the density o f surface waters w ith  consequences for global ocean circulation.

The m a in  eng ine  fo r  the  Earth 's ocean c irc u la tio n  is fo u n d  in  the  n o rth e rn m o s t N o rth  A tla n tic . 
Here the  w a rm  N o rth  A tla n tic  cu rren t, th a t ensures the  w a rm th  o f  Europe, coo ls a t  the  edge o f  
the A rc tic , becom es denser (heavier) a n d  sinks to  re tu rn  sou th  as a  deep co u n te r-c u rre n t a lo n g  
the eastern edge o f  N o rth  A m erica . R ising tem pera tu res are m e lt in g  the  G re en lan d  lee sheet, 
p e rm a fro s t a n d  sea-lce, p ro d u c in g  g re a te r fre sh w a te r flo w s  In to  the  A rc tic  a n d  c h a n g in g  these 
currents.





The present
Warming o f European regional seas has accelerated over the last 25 years, w ith  the Baltic North 
and Black Seas showing the greatest increases o f temperature. From the lim ited data available, the 
AMOC shows considerable variability even on a daily scale and there is no evidence at present for any 
long-term change. In contrast, sea-ice in the Arctic has shown pronounced changes in coverage and 
thickness w ith declines in extent averaging 11% per decade over the last 30 years, w ith a possible 
recent acceleration. Since 1980, the ice thickness has reduced by almost a half to 1.75 m in 2008 and 
old multiyear ice is now found only to the north o f Greenland. In Greenland, warming has occurred at 
twice the global average rate -  a phenomenon comparable w ith similar events during the Holocene.

The future
Warming w ill continue even ifgreenhousegas emissions reduce and if the AMOC slows down as predicted 
by some models. The relative proportion o f'natura l'and  global warming drivers o f temperature rise is 
still unclear. The Arctic is projected to warm especially rapidly, 2.8 to 7.8°C by 2100, and it is estimated 
that it may be free o f summer sea-ice w ith in  20 to 30 years.

The Baltic is projected to become increasingly brackish, warming by between 2 and 4°C by 2100 and the North Sea by 0.8°C by 2040, while the 
Mediterranean is predicted to gain salinity as warm tropical water flows in from the Red Sea. Future changes in the Black Sea are less clear.
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Projection Confidence
There is a high probability that sea temperatures will 
continue to rise. As processes behind changes in ocean 
gyres, slope currents, the AMOC and atmospheric 
circulation modes are unclear, projected temperature 
patterns for all European Seas have a large error bar. There 
is poor confidence in the modelling o f sea-ice cover and 
changes in the Greenland ice sheet.

The message

Major consequences for the weather, water cycle and socio-economics o f Europe and 
the Arctic are expected if sea temperatures, as predicted, continue to rise. There is an 
urgent need to improve understanding o f ocean/atmosphere interactions during the 
current rapid warming and o f the processes driving an associated reduction in the 
large North Atlantic sink for atmospheric CO2. Improved data collection, assimilation 
and modelling are needed.
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CLAMER Chapter 2

Sea level, coastal erosion and 
storms

Background
Approximately 41% o f the world's population lives w ithin 100 km o f the coast, many in coastal cities vulnerable 
to sea-level rise. Satellite measurements show a rapid increase in level from -1993, higher than at any tim e in the 
last two millennia. Contributing processes include: 1 ) expansion o f seawater as it warms, 2) melting o f land ice, 3) 
melting o f the Greenland and Antarctic ice sheets, 4) gravity and 5) human activities. Like the moon, ice sheets have 
a gravitational attraction. As the Greenland ice sheet melts, the gravity change reduces sea levels in Northwest 
Europe while melting o f the West Antarctic ice sheet would have the opposite effect. Human contributions to sea- 
level rise derive from  draining wetlands, groundwater withdrawal, dam construction and land use change.

Absolute sea level is the surface height o f the ocean relative to the centre o f the Earth. Relative sea level is the 
height o f thesea relative to land -  some land is rising, some static and some sinking. In areas o f subsidence, such as 
the palaeo Rhine delta, problems o f sea-level rise are exacerbated. The reverse applies to northern Europe, where 
land is rising due to the isostatic rebound o f the Earth's crust caused by the removal o f the weight o f Pleistocene 
ice sheets.

Shoreline retreat and erosion over accretion have been w idely reported and attributed to global sea-level rise. 
Changes in the magnitude and frequency o f storms and relative sea-level change due to climate change have 
im portant implications for coastal sedimentary systems that are strongly influenced by local geology. Note, 
however, that no past trend has been detected in storm activity in northern Europe that can be attributed to 
climate change, but these effects cannot be ignored because associated storm surges present serious risks.

As w a rm  seas e xp a n d  a n d  g la c ia l ice m e lts, sea levels are ris ing . The im a g e  show s the  p o te n tia l 
e ffec t o f  a sea leve l rise o f  I m  by  2 100 fo r  the  coa s tlin e  be tw een  Z eebrugge  a n d  Calais. D eve lo p ing  
a p p ro p r ia te  sea defences w il l  p re v e n t flo o d in g .
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The present
Global sea-level rise has accelerated since 1993 to 3.1 mm per year, a rate fa ster than the IPCC scenarios 
for 2100, and almost double the 20th century average, w ith regional rates in Europe ranging from 3.6 
to 1.8 mm per year. The acceleration has been caused by thermal expansion o f seawater and a large 
increase in volume caused by melting land ice. Land in northern Europe is rising due to ice-sheet 
rebound (isostasy) and sinking or stable to the south.

Increasing human occupation o f the coast, sea-level rise, and (in some regions o f Europe) higher 
storm activity, have led to more coastal protection engineering, reductions in sediment supply due 
to dam construction (particularly in the Mediterranean and Black Seas), shoreline armouring and 
nourishment o f beaches from offshore sand deposits.

The future
New estimates that add the contribution o f melting land ice and ice sheets, give a maximum sea level 
increase o f about 1m by 2100, w ith  likely considerable geographical variability and possible, though 
unlikely, extreme values up to 2m. The net response, including expected land movements, means that 
coastal regions o f the southern North Sea, Italy and Poland, w ith large areas o f land less than 1m above 
present sea level, are vulnerable to flooding.

The rate and extent o f coastal erosion and land retreat from  sea level rise is likely to increase, but there is little  support from historical observations 
or projections for a systematic change in the frequency or intensity o f storms in Europe.
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Projection Confidence
Confidence in historical measurements o f sea level is 
high, as the data have been subjected to rigorous quality 
control, but medium to low for future projections as the 
contributions o f melting land ice, the behaviour o f ice 
sheets and the role o f decadal versus long-term change 
and regional variability are still unclear. Regional variability 
is especially im portant for planning and managing coastal 
protection where modelling and prediction o f coastal 
behaviour at relevant spatial and temporal scales give 
unreliable results.

The message

The tropics, low-lying islands in Oceania, the Netherlands and the coastal strip o f 
Belgium are all especially vulnerable to relative sea-level rise. Continuing urbanisation 
o f the coastline is likely to increase the demand for sea defence as a response to 
erosion. Research priorities include improving understanding o f the processes behind 
rapid reductions in ice sheets and o f factors that contribute to spatial variability o f 
sea-level rise.
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CLAMER Chapter 3

Primary production

Background
Half o f the Earth's photosynthetic carbon fixation forms in the oceans. The productivity and fish-carrying capacity 
o f European seas depends on this photosynthesis by microscopic phytoplankton. Fuelled by light and regulated 
by water temperature, plant growth requires nutrients to construct the cellular building blocks that drive 
phytoplankton physiological processes. Plant nutrients, such as nitrate, phosphate and trace elements like iron, 
are primarily supplied from  deeper waters underlying the sunlit euphotic zone. In shallow shelf seas, they are 
mainly sourced from  the adjacent ocean and from  riverine inputs. Colder nutrient-rich waters are transferred to 
the euphotic zone through mixing by tides and w ind or by upwelling caused by other processes. The availability 
o f nutrients is often lim ited by a vertical gradient in water density in the upper 50 to 100 m. This gradient in what 
is called stratification is caused by vertical differences in temperature and salinity (warmer and fresher waters are 
less dense).

The stronger the stratification, the more d ifficu lt it is to mix deeper nutrient-rich waters into the euphotic zone, 
resulting in an upper bound on the primary productivity o f surface waters.Temperature also regulates the microbial 
loop (see Chapter 7) that recycles nutrients in the stratified layer. In warm tropical and subtropical waters, strong 
stratification may lead to nutrient'deserts'and low phytoplankton growth. Global patterns measured from satellites 
show that European seas, other than the Mediterranean, are amongst the most productive in the world. Changes in 
primary production and in the size and composition o f phytoplankton cells, due to warming seas, have important 
implications for the ability o f pelagic systems to capture and store carbon dioxide. M ultiple biological interactions 
are involved in the breakdown o f organic detritus as it sinks, as carbon, to the deep ocean through what is known 
as the biological pump.

M ic ro scop ic  m a rin e  p la n ts  (p h y to p la n k to n ) m a ke  the  oxygen in every second b re a th  we 
take. Packed w ith  ch io ro p h y ii, the y  h a rve s t the  re d  a n d  b lue  p h o to n s  in s u n lig h t to  d rive  th e ir  
ph o tosyn thes is . Fue lled  b y  CO2 a n d  n u tr ie n ts  d e rived  fro m  deeper w ate r, th e ir g ro w th  p rov ides  
fo o d  fo r  v ir tu a lly  a l l  l iv in g  o rgan ism s in the  sea, in c lu d in g  the fish we eat. S ate llites p ro v id e  a 
bird 's eye v ie w  o f  h o w  g lo b a l p a tte rn s  o f  c h lo ro p h y ll a re  re sp o n d in g  to  c lim a te  change.





The present
Satellite data and modelling are used to estimate global patterns o f primary production as in situ 
measurements are rare. Chlorophyll a (phytoplankton biomass) is often used as a proxy for primary 
production. Chlorophyll declined in the Mediterranean and Black Seas but increased in the Baltic 
and much o f northern Europe between 1998 and 2009. The chlorophyll index also increased after 
-1988 in the North Sea, a phenomenon correlated w ith improved water transparency and linked to 
an exceptional influx o f oceanic nutrients onto the shelf.

Climate variability associated w ith climate modes such as El Niño and the North Atlantic Oscillation 
have caused changes in the circulation o f the Atlantic and Pacific oceans over the last decade, w ith 
a 15% expansion o f the nutrient-poor'ocean deserts'in the central basins w ith consequences for 
chlorophyll patterns and ocean productivity.

The future
Observations o f decadal trends and model ou tpu t suggest that climate change is likely to lead to 
increased stratification, especially in the tropics and mid-latitudes, reducing nutrient availability to the 
euphotic zone and primary production. In these regions small phytoplankton (picoplankton) are likely 
to be favoured at the expense o f larger diatoms, so that transfer o f carbon to the deep ocean will be 
reduced. In higher latitudes, stronger mixing means that productivity is likely to be enhanced. The net global impact has been estimated at not 
larger than 10%.

S A H  F O S / C L A M  E R 16 Sir Alister Hardy Foundation for Ocean Science



Projection Confidence
Low confidence exists in the future extrapolation o f present 
trends in chlorophyll and primary production as estimated 
from satellite data, because natural variability is larger than 
theglobal warming trend and the models'spatial resolution 
is too coarse to capture shelf-sea biological processes. 
Satellite sea-surface measurements use algorithms with 
large uncertainties; calibration is also a problem, given the 
limited number o f in situ measurements o f pelagic primary 
production and the paucity o f data on benthic primary 
production in shallow seas.

The message

Present patterns o f marine primary production may continue or the system may 
undergo unpredictable change in response to global warming. Both have profound 
implications for carbon sequestration and fish-carrying capacity. The identification 
o f future change relies on maintaining continuous satellite missions to measure 
chlorophyll fluorescence, in situ time-series o f primary production and phytoplankton 
time-series in general, as well as broad-scale surveys such as the Continuous Plankton 
Recorder survey.



CLAMER Chapter 4

Microorganisms and the 
microbial loop

Background
New advances in molecular and biogeochemical tools have revolutionised understanding o f the importance o f 
microbial communities and o f their fundamental role in biogeochemical cycles and the health o f the oceans. 
Estuarine, coastal and oceanic waters as well as sediments, harbour a huge diversity o f viruses, bacteria, archaea, 
fungi, protistsand micro-algae.Thereare 100 million times more bacteria in the ocean than stars in the universe and 
10 to 100 times more viruses than bacteria. Microbes transform and cycle carbon, oxygen, nitrogen, phosphorus, 
sulphur and other compounds. Importantly for climate they can take up CO2 from  the atmosphere and regulate 
carbonate systems. The balance o f these processes controls the dynamics o f ocean biomes. Some microorganisms 
have negative effects -  disease, toxicity, harmful algal blooms (see Chapter 11); others provide novel bioactive 
compounds and essential services to human society.

Two main pathways, herbivore Zooplankton and microbial detrital, are involved in the transfer o f C, N and P through 
different levels o f the food web and in the transport from the surface to the bottom  by the 'biological pump'. In 
the former, large phytoplankton cells such as diatoms are grazed by Zooplankton such as copepods, w ith a flux o f 
dead cells and particulate organic carbon to the bottom. The second pathway, the microbial loop, using dissolved 
organic matter fuels higher trophic levels, and this is more im portant in oligotrophic (low nutrient) surface waters 
where recycled ammonium supports new photosynthesis, and the flux to the deeper ocean is negligible. At the 
same time viruses, by infecting microorganisms, convert their biomass to cell debris and dissolved organic matter. 
This process, the viral shunt, can profoundly influence the pathways o f organic carbon and nitrogen in the oceans 
and alter global biogeochemical cycles. A similar assemblage o f specialist microbial organisms is involved in the 
deep ocean interior.

H uge n u m bers  o f  diverse m ic ro b e  species, in c lu d in g  c ilia tes, b a c te ria  a n d  viruses, ru le  the  oceans. 
They p ro v id e  a v ita l service b y  p rocess ing  w aste  a n d  de a d  m a te ria l, w ith  b a c te ria  fo r  exam p le  
g razed  on  b y  c ilia tes, w h ich  In tu rn  becom e a seco nda ry  fo o d  source fo r  la rg e r a n im a ls  In the  
sea. P re d a to ry  viruses b u rs t In fec ted  cells to  re lease n u trien ts , m a k in g  them  a va ila b le  a g a in  fo r  
p h y to p la n k to n  g ro w th .
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The present
Within the last tw o decades, understanding o f oceanic microbial diversity and ecology has been 
revolutionised by the discovery and application o f new genomic, geochemical, isotope and 
membrane lipid technologies, and fluorescent microscopy. For thefirs t time it is possible to determine 
the true microbial biomass, biodiversity and composition in seawater samples and discover the 
biogeochemical roles o f a number o f different microbes. While these new findings demonstrate 
the crucial importance o f microbes to climate variability and change, the roles o f only a very small 
fraction o f the microbial food web have been resolved so far and there is poor knowledge o f spatial 
and temporal variability, especially at a global scale.

The future
The extent to which newly-discovered complex microbial systems and the microbial loop w ill change 
biogeochemical cycles and feedback to climate change in a warming world is d ifficu lt to forecast as 
we still know so little  about the processes involved, but some general points can be made. Metabolic 
rates and primary production are likely to increase w ith  faster nitrogen fixation and recycling o f carbon, 
and w ith  a less efficient biological pump. Oxygen minimum zones are expected to expand w ith  enhanced anaerobic microbial reactions. There 
may also be a poleward shift in microbial communities and altered microbial diversity related to the freshening o f seawater related to climate 
change. The potential o f microorganisms as micro-engineers for the future benefit o f mankind is only beginning to be explored and awaits our 
imagination and discovery.
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Projection Confidence
A mechanistic understanding o f the vast range o f microbial 
processes and ecosystem interactions involved in global 
biogeochemical cycles and those that impact atmospheric 
composition e.g. nitrous oxide (N2O), cloud nuclei form ing 
dimethylsulfide (DMS) and methane (CH4 ), is needed 
before it w ill be possible to predict their future role in 
climate change. As knowledge o f the influence o f microbes 
(including viruses) on climate change is poor, confidence 
in future projections is low.

The message

The role o f microbial processes in climate variability and change is crucially important, 
but little  understood and poorly quantified, particularly in their contribution 
to biogeochemical cycling, microbial diversity and feedbacks. While microbial 
assemblages w ill adapt to global change, the direction o f change is presently unclear 
as are possible effects on ecosystems and the services they provide. Improving our 
understanding o f critical microbial processes is a major challenge for future research.
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CLAMER Chapter 5

Ocean acidification

Background
Close to one th ird o f the carbon dioxide (CO2) produced by humans from  burning fossil fuels and other sources 
has been absorbed by the oceans since the beginning o f industrialisation and has buffered the cause and effects o f 
climate change. Reacting w ith seawater to form  a weak acid, this large addition o f CO2 is causing ocean acidification 
w ith potentially profound effects on ocean chemistry. At the end o f the 21 st century, the rate o f acidification m ight 
reach levels that marine organisms have not experienced for 55 million years. A resulting lowered pH and saturation 
states o f the carbonate minerals that form  the shells and body structures o f many marine organisms makes these 
groups especially vulnerable.

Substantial reductions in the calcification rates o f both pelagic and benthic organisms over the next century 
are expected based on historical extrapolation and experiments. Many o f these organisms are key members o f 
marine food webs and some, such as shellfish for human consumption, are economically important. Tropical 
corals are expected to be especially vulnerable w ith an average 30% reduction in calcification for a doubling o f 
preindustrial levels o f CO2. Deep-water corals o ff the western margins o f Europe are likely to be strongly impacted 
as their skeletons are made o f the more easily dissolvable carbonate mineral aragonite. The growth o f individual 
coral skeletons and the ability o f reefs to remain structurally viable are likely to be severely affected. Continuing 
acidification may also affect the ability o f the oceans to take up CO2, so that atmospheric concentrations may 
increase even faster.

A tm o sp h e ric  c a rb o n  d iox ide , d isso lv in g  in  sea w a te r a n d  re a c tin g  w ith  it, p roduces m o re  hyd roge n  
ions, raises ac id ity , a n d  reduces the  a v a ila b il ity  o f  c a lc iu m  c a rb o n a te  fo r  p la n ts  a n d  a n im a ls  to  
m ake  h a rd  shells. Ocean a c id if ic a tio n  Is expected  to  have severe conseguences fo r  m a n y  m a rin e  
organ ism s, espec ia lly  fo r  p la n k to n ic  p te ro p o d  m o lluscs In the A rc tic  a n d  co ld  w a te r corals.





t

The present
In the modern ocean, many organisms in contact w ith water oversaturated w ith calcium carbonate 
precipitate skeletal material made from  this chemical. At present, the response o f marine carbonate 
producing organisms to reducing pH and saturation states o f CaC03 is unclear, w ith planktonic and 
benthic biota showing both increasing and reducing calcification. Other physiological processes may 
also be altered and there is evidence for an increase in photosynthesis in some phytoplankton. In 
the Southern and Arctic Oceans, where cold temperatures favour CO2 dissolution and the carbonate 
saturation state is low, marine calcifiers are especially vulnerable.

The future
The mean pH o f ocean surface waters is already 0.1 units (30%) lower than it was in pre-industrial times 
and a decrease by a further 0.4 units (120%) is projected by the end o f this century if emissions continue 
to fo llow  a business-as-usual pathway. If these levels are reached, the whole o f the Arctic Ocean w ill be 
undersaturated by 2100 w ith respect to calcium carbonate, w ith potential serious consequences for 
marine life and especially for calcifying organisms such as pteropods. The scale o f these changes means also that the buffering capacity o f the 
ocean (its ability to absorb CO2) w ill be severely reduced.

S A H  F O S / C L A M  E R 24 Sir Aiister Hardy Foundation for Ocean Science



m

Projection Confidence
The inorganic chemistry o f carbonate systems is well 
understood and modelled using biogeochemical 
ocean general circulation models, so that there is high 
confidence in future projections o f the level o f ocean 
acidification for different CO2 emission scenarios. In 
contrast, understanding o f the response o f marine biota to 
acidification is still at an early stage.

The message

There is considerable concern over the potential impacts o f ocean acidification on 
biogeochemical cycles and especially that marine biota may not be able to adapt to 
the speed o f change. Research is needed to improve understanding o f the response 
to ocean acidification o f benthic and pelagic biota (calcareous and non-calcareous), 
biogeochemical cycles; and o f interactions and feedbacks w ith  global warming, sea- 
iceand freshwater runoff in polar regions.
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f l  O  CLAMER Chapter 6

Marine eutrophication and 
coastal hypoxia

Background
Symptoms that have been attributed to human-induced eutrophication from excessive inputs o f nutrients are a 
recognised problem in many European estuaries and coastal waters. They include enhanced primary production 
(high chlorophyll), low levels o f dissolved oxygen and massive growth o f nuisance algae. Note, however, that low 
subsurface levels o f oxygen may be generated by naturally high biological productivity in the overlying water and 
other symptoms o f eutrophication may also be caused by natural processes. Riverine inputs to European seas o f 
nitrogen (N) phosphorus (P) and carbon (C) have increased substantially over the last century, as has atmospheric 
input o f nitrogen. Except in enclosed seas like the Baltic, eutrophication is lim ited to the near-coastal zone, as the 
ocean is the main source o f nutrients in offshore waters.

Eutrophication symptoms have been observed in the Baltic and Black seas, the Kattegat and eastern Skagerrak, 
the Wadden Sea, the German Bight, some near coastal and estuarine areas o f the North Sea, part o f the Irish Sea 
and lagoons and estuaries o f the Bay o f Biscay, Iberian and Mediterranean coasts including the Adriatic, Gulf o f 
Lion and northern Aegean Sea. Locally, fish farming may also cause eutrophication problems. On average across 
Europe, 50-80% o f the total N pollution drains from  agricultural land, deriving from animal waste and fertilisers, 
whereas households and industry are the most im portant sources o f P pollution. In the Mediterranean especially, 
discharge o f raw or poorly treated wastewater is an im portant source o f N and P. Atmospheric deposition o f 
biologically available nitrogen is an additional source that may contribute to phytoplankton production, but it is 
widely dispersed and small compared to the oceanic inputs to coastal seas.

N itra te  a n d  p h o sp h a te  n u tr ie n ts  seeping in to  rivers fro m  fa rm  a n im a l waste, fe rtilise rs  a n d  
sew age p la n ts  b o o s t excessive g ro w th  o f  p h y to p la n k to n  p la n t  cells such as P haeocystis In 
co a s ta l a n d  es tua rine  waters. These la rg e  b lo o m s  d is ru p t the  fo o d  web, p o te n t ia lly  Im p a c t  
to u rism  a n d  can severely d a m a g e  a g u a cu ltu re  systems.
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The present
Nutrient loads in northern European rivers reached a maximum in the mid 1980s and have reduced 
since, especially for phosphate, as a response to improvements in sewage treatment and the use o f 
phosphate-free detergents. Rivers flowing into the Mediterranean and Black Seas have moderate 
nutrient loads compared to northern rivers, even though discharge o f raw or poorly treated 
wastewater is still a major problem; they show similar trends for phosphate reduction since the 
1980s, while nitrates have remained the same (or may have reduced a little) since the 1990s. Against 
this background, eutrophication symptoms (chlorophyll levels) have shown little  improvement, 
although the tim ing and extent o f blooms has changed since the late 1980s and has been linked to 
a combination o f rising temperature, increased grazing pressure from  the benthos and Zooplankton, 
reducing nutrient inputs and changes in freshwater discharge.

The future
Climate change may exacerbate or ameliorate eutrophication. Changes -  in circulation, river runoff, 
stratification, upwelling, in ecosystems (step changes or regime shifts), structure and functioning o f 
the planktonic food web, parasitism and other anthropogenic forcing -  all interact, and it is currently 
impossible to forecast which changes w ill predominate. Political decisions to clean up nutrient pollution 
in rivers, especially nitrogen from agriculture, and achieve a better balance in the ratios o f nitrogen to phosphate to silica to carbon as part o f the 
Marine Strategy Framework Directive are likely to have a much greater impact than will climate-induced effects.
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Projection Confidence
Despite a sizeable scientific literature, the science o f 
eutrophication is still poorly understood. To improve 
confidence in projections, there is a need for improved 
understanding o f nutrient enrichment and the 
functioning o f local and regional ecosystems. Better 
assessment and modelling tools are required and an 
integrated, standardised Europe-wide m onitoring system 
implemented.

The message

There is a priority need to clarify the linkages between eutrophication symptoms 
and nutrients and to minimise undesirable effects that degrade the sustainability 
and health o f ecosystems or affect living marine resources. Further reduction o f 
nutrient inputs to the sea, especially agricultural sources o f nitrogen, are needed to 
achieve a more balanced ratio between different nutrients and help ensure that any 
exacerbation due to climate change is minimised.
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r ? # #  CLAMER Chapter 7

Shifts in species composition 
and biodiversity

Background
The biology o f marine species is strongly governed by temperature through its effect on their physiology, 
abundance, community structure, biodiversity and the tim ing (phenology) o f their seasonal cycle. Secondary 
effects, such as changes to the path o f currents, may contribute to expansions and contractions o f ranges. Many 
changes may be associated w ith movement o f a critical thermal biogeographic boundary o f ~9-10°C. Poleward 
range shifts o f marine biota in the Northeast Atlantic during periods o f warming (e.g. the 1920/30s and recent 
decades) and retraction in cooler periods are well documented and correlated w ith climate variability represented 
by the Atlantic Meridional Oscillation. There is clear evidence for changes in the seasonal tim ing (phenology) o f 
many plankton groups -  tim ing is crucial for the recruitment o f many fish species, as their larvae can survive and 
develop only if their planktonic food is available to them when they need it.

The effect o f warming on ecosystems may not be gradual, as ecosystems may amplify climatic signals and exhibit 
step changes in structure, termed 'regime shifts' (see Chapter 8). In the temperate Northeast North Atlantic, 
planktonic biodiversity has increased w ith a parallel reduction in Zooplankton size. This may negatively influence 
ecosystem function, as smaller Zooplankton have a lower biomass and poorer food value for higher trophic levels. 
The Mediterranean is a biodiversity hotspot, combining w inter cold and summer warm faunas. In recent decades 
biodiversity has increased substantially, especially for fish -  more than 100 new species have been recorded, the 
majority as warm introductions from the North Atlantic and Red Sea via the Suez Canal (see Chapter 9).

H ig h e r te m p e ra tu re  a n d  changes in cu rren ts  a t  the  edge o f  the  E uropean s h e lf h a ve  caused  
p la n k to n  m o re  ch a ra c te ris tic  o f  w a rm e r w a te r to  ex te nd  th e ir  ra n g e  to  the n o r th  o f  S hetland, a 
s h if t  o f  1000 km  be tw een  the 1970s a n d  2 000/2005 . A t  the  sam e tim e, the  sh r im p -like  C alanus  
finm arch icu s , a b u n d a n t in  co ld e r w a te r a n d  an  im p o r ta n t fo o d  fo r  fish -  espec ia lly  the la rv a l 
stages o f  c o d  -  has re tre a te d  tow a rds  the  po le .





The present
Poleward range shifts in warm water plankton, attributed to rising temperature and enhanced flows 
in the shelf edge current at the western margin o f Europe, have extended more than 1000 km over 
the last 5 decades. Plankton adapted to colder water have retreated to the north over a similar period. 
Over two-thirds o f North Sea fish have shown shifts to the north in mean latitude or depth and 
parallel changes have occurred in the benthos. Similar, but less pronounced poleward movements 
and associated changes in biomass have been seen in the Mediterranean and other European seas. In 
the North Sea, some plankton have moved their seasonal tim ing forward by over a month.

The future
The copepod Calanus finmarchicus is an im portant food for fish in the North Atlantic, where its biomass 
is said to weigh more than the global human population. This species has reduced its abundance in the 
North Sea by -70%  since the 1960s, and while it has been replaced by its 'sister'species C. helgolandicus, 
the change has had im portant consequences for fish resources. Projected poleward movement o f C. 
finmarchicus at one degree o f latitude per decade will have pronounced consequences for Northeast Atlantic and Arctic ecosystems. Expected 
higher precipitation in the Baltic w ill increase the dominance o f freshwater biota. Northward movement o f warm Mediterranean water will 
favour the accelerated spread o f non-native species in a warmer saline sea and the Black Sea will show a continuing increase in Mediterranean 
immigrants.
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Projection Confidence
It is accepted that observed biogeographic shifts and 
phenology are related to regional climate warming and that 
rising sea temperature in European seas is partly caused 
by anthropogenic global warming. There is moderate 
confidence in the future projection o f these changes. The 
mechanisms behind warming at the shelf edge are unclear 
and d ifficult to model. Linkages w ith atmospheric modes 
such as the Atlantic Multidecadal Oscillation (AMO) are 
poorly understood.

The message

Over the last 30 years, ecosystems in all European seas have changed substantially, 
in large part due to warming sea temperature linked to climate variability and 
change. The changes are reflected in shifts o f distribution, seasonal tim ing, regime 
and biodiversity w ith many appearing to accelerate. The prognosis is for continuing 
change as temperatures rise (and Baltic salinity reduces) w ith likely im portant effects 
on biogeochemical cycles and living marine resources.
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CLAMER Chapter 8

Jellyfish blooms and regime 
shifts

Background
The frequency and size o f'je lly fish ' blooms have been increasing throughout the world in recent decades and 
have been linked to overfishing, eutrophication and climate change. Jellyfish -  Cnidaria (medusae), Ctenophora 
(comb jellies) and Tunicata (salps) -  can grow rapidly to form  large 'blooms' as seasonal predators o f plankton 
and fish eggs/larvae. Cnidaria (with stinging nematocysts in their tentacles) w ith the other 'jellies) can have a 
substantial socioeconomic impact on fisheries, aquaculture, tourism and marine industries by, for example, reduced 
recruitment and net damage, fish kills in growing cages, bather stings and blocked power station cooling water 
intakes. More positively, medusae may enhance fisheries by protecting the young stages o f some gadoid species 
from predation between their tentacles. Time-series studies show strong statistical links between jellyfish and sea 
surface temperature, oceanic advection, climatic indices and abundance o f Zooplankton prey. Jellyfish may actively 
search for prey, as shown by recent evidence, and may enhance ability to increase their dominance in perturbed 
ocean ecosystems.

There is no standard definition o f the term regime shift; here, such shifts are considered as rapid transitions in 
ecosystems from  one semi-permanent state to another.The mechanism typically involves climate forcing although 
shifts may also result from overfishing, pollution or a combination o f factors. Biological responses to shifting 
climatic conditions, as represented in a change in regime, may be non-linear and amplify the underlying linear 
abiotic climatic changes.This sensitivity implies that future gradual climate changes may provoke sudden biological 
responses (tipping points) w ith unpredictable consequences for the function and resilience o f ecosystems, as well 
as for the carrying capacity o f living marine resources. There is already substantial evidence from  all European 
seas o f historical, regional regime shifts that have had major impacts on all trophic levels and wide socioeconomic 
consequences.

In  re ce n t decades, the  inc re as ing  occu rrence o f  je lly fish  b lo o m s  has been co rre la te d  w ith  ris ing  
sea tem pera tu re . They ha ve  caused m a jo r  p ro b le m s  fo r  fisheries, a g u a c u ltu re  a n d  tou rism . A 
co m p le te  co llapse  o f  the  B lack Sea fishe ry  in  the  la te  1980s has been a ttr ib u te d , a lo n g  w ith  
ove rfish ing , to  m assive b loo m s o f  the com b  je l ly  M n em iop s is  le id y i v a cu u m in g  up Z o o p la n k to n , 
eggs, a n d  fish larvae.





The present
Medusae occurrence in the Northeast Atlantic and North Sea has oscillated over 5 decades, increasing 
in warm years from the early 1980s, w ith abundance o f some species reducing. Mediterranean 
blooms, especially o f toxic Pelagia noctiluca, may have increased in recent years. Bloom outbreaks 
in the Black Sea, especially o f the non-native comb je lly Mnemiopsis leidyi, have caused pronounced 
ecosystem changes and a decline in fish stocks.

Clear regime shifts, involving many trophic levels in the plankton, w ith evidence for associated 
changes in the benthos (suspension feeders to detritivores), hydrography and biochemistry have 
been well described from  close to 1988 in the North and Baltic Seas w ith similar events in the 
Mediterranean at about the same time.

The future
If, as predicted, European seas continue to warm over the next century, warmer water species and boreal 
species respectively are likely to expand and retract their distributions. Patterns o f abundance are less 
easy to forecast, but if overfishing and environmental degradation contribute to blooms and override 
climatic factors, high jellyfish populations may persist in competition w ith fish.

Limited understanding o f the extent to which climate change, anthropogenic or intrinsic biological drivers may contribute to the development 
o f regime shifts, plus a lack o f appropriate spatiotemporal data, make it impossible at present to predict or model their future occurrence. Such 
knowledge has high relevance to the management o f fisheries.
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Projection Confidence
Understanding o f environmental factors governing 
interannual and long-term variability o f jellyfish is too 
limited to predict future patterns o f bloom frequency. 
There is especially poor knowledge o f the biology o f the 
polyp stage o f shelf-sea medusae.
Ability to predict the direction or occurrence o f regime 
shifts is poor, especially as most past events have not been 
detected until well after their initiation. New statistical 
and modelling tools have been applied to try to improve 
detection and understanding o f driving forces.

The message

Improved knowledge o f how climate change, human impacts, ecology o f benthic 
polyps and their interaction enhance jellyfish blooms is needed, as are better 
methods to estimate jellyfish abundance and map distributions. Regime shifts affect 
the carrying capacity, composition and distribution o f fish, so new approaches to 
fish management are needed to maintain sustainable fisheries, as are improved 
techniques to identify, model and predict regime shifts and assess their impact on 
ecosystem resilience.
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•  CLAMER Chapter 9

Non-native species

Background
Introduced non-native marine species are invasive if they spread and cause economic or environmental harm, or 
impact human health. Most introductions arrive via human intervention, intentional or otherwise (e.g. aquaculture, 
ballast water and hull fouling). Some native and established non-native species w ith  previous historically static 
distributions are expanding their ranges polewards, and increasing their abundance in marginal areas o f their range. 
These may relate to rising seasonal temperatures and changing hydrographic (e.g. currents) and meteorological 
conditions. Species that prefer warmer water may out-compete cold-adapted relatives through their greater growth 
and recruitment and/or colder species may simultaneously retreat to the north, tracking their temperature niche.

The spread o f both native and non-native introductions has the potential to impact biological systems profoundly 
and may lead to a complete restructuring o f food webs. The rate o f spread o f the ranges o f natives would appear 
to be slower than that o f introduced species, but an order o f magnitude higher in marine compared to terrestrial 
environments. The Mediterranean is unique due to immigration from the Red Sea via the Suez Canal (termed, the 
Lessepsian migration after the builder o f the canal) and in recent decades from the tropical Atlantic via the Strait 
o f Gibraltar. The Baltic has been impacted by northward transfer o f some brackish-water invasive species from the 
Black Sea along the European canal network, and periodic effects in the Black Sea have been partially linked to 
massive growth o f the non-native comb jelly Mnemiopsis.

Trop ica lisa tion  o f  the  M e d ite rra n e a n  has le d  to  a ra p id  increase in  invas ions o f  n o n -n a tiv e  
species fro m  the  Red Sea v ia  the  Suez Canal. M o re  th a n  ten n e w  species a rrive  each year. Recent 
finds inc lud e  the w h ite  s tin g e r h y d ro id  (M a cro rh yn ch ia  p h il ip p in a )  a n d  a  p o iso n o u s  p u ffe r  fish  
(Lagocepha lus  sceleratus).





The present
Records o f non-native and invasive marine species have markedly increased at both global and 
European scales. These species may cause substantial damage to the diversity and abundance o f 
native populations as well as to ecosystem function, thus impacting the livelihood o f fishermen and 
at times affecting human health. For example, the comb je lly Mnemiopsis leidyi, whose abundance 
is correlated w ith higher temperature, partially contributed to a decline, by almost an order o f 
magnitude, in Black Sea fish landings, w ith estimated losses to the industry o f ~€240 million in the 
1990s. Impacts on aquaculture include sporadic poisoning or smothering o f farmed organisms, 
clogging o f nets and fouling o f structures. Until recently, most invasive species were introduced 
via human activities and spread naturally -  a spread that has accelerated in recent decades, due to 
warmer temperature and physical responses linked to climate change.

The future
If recent patterns are maintained, it is predicted that both the number and spread o f non-native species 
may increase due to climate change (plus ocean acidification) w ith consequences that are d ifficult to 
predict. On the western margins o f Europe, rates o f spread for planktonic warm water invasives and 
retreat o f cold water natives may be as high as one degree o f latitude per decade for typical mid-range 
IPCC scenarios and half this rate for benthic intertidal species. Enclosed seas such as the Mediterranean and Black Sea are vulnerable to the spread 
o f invasives from  adjacent seas as temperatures rise. Transarctic migrations from  the Pacific to the North Atlantic (due to melting Arctic sea-ice) 
and fresh and warmer water invasions in the Baltic are expected to become more prevalent.
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Projection Confidence
Taxonomic expertise, especially for microbial parasites and 
to some extent plankton, is poor. Historical and spatial 
coverage o f systematic monitoring programmes is limited. 
Future projections vary among regions and seas, and have 
medium confidence as modelling o f catalogued invasives 
is improving. There is poor confidence, however, for the 
ecosystem consequences o f the arrival o f new, yet to be 
identified and recorded, non-native arrivals.

The message

Impacts from  the spread o f non-native species may be enhanced by climate change. 
New preventative measures need to be devised, especially for species migrations 
via the Suez Canal and Arctic as well as by human vectors such as ballast water. A 
coordinated monitoring programme for invasive species should be established in 
European regional seas and main ports. Improved understanding o f the ecology o f 
invasions is needed to improve m itigation measures.
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CLAMER Chapter 10

Food: Fisheries and 
Aquaculture

Background
In rapidly-warming areas o f the northernmost Northeast Atlantic and further south (North Sea -  extending to the 
Iberian coast), fisheries yields since 1981 have respectively increased and declined. The northern increase has been 
ascribed to pelagic fish responding to warming-induced higher food availability and the reverse situation to more 
stable water and lower Zooplankton biomass. These observations reinforce the message that carrying capacity 
(production) o ffish  depends on primary production levels and the resulting biomass/composition o f Zooplankton. 
Primary production (see Chapter 3) is governed by light, nutrients, temperature and water stability and thus by 
climate, w ith  strong feedbacks to fisheries. However, climate and fishing interact by a) climate fluctuation lim iting 
the effectiveness o f the management o f exploited populations and b) fishing reducing the resilience o f populations 
and their ability to adapt to climatic fluctuations. Interactions may also occur at the species level -  in the Barents 
Sea, for example, cod, capelin and herring interact strongly and are all influenced by differential harvesting.

At European and global levels, production o ffish  and shellfish from  wild stocks has levelled out, w ith  landings 
from EU fleets declining. Maintaining fish and shellfish production has only been possible by a continuing growth 
in aquaculture. To maintain fish supplies at levels that w ill feed a growing European population, it is estimated 
that an additional 3.7 million tonnes offish/shellfish w ill be needed by 2035, 35% more than the 2006 supply. 
Achieving these levels w ill be difficult, given that most w ild fisheries are either fully- or over-exploited. Potential 
climate impacts on European aquaculture include: increases in pathogens and parasite range expansions, due to 
rising temperatures stimulating their growth, transmission and survival; reduced production o f forage fish stocks, 
produced outside the North Atlantic and vulnerable to climate variability; increased frequency o f jellyfish/harmful 
algal blooms and non-native introductions.

There is c le a r evidence fro m  a ll E uropean seas th a t r is in g  tem pera tures, a lo n g  w ith  ove rfish ing , 
are caus ing  s u b s ta n tia l changes to  fish stocks such as h e rring , san d  eels a n d  cod, as w e ll as to  
th e ir ranges a n d  m ig ra t io n  routes. W arm er w a te r fish species a re  g ra d u a lly  m o v in g  n o r th  so th a t  
u n fa m ilia r  fish species a re  n o w  a p p e a rin g  on  fish m a rk e t stalls.





The present
Discriminating between fishery- and climate-related impacts on fish stocks is difficult. However, 
there is now clear evidence from all European seas that changes in sea temperature and other 
environmental factors have already altered fish population structure, recruitment, distribution (range 
extensions, retractions), phenology (timing) and migration routes. Fish like salmon and eels that live 
partly in rivers, partly in the sea have been strongly affected. Fishing, however, is still the dom inant 
factor governing the status o f exploited stocks.

There is no evidence for any impact from  climate change on existing aquaculture facilities, but that 
m ight be disguised by the rapid global growth o f the industry.

The future
Northerly extension o f warmer-water fish is expected to continue, w ith development o f new exploitable 
populations. Stocks o f cold-adapted species are projected to decline in, for instance, the North Sea, but 
to benefit from higher temperatures in areas such as the Barents Sea. Fish production is sensitive to 
the combined effects o f climate, ocean acidification and plankton comm unity changes, and heavily 
exploited fish stocks are likely to be especially vulnerable.

In coming decades, aquaculture is likely to be the main source o f increased fish and shellfish production. Cultivation ranges will change and 
greater stock and infrastructure losses from changing weather patterns can be expected. A lesser but still critical dependency on forage fish used 
for fish oil/meal feed is likely for carnivorous aquaculture, even though increasing catches w ill be difficult. Ocean acidification may have indirect 
and direct effects on shellfish production.
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Projection Confidence
Different models predict both positive and negative 
future changes in net global primary production (and thus 
fishery production) w ith a consensus for a decline in m id
latitudes and possible increase in high latitudes. However, 
there is great uncertainty and thus low confidence in the 
predictions, as many processesare poorly constrained in the 
models. Furthermore, the extent to which latitudinal range 
changes are attributable to regional climate variability (for 
example, the Atlantic Multidecadal Oscillation) or global 
warming is presently unclear.

The message

To ensure sustainable future fish stocks, it is im portant that management schemes 
take into consideration distributional changes and the potential for sudden step 
changes (regime shifts) by reducing fishing mortality, thus providing stocks w ith a 
buffer against years w ith poor recruitment and reducing their vulnerability to climate 
fluctuations. Aquaculture needs to reduce its dependency on w ild fish by developing 
new food sources that are not made from  forage fish.
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CLAMER Chapter 11

Human health, disease in marine 
organisms and harmful algal blooms

Background
There is concern that climate change may contribute to further introductions and dissemination, in Europe, o f diseases in both marine 
organisms and humans.This viewpoint is based on observations o f latitudinal and temporal associations between climate variability and 
the occurrence and intensity o f respiratory and infectious diseases, parasitism and gastroenteritis. The response is likely to be complex, 
as higher sea temperatures affect the physiology o f hosts, vectors and contributing parasite/pathogens and interact w ith other factors, 
including human and aquaculture disease abatement programmes and drug resistance. Changes in sea temperature and salinity will 
alter biogeographic ranges, affect abundance, rates o f reproduction and growth, extend transmission seasons and change ecological 
interactions. Aquaculture is vulnerable to increasing levels o f disease and parasites caused by rising temperature, w ith  potential serious 
economic consequences for the industry.

Many phytoplankton groups are known to form harmful algal blooms (HAB), including: dinoflagellates, diatoms, haptophytes, 
raphidophytes and cyanobacteria. The species w ithin these different groups show variable abundance/biomass and toxicity patterns, 
ranging from: high to low toxicity to humans and marine organisms w ith high or low abundance to non-toxic nuisance taxa. There 
is some evidence to link HAB events to rising temperature and climate change. Many bloom-form ing species are sensitive to mixing 
and the intensity o f stratification as they are able to utilise regenerated nitrogen and migrate vertically, and may be favoured by more 
intensive future stratification (see Chapter 5). A progressive global increase in aquaculture has led to an increase in the recording o f 
paralytic, diarrhetic, neurotoxic, amnesic and azaspiracid shellfish poisoning and ciguatera fish poisoning has been recorded outside 
the subtropics. Globally, approximately 2,000 cases o f food poisoning from  consumption o f contaminated fish or shellfish are reported 
each year, o f which -15%  are fatal w ith another estimate suggesting 50,000 to 500,000 ciguatera intoxications per year alone.

H a rm fu l a lg a l b loom s, som e o f  w h ich  p ro d u ce  po iso ns  can have serious eco n o m ic  consequences  
fo r  a q u a c u ltu re  a n d  beach tou rism . N o c le a r re la tio n sh ip  has been fo u n d  be tw een  th e ir  
occurrence a n d  c lim a te  change, b u t  som e s u b tro p ica l species such as O streopsis a re  n o w  fo u n d  
in  the  M ed ite rrane an . Toxins fro m  th is  species m a y  cause d e rm a tit is  in  ba the rs  a n d  re sp ira to ry  
p ro b le m s  fo r  tou ris ts  o n  beaches w hen  re leased in  aerosols.





The present
The prevalence and severity o f a wide range o f disease/parasite infections in marine organisms, e.g. 
corals and fish, have been linked to high sea surface temperature. Increases in plankton-associated 
Vibrio bacteria in the southern North Sea coincided w ith exceptional outbreaks o f Vibrio wound 
infections in bathers in the Baltic and North Seas in recent unusually hot summers.

There is no clear pattern to the occurrence o f HAB and toxic algal events in European waters in 
recent decades other than a change from west to east distribution patterns in the North Sea. Of 
note are exceptional records o f tropical ciguatera fish poisoning in the Canaries, for the first time in 
2004.'Tropical'dinoflagellates linked to ciguatera, Gambierodiscus and Ostreopsis, now occur in the 
Mediterranean, in the latter case causing severe problems on Italian beaches from  toxic aerosols and 
bathing impacts.

The future
The geographical ranges o f some diseases and parasites have already increased as a response to 
warming temperatures, a pattern that is likely to extend to other taxa in the future. Human activities 
and many other factors may affect infectious and parasitic diseases and may overshadow effects from 
climate change.

Changes in the abundance, d istribution, composition and tim ing o f HABs are expected due to climate change. Outbreaks o f toxic events in new 
areas, that affect humans, seafood or aquaculture, are likely to have serious social and economic consequences. Intensification o f stratification 
and exceptional precipitation events may favour an increase in some HAB species. Tropicalisation o f the Mediterranean and a trend to greater 
imports o f w ild and farmed fish may lead to a rise in the occurrence o f ciguatera poisoning in Europe.
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Projection Confidence
The intensity and future distribution o f marine diseases in a 
warming and more acidic ocean are subject to considerable 
uncertainty. This is because o f a poor understanding o f 
potential natural and human forcing on their ecology and 
virulence.

Predictions o f the response o f HABs to climate change have 
a low level o f confidence due to lim ited knowledge o f the 
response o f marine ecosystems to multifactorial drivers 
and the adaptability o f phytoplankton to rapid change.

The message

Climate-induced changes to the prevalence and potency o f marine pathogens, 
parasitism, HABs and biotoxins may have severe consequences for human and 
ecosystem health and may lead to a decline in consumer confidence in sea food, 
coastal recreation and tourism. Ingestion o f water-borne pathogens, consumption o f 
contaminated seafood and exposure to marine diseases may lead to higher medical 
costs.
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IM« CLAMER Chapter 12

Marine energy and 
geoengineering

Background
Except for oil and gas, the exploitation o f marine energy resources is in its infancy. Renewable sources o f marine power 
include offshore w ind generation, tides, waves, currents, deepwater thermal gradients, biomass and density differences 
between fresh and seawater. Offshore wind, tide and power generation represent a vast untapped source o f renewable 
energy. Yet by 2009, offshore wind generation made up only a small fraction (2.5%) o f the total w ind power produced 
in Europe, itself only a small percentage o f all renewables. The energy produced by other renewable marine sources is 
very small. The technologies needed to harness other sources o f power from the sea, presently largely lim ited to tide 
and waves, are still in an early stage o f development, w ith  some operational test facilities and links to national grids 
now in place.

Geoengineering is the deliberate, large-scale manipulation o f the Earth's climate to counteract the effects o f global 
warming. This may be achieved by either removing the greenhouse gas carbon dioxide from  the atmosphere or by 
reducing the incoming energy from  solar radiation by reflecting it back into space to compensate for the increase in 
CO2. Capture and storage o f CO2 in sedimentary deposits is feasible as demonstrated by operational systems in two 
Norwegian gas fields. It could also be pumped into deep ocean basins, although the resulting increased acidification 
would have negative consequences for deep sea organisms. The controversial procedure of'ocean fertilisation'adds 
lim iting nutrients such as iron to the surface ocean to enhance planktonic production. The aim is to increase oceanic 
drawdown o f CO2 from  the atmosphere and increase export o f carbon to the deep ocean via the biological pump. 
Enhancing cloud brightness by spraying them w ith seawater droplets from  ships is proposed as a means o f increasing 
the reflectivity o f clouds to sunlight.

The oceans p ro v id e  a  vas t a n d  u n ta p p e d  resource o f  re new ab le  energy p ro d u c t io n  fro m  o ffshore  
w in d  a n d  t id a l tu rb ines, w ave -ene rgy  h a rve s tin g  devices a n d  a lg a l p ro d u c tio n , a l l  d e ve lop in g  
ra p id ly  to  h e lp  reduce o u r  ca rbon  fo o tp r in t. A ra n g e  o f  g lo b a l scale e n g inee ring  p ro je c ts  has been  
p ro p o se d  as a s to p g a p  to c o u n te ra c t the  effects o f  r is ing  CO2 b y  re d u c in g  the  ene rgy  ab so rbe d  by  
the  E arth  fro m  the sun o r  b y  h a rve s tin g  a n d  lo n g -te rm  sto rage  o fC 0 2 .
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The present
The Ranee 240 MW tidal power station, is the world's largest marine energy plant, but only a minor 
contributor to French electricity. The total European capacity o f all operational p ilo t tidal- and wave- 
power plants reached only 2.8 MW in 2009, w ith offshore wind generation achieving 1924 MW. Ocean 
Thermal Energy Conversion (OTEC) plants that use a heat engine to exploit the difference between 
cool deep and shallow warm water are operational outside Europe.

There are currently no effective and practical ocean geoengineering schemes other than capture 
and storage o f CO2 in sedimentary reservoirs. Experimental studies have been carried out to test 
the feasibility o f ocean fertilisation and show that it is ineffective, costly and has low efficiency. Large 
scale expansion o f OTEC schemes to stimulate primary production is impractical and inefficient as 
they contribute CO2 to the atmosphere from  the upwelled deep water.

The future
The EU has seta new renewable energy target o f 20% by 2020. To achieve this target a rapid development 
o f marine energy installations and an offshore energy electricity grid is needed. Development o f offshore 
wind farms is expected to expand w ith a projection o f up to 40 times the current installed capacity 
by 2020 and 150 GW by 2030. While other sources o f offshore energy are less developed, they too are 
expected to grow rapidly.

As the practicality, efficiency, economics and ecosystem consequences o f ocean fertilisation are far from  clear, the Convention o f Biological 
Diversity prohibited further applications o f the technique until a stronger scientific justification is made through a regulatory framework that is 
currently underdevelopment. Expansion o f CO2 capture and storage in sedimentary basins is expected.
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Projection Confidence
Considerable logistical, engineering, planning and financial 
issues need resolving to ensure smooth development 
o f a range o f different offshore energy sources. Sites of 
production are far from  the regions o f high energy use and 
supply bottlenecks may form  in existing grids.

Geoengineering has a high risk w ith possible unintended 
and irreversible side effects and impacts on ecosystems 
that may negatively affect regions distant from the 
deployment. Solar reflection techniques would allow 
ocean acidification and its effects to continue unabated.

The message

A proactive European policy backed by appropriate environmental protection and 
funding is necessary to ensure that offshore energy production systems develop at 
the rate needed to fu lfil renewable energy targets. Experiments on ocean fertilisation 
should be allowed to proceed w ith  international guidelines and controls to improve 
knowledge o f the functioning o f ocean ecosystems and determine if manipulation of 
the oceans m ight be an effective means o f reducing rising atmospheric CO2 .
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The Sir Alister Hardy Foundation for Ocean Science (SAHFOS) is an internationally funded charity (Canada, Ireland, 
Norway, UK and the USA) tha t operates the Continuous Plankton Recorder (CPR) survey. The Foundation has 
been collecting data from the North Atlantic and the North Sea on biogeography and ecology o f plankton since 
1931. More recently, work has been expanded to  include other regions around the globe including the Arctic and 
Southern Ocean. The results o f the survey are used by marine biologists, scientific Institutes and In environmental 
change studies across the world. The CPR team is based in Plymouth, England and consists o f analysts, technicians, 
researchers and administrators, who all play an Integral part in the running o f the survey.

SAHFOS
The Laboratory, Citadel Hill 

P lym outh, PL1 2PB, UK 
Tel: +44(0)1752-633288 
Fax: +44(0)1752-600015 

Email: sahfos@sahfos.ac.uk 
Web: www.sahfos.ac.uk
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