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1. Summary

In the last decade there has been growing scientific concern over changing ocean carbonate
chemistry caused by ocean uptake of anthropogenic atmospheric carbon dioxide (CO;) and
how this will affect marine organisms, biodiversity, biogeochemistry, habitats and
ecosystems. This knowledge has been exchanged with policy makers and stakeholders and
there have been calls to reduce uncertainties in effects of and responses to future ocean
acidification (Royal Society 2005; Turley et al. 2006; IPCC 2007). The UK Ocean
Acidification Research Programme is a response to this need with £12M funding from
NERC, the Department for Environment, Food and Rural Affairs (Defra) and the Department
of Energy and Climate Change (DECC). This 5 year programme will address the policy and
societal need for a greater understanding of the implications of ocean acidification and its
risks to marine biogeochemistry and biodiversity and impact on the whole Earth System,
through the delivery of seven Science Deliverables. Programme activities (excluding global
scale modelling) will be focused on the North-East Atlantic (including European shelf and
slope), Southern and Arctic Oceans. The programme will encourage strong collaboration,
where appropriate, with other national and international programmes, primarily the newly
funded German ocean acidification programme (BIOACID, Annex 1) and the EU
Programmes (EPOCA and MEECE, Annex 2), to maximise the delivery of the programme’s
Objectives.

2. The Research Programme’s Objectives

a. To reduce uncertainties in predictions of carbonate chemistry changes and their effects
on marine biogeochemistry, ecosystems and other components of the Earth System.

b. To understand the responses to ocean acidification and other climate change related
stressors by marine organisms, biodiversity and ecosystems and to improve
understanding of their resistance or susceptibility to acidification.

c. To provide data and effective advice to policy makers and managers of marine
bioresources on the possible size and timescale of risks to allow for development of
appropriate mitigation and adaptation strategies.

3. Scientific Background

Over the last 200 years the oceans have absorbed about 25% of the CO, emitted into the
atmosphere from human activities, effectively reducing CO; in the atmosphere and therefore
buffering climate change (Sabine et al. 2004). This has resulted in the measurable alteration
of surface ocean pH and the concentrations of CO,, bicarbonate (HCO3") and carbonate ions
(CO5%), as well as the reduction of the saturation state and movement of the saturation
horizons of calcium carbonate (CaCO3) minerals towards the ocean surface (shoaling). This
change in ocean carbonate chemistry is termed “Ocean Acidification” and is increasing in
response to rising atmospheric CO,. Since pre-industrial times ocean pH has decreased by a
global average of 0.1 (equivalent to a 30% increase in acidity) (Caldeira and Wickett 2003)
and unmitigated CO, emissions will cause ocean pH to decrease by as much as 0.40 in total
by the year 2100 and 0.77 by 2300 (Caldeira and Wicket 2003). These will be the most rapid
and greatest changes in ocean carbonate chemistry experienced by marine ecosystems for
tens of millions of years (Caldeira and Wickett 2003). It will take tens of thousands of years
for the changes in ocean chemistry to be buffered through neutralization by calcium
carbonate sediments (Archer & Brovkin 2008, Ridgwell & Zeebe 2005) though the level at
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which ocean pCO, will eventually stabilize will be lower than it currently is (Archer &
Brovkin 2008, Ridgwell & Zeebe 2005). Ocean acidification is a large-scale, long-term
problem and with unmitigated CO, emissions is likely to result in widespread impacts on
ocean biogeochemistry, biodiversity and the services that the oceans provide to the whole
Earth System (Royal Society 2005, MCCIP 2009).

Already, shoaling of the aragonite saturation horizon (ASH) may be bringing increasingly
corrosive waters to the productive, shallower shelf seas along the western coast of North
America (Feely et al. 2008). Deep water forming in the North Atlantic is already reflecting
the lowered pH conditions due to anthropogenic CO,. Organisms which live in deep waters
with aragonite skeletons, such as cold water corals abundant off the coast of Northern
Europe, may be particularly vulnerable to shoaling of the ASH (Guinotte et al. 2006). Shelf
sea models project similar rates and levels of acidification in European waters to those
predicted for the global ocean (Blackford and Gilbert 2007), so ocean acidification may
represent a substantial risk to commercially important fisheries and aquaculture. If we
continue to emit CO, at the same rate, models project that parts of the Southern Ocean will be
undersaturated in the important carbonate mineral aragonite (used by many organisms such as
pteropods to make their shells) by the middle of this century with the whole of the Southern
Ocean undersaturated by 2100 (Orr et al. 2005). In the Arctic Ocean aragonite
undersaturation is projected to occur earlier (Steinacher et al. 2008) with 10% of its waters
undersaturated in the next decade (Orr et al. 2008). By 2060 80% of Arctic waters are
projected to be undersaturated in both aragonite and calcite (another key carbonate mineral
used by organisms such as clams to make their shells). Calcifying organisms are likely to find
calcification in these corrosive waters increasingly metabolically demanding and the
consequences to food webs are of great concern. Measurable impacts may occur earlier than
this due to a lowering of the carbonate ion concentration impacting calcification and other
processes, but our knowledge of these is currently too sparse to make predictions.

Laboratory experiments, field observations of natural CO, rich seawater and studies of
previous ocean acidification events in Earth’s history indicate that these changes are a threat
to the survival of organisms that use CaCO;3; to produce shells, tests and skeletons (see
references in Kleypas et al. 2006, Fabry et al. 2008: Doney et al. 2009). However, not all
studies have shown this (e.g., Iglesias-Rodriguez et al. 2008) therefore, this is a controversial
area (Riebesell et al. 2008) needing resolution especially as data is required by Earth System
Models to predict pelagic calcification and its consequences (Ridgwell et al. 2009). Other
experiments reveal that other biological processes are also vulnerable to predicted future
changes to ocean chemistry. Changes to ocean biogeochemistry may have a direct feedback
to the Earth system and to climate through carbon and nutrient cycles and air-sea gas
exchange (Feely et al. 2009, Turley et al. 2009).

Given specific CO, emission scenarios, predictions of future ocean carbonate chemistry are
relatively certain at the global scale. Nonetheless, recent observations of inter-annual and
long-term variation in ocean CO, uptake suggest that future regional ocean acidification and
ocean carbonate chemistry are less well understood. A major challenge is assessing the risk
of ocean acidification on marine food webs, ecosystems and ocean biogeochemistry because
of their complexity. Another challenge is reducing uncertainty in the sensitivity of key
biogeochemical cycles. An understanding of previous ocean acidification events in Earth’s
history will provide useful insights into extinctions or adaptation strategies.
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A concerted, multi-disciplinary effort, in collaboration with other nations, will improve our
understanding and increase certainty in predictions of impacts and risks of ocean
acidification.

The impact of ocean acidification on biogeochemistry and biodiversity and subsequent
feedbacks on climate will depend on the rate and magnitude of changes in ocean chemistry,
so it is important for the programme to consider different scenarios (section 5,
Implementation Plan) of future CO, emissions to give useful projections and advice to policy
makers. In particular, experimental work will consider the effects of acidification at different
atmospheric CO, concentrations (section 5, Implementation Plan) and modelling will
consider different CO, emission scenarios (both mitigated and unmitigated). Ocean
acidification is the partner to climate change, so identification of the effects of multiple
stressors, e.g. increased temperature as well as acidification, and their combined impacts and
feedbacks on ocean biogeochemistry, biodiversity, and climate is essential.

4. Strategic Context

The UK has played a major role in bringing the potentially serious consequences of ocean
acidification to the attention of national and international stakeholders. The Royal Society
(2005) in its Report on ocean acidification called for a rapid investment by stakeholders,
equivalent to that of climate change and called on climate change policy makers to consider
ocean acidification in their CO, emission reduction targets. The IPCC (2007) 4™ Assessment
Report on Climate Change also states, for the first time, that increasing anthropogenic CO;
will result in increased acidity of the world’s oceans. Since then the Scientific Advisory
Board for the German Government for Climate change (WGBU) reported on the significance
of ocean acidification and paved the way for the funding of the German programme
“Biological Impacts of Ocean Acidification” (BIOACID, Annex 1). The European Union in
its 7" Framework Programme recognised the importance of ocean acidification and issued a
call for proposals resulting in the funding of the “European Project on Ocean Acidification”
(EPOCA, Annex 2) and “Marine Ecosystem Evolution in a Changing Environment”
(MEECE, Annex 2). Other programmes addressing the topic are emerging, e.g. USA Senate
Bills on ocean acidification, which will increase this investment. IGBP, UNESCO and SCOR
recognised the importance of ocean acidification and supported the series of symposia
“Oceans in a High CO, World”, the second of which, held in Monaco in October 2008,
resulted in “The Monaco Declaration” (http://ioc3.unesco.org/oanet/HighCO2World.html).
This called on climate change negotiators to take ocean acidification into account. Ocean
acidification is a powerful additional argument for united global societal action in future
climate change negotiations and an important driver for a change in UK and global energy

policy.

The UK Ocean Acidification Research Programme will increase the understanding and
awareness of the risk of ocean acidification to the marine ecosystem and therefore
significantly contribute at this strategic level. The programme will address the need for
scientific evidence for UK and international policy makers, for future assessments by IPCC
and the UNFCCC, and input to Biodiversity Action Plans, the ‘Marine & Coastal Access
Bill’ and The European Marine Strategy Framework Directive (MSFD).

5. NERC, Defra and DECC priorities and context

This Research Programme directly relates to delivery of the NERC Strategy (in particular
Earth System Science and Biodiversity Science Themes) and the UK Government’s Strategic
Obijectives with respect to adapting to, and mitigating climate change and ensuring a healthy,
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resilient, productive and diverse natural environment. It is anticipated that it will also make a
significant contribution to Objective B of the Living With Environmental Change programme
(http://www.lwec.org.uk/). In addition, the programme will take advantage of international
collaboration opportunities, primarily with BIOACID and other appropriate European
projects such as EPOCA and MEECE.

6. The Research Programme Science Deliverables

Programme Objectives a and b will be achieved through the seven Science Deliverables and
Objective ¢ will be achieved through the knowledge exchange (KE) activities (section 11,
Implementation Plan). Activities (with the exception of global scale modelling) will be
focused on regions where the UK has strong scientific and strategic interest and where
logistics of access are relatively straightforward and cost effective, e.g. the Northeast Atlantic
(including European shelf and slope), Southern and Arctic Oceans. A series of cruises using
NERC’s research ships is anticipated, as well as the use of ships of opportunity (section 7,
Implementation Plan).

The seven Science Deliverables from the UK Ocean Acidification Research Programme are:

[EEN

: Improved estimates of ocean CO, uptake and associated acidification.

: Improved understanding of the impact of ocean acidification on surface ocean biology,

community structure, biogeochemistry and on feedbacks to the climate.

3: Identification and improved understanding of the potential impacts and implications of
ocean acidification on key benthic ecosystems, communities, habitats, species and life
cycles.

4. Improved understanding of the potential population, community and ecosystem impacts
for all life stages for commercially important species and their capacity to resist and
adapt.

5: Provision of evidence from the palaeo record of past changes in ocean acidity and
resultant changes in marine species’ composition and Earth System function.

6: Improved understanding of the cumulative/synergistic effects of ocean acidification and
other global change pressures on ecosystems, biogeochemical cycles and feedbacks on
climate through modelling activities.

7: A service for carbonate chemistry measurements.

N

The Science Deliverables are detailed below and will be implemented as specified in the
Implementation Plan. The Implementation Plan also provides further details on standards and
guidelines for CO; experiments in ocean acidification studies, data management requirements
and science collaborations.

Science Deliverable 1: Improved estimates of ocean CO, uptake and associated

acidification.

Aim 1.1 To quantify the rate of progression of ocean acidification in the North-East
Atlantic (including European shelf and slope), Southern and Arctic Oceans,
including identification of when/where CaCOj3 undersaturation will occur first.

Aim 1.2 To quantify spatial and/or seasonal variability of carbonate system parameters in
these areas.

Aim 1.3 To improve quantification of the rate of oceanic CO, uptake in these areas.

It is essential to understand progressive changes in ocean acidification and ocean CO, uptake,
the factors that control them, and how these processes may change in the future. High latitude
oceans are particularly sensitive to ocean acidification (Bellerby et al. 2005, Orr et al. 2005).
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Southern Ocean (Orr et al. 2005) and Arctic (Orr et al. 2008) surface waters are likely to
become undersaturated with respect to aragonite in the first half of this century. Cold water
corals in the North-East Atlantic (Guinotte et al. 2006) and the Nordic Seas (Bellerby,
personal communication) are at risk of aragonite undersaturation, with Arctic surface waters
becoming undersaturated over the next few decades (Orr et al. 2008), Steinacher et al. 2008).
Localised aragonite undersaturation already occurs in upwelled shelf waters (Feely et al.
2008) and the low salinity Baltic Sea (Tyrrell et al. 2008). The important North Atlantic CO,
sink varies over time (Schuster & Watson 2007), while the efficiency of the Southern Ocean
CO; sink has decreased (Le Quéré et al. 2007, McNeil & Matear 2008). Additionally,
seasonal variation of pCO; and pH in the oceans and shelf seas will increase as oceanic CO,
uptake and associated ocean acidification continue (after Delille et al. 2005).

The UK Ocean Acidification Research Programme will improve the quantification of the
marine carbonate system and oceanic CO, uptake in specific locations and on seasonal,
interannual and longer time scales. Surface ocean and atmosphere carbon observing systems
have proven well suited to constraining the ocean CO; sink on seasonal to decadal timescales
(10CCP, 2007). To determine fully the marine carbonate system this deliverable will
accurately analyse at least two carbonate parameters out of the four (see section 5,
Implementation Plan for further details).

Science Deliverable 2: Improved understanding of the impact of ocean acidification on
surface ocean biology, community structure, biogeochemistry and on feedbacks to the
climate.

Aim 2.1 To ascertain the impact of ocean acidification on planktonic organisms, both in
terms of physiological impacts and also population abundances and community
composition.

Aim 2.2 To quantify the impacts of ocean acidification on biogeochemical processes
affecting the ocean carbon cycle, including via availability of bio-limiting
nutrients.

Aim 2.3 To determine impacts of ocean acidification on the air-sea flux of climate active
gases and on the composition of organics in the microlayer.

The role of this deliverable is to reduce uncertainty about how ocean acidification will impact
on biogeochemical and climate relevant processes. Impacts may occur both directly through
changes to physiological rates per organism, and also through altered abundances of process
relevant organisms and induced changes to community composition. To achieve this
deliverable, the study of biogeochemical and climate impacts will therefore be closely
integrated with study of plankton diversity and population abundances. This deliverable will
focus on those biogeochemical processes vulnerable to ocean acidification.

Calcification is an important biogeochemical process carried out by microscopic planktonic
organisms and is still poorly understood. For instance, a large number of studies have found
reduced calcification and increased incidence of shell malformations in microscopic plants,
called coccolithophores, grown at high CO; (Riebesell et al. 2000; Zondervan et al. 2002;
Delille et al. 2005; Engel et al. 2005; Sciandra et al. 2003; Langer et al. 2006; Feng et al.
2008). However, a smaller number of experiments have not found this (Langer et al. 2006,
Iglesias-Rodriguez et al. 2008) with these results contested by Riebesell et al. (2008). Since
Earth System Models require data from such experimentation to predict pelagic calcification
and its consequences it is important for this programme to understand and better parameterise
this process (Ridgwell et al. 2009).
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Energy expended on growth and respiration are key to the relative success of different groups
of planktonic organisms. Contrasting results have been obtained in terms of carbon uptake,
growth rates and nutrient uptake ratios (carbon:nitrogen and carbon:phosphorus) by different
groups of phytoplankton under high CO, conditions (Riebesell et al. 1993, Rost & Riebesell
2004, Leonardos & Geider 2005, Riebesell et al. 2007, Rost et al. 2008, Tortell et al. 2008).
This programme will clarify these results and explore their significance on population
abundance and community composition. There is a lack of published evidence on effects of
ocean acidification on respiration which will also be addressed.

Zooplankton are an important link in the food web and so their vulnerability to ocean
acidification is important to assess. However, there are relatively few laboratory studies on
zooplankton, although studies undertaken show some groups, e.g. foraminifera and
pteropods, to be sensitive (Orr et al. 2005, Kleypas et al. 2006, Moy et al. 2009). For
instance chemical corrosion of new shell growth has been observed in pteropods exposed to
high CO, conditions (Orr et al. 2005). In contrast, another study detected effects on copepod
hatching success only under conditions more extreme than those predicted for the future
(Mayor et al. 2007) so on the whole they appear relatively tolerant (Kurihara & Ishimatsu
2008) of lower pH. Larvae of some species, such as echinoderm larvae which spend only part
of their life cycle in the water column, may be particularly sensitive (Dupont et al. 2008).
This programme will look at the relative sensitivity of key zooplankton species and
subsequent impact on community composition.

Ocean acidification might also affect key biogeochemical processes that drive the ocean
carbon and nutrient cycles. For instance, the means of long-term sequestration of carbon into
the deep ocean via the biological carbon pump could be vulnerable and will be investigated in
this programme. This could be via direct impact on plankton composition or indirectly
through effects on nutrient supply. Studies have found large increases in photosynthesis, N,
fixation and even growth rates in the important nitrogen fixer Trichodesmium with increasing
CO, (Barcelos e Ramos et al. 2007; Hutchins et al. 2007; Levitan et al. 2007), which could
have significant impacts on nutrient availability. It has been argued (de Baar 2008) that the
effects on trace metal and macro-nutrient inorganic chemical speciation via lowered pH will
not be significant in open ocean waters, except for the NHa/NH," couple, suggesting that air-
sea fluxes of ammonia may alter due to both direct and indirect ocean acidification effects.
Ocean acidification induced alleviation of iron limitation in High Nitrogen Low Chlorophyll
(HNLC) waters (~30% of the global ocean) seems unlikely, unless changes in organic
complexation are induced (de Baar 2008). This deliverable will investigate the effect of ocean
acidification on nutrient supply and help inform Deliverable 6.

The oceans and shelf seas act as a source and/or sink of gases other than CO; that are known
to be important in atmospheric chemistry via their roles in radiative transfer, e.g. nitrous
oxide (N20), tropospheric oxidation capacity, e.g. oxygenated volatile organic compounds
(OVOCs) and volatile iodine compounds (VICs) and the ozone chemistry of the stratosphere,
e.g. methyl bromide. Further, the oceans are believed to act as major sources of cloud
condensation nuclei via the supply of organics from the sea surface and dimethyl sulphide
(DMS) from marine phytoplankton. Several studies have shown that concentrations of DMS,
and its precursor DMSP, can be significantly reduced under high pCO, conditions
(Avgoustidi 2006, Hopkins et al. 2009) but not always (Vogt et al. 2008). A mesocosm
experiment has also shown that net production of VICs in seawater can be significantly
reduced at high pCO; (Hopkins et al. 2009). Little work has been reported on other climate
relevant gases. However, preliminary work suggests that the ratio of nitrification to
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denitrification is sensitive to ocean acidification (Rees et al. 2009) indicating that the
production of N,O in seawater may well be altered, as this gas is an intermediate species in
both pathways. It is clearly important that this programme helps resolve the impact of ocean
acidification on nitrification/denitrification and climate reactive gases.

Additionally, there is some evidence from mesocosm experiments that the formation of
transparent exopolymer particles increases under high pCO, conditions (Riebesell et al.
2007). An increase in, or even change in the composition of, organic compounds in the sea
surface microlayer could impact not only on air-sea gas transfer rates, but also on the
formation of organic aerosol, and is an area worthy of further investigation in this deliverable.

Science Deliverable 3: Identification and improved understanding of the potential impacts
and implications of ocean acidification on key benthic ecosystems, communities, habitats,
species and life cycles.

Aim 3.1 To determine the effect of ocean acidification on the performance, life history and
population dynamics of individual benthic species, with preference given to those
species likely to influence overall benthic ecosystem function.

Aim 3.2 To quantify the impacts of ocean acidification on biogeochemical cycling of key
nutrients within sediments and their exchange with the seawater column.

Aim 3.3 To determine the effects of ocean acidification on the overall function of key
benthic habitats.

The response of assemblages or ecosystems to environmental change or stressors depends on
the response of the individuals that make up system (Fabry et al. 2008; Widdicombe & Spicer
2008). Recent developments in benthic and pelagic mesocosm technology have helped to
close the gap between small scale laboratory experiments and field observations
(Widdicombe et al. 2009, Riebesell et al. 2008). Powerful insights may also be gained from
studies of areas with natural CO, enrichment (Hall-Spencer et al. 2008).

In this programme species will be selected, where the physiological challenges posed by
acidification can best be resolved, or where organisms have a strong influence on ecosystem
function. A critical aspect here will be the integration of traditional physiology and ecology
with the rapidly developing field of functional genomics (Hofmann et al. 2008). The impacts
of ocean acidification are likely to differ between those species with a significant carbonate
skeleton (calcifiers) and those without, whilst within calcifiers there will also likely be
differences between those producing skeletons of aragonite and those utilising calcite. This
programme therefore attaches importance to coverage of a broad phylogenetic spectrum, so
as to avoid the problem of conclusions being biased by concentration on a few model groups
(particularly if those selected for study are particularly susceptible to acidification). Where
model organisms are chosen, consideration should be given to those which have been, or
soon will be, genetically sequenced. The long generation time of many marine organisms
makes the study of adaptation potential across generations difficult. It will be important
therefore to direct some attention toward those organisms with more rapid reproductive
turnover, e.g. microbial, meiofaunal and smaller macrofaunal organisms. In selecting target
organisms, priority will be given to work on organisms that complement work planned within
the BIOACID and EPOCA programmes.

Critical aspects for this deliverable will be to resolve the effect of ocean acidification on the

calcification process itself (Orr et al. 2005), and also the energetic cost of acclimation or
adaptation either through direct measures such as metabolism or through indirect effects on
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energetics (Findlay et al. 2009). The latter could be important, since changes in energy
budget have the potential to affect key aspects of population dynamics such as growth,
reproductive output and performance (Wood et al. 2008). Since both ocean acidification
itself, and its metabolic impacts will be affected synergistically by temperature (P6rtner 2008,
Portner et al. 2009) it will be important to undertake studies in a variety of environments and
this programme has identified the polar regions as particularly important in this regard as this
may be where changes in seawater carbonate chemistry are likely to occur first (Gangsto et
al. 2008).

Although many organisms do not produce a skeleton with significant carbonate content, all
marine organisms maintain an internal milieu that depends on exchange of ions with the
environment. Elevated levels of CO, have the potential to affect these exchange processes,
and thereby the cost of maintaining internal acid-base balance (Pértner 2008). It is therefore
important for this programme to investigate the synergistic impact of ocean warming and
acidification on the costs of homeostasis in both calcifiers and non-calcifiers. In many marine
organisms, sensitivity to environmental perturbation can vary with life-stage, with the early
stages such as eggs or embryos more sensitive than the adult stages (Dupont & Thorndyke
2009). This programme therefore attaches importance to studies that cover the full life-cycle.

This programme will increase our understanding of the impact of ocean acidification on
benthic biogeochemistry (cf Science Deliverable 2). There is preliminary evidence to suggest
that ocean acidification will affect the cycling of nutrients within the sediment by changing
the structure and function of microbial communities and thereby altering the coupling
between nitrification and denitrification (Widdicombe & Needham 2007). These changes
could also significantly affect benthic alkalinity generation (Thomas et al. 2008); an
important source of alkalinity in coastal and shelf sediments. In addition, changes in the
performance and distribution of key benthic organisms, in particular bioturbating species and
the microphytobenthos, could have considerable implications for nutrient cycling within
sediments and the supply ofthese nutrientsto pelagic ecosystems in support of
primary productivity (Wood et al. 2009).

Effects at the level of assemblages or ecosystems are clearly important for this programme to
investigate, but far more difficult to determine. Species whose skeletons form the substrata
for other organisms (ecosystem engineers) have the capacity to exert far-reaching effects and,
as many of these are easy to sample and work with, would form an ideal experimental
system. Examples of suitable systems include cold water coral (Lophelia) reefs, maerl beds,
marine macroalgae and seagrass. Coastal and shelf (including shelf break) systems are
important areas for study, because they are easy to access, but also because they are
vulnerable and likely to exhibit early indications of impacts (Blackford et al. 2008). For the
most complete picture, it will be necessary to examine both muddy and hard benthic
ecosystems. To determine ecosystem scale effects such as trophic cascades or secondary
effects within the food web, modelling approaches will be important, and emphasis will be
placed on work that interacts with existing theoretical approaches to ecosystem structure and
function.

Science Deliverable 4: Improved understanding of the potential population, community

and ecosystem impacts for all life stages for commercially important species and their

capacity to resist and adapt.

Aim 4.1 To examine the physiological and behavioural responses of commercial fish and
shellfish to ocean acidification and their capacity to resist and adapt.
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Aim 4.2 To *scale up’ from laboratory studies to population and stock level responses to
ocean acidification including an analysis of possible socio-economic
consequences.

Aim 4.3 To examine how changes in planktonic and benthic food-webs, as a result of ocean
acidification, impact upon the production and yields of commercial fish and
shellfish stocks.

Aim 4.4 To investigate the possible socioeconomic consequences relating to ocean
acidification at an ecosystem level.

In the UK, shellfisheries now contribute more to the national economy than fisheries
targeting fin-fish such as cod or herring (£271 million in 2007, versus £264 million). The
most valuable shellfish species are those targeting Nephrops (scampi), scallops, crabs and
lobsters, many of which may be severely impacted by ocean acidification in the future.
Comparatively little research, including socio-economic studies, has been undertaken
regarding the implications of ocean acidification on commercial fin-fish and shellfish (Fabry
et al. 2008, Turley et al. 2009), both of which are of direct interest for human food provision.
Potential impacts could be direct at the organism and population level or indirect through
impacts to food webs.

There are indications, from laboratory experiments, that ocean acidification could have a
direct negative economic impact on cultured mussels with observations of a dramatic
reduction in shell formation (by 30 %) by adult mussels at pH levels that are likely to be
reached this century (Gazeau et al. 2007). However, the response for adult oysters was
significantly different with apparent tolerance even at very high levels of pCO,. It is therefore
important to study species specific differences in response and their capacity to resist and/or
adapt. Additionally, early life stages can be more sensitive to environmental stressors,
including ocean acidification (Dupont et al. 2008), so it is important to consider all aspects of
an organism’s life cycle when assessing population and stock level response to ocean
acidification. Experiments have shown that many adult fishes are able to buffer against
changes in pCO, and adapt relatively quickly (Larsen et al 1997; Portner et al. 1998) and
may be less vulnerable than some benthic invertebrates. However, the physiology,
metabolism, reproductive biology, behavioural patterns, cognitive abilities, feeding rates,
prey selection and larval development of some fish may be significantly impaired and this
would have serious consequences for long-term population survival and fisheries yields
(Portner et al. 2004; Ishimatsu et al. 2004). Many commercially important fin-fish species
rely heavily on benthic invertebrate species, e.g. bivalves, crabs and echinoderms, as a major
food source and are therefore also likely to be indirectly impacted by ocean acidification.
Additionally, as most fish larvae feed selectively on copepods and other planktonic
invertebrates, year-class strength in many fin-fish species is highly dependent on the
planktonic food sources available during this early life stage. In years where insufficient food
is available, starvation mortality can be considerable and hence populations are impacted
long into the future.

This deliverable will require a mixture of laboratory controlled investigations on adults and
early life stages and their food sources as well as applying existing modelling frameworks
(single species, multispecies, food webs, ecosystem) adapted to incorporate the outputs from
the laboratory work. This will enable ‘up-scaling’ in order to assess the risk of ocean
acidification impact upon the production and yields of commercial fish and shellfish in
relation to other sources of mortality, including exploitation by fisheries, temperature effects
or natural predators. Science Deliverable 4 will involve a preliminary analysis of the possible
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socio-economic consequences of ocean acidification, including the valuation of ecosystem
‘goods and services’ and how these might be affected.

Science Deliverable 5: Provision of evidence from the palaeo record of past changes in

ocean acidity and resultant changes in marine species’ composition and Earth System

function.

Aim 5.1 To determine whether historical changes in carbonate ion concentration and pH
since industrialisation have already had discernible impacts on the calcification of
marine organisms.

Aim 5.2 To ascertain the maximum rate and amplitude of ocean acidification to which
species and ecosystems can adapt and the threshold of acidification that would
lead to enhanced evolutionary turnover and extinction of species.

Aim 5.3 To assess suitability of museum collections for palaeo study of ocean acidification.
Modern ecosystems do not live in “pristine” non-acidified environments. Ocean acidification
has already started to affect the ocean (Caldeira and Wicket, 2003; Orr et al., 2005), and
hence the ecological baseline for pre-industrial calcification is missing. The very recent
geological record and historical collections will be used by this deliverable to answer the
question of whether ocean acidification has already started to affect modern ecosystems and
the species within them. These archives encompass plankton net, sediment trap or Continuous
Plankton Recorder samples covering pelagic specimens over the last 30 years (e.g. Beaugrand
et al. 2002, Zaric et al. 2005). These records can be augmented with high sedimentation rate
cores and historical collections from expeditions such as the Challenger (1872 — 1876) and
the Discovery (1901 — 1904). While these records will be very informative on the initial
impacts of ocean acidification, they do not allow the potential for adaptation to be addressed,
since this is a process taking hundreds to thousands of generations. The large time involved
also makes it impractical to test the adaptation potential of different organisms in laboratory
experiments, especially for long-lived, i.e. longer than a day or two, organisms. An early
assessment of suitable museum collections for palaeo ocean acidification study will facilitate
this.

Earth history records gradual but substantial long-term changes in global environmental
change (Royer et al. 2004). The rate of change gave marine organisms thousands to millions
of years to adapt and evolve in response to global environmental change, including changes
in CO, and associated carbonate ions in the ocean. For example, glacial interglacial CO;
changes of ~100 ppm, the same increase as in the last 100 years, occurred over several
thousands of years, exposing species to a gradual change of CO, in the atmosphere (e.g.
Siegenthaler et al. 2005) and hence saturation state change in the ocean. Studies of periods of
relative stasis are likely to be less relevant if carbonate chemistry changes are not of
comparable rate, direction and magnitude to those predicted for the next century (Panchuk et
al. 2008, Ridgwell 2007, Zeebe and Zachos 2007). Rate as well as magnitude challenges the
organisms’ and ecosystems’ ability to adapt to environmental changes (Buckling et al. 2003).

The geological record has preserved a series of abrupt ocean acidification events of different
amplitude (Zachos et al. 2001 & 2004), such as the Palaeocene-Eocene hyperthermals. These
abrupt events will therefore be a focus of this deliverable. These time intervals provide key
information regarding the response of marine calcifiers to the warming and acidification
(Sluijs et al. 2007, Thomas 2007) — migration of warm water taxa towards higher latitudes
and increased evolutionary turnover in both calcareous phytoplankton (Gibbs et al. 2006) and
zooplankton (Kelly et al. 1998). However, our ability to link the biotic changes in these
events to ocean acidification, and hence help predict future ecosystem shifts and changes, is
limited by the lack of precise, time-resolved pH and carbonate ion records for these events.
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Thus the relationships between rates of chemical change and adaptation potential are not yet
based on sound environmental data but on a series of model results. A series of possible
carbonate ion proxies have been calibrated for recent ocean history, e.g. Zn/Ca (Marchitto et
al. 2000), B/Ca (Yu & Elderfield 2007, Yu et al. 2007), size normalised weight (Barker &
Elderfield 2002) and can provide important information to this deliverable about the precise
nature of the environmental pressure on marine biota during times of rapid carbonate system
change.

This programme will link studies of modern and fossil organisms which will strongly
increase the interpretability of the palaeo record, and will alsoprovide important information
on ecosystem and earth system scale effects. The characterisation of physiological differences
between species unaffected by these perturbations, such as some coccolithophore species or
agglutinated benthic foraminifers, versus groups which have undergone major evolutionary
turnover will allow the identification of major vulnerabilities in the future.

Science Deliverable 6: Improved understanding of the cumulative/synergistic effects of
ocean acidification and other global change pressures on ecosystems, biogeochemical
cycles and feedbacks on climate through modelling activities.

Aim 6.1 To improve understanding of the combined impacts of ocean acidification and
other global change pressures on ecosystems, biogeochemical cycles and
feedbacks on climate at the global scale.

Aim 6.2 To improve understanding of the combined impacts of ocean acidification and
other global change pressures on regional ecosystems and biogeochemical cycles.

Changes brought about by ocean uptake of anthropogenic CO, will impact on ecosystems and
biogeochemical and climate relevant processes in various ways. For example, experimental
evidence suggests that there will be significant organism and ecosystem responses to ocean
acidification via processes such as planktonic calcification, carbon and nutrient assimilation
and cycling and primary production. Acidification has also been shown to affect the early life
stages of both benthic and pelagic higher trophic organisms. A consequence of this may be
changes to ecosystem composition, size structure and succession, potentially resulting in
changes to ecological structure, energy flow and biogeochemical pathways. Simultaneously,
natural and anthropogenically induced climate change will lead to other changes in the Earth
System, e.g. temperature, surface water stratification, nutrient distribution, the extension of
oxygen minimum zones and turbidity of the surface waters, all of which are also likely to
affect marine ecosystems, biogeochemical cycles and climate relevant processes. Direct
anthropogenic drivers such as fishing, eutrophication and pollution are also likely to impact
marine ecosystem structure and function. It is essential to assess the significance of ocean
acidification on both the regional and global scale in the context of these other drivers.

Using coupled physical-ecosystem models for oceans and regions, which take account of
physical transport, chemical and biological processes, the UK Ocean Acidification Research
Programme will consider the combined effects of ocean acidification and other global change
pressures on marine ecosystems, biogeochemical cycles and climate feedbacks and make
assessments of possible future ecosystems. Building on existing regional and global
modelling capabilities, the modelling approaches can be used to project changes in ocean pH,
temperature, stratification and oxygen distribution under different greenhouse gas emission
scenarios, which will in turn be used to assess the potential combined impacts of these
changes on marine ecosystems, biogeochemistry and climate feedbacks. This will shed light
on the potential magnitude and timescale of risks associated with future CO, emissions
(including possible ‘tipping points’).
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Experimental results are essential for parameterising both global and regional models’
ecosystem responses, and it is therefore essential that work for this output is fully informed
by experimental work in this field, including that undertaken for the other Science
Deliverables. At the same time, the modelling results from this Science Deliverable can be
used to inform experimental boundaries in the other Science Deliverables. Evaluating the
indirect impacts of ocean acidification on atmospheric chemistry and climate system will
require the use of results from a combination of laboratory experiments, mesocosm and field
experiments as described in Science Deliverable 2 and modelling in order to extrapolate
results over wider spatial and temporal scales, to assess the impacts of multiple drivers and to
develop an integrative and predictive capability of the impact of feedbacks from the ocean on
atmospheric chemistry and climate.

Science Deliverable 7: A service for carbonate chemistry measurements

Aim 7.1 To provide high quality carbonate chemistry measurements across the programme.
The ability to study ocean acidification hinges on high quality measurements of carbonate
chemistry, both for experimental studies and for observational work. Currently the UK does
not have the capability to support the scale of analytical requirements for carbonate chemistry
within the UK Ocean Acidification Research Programme so an investment to develop
capacity is required.

Four parameters of the carbonate system can be measured DIC, alkalinity, pCO, and pH).
Only pCO; and pH can be measured autonomously at present. The carbonate system has two
degrees of freedom and therefore the whole carbonate system (including the saturation state
of seawater with respect to calcite and aragonite) can be calculated from any two
measurements, but not from only one. Different pairs of parameters give a different accuracy
for the remaining carbonate parameters (Millero, 1995, Zeebe & Wolf-Gladrow 2001), with
the DIC and alkalinity pair most often used. pH is difficult to measure to sufficient accuracy
at present, for ocean acidification purposes (Millero 1995, Dickson et al. 2007). Use of
cheap, ‘off-the-shelf” pH sensors is strongly discouraged for most ocean acidification-related
purposes, because high quality results are unlikely to be obtained (Orr et al. 2009). As pCO;
and pH strongly co-vary they are not the ideal pair to measure for calculation of the carbonate
system (Millero 1995, Orr et al. 2009).

Unfortunately DIC and alkalinity measurements are difficult and expensive to make to the
required accuracy and precision, requiring for instance training of specialist staff and new
equipment costing >£50k. These requirements make it impractical for many UK institutions
to carry out their own DIC and alkalinity analyses. However, sample storage without
compromising the chemistry is possible (Dickson et al. 2007) which means that a central
service providing high-quality measurements of DIC and alkalinity through this deliverable
will help ensure the quality of ocean acidification work in the UK, and make high quality
ocean acidification work feasible for all institutions. Such a service will also provide
benchmark standard measurements for comparative purposes, for institutions starting to
develop their own capability.

7. Deliverables and Mechanisms

The Science Deliverables will provide greater understanding of the future impacts and
implications of ocean acidification on the key aspects of marine biodiversity and
biogeochemistry in Objectives a and b and provide policy related science to help decision
makers (Objective c). To provide these deliverables and achieve the programme objectives
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there will be one open call for proposals for specific research projects to address the aims
detailed for each of the Science Deliverables. A diverse range of activities from research ship
based experiments and observations and monitoring on commercial ships, through mesocosm
studies, to laboratory work and modelling can be undertaken. In addition, there will be a call
for tender for key services and roles to support the programme (see Implementation Plan).

8. International Collaboration

By developing the UK Ocean Acidification Research Programme in collaboration with
international partners the programme will achieve more than it would do alone. For example,
this programme will have a far more ambitious experimental, fieldwork and modelling
components. For this reason collaboration, where appropriate, is strongly encouraged with
other national (German programme, BIOACID) and European projects (EPOCA and
MEECE); see Annex 1 and 2 for details of these programmes and details of the contact
scientists. This Science Plan has been developed to complement the BIOACID programme
and to a lesser extent the EPOCA and MEECE projects. Collaboration will take the form of
exchange visits to work together on laboratory and mesocosm experiments and on research
cruises as well as student costs for the period of exchange. Joint annual meetings, shared
workshops, a Reference User Group of key stakeholders and an intercalibration exercise for
carbonate chemistry measurements have been agreed between the UK Ocean Acidification
Programme, BIOACID and EPOCA (see Implementation Plan).

9. National Collaboration to Deliver Policy Relevant Science

This new five-year Research Programme is jointly funded by NERC, Defra and DECC.
Collaborations between different UK science communities (HEIs, NERC Centres and UK
Government Departments’ marine laboratories) and disciplines are also encouraged to build a
community of researchers and increase capacity. While ocean acidification is not the
principal focus of any UK Research Programme, there is some ongoing research activity
within UK Research Centres, for example BAS, NOCS, PML and SAMS, and universities,
funded both by NERC and from other sources. Collaboration within this programme and with
these other UK activities will be facilitated by the Science Co-ordinator as part of the
programme activities (see Implementation Plan).

10. Capacity Development

The Research Programme aims to build a multidisciplinary community of scientists using
observational, experimental and modelling techniques to investigate and assess the threats of
current and future ocean acidification to ocean biogeochemistry, biodiversity and the whole
Earth system including feedback to climate. Collaborations between different UK marine and
Earth science communities (HEIs, NERC Centres and UK Government Departments’ marine
laboratories) will build a multidisciplinary community of researchers and increase capacity in
ocean acidification research. There is a clear scientific benefit in bringing this community
together through national and international collaborations, workshops and meetings which
will optimise NERC and UK Government investment. Importantly, studentships are
encouraged to visit and work with researchers involved in other national and international
programmes in order to build future high quality capacity with early international experience.
UK capacity in carbonate chemistry will be grown through the development of a multi-
centred carbonate chemistry service.
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11. Implementation Plan

The Implementation Plan for the UK Ocean Acidification Research Programme is available
on the NERC website as a separate document and should be read prior to submitting a

proposal.
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13. Glossary

ASH = Aragonite Saturation Horizon

BAS = British Antarctic Survey

BIOACID = Biological Impacts of Ocean ACIDification

DECC = Department of Energy and Climate Change

Defra = Department for Environment, Food and Rural Affairs

DIC = Dissolved Inorganic Carbon

DMS = Dimethyl Sulphide

DMSP = Dimethylsulphoniopropionate

EPOCA = European Project on Ocean Acidification

EU = European Union

HEI = Higher Education Institution

HNLC = High Nutrient Low Chlorophyll

IGBP = International Geosphere-Biosphere Programme

IPCC = Intergovernmental Panel on Climate Change (http://www.ipcc.ch/ipccreports/assessments-
reports.htm)

KE = Knowledge Exchange

LWEC = Living With Environmental Change (http://www.nerc.ac.uk/research/programmes/lwec/)
MCCIP = Marine Climate Change Impacts Partnership
(http://www.mccip.org.uk/arc/2007/default.htm)

MEECE = Marine Ecosystem Evolution in a Changing Environment (EU Project)
MSFD = Marine Strategy Framework Directive

NERC = Natural Environment Research Council
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NOCS = National Oceanography Centre, Southampton

OA = Ocean Acidification

OVOCS = Oxygenated Volatile Organic Compounds

PML = Plymouth Marine Laboratory

RCUK = Research Councils United Kingdom

SAMS = The Scottish Association for Marine Science

SCOR = Scientific Committee on Oceanic Research

TA = Total Alkalinity

UNESCO = United Nations Educational, Scientific and Cultural Organisation
UNFCCC = United Nations Framework Convention on Climate Change
VICS = Volatile lodine Compounds

WGBU = Scientific Advisory Board for the German Government for Climate change

14. Annex 1: BIOACID
Please see the separate document on the NERC website for details of BIOACID.
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15. Annex 2: EPOCA and MEECE Summaries and contacts

Ceroca [

European Project on OCean Acidification COOPERATION

The ocean helps moderate climate change thanks to its considerable capacity to store CO,,
through the combined actions of ocean physics, chemistry, and biology. This storage limits
the amount of human-released CO, remaining in the atmosphere. As CO, reacts with
seawater, it generates dramatic changes in carbonate chemistry, including decreases in pH
and carbonate ions and an increase in bicarbonate ions. The consequences of this overall
process, known as “ocean acidification”, are raising concerns for its biological, ecological,
biogeochemical, and societal implications. The overall goal of the European Project on
Ocean Acidification (EPOCA; epoca-project.eu) is to fill numerous gaps in the understanding
of the consequences of ocean acidification. The EU funded project started in May 2008 and
runs for 4 years. The Coordinator is Jean-Pierre Gattuso (gattuso@obs-vlfr.fr) and the Project
Manager is Lina Hansson (hansson@obs-vlfr.fr), CNRS - Laboratoire d'Océanographie de
Villefranche (France). The research interests of EPOCA are divided into four themes, each
with a leader:

First, EPOCA aims to document the changes in ocean chemistry and geographical
distribution of marine organisms across space and time. Paleo-reconstruction methods are
used on several archives, including foraminifera and deep-sea corals, to determine the past
variability in ocean chemistry (carbonate, nutrients and trace metals) and to tie these to
present-day chemical and biological observations. Theme Leader: Jella Bijma
(Jelle.Bijma@awi.de).

Second, EPOCA devotes much effort to quantifying the impact of ocean acidification on
marine organisms and ecosystems. Key climate-relevant biogeochemical processes such as
calcification, primary production and nitrogen fixation are investigated using a large array of
techniques, ranging from molecular tools to physiological and ecological approaches.
Perturbation experiments are carried out both in the laboratory and in the field. Key
organisms are selected on the basis of their ecological, biogeochemical or socio-economic
importance. Theme Leader: UIf Riebesell (uriebesell@ifm-geomar.de).

Third, the modelling component of EPOCA integrates the chemical, biological and
biogeochemical impacts of ocean acidification into biogeochemical, sediment and coupled
climate carbon cycle models. Special attention is paid to feedbacks of physiological changes
on the carbon, nitrogen, sulphur and iron cycles and in turn how these changes will affect and
be affected by future climate change. Theme Leader: Marion Gehlen
(Marion.Gehlen@cea.fr).

Finally, EPOCA assesses uncertainties, risks and thresholds (“tipping points™) related to

ocean acidification at molecular, cellular, organismal, local and global scales. It also assesses
pathways of CO, emissions required to avoid the identified thresholds and describe the state
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change if these emissions are exceeded and the subsequent risk to the marine environment
and Earth system. Theme Leader: Carol Turley (ct@pml.ac.uk)

aMEEeCE

Marine Ecosystem Evolution in a Changing Environment

MEECE is a European FP7 Integrated Project which aims to increase ecosystem modelling
predictive capacities. Both natural and human-induced climate pressures have an impact on
the structure and function of marine ecosystems. Using a combination of data synthesis,
numerical simulation and targeted experiments MEECE intends to boost our knowledge and
develop the predictive capabilities needed to learn about the response of marine ecosystems.

MEECE will also develop methods to integrate the dynamic response of marine ecosystems
to the combined effects of various anthropogenic and natural drivers in order to provide
decision making tools to support the EC Marine Strategy, EC Maritime Policy and the EC
Common Fisheries Policy.

The MEECE Project Coordinator is Icarus Allen (JIA@pml.ac.uk.). There are 6 main
workpackages (WP) within the MEECE project. Below are the WP titles and leaders but
please see the MEECE web site: http://www.meece.eu/ for individual descriptions and further
details:

WP1: Driver Parameterisations and model scenarios - Richard Bellerby and Sergej Olenin

WP2: Advanced modelling - Mike St John and Steve Mackinson

WP3: Ecosystem response to climate change and acidification - Xabier Irigoien and Jason
Holt

WP4: Ecosystem response to direct anthropogenic drivers - Marco Zavatarelli and Yunne
Shin

WP5: Implications for resource management - GerJan Piet and Fritz Koster

WP6: Knowledge Transfer and Outreach - Manuel Barange and Jessica Heard
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