Predictions under six different future scenarios of the Intergovernmental Panel on Climate Change (IPCC)
calculate that CO, concentrations in 2100 will be 600, 700, 800, 850, 1250 and 1550 ppm for scenario
B1, A1T, B2, A1B, A2 and A1FI respectively (figure 5a) (Solomon, Qin et al. 2007). Scenarios A1, A2, B1
and B2 ! as described in the IPCC Special Report on Emissions Scenarios (SRES) are based on different
assumptions regarding global demographic, economic and technological development, without additional
climate policies above those existing in 2000 (IPCC 2007).

The uptake of increased anthropogenic CO; in the past two centuries has led to a reduction of the pH of
surface seawater of 0.1 units, which is recorded on a logarithmic scale and the same as a 30% increase
of the concentration of H* ions. The average pH of surface oceans of about 8.2 can fall with another 0.5
units if global emissions of CO, from human activities continue to rise (Raven, Caldeira et al. 2005).
Modelled projections based on SRES scenarios give reductions in pH of between 0.14 and 0.35 units in
the year 2100 (figure 5b) (Meehl, Stocker et al. 2007). Aragonite undersaturation in the Southern Ocean
is projected for a number of scenarios (figure 5c), unlike calcite undersaturation (figure 6b).

1000 i 1 L 1 L 1 1 1 L 1 L 1 L 1 1 1 L 1 1
a) Atmospheric CO,

E d 1,000 41— . .
% 800 - T g00- 2 Atmospheric CO, ot
g E S g
g 600 - =
= ] - Q
a [ @]
é 400 - o
b4 7] 5 )
=
a
]
g
i g ] [
§ 20071 — ———— 120
a 1 b Southern Ocean -
. - 100
- - 80
< F o
8 3 [ 60
@ o i
g L
5 - - 40
2 C -
g . - - 20
40 4 - 4 L
(;:‘: o ] [ T T T T T T T T T 0
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year
Figure 5. Changes in global average surface pH (b) and Figure 6. Changes in aragonite and calcite
aragonite saturation state in the Southern Ocean saturation state in the Southern Ocean
(c) under the SRES scenarios of atmospheric CO, (b) under the SRES scenario of
(a) (Meehl, Stocker et al. 2007) atmospheric CO, (a) (Orr, Fabry et al.
2005)

1 A1 assumes a world of very rapid economic growth, a global population that peaks in mid-century and rapid
introduction of new and more efficient technologies. Al is divided into three groups that describe alternative
directions of technological change: fossil intensive (A1FI), non-fossil energy resources (A1T) and a balance
across all sources (A1B).

B1 describes a convergent world, with the same global population as Al, but with more rapid changes in
economic structures toward a service and information economy. B2 describes a world with intermediate
population and economic growth, emphasising local solutions to economic, social, and environmental
sustainability. A2 describes a very heterogeneous world with high population growth, slow economic
development and slow technological change. No likelihood has been attached to any of the SRES scenarios.
(IPCC, 2007)
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waters by stimulating photosynthesis. Additionally, Kroeker et al. (2010) showed that acidified conditions
have a significant positive effect on growth on fleshy algae. As the present-day availability of CO, limits
photosynthesis, an increase in CO, will promote the growth of photosynthesizing organisms (Guinotte &
Fabry 2008), such as for seagrass. However, a recent study (Arnold et al., 2012) found that under high
CO; conditions, marine plants as seagrass, show a reduced production of plant phenolics. These phenolic
substances protect the plants from grazing. Arnold et al. (2012) found intensified rates of grazing near a
volcanic CO; vent, indicating that grazing stimulated by decreased phenolic protective substances could
pose a threat to seagrass. An increasing number of field studies applying new methods are carried out
(Fig. 8) that allow for in situ experiments under high CO, conditions. These studies will help to increase
our understanding of ocean acidification in natural circumstances.

Figure 8. In situ experiment with seagrass under high CO,, from: Campbell & Fourqurean (2011)

Phytoplankton

Several experiments have shown that increased availability of CO; increases the primary productivity in
marine ecosystems (Riebesell et al., 2007; Tortell et al., 2008). Among the various groups of
phytoplankton, differences in response occur that may be directly linked to available CO,, or to indirect
effects resulting for climatic changes associated with increasing atmospheric CO, concentrations.

The dominant phytoplankton group, the diatoms, have a substantial variation in cell size, ranging from
~3um up to over 100um. While the smaller species are expected to be able to rely on their CO, uptake
through diffusion, the bigger species may be to a larger extent dependent on a Carbon Concentrating
Mechanism (CCM), that transports CO, into the cell at a high energetic cost. Boelen et al. (2011)
demonstrated in an experiment that for small diatoms variations in CO, concentrations have no effect of
the photophysiological functioning of the cell. However, larger diatom species may benefit from higher
CO, availability, as an on-deck experiment with diatoms from the Southern Ocean showed a shift to
larger chain-forming diatoms. An increased abundance of larger diatoms may function as a negative
feedback to high CO,, as larger cells more strongly promote the downward transport of organic matter
and thus CO..

The genus of Phaeocystis is considered a harmful algae bloom genus, as the organic foam on beaches
caused by degradation of the cells in spring can have a negative impact on tourism, and degradation can
potentially result in anoxia, which poses a threat to aquaculture in coastal regions (Hoogstraten et al.,
2012). The species Phaeocystis globosa has a highly efficient CCM (Rost et al. 2003; Reinfelder 2011),
allowing it to regulate its CO, uptake. Wang et al. (2010) found changes at higher CO, concentrations
both in growth rate and elemental composition of the cells, which may contribute to forecasting the
occurrence of harmful blooms by this species.

Some species of dinoflagellates and cyanobacteria have the potential of forming toxins that at high
concentrations may be a threat to human health. Environmental conditions associated with high
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atmospheric CO, such as higher temperatures and increased stratification promote the occurrence of
these taxa, often in combination with higher nutrient availability. Lomas et al. (2012) found no negative
effects of higher CO; on cyanobacteria, in fact, they demonstrate an increased N-fixation rate which may
promote primary production by other taxa especially in more open ocean waters (Barcelos e Ramos et
al., 2007).

Calcifying macroalgae

Based on research on the effect of increasing CO; levels on macroalgal communities at high-CO, volcanic
vents it appears that many macroalgal species are tolerant to long-term elevations in CO; levels but that
macroalgal habitats are altered significantly and differ at taxonomic and morphological group levels along
a pH gradient. The vast majority of the 101 macroalgal species studied were able to grow with only a 5%
decrease in species richness as the mean pH fell from 8.1 to 7.8. This small fall in species richness was
associated with shifts in community structure as the cover of turf algae decreased disproportionately.
Calcifying species were significantly reduced in cover and species richness and a few non-calcifying
species became dominant. At a mean pH of 6.7, where carbonate saturation levels were <1, calcareous
species were absent and there was a 72% fall in species richness. Under these extremely high-CO,
conditions a few species dominated the simplified macroalgal assemblage. Very few species showed
enhanced reproduction, while in other species reproduction was inhibited at these high-CO, conditions
(Porzio, Buia et al. 2011).

3.2.1.1.3 Other planktonic calcareous organisms

Foraminifera

Foraminifera are widely distributed protists that live in the water column as well as on the ocean floor.
They are significant contributors to the main carbonate production, although contrary to the other
dominant carbonate producer, the coccolithophores, this group of organisms precipitate their calcite
scales (tests) extracellularly in special vacuoles. This mechanism is potentially more sensitive to changes
in marine carbonate chemistry, and several studies point to a negative effect on planktonic taxa. For
example, field studies suggest a decrease in shell weight caused by reduced calcification of ~25% in the
Arabian Sea (De Moel et al., 2009) and ~30 to 35% in the Southern Ocean (Moy et al., 2009).

Environmental conditions for benthic foraminifera differ substantially. They either live in or on top of the
sediments. These sediments provide a buffer for changes in pH, if a substantial fraction is made up of
carbonates. From fossil records it is know that high CO, events are accompanied by extinction of various
benthic foraminifera (Thomas, 2007). However, whether this is the direct result of high CO, or other
environmental changes such as rapid warming, decrease in oxygenation of the deep waters or changes in
primary productivity is yet unknown. Experiments with cultured benthic foraminifera indicate negative
effects (Kuroyanagi et al., 2009) for growth and calcification, however, species-specific responses (Fujita
et al., 2009) may cause shifts in benthic assemblage composition (Haynert et al., 2012).

Pteropods

Pteropods are tiny free-swimming sea snails that form carbonate shells made up of aragonite. This type
of carbonate is more solution-prone that calcite, which results in a high solution-susceptibility. Studies on
the effect of ocean acidification on pteropods strongly focus on polar regions, as they are important to
the local foodwebs and carbon biogeochemical cycles (Manno et al., 2010). Negative effects of high CO,
include decrease in calcification by ~28% or shell degradation (Lischka et al., 2011). However,
adaptation to environmental conditions through migration to deeper water layers or decreased oxygen
consumption and ammonium excretion in hon-migration species provide adaptive strategies that increase
the resilience of these species to ocean acidification (Maas et al., 2012).
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3.2.1.1.4 Higher trophic level calcareous organisms

Scleractinian (stony) tropical corals (Zooxanthellate)

Guinotte and Fabry (2008) reported that evidence from species tested to date indicate that calcification
rates will be reduced by 20-60% at double preindustrial CO, concentrations of 560 ppm (Guinotte and
Fabry 2008). This will have serious consequences for skeletal formation and probably result in weaker
coral skeletons, reduced extension rates and increased susceptibility for erosion (Kleypas, Buddemeier et
al. 1999). Coral reef growth is the net CaCO3; accumulation when calcification takes place at faster rates
than biological, physical and chemical erosion (Kleypas, Buddemeier et al. 1999). According to Hoegh-
Guldberg et al. (2007) net reef accretion approaches zero or becomes negative at aragonite saturation
states of 3.3 which occurs at atmospheric CO, concentrations of 480 ppm. The area with extremely low
(<3) and marginal (3-3.5) aragonite saturation states is expected to expand considerable (Figure 9).

A mesocosm experiment revealed dissolution of reef-building corals will be faster than net reef accretion
at atmospheric CO, concentrations of 560-840 ppm (Guinotte and Fabry 2008). Another experiment
found two species of scleractinian corals were able to survive and recover from complete dissolution by
recalcification of their skeletons (Fine and Tchernov, 2007 in Guinotte and Fabry 2008), but it was
questioned whether these species were representative for zooxanthellate reef-building corals (Guinotte
and Fabry 2008). Another study by Pelejero et al. (2005 in FAO 2009) suggested that adaptation to long-
term pH change may be possible in coral reef ecosystems, based on their observations in 300-year old
massive Porites corals from the southwestern Pacific which had adapted to 50-year cycles of large pH
variations. A large number of experimental studies found a range of effects on calcification of corals,
varying from strongly negative to weakly positive (Chan and Connolly 2012 in [10]). The first meta-
analysis on the sensitivity of coral calcification to ocean acidification by Chan and Connolly (2012 in [10])
estimated an average decline of 15%, which is towards the low end of the range of likely responses to
acidification that has been proposed in earlier work (13-40%). Variation was large, confirming that some
coral response will be below this range and others will be towards the middle or upper end of the range

(N. Chan, pers.comm.).
A

B o oata

I - 3 (Extremely Low)
| 1 3 = 3.5 [Marginal)
B 2.5 - 4 (Adequate)
B - 4 cOptimaly

Figure 9. Zooxanthellate coral distribution (green dots) and projected surface aragonite saturation states in (A)
preindustrial atmospheric CO, concentration of 280 ppm and (B) projected CO, concentration of 517
ppm (Guinotte and Fabry 2008).
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Slower calcification and growth rates are hypothesised to reduce the ability to compete for space and
light, which is a concern if global sea levels rise and light for photosynthesis becomes a limiting factor for
corals deeper in the photic zone. The effects of reduced calcification rates on recruitment, settlement and
juvenile life stages of the majority of coral are not well known (Guinotte and Fabry 2008). This is in line
with the findings of a meta-analysis of 139 studies that quantified biological responses to ocean
acidification by Kroeker et al. (Kroeker, Kordas et al. 2010). They found a significant negative effect of
ocean acidification on coral calcification and growth, but could not identify significant effects of ocean
acidification on coral reproduction, development and survival (Kroeker, Kordas et al. 2010).

Scleractinian (stony) cold-water corals (Azooxanthellate)

Cold-water corals are azooxanthellae, meaning they do not contain photosynthetic algae and are not
limited to the photic zone. Cold-water corals occur on a global scale and are found at all latitudes and in
all oceans (figure 10) and have a total surface area which at least equals the size of tropical coral reefs
(Mienis 2008). Cold-water coral reefs and mounds create complex habitat and form local hotspots of
biodiversity, because they attract various species for food and shelter (Jensen and Frederiksen, 1992,
Mortensen et al. 1995 in Mienis 2008). Although there is only correlative evidence that they are essential
fish habitat supporting commercial fisheries, there is evidence that cold-water corals function as habitat
for fish larvae (Baillon, Hamel et al. 2012) and for oviparous (egg-laying) sharks (Henry and Roberts
2012). Most occurrences of cold-water corals have been reported from the Northeast Atlantic Ocean
along the European continental margin (Mienis 2008). The majority of cold-water corals are found in
depths of 200-1000 meter or above. Cold, deep waters have naturally high levels of CO, with a global
average aragonite saturation state of 2, which probably is the reason for the slow calcification rate of
cold-water corals (Guinotte and Fabry 2008). Projections of rising aragonite saturation horizons (figure
10) indicate that 70% of cold-water corals could be in undersaturated water by 2100 (Orr, Fabry et al.
2005) and could experience dissolution. Cold-water corals not only consist of stony corals, but also of
octocorals (soft corals, stoloniferans, sea fans, gorgonians and sea pens) and stylasterids, the majority of
which produce calcite spicules and holdfasts. The North Pacific is dominated by octocorals and
stylasterids, and it is hypothesized that stony cold-water corals are absent there, because of the shallow
depth of the aragonite saturation horizon and high dissolution rates. If this is true, then decreasing
aragonite saturation state will probably impact stony cold-water corals earlier than warm-water corals
(Guinotte and Fabry 2008).
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Figure 10. Azooxanthellate coral distribution (green dots) and projected aragonite saturation horizon (ASH) in
(A) preindustrial atmospheric CO, concentration of 278 ppm (B) projected CO, concentration of 513
ppm and (C) projected CO; concentration of 788 ppm (Guinotte and Fabry 2008)

Laboratory perturbation experiments (Carreiro-Silva, Godinho et al. 2012; Form and Riebesell 2012;
Lunden, Georgian et al. 2012) and in situ experiments (Jantzen, Laudien et al. 2012) to test sensitivity
for decreasing aragonite saturation state have been conducted for the main species of stony cold-water
coral (Desmophyllum dianthus, Lophelia pertusa and Madrepora oculata), but not for octocorals and
stylasterids (Guinotte and Fabry 2008). Form and Riebesell (2012) found successful acclimatization of a
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coral species to ocean acidification. The stony cold-water coral Lophelia pertus, the dominant reef-builder
in the North Atlantic (Maier, Watremez et al. 2012), showed reduced calcification in a 1-week
experiment, but slightly enhanced calcification in a 6-month experiment. Jantzen et al. (2012) and
Carreiro-Silva et al. (2012) found the same results for Desmophyllum dianthus and Jantzen et al. (2012)
concluded cold-water corals in general or Desmophyllum dianthus in particular has a great ability to
acclimatize or even adapt to a broad range of environmental conditions including pH. It is known that
cold-water corals can show non-linear calcification responses and are able to maintain their calcification
rate relatively constant with a certain range of CO, concentrations such as at pCO; levels projected for
2100.

Above and below a certain pCO; threshold significant negative and positive responses occur, such as
decreasing calcification at much higher pCO, levels than those projected for 2100 (Ries et al. 2010 in
Maier 2012; Maier, Watremez et al. 2012). Short-term and long-term (acclimatization) experiment are
currently being researched to get insights in the combined effects of higher sea surface temperatures
and high-CO, conditions (Buscher, Form et al. 2012; Hennige, Wicks et al. 2012). Indirect effects of
ocean acidification, such as the shift in bacterial community and how this affects the resilience of cold-
water corals remains to be explored (Maier 2012).

Echinoderms

Echinoderms (sea urchins, sea stars, brittle stars and sea cucumbers) are vital components of the marine
environment, where they are often keystone ecosystem engineers, for example in bioerosion and
sedimentation. A literature review analysed 19 studies including 16 species, which revealed that
echinoderms are surprisingly robust to ocean acidification, but that important differences in sensitivity
are observed between populations and species (Dupont, Ortega-Martinez et al. 2010). This is in line with
the findings of a meta-analysis of Kroeker et al. (2010) who found a non-significant positive effect of
ocean acidification on calcification on echinoderms. However, these results depend on exposure time,
whereby short-term experiment may hide longer-term negative impacts. In addition, some physiological
processes and life stages are more sensitive, based on negative effects in the larval and juvenile stage
compared to positive effects in the adult stage, which is important for the response of the species as a
whole. Fertilization of 10 echinoderm species proved to be robust to pH of 7.4 to 7.6. Echinoderm larvae
produce their skeletons of the less soluble high-magnesium calcite in internal tissue that may be more
protected from seawater chemistry, nevertheless 8 echinoderm species showed reduced growth and
calcification in near-future CO, conditions (Byrne 2011). Responses are extremely species-specific and
differ among species from different habitats, such as an intertidal and subtidal sea urchin (Byrne 2011).
The literature review of Dupont et al. (2010) concludes that ocean acidification will have negative impact
on echinoderm taxa with likely significant consequences at the ecosystem level (Dupont, Ortega-Martinez
et al. 2010).

Molluscs

Molluscs (bivalves including mussels and oysters, gastropods including abalones and snails, and
cephalopods including octopus, squid and cuttlefish) are a diverse group of filter feeders, grazers and
predators with either an external (bivalves and gastropods) or internal (cephalopods) carbonate shell or
no shell for some species of gastropods and cephalopods.

Adult bivalve molluscs are sensitive to elevated pCO, levels. Bivalves exposed to pH levels as expected
later this century have been observed to have shells that were malformed and eroded. Calcification rates
in the blue mussel Mytilus edulis and the Pacific oyster Crassostrea gigas decline linearly with increasing
pCO, and may decrease by 25% and 10% respectively in 2100 (Gazeau, Quiblier et al. 2007). The
energetic metabolism of C. gigas is also likely to be affected (Lannig et al. 2010 in ICES-WGMASC 2012)
and increased pCO, has negative effects on physiology, rates of shell deposition and mechanical
properties of the shells of the Atlantic oyster C. virginica (Beniash 2010 in ICES 2012). A number of
studies on the blue mussel M. edulis came with contradictory results on growth and calcification rates,
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which may be explained by a protective mechanism of the shells of M. edulis (Thomsen et al. 2010 in
ICES-WGMASC 2012) or by adaptation of the mussel during longer experiments and less sensitive
measuring methods.

Larval and juvenile bivalve molluscs that appear to be particularly sensitive to ocean acidification and
high mortality rates have been linked to calcium carbonate dissolution (Fabry et al. 2008). Decrease in
pH resulted in smaller larvae, impaired calcification, thinner shells and delayed metamorphosis in some
species (M. edulis, C. gigas, Altantic oyster C. virginica, Sydney rock oyster Saccostrea glomerata,
Atlantic bay scallop Argopecten irradians, hard clam Mercinaria mercinaria) but not in others (Asian
oyster C. ariakensis, Mediterranean mussel Mytilus falloprovincialis) (Byrne 2011; ICES-WGMASC 2012).
The synergistic effects of ocean acidification and temperature has been investigated on the fertilization
and embryonic development of S. glomerata and resulted in decreased fertilization, more abnormalities
and smaller sizes. It was suggested that predicted changes in ocean acidification and temperature may
have severe implications for this and other bivalve species (Parker et al. 2009 in ICES-WGMASC 2012).
Changes in salinity may mitigate the decrease in biocalcification (Waldbusser et al. 2011 in ICES-
WGMASC 2012).

Abalone larvae and early developmental stages are particularly sensitive to acidification, which causes
significant reduction in thermal tolerance for some abalone developmental stages (pretorsion and late
veliger larvae), but not for others (posttorsion and premetamorphic veligers). These results indicated
that larval stages were differentially sensitive to low pH conditions and this variability may play into the
resilience of individual species to withstand environmental change in the longer term.

Crustaceans

Crustaceans (cirripeds (barnacles), euphausiids (krill), decapods including lobster, crab, shrimp and
prawn, copepods, isopods, amphipods and stomatopods) are a diverse group living in a range of
habitats. Some are zooplankton and an important food source in the food web, such as krill. Others are
important for the shellfish industry, such as decapods.

Marine crustaceans are currently considered to be tolerant to ocean acidification (Whiteley 2011), which
could be the reason why research into the effects of ocean acidification on marine crustaceans has been
limited (Byrne 2011). Most crustaceans have an exoskeleton and details of calcification of their
exoskeletons still need to be determined (Luquet and Marin 2004 in Byrne 2011), but the high organic
(chitin and protein) exoskeleton in the more stable form of calcite makes them more resilient to ocean
acidification. In addition, direct exposure to changes in pH are avoided by their intra- and extra-cellular
calcification processes. However, the vulnerability varies greatly between species and between life stages
with lightly (copepods, amphipods, larvae) and heavily (lobsters, crabs) calcified exoskeletons (Byrne
2011). The first review of crustacean responses to ocean acidification by Whiteley (2011) concludes that
crustaceans with strong iono- and osmoregulation are likely to be less vulnerable to ocean acidification,
because they are able to maintain their acid-base balance. For example species in shallow coastal
habitats and deep sea vents where natural variations in seawater salinity, temperature, pO, and pCO;
occur. However, acid-base adjustments are likely to have high energetic and metabolic costs. In addition
to poor iono- and osmoregulation, species living in low-energy environments such as deep-sea and polar
habitats with low metabolic rates and low activity levels are also more vulnerable to ocean acidification.
Ocean acidification can affect calcification rates in two ways. First, the precipitation of calcium in the
exoskeleton and second, the post-moult calcification of the new exoskeleton. One study of the blue crab
(Callinectes sapidus) showed post-moult calcification took twice as long, which may indirectly increase
mortality rates as the organism is vulnerable to predation, since it is unable to move and defend itself
with a soft exoskeleton. Studies showed the calcification rate can be compensated by the blue crab, king
prawn (Penaeus plebejus) and lobster (Homarus americanus), but at the expense of reduced growth
rates and strength of the exoskeleton. If growth and reproductive capacity are influenced this may affect
crustaceans at population level. There is growing interest in early life stages of crustaceans (Whiteley
2011). A review of Byrne (2011) into the impacts of ocean warming and acidification on marine
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invertebrate life history stages included crustaceans. Impacts on crustacean early life stages are mixed
for barnacle, copepod and amphipod. For lobster there was no effect in development, survival and
growth up until the final larval stage, but in the final larval stage the mineral content of the exoskeleton
which indicates negative effects for the adult lobster stage (Arnold et al. in Byrne 2011). This is not in
line with the findings of a meta-analysis of Kroeker et al. (2010) who found a significant positive effect of
ocean acidification on calcification on crustaceans. A review of Flores et al. (2012) on impacts of climate
change on arctic krill found only one published study that embryonic development of krill could be
negatively affected (Kawaguchi et al. 2011 in Flores et al. 2012), but preliminary results of long-term
experiments by Kawaguchi suggest that growth, survival and recruitment of krill could also be directly or
indirectly affected. Combined effects of ocean acidification and hypercapnia, increased sea surface
temperatures and reductions in salinity have been poorly studied, but can have important synergistic
effects (Whiteley 2011).

3.2.1.1.5 Higher trophic level non-calcareous organisms

Hypercapnia, the increased partial pressure of CO, (pCO;) in seawater, has effects on physiological
processes of fish and other water-breathing animals. Difference in pCO, of their body fluids and the
ambient environment is very small and dissolved CO; in seawater diffuses across animal surfaces
(Ishimatsu, Hayashi et al. 2005). As in seawater, CO; reacts with internal body fluids causing acidosis, an
increased acidity in the blood and body tissue due to increased H* ions. Organisms with mechanisms for
acid-base regulation of metabolically produced CO, and H* ions, use the same mechanisms to deal with
acidosis. They include buffering capacity, ion exchange and CO; transport. Buffering capacity can be
either passive or active. Active animals, such as epipelagic fish (e.g. tuna) and cephalopods (e.g. octopus
and squid) have a high passive buffering capacity due to burst locomotion fuelled by anaerobic
processes. Active buffering capacity occurs through accumulation of HCO3™ as buffer to the increase of H*
ions, when additional H* ions react with COs* and are converted to HCOs". Ion exchange is the ability to
transport acid-base equivalent ions such as HCOs across cell membranes in exchange for CI". When
compensation of pH fails, mortality of all marine animals increases with the level of CO, and the duration
of exposure (Fabry, Seibel et al. 2008).

Fish

According to a recent review of 116 papers published from 1969 to 2008 (Ishimatsu, Hayashi et al.
2008) studies on the effects of ocean acidification on fish are only based on laboratory experiments, with
short exposure periods and much higher pCO, levels than under realistic future scenarios for the oceans,
and studies focus on acid-base regulation and freshwater species. Fish appear to be most tolerant to
hypercapnia among marine animals due to their acid-base regulation (Fabry, Seibel et al. 2008), with
larval and juvenile stages being the most sensitive stages (Fabry, Seibel et al. 2008; Ishimatsu, Hayashi
et al. 2008). If acid-base regulation is not achieved this may result in metabolic suppression. This
adaptive strategy for the survival of short-term hypercapnia is not advantageous under chronic elevated
pCO:; levels as it will reduce growth and reproductive potential and will diminish the survival of species on
longer time-scales (Fabry, Seibel et al. 2008).

Hypercapnia caused by anthropogenic CO, is not expected to cause fish mortality (Hayashi, Kita et al.
2004), although there is additional energy expenditure on acid-base regulation and ventilation. Oxygen
consumption remains constant, but may shift from aerobic to anaerobic metabolism (Ishimatsu, Hayashi
et al. 2008) and may affect aerobic performance (Munday, Crawley et al. 2009). All of the above effects
may result in reduced fish growth. This was evident from studies under unrealistically high pCO, levels,
but at the time of the review (Ishimatsu, Hayashi et al. 2008) no studies were available on the effects on
fish growth and survival at realistic pCO, levels and at early life history stages. Since then, several
studies at realistic pCO, levels were conducted with various results depending on the species. A study on
a tropical reef fish, the orange clownfish (Amphiprion percula) did, apart from increased growth rate of
some larvae, not detect effects on embryonic duration, egg survival and size at hatching and concludes

Report number C116/12 23 of 60



thathypercapnia does not have significant disadvantages to growth and performance of larvae from
benthic spawning marine fishes (Munday, Donelson et al. 2009). A study on early life history
development of another tropical reef fish, the spiny damselfish (Acanthochromis polyacanthus) shows
that there is no effect on juvenile growth or survival of this species and perhaps also not on other
tropical reef fishes (Munday, Gagliano et al. 2011). Another study on the Baltic cod (Gadus morhua) did
not find problems with sperm behaviour and fertilization success at high pCO, levels (Frommel, Stiebens
et al. 2010). On the other hand, a study on an estuarine fish, the inland silverside (Menidia beryllina)
concluded that the egg stage was much more vulnerable than the post-hatch larval stage to high pCO,
levels (Baumann, Talmage et al. 2012).

Hypercapnia may also have effects on other physiological processes, such as skeleton and otolith (ear
bones) formation, and on the sensory and feeding behaviour of fish.

Fish bones are composed of calcium phosphate. The only study on the effects at high CO, levels on fish
bones at the time of the review (Gil-Martens et al., 2006 in Ishimatsu, Hayashi et al. 2008) found higher
Ca and P (phosphorus) contents and higher bone remodelling (formation and desorption) activities, but
no morphological difference. A later study on a tropical reef fish also did not find an effect on skeletal
development (Munday, Gagliano et al. 2011).

Otoliths, used for postural balance and for sound detection, are composed of aragonite. High pCO, levels
may reduce aragonite saturation in the endolymph where the otolith is formed. Otoliths are formed
before hatching when acid-base regulation may not be fully developed. Otolith asymmetry (between left
and right side of the body) may lead to higher mortality by impairing navigation (Ishimatsu, Hayashi et
al. 2008). A few years later, studies found that otolith size, shape and symmetry are not affected by low
pH in the spiny damselfish (A. polyacanthus) (Munday, Gagliano et al. 2011) and otolith development of
the larval orange clownfish (A. percula) is even positively affected by low pH, because acid-base
regulation in the endolymp can lead to larger otolith due to increased precipitation of CaCOs (Munday,
Hernaman et al. 2011). They state, however, that otolith sensitivity varies considerable among species.
Fish behaviour affected by hypercapnia has been researched for changes in food consumption and
foraging activity and for sensory behaviour. Sensory behaviour tested were the senses of smell (of
predators), sound (of reef noise) and vision (the sight of a large fish). At highest realistic pCO; levels
natural responses were absent in several experiments: with the orange clownfish (A. percula) to auditory
cues that indicate risky locations (Simpson, Munday et al. 2011); with settlement-stage larvae of the
orange clownfish (A. percula) to olfactory cues to smell predators and discriminate between predators
and non-predators (Dixson, Munday et al. 2010; Munday, Dixson et al. 2010) and to olfactory cues to
locate reef habitat and suitable settlement sites (Munday, Dixson et al. 2009); and with juvenile
damselfish (Pomacentrus amboinensis) to visual cues of a potential threatening spiny damselfish (A.
polyacanthus) (Ferrari, McCormick et al. 2012). All of this sensory behaviour provides strong evidence
that the multi-sensory effects of high pCO, levels arise from systematic effects at the neural level
(Ferrari, McCormick et al. 2012).

Foraging behaviour studies of a juvenile tropical reef fish, the anemonefish (Amphiprion melanopus)
showed that high pCO, levels did only affect behaviour in combination with high seawater temperatures
when the thermal optimum for food assimilation has been reached (Nowicki, Miller et al. 2012).
Hypercapnia and hypoxia, a decreased dissolved oxygen content, in the ambient environment can narrow
down the thermal window. This means the capacity of organisms to acclimatize to lower or higher
ambient temperatures decreases, which is a potential concern with rising sea surface temperatures (SST)
due to climate change (Portner and Peck 2010).

3.2.1.1.6 Meta-analyses on organism level

As described in the previous paragraphs marine organisms vary broadly in their sensitivity to ocean
acidification. Three meta-analyses were identified on species sensitivity, one to construct a species
sensitivity distribution per species for all effects of ocean acidification (De Vries, Tamis et al. in press)
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and two to analyse species sensitivity variation between taxa and between biological responses
(Hendriks, Duarte et al. 2010; Kroeker, Kordas et al. 2010). Biological responses vary partly due to the
variety of biological processes affected, such as calcification and dissolution, reproduction, survival,
growth and metabolism. Calcification responses vary between organisms using different forms of CaCOs,
whereby organisms using high-magnesium calcite are more resilient than organisms using more soluble
forms such as aragonite and low-magnesium calcite (Kroeker, Kordas et al. 2010). Andersson and
Mackenzie (2011) challenged this outcome and it appeared that the form of calcium carbonate alone
does not predict sensitivity to ocean acidification (Kroeker, Kordas et al. 2011). Calcification responses
also vary, because some organisms are more resilient by increasing their calcification rate, controlling
their internal pH or having symbiotic interaction with photosynthesis by autotrophs that may stimulate
calcification. Calcification responses may result in altered energy allocation due to increased physiological
costs of maintenance (e.g. acid-base balance), lower growth rates, reduced reproduction and decreased
survival which also varies amongst calcifying organisms. Variation in sensitivity amongst organisms has
important implications for ecosystem responses (Kroeker, Kordas et al. 2010). The meta-analysis by
Hendriks et al. (2010) suggested that based on experimental differences in organism responses, many
marine organisms are more resistant to ocean acidification than previously thought and long-term
adaptive capacity is poorly understood. Dupont et al. (2010) showed that such a global meta-analysis
can mask the complexity of biological systems such as differences in vulnerability in adult, juvenile and
larval stages and that ocean acidification will have negative effects on some marine organisms with likely
consequences at ecosystem level.

3.2.1.2 Effects on community and ecosystem level

It is apparent that ocean acidification will potentially have serious consequences for many marine
calcifiers, but the direct effects on noncalcifiers and the indirect effects on higher trophic level organisms
that rely on the calcifiers for shelter, nutrition and other core functions are less well known. These
ecosystem responses are complex and difficult to quantify (Guinotte and Fabry 2008). Biological and
ecological effects in the surface oceans will also affect the deeper waters, because organisms and
habitats living there rely mainly on the products created by organisms in the surface waters. Organisms
in deeper water may also become vulnerable to acidification on a longer timescale, as surface waters mix
with deeper waters (Raven, Caldeira et al. 2005).

There are to date according to our knowledge two studies (Guinotte and Fabry 2008; Portner 2008) on
the effects of ocean acidification at the ecosystem level. The first study reviewed effects at organism
level and briefly addressed community level impacts in seagrass and coral reef ecosystems. The latter
focussed on effects in the physiology of organisms as a first step to better understand and overcome
uncertainty of ecosystem effects. There have been a few more systematic reviews (i.e. Hoegh-Guldberg
and Bruno 2010; Doney, Ruckelshaus et al. 2012) on the impacts of climate change, including ocean
acidification, on marine ecosystems. Ocean acidification cannot be considered in isolation from other
high-CO, related effects and non-CO, related effects. The primary high-CO, related problem is climate
change due to increasing atmospheric and ocean temperatures, which in turn create changes such as
rising sea levels, retreating sea-ice, increased vertical ocean stratification, altered wind and ocean
circulation patterns, and altered precipitation, runoff and freshwater input. In addition, warming and
altered ocean circulation reduce subsurface oxygen concentrations. Non-CO; related pressures on marine
ecosystems include intensive fertilizer use, coastal and benthic habitat degradation, fish stock
overexploitation, growing aquaculture production and invasive species. Studies on ecosystem effects are
complicated by the fact that these multiple stressors on marine ecosystems have integrated and
synergistic effects (Doney, Ruckelshaus et al. 2012). Research on these interactive or cumulative effects
on organisms and the consequent ecosystem responses are in its infancy (Guinotte and Fabry 2008). The
most recent review of Doney et al (2012) does identify some of these complex responses and describes
systematically how physiological responses at organism level manifest as population and community
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