
Figure 1. Impact of OA on larval survival in two brittlestar species.
Larval relative density (calculated as the percentage of the control 8.1) through time post fertilization in two
species of brittlestars (A) Amphiura filiformis; B) Ophiothrix fragilis) exposed to OA (pH 7.9 and 7.7). 

These data highlight the danger of extrapolation from single species, even within closely related
taxa. Thus we suggest that a wide range of species should be investigated with different life-history
traits, habitats (both adult and larval), physiology, morphology, adaptation potential, etc., without
being too prescriptive. 

Figure 2. Impact of OA on the brittlestar Ophiothrix fragilis.
Example of abnormal larvae of Ophiothrix fragilis raised at low pH using polarized light to highlight skeletal
malformations. A) Asymmetric larvae (2 days pluteus at pH 7.7) with a shorter posterolateral rod
(arrowhead); B) Abnormal larvae (2 days pluteus at pH 7.7). Scale bar = 10 μm.

OA IS NOT ONLY A CALCIFICATION ISSUE

Very little is known regarding processes other than calcification. This is unfortunate because it is
clear that a variety of biological functions will be affected by OA. For example, calcium and other
ion-transport based phenomena are vital for many physiological processes (i.e. ciliary activity,
muscle contraction, neural signaling and integration) and the onset of development in most species
studied is triggered by one of the largest and longest calcium transients known (Whittaker, 2006;
2008). Moreover, some calcium channels have been shown to be very sensitive to pH (Mignen and
Shuttleworth, 2000). Thus in addition to skeletogenesis, it might be predicted that fertilization and
early development events will be sensitive to OA.

Within the pH range of changes expected for the coming century, skeletogenesis is affected by OA
in some species (abnormalities, asymmetry, etc., see Example 1), while other calcifying larvae
apparently show few problems with skeletogenesis (see Examples 3 & 4 below). In several sea
urchin larvae, the skeleton develops normally with only a delay in developmental dynamics (see
Examples 2 & 4 below). On the other hand, other parameters seem to be affected by OA such as
feeding efficiency (see Example 5 below). 

This leads us to the conclusion that it is vital to address wider implications than skeletogenesis.
While it is likely that marine calcifiers will be affected, it is essential not to overlook the fact that
pH changes will impact a whole raft of other vital physiological processes. 
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OA IMPACTS ALL ASPECTS OF THE LIFE-CYCLE

At the species level, OA appears to have a direct impact on fecundity, fertilization success,
recruitment and individual performance at all stages of the life cycle (Figure 3). For example, in
sea urchins, it was shown that OA may affect fertilization success (Havenhand et al., 2008), larval
development (Kurihara and Shirayama, 2004; Kurihara et al., 2004; 2007) and adults (Shirayama
and Thornton, 2005; Miles et al., 2007). OA may also have indirect impacts. For example, long term
exposure of adults to OA may affect future larval performance (see Example 2 below). It is then
essential not only to study the direct impacts of OA but also transfer processes at all phases of the
life-cycle. 

Figure 3. Impact of OA on species life-cycle.

Example 2 – Impact of adult exposure to OA on larval performance in the sea star Asterias
rubens.
Direct exposure of fertilized eggs of the sea star Asterias rubens to OA (pH 7.9 – 7.7) does
not affect survival or recruitment but does induce a delay in developmental dynamics (Table
1). Exposure of the adults to OA (pH 7.7) for the four months prior to the reproductive
period has indirect consequences on future larval development. Larvae cultured at low pH
(7.7) experienced high mortality, abnormal development (Figure 4) and were unable to
feed.

Figure 4. Impact of adult exposure to OA on larval development in the sea star Asterias rubens.
Confocal images of bipinnaria larvae of Asterias rubens (day 7) after pre-exposure of the parents for 4
months prior to spawning. The Insulin Growth Factor II (IGFII) is revealed using antibody labeling. In the
control (A), IGFII is expressed in the esophagus (e) and the coelom (c) while at low pH (7.7, B) it is
expressed in the stomach (s), the intestine (i) and the coelom (c). This later expression is associated with a
lack of feeding ability. 
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OA WORKS IN SYNERGY WITH OTHER ENVIRONMENTAL STRESSORS

Little is known about the synergistic effects of OA with other stressors. For example, global
warming has affected marine animal distribution with the enhanced risk of local extinction of
species and even ecosystems. Future scenarios indicate a threat to marine life through the specific
or synergetic effects of both OA and temperature. Our data show that some effects of OA are only
revealed when combined with an increase in temperature (see Example 3 below). To understand
the full impact of OA, it is then vital to combine stressors in further studies. 

Example 3 – Impact of OA and temperature on the development of the sea urchin
Strongylocentrotus purpuratus.
When cultured at 14°, larvae of S. purpuratus show little sensitivity to OA in the studied
range of pH (8.1-7.7). However when raised at 16° in the same pH ranges, development of
larvae is delayed (Figure 5) and they failed to reach the juvenile stage.

Figure 5. Synergetic effect of OA and temperature on Strongylocentrotus purpuratus larvae.
Confocal images of the skeleton (Primary Mesenchyme Cells – PMC) revealed by PMC-specific cell surface
marker, MSP130, Anstrom et al., 1987) in 3 day pluteus of Strongylocentrotus purpuratus larvae raised at
different temperatures and pH: A) 14°C/8.1; B) 14°/7.7; C) 16°/8.1; D) 16°/7.7. If the skeleton is normal in all
conditions, its development is delayed at low pH and high temperature. 

TEMPORAL DYNAMICS V.S. DEVELOPMENTAL STAGES

Supposedly deleterious effects after short exposure to OA are perhaps not relevant in terms of
individual fitness and may not reflect the true impact of the contribution to the next generation. 

It is essential to assess potential effects over the complete period of development using
morphological and functional physiological assays as key issues/metrics. For example in
echinoderms, adult rudiment development, onset of feeding, respiration, etc., are critical measures
for the impact of OA on life-history processes. 

OA will impact dynamics of many biological and developmental processes, (see Example 4 below).
To assess the real impact of OA on individual fitness, it is essential then to take into account the
whole period of development from egg to juvenile, and so assess affects on stages of development
rather than only time of development and avoid conclusions based on punctual observations
(Troedsson et al., 2007). For example, if the treatment induces a delay in development, it takes more
time to reach each developmental stages (I to V on the Figure 6). A measurement at time t will lead
to the conclusion that the treatment has a strong negative impact on the observed parameter (e.g.
Size, skeletogenesis, etc.) when this observation is simply a consequence of a delay in development
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(larvae are at stage IV in the control but only at stage III in the treatment) with no relevance to
individual fitness/success. Although if settlement is delayed in consequence AND the larva spends
more time in the water column then there may be indirect impacts on fitness (see also comments
below).

Figure 6. Relation between time and stage of development.

Example 4 – Impact of OA on long term development of Strongylocentrotus
droebachiensis.
Fertilized eggs of the sea urchin S. droebachiensis were cultured at three different pH values
(control 8.1, 7.9 and 7.7). After 21 days, larvae raised at low pH were significantly smaller
than those raised at normal pH (Figure 7). At normal pH (8.1) a well developed rudiment
is present while it is less developed at pH 7.9 and entirely absent at pH 7.7. This effect is
often interpreted as a negative impact of OA on larval growth, development and
skeletogenesis (i.e. see Kurihara and Shuriyama, 2004; Kurihara et al., 2004). Thirty days
later, juveniles were present in all cultures (Figure 7). If smaller at low pH, the proportion
of successful metamorphoses is significantly higher at low pH (6 to 14 times more
juveniles). This example illustrates the fact that punctual observations can lead to
misinterpretation of the real impact of OA. What could be interpreted as a negative impact
at day 21 (smaller larvae) may be considered later as a globally positive impact (higher
number of successful larvae at day 50). It is then essential to study the entire life cycle to
assess real impact of OA in terms of a trade-off between individual (i.e. recruitment success,
developmental speed, etc.) and ecosystem (i.e. predation rate, settling success, etc.). For
example, at low pH, a higher proportion of larvae successfully reach metamorphosis but
since it takes more time to reach this stage, these larvae may be disadvantaged. Planktonic
mortality is high and increasing the time a larva spends in the plankton increases the chance
of loss by predation and/or by delay in the opportunity to settle in a high quality habitat
(Miner, 2005; Elkin and Marshall, 2007).

Figure 7. Impact of OA on development of Strongylocentrotus droebachiensis.
Strongylocentrotus droebachiensis larvae cultured at different pH (control 8.1, 7.9 and 7.7). A) Late pluteus
larvae at day 21 (rudiment = white arrow). B) Juveniles at day 50. 
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ADAPTABILITY POTENTIAL TO OA
Lastly, nothing is known about intraspecific variability, and hence the capacity to adapt, in response
to OA. This is critical for understanding the long-term resilience of marine communities to
acidification. Genetic variability determines how physiological mechanisms respond during
acclimation (within individual) and adaptation (between generations). It is essential to assess
individual variability. 

For some parameters (e.g. feeding rate, respiration, enzymatic assays, RT-PCR), practical
limitations imply that at present it is only possible to work on large samples (10 to several thousand
larvae per experiment). It is then difficult to interpret the results in terms of selection/adaptation
potentiality. This makes it impossible to assess the difference between a treatment inducing a
moderate decrease for the measured parameters in a vast majority of the larvae (Figure 8 treatment
A) from a treatment inducing a strong decrease in half of the larvae (Figure 8 treatment B). These
two types of consequence are really different in terms of adaptation/selection potential. A type A
effect has a low potential for adaptation (only few larvae are ”normal” in this condition) while in
type B, 40% of the larvae can pursue normal development. The long term consequences may be
completely different in a way that the measured parameter is unable to predict. It is therefore
essential to work at the individual level to assess intraspecific diversity. 

Figure 8. Assessment of adaptability potential to OA.

Example 5 – Impact of OA on feeding efficiency in the sea urchin.
Using both individual and population assays (Figure 9), S. droebachiensis larval feeding
efficiency at low pH is significantly lower than controls. Nevertheless, only individual
assays reveal intraspecific variability. At low pH, larvae present high variability in the
number of esophageal contractions, a proxy of feeding efficiency, some individuals being
comparable to the control. The lowest feeding rate can then be interpreted as a mixture of
“good” (able to adapt to low pH condition) and “bad” larvae (unable to adapt to low pH).
In consequence, S. droebachiensis possess a high selection potential to OA. 

Figure 9. Impact of OA on feeding rate in Strongylocentrotus droebachiensis larvae.
Measurement of feeding efficiency in S. droebachiensis larvae using two different methods. A) Feeding rate
of larvae raised at different pH (control 8.1, 7.9 and 7.7) between days 4 and 12 and estimated by the
quantity of food eaten by 15 larvae over a period of 24 hours. B) Feeding efficiency of larvae raised at
different pH (control 8.1, 7.9 and 7.7) at day 12 and estimated by the number of contraction of the esophagus
per minute over a 10 minutes individual assay. 
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The ultimate measurement of adaptability potential to OA is to observe microevolution at low pH.
It is important then to perform multigenerational studies to quantify adaptability and
microevolution potential. Studies on species with a short life cycle are then more tractable. 

Example 6 – Impact of OA on the development of the copepod Acartia tonsa over several
generations.
The main impact of OA (pH 7.7) on the development of the copepod Acartia tonsa is an
increase in the generation time (Figure 10). However, at the second generation at low pH,
the generation time returns to a value similar to that of the control, probably a consequence
of artificial selection of animals adapted to low pH. 

Figure 10. Impact of OA on the generation time of the copepod Acartia tonsa.
Generation time of the copepod Acartia tonsa raised at two different pH (control 8.1 and 7.7) over three
generations. 

CONCLUSIONS

Dramatic environmental changes in the past (e.g. the Permian extinction, see Knoll et al., 2007)
were not only responsible for wiping out large numbers of taxa but also creating opportunities for
those with more flexible and robust regulatory systems. We need to take into account parameters
such as generation time, adaptation potential, as well as life-history strategies into our predictions
of future changes.

Our present knowledge on the impacts of OA on early life-history stages in marine animals is
largely based on experimental work with species maintained in short-term cultures, often exposed
to abrupt and extreme changes in pH. Little is known of adaptability potential, synergetic effects
with other stressors (e.g. temperature), and how the response to OA is transferred from the
organism(s) to the ecosystem level or the replacement of OA-sensitive to OA-tolerant species.

More long term experimental data for likely pH values in the coming century (pH>7.6) are needed
in order to make meaningful predictions of broader ecosystem consequences and define critical
thresholds for tolerable pH decline.

The integration of molecular and biochemical mechanisms into whole organism functional
networks and their capacity is thus a crucial element in understanding cause and effect at the
ecosystem level. This requires knowledge of the molecular, cellular and physiological mechanisms
of OA effects and their whole organism consequences (Pörtner, 2008).

Last but not least, if we want to predict future consequences of OA on marine ecosystems, it is
important to think and to work at level higher than the organism (e.g. mesocosm experiments).
We have already stressed the danger of misinterpretation of results. For example, a higher success
of metamorphosis at low pH may be detrimental for the species if associated with an increase of
developmental time (and then larval mortality in natural conditions due to higher predation). To
have a realistic picture of future consequences of OA, we need to take into account processes such
as competition, predation, parasitism, trophic relationship, etc. 
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The carbonate system of the Mediterranean Sea and the response of the highly adapted organisms
to the rapid CO2 increase are both poorly understood. Coccolithophores (planktonic
photoautotrophic microalgae) are the dominant calcifying organisms in the Mediterranean today.
Their calcite plates (coccoliths) present a large variability in both size and carbonate mass.
Generally, supersaturation with respect to calcite and aragonite is observed throughout the entire
Basin, which may be one of the reasons for overcalcification observed in coccolithophores in the
eastern Mediterranean surface sediments. At the same time, however, effects that are ascribed to
drastic increase in anthropogenic CO2 and subsequently in surface water acidification can be
possibly observed in the coccolith morphology in other parts of the Mediterranean.

BACKGROUND

The unique setting of the Mediterranean Sea makes it an excellent experimental setup to study
and predict the impact of ocean acidification (OA). The surface water masses (i.e. where primary
production and calcification is occurring) is characterized by steep W/E directed physico-chemical
gradients, with increasing salinity, temperature, stratification and alkalinity towards the east. The
generally oligotrophic to ultraoligotrophic offshore waters stand in contrast to eutrophication in
certain coastal areas with coral and seagrass ecosystems.

In the Mediterranean region, drastic and rapid increase of anthropogenic greenhouse gas
concentrations not only cause OA but dramatically increase heat stress risk, with the occurrence
of hot extremes expected to increase by 200 to 500% throughout the region (Diffenbaugh et al.,
2007). The response of the highly adapted Mediterranean marine organisms (carbonate and non-
carbonate) to this increased warming stress and to OA is poorly understood. Due to the short
residence time in the Mediterranean Sea future changes will take place relatively fast. With the
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rapid increase of anthropogenic CO2 in the Mediterranean region, a larger absorption by seawater
is expected, consequently a reduction in seawater pH and carbonate ion concentration is anticipated.
Carbonate ions are a basic building block of skeletons and shells for a large number of marine
organisms including corals, shellfish, and marine plankton. 

CALCIFYING PLANKTONIC ORGANISMS

Coccolithophores are a major calcifying planktonic organism in the Mediterranean (and in the
oceans in general) and a major producer of calcium carbonate. Coccoliths (micrometric calcite
plates produced by coccolithophore algae) are major contributors of the carbonate flux and
sedimentation to the deep sea (Milliman, 1993). They can also act as mineral ballast which plays
a role in the export of particulate organic matter to the deep ocean (Ziveri et al., 2007). Given that
the density of carbonate is higher than opal and is more abundant than lithogenic material in the
ocean (Klaas and Archer, 2002), a relation between organic carbon export and calcium carbonate
is suggested. In addition, a positive correlation between relatively heavy coccolith carbonate mass,
i.e. Calcidiscus leptoporus and Helicosphaera carteri, and organic carbon daily fluxes in a
sediment trap from the North Atlantic shows their effectiveness as mineral ballast (Ziveri et al.,
2007; 2008).

There have been controversial results from culture experiments (Riebesell et al., 2000; Langer et
al., 2006; Iglesias-Rodriguez et al., 2008) on the impact of CO2 increase on coccolithophore
calcification. In general, since the Mediterranean is an area of extreme carbonate supersaturation,
no signs of OA are expected there soon despite high anthropogenic carbon input. However a recent
a workshop co-sponsored by the European Science Foundation (Euroclimate Program) and PAGES
(Past Global Change) on atmospheric CO2, ocean acidification and ecological changes in
planktonic calcifying organisms presented unpublished results that showed otherwise, e.g. large
changes in the thermohaline circulation from 2001 – 2006 influencing the uptake of anthropogenic
carbon and thus seawater carbonate parameters, as well as first organismal response to the observed
changes (Kiefer et al., 2008; Ziveri et al., 2008).

COCCOLITHOPHORE CARBONATE RESPONSE TO ENVIRONMENTAL CHANGES

The ESF-CRP MERF (Quaternary marine ecosystem response to fertilization:
Mediterranean sapropel events and implications for marine carbon uptake) aims to detect the
impact of changes in fertilization on marine productivity and carbonate response in the present
and during times of natural Quaternary fertilization in the Mediterranean Sea. This enclosed Sea
is presently characterized by low primary production but in the recent past changes in nutrient
fluxes were occurring, modulated by monsoon cycles (Rossignol-Strick et al., 1982). In the eastern
Mediterranean these cycles are characterized by the deposition of organic rich layers (sapropels).
Calcification in coccolithophores is influenced by several factors such as nutrient concentration
(including micronutrients), carbonate chemistry of sea water (carbonate ions), temperature, and cell
physiology.

MODERN MEDITERRANEAN

Our results showed that in the present Mediterranean, during times of high production and
fertilization, the coccoliths are larger in size and more calcified than during the rest of the year. This
is in accordance with the culturing experiments that have shown that coccoliths formed at higher
growth rates are generally better calcified. However, when we compare Emiliania huxleyi (the
most common living coccolithophore species) and its carbonate quota in surface sediment from the
whole Mediterranean, heavier coccoliths are found in the eastern Mediterranean where nutrient
concentration is in general much lower than in the western Mediterranean. A possible explanation
of this pattern is that the calcification of E. huxleyi is strongly related to the carbonate saturation
state. In the Gulf of Lions, a long-term decrease in lith weight of E. huxleyi is superimposed on the
annual variability observed in the sediment trap series. This decrease is paralleled by a decrease
of carbonate ions, probably due to the increase of anthropogenic CO2 uptake from the atmosphere.
In surface sediments, E. huxleyi presents a large variability in size, morphology and carbonate
mass. We believe that this is partly related to the variable carbonate ion concentration. Whereas



weight distributions within E. huxleyi are very homogenous in the Western Mediterranean Sea, a
lot more variability and in general heavier calcified liths can be observed in the Eastern
Mediterranean where the carbonate saturation levels are generally higher (Schneider et al., 2007). 

SAPROPEL 1 AND CHANGE IN COCCOLITH AND FORAMINFERA CARBONATE WEIGHT

Interestingly, in the recent past, during the deposition of most recent sapropel 1 (~9,000 to 5,000
years BP), a comparison of cores on a W-E transect has shown that E. huxleyi weight and size
decreases (Principato et al., 2006) in the Eastern Mediterranean, whereas it slightly increases in
time equivalent series of the Western Mediterranean. Despite generally higher levels of productivity
in the eastern Mediterranean, which should lead to a size and weight increase in E. huxleyi
according to sediment trap and culture observations, we observed a size and weight decrease
instead. This may be explained by (a) different fertilization mechanisms (Sr/Ca in coccolith calcite
shows higher productivity during S1 in the eastern Mediterranean and no change during the time
equivalent sediment in the western Mediterranean), or (b) by a different saturation state of bottom
waters (influencing carbonate preservation) and carbonate ion concentration (influencing primary
calcification) in the production layer (Schneider et al., 2007). Theoretically faster growth rates
induced by fertilization could enhance coccolith calcification during sapropel formation, however
this is not observed. Therefore the change in size and weight during sapropel formation is most
probably due to changes in the carbonate saturation state of the Eastern Mediterranean.

INORGANIC CARBONATE

In addition, coccolithophores and foraminifera from the eastern Mediterranean sediments can have
inorganically precipitated calcite (diagenetic carbonate production) (Crudeli et al., 2004). For
coccolithophores E. huxleyi is the species most affected by this process. A possible explanation
causing this very unusual process is the elevated sediment pore water alkalinity and saturation
state. This overcalcification is absent during sapropel deposition.

FINAL REMARKS AND OPEN QUESTIONS

Recently published results on a Mediterranean site, naturally carbonated by submarine volcanoes,
provide clues to the possible effects of high-CO2 conditions on marine ecosystems (see Hall-
Spencer and Rodolfo-Metalpa, this volume; Hall-Spencer et al., 2008). In addition several electric
power stations and other factories situated on the coast in many Mediterranean areas emit
substantial quantities of greenhouse gases at the local level. These sites could serve as natural
laboratories for OA studies.
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