EduCO2cean Magazine
2018, Vol. 2, No 4, 67 - 88
ISBN 978-84-697-9954-3
The scientific articles in this magazine were prepared as the basis for pedagogical material which is being developed
by the EduCO2cean project team. The magazine articles are not intended for use as teaching material in their own
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ABSTRACT
Carbon dioxide (CO2) is the greenhouse gas which ultimately causes ocean acidification. Oceans have
approximately
right.
absorbed up to 30% of the released CO2 to the atmosphere since the Industrial Revolution. The
incessant increase in the atmospheric concentration of this gas and its consequent dissolution into the ocean
have resulted in the decrease of several tenths of seawater pH. Scientists have intensely studied this process
and its consequences for the last decade. Oceanographic cruises of data collection throughout the planet are
essential for a robust evaluation of the state and consequences of ocean acidification. Similarly, laboratory
studies are highly important for the evaluation of marine ecosystems.
The North Atlantic Ocean stands out globally because of the high accumulation of anthropogenic CO2 (up to
25% of the total of all oceans, when it only constitutes a 15% of the total oceanic area). Other observed
consequences have been the pH reduction and the consequent decrease in the ability of the organisms to build
shells. The scarce studies carried out in the Baltic Sea have shown a great capacity of this sea to buffer the
changes in pH. Nonetheless, several studies have verified the ocean acidification process and its effects on
marine organisms.
Positive, negative, and no responses have been found among the effects on organisms. Several species, such
as plankton, mollusks, crustaceans, and corals, seem to be dramatically affected. These findings show the
necessity of a research effort in order to acquire an accurate vision of the health of ecosystems in this current
changing situation.
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General questions and concepts
Anthropogenic: related to human action. For example, the release of CO2 to
the atmosphere by the combustion of fossil fuels.
Ocean acidification: changes in the chemistry of seawater caused by the
absorption of the CO2 released to the atmosphere by human action, leading
to a decrease in pH values.
pH: measure of the concentration of hydrogen ions in a liquid. The range
varies between 0 and 14, determining if the solution is basic (>7), neutral
(=7) or acidic (<7).
Water mass: water body with defined hydrographic conditions, that is,
defined by salinity and temperature within certain ranges.
Solubility: measure of the capacity that a solid, liquid or gas has to dissolve
in a medium.
Calcareous structures: anatomical parts of the organisms that are
predominantly composed by calcium carbonate such as the valves (shell) of
a mussel.
Aragonite and calcite: minerals composed by calcium carbonate that
differentiates in its crystalline structure. Aragonite is more sensitive to the
ocean acidification due to its higher solubility in the seawater.

Introduction
Ocean acidification is the concept to refer to the artificial changes that take
place in the sea water chemistry related to the pH. Specifically, it refers to the
lowering of the pH. The main cause of this process is the increasing of the
atmospheric carbon dioxide (CO2). This gas has a natural component and an
artificial one (anthropogenic) (Figure 1). The former is due to the liberation
from the ocean, the respiration of living beings, the oxidation of organic
matter, fires and volcanic activity. This amount has hardly changed in the last
10000 years. The latter is the result of human activities since the Industrial
Revolution (second half of the 18th century). The use of oil products, cement
production, agriculture and deforestation are the main causes that nowadays
the atmospheric CO2 has increased its concentration by 69% compared to
the natural component.
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Figure 1. Evolution of atmospheric concentration of CO2 in the last 10000 years.

CO2 is a greenhouse gas since it absorbs heat. The initial concern of the
scientific community was the increase of global temperature due to the rise
in CO2 levels, among other gases. Thanks to the ocean, this warming has
been slower than would be expected. The ocean has absorbed a 30% of the
anthropogenic CO2, giving rise to a lower concentration in the atmosphere
than expected. But, at the beginning of this century, the scientists observed
that this process had produced another problem: ocean acidification.
The ocean, as the atmosphere, contains CO2. The concentrations in both
systems are kept in balance while there is no disturbance. The increase of
CO2 in the atmosphere makes this balance tends to break. The absorption
capacity of the ocean (solubility) is the responsible for balance being restore
again. As a result, CO2 increases also in the ocean. Mainly, these changes
produce modifications in certain chemical reactions of seawater. This
important group of reactions is known as carbonate system (Figure 2).
The first chemical reaction in the carbonate system occurs when the CO2
from the atmosphere is absorbed by the ocean, becoming dissolved from its
gaseous form. Once CO2 is in the water, it reacts with water giving rise to
hydrogen ions (H3O+) and bicarbonate ions (HCO3-). This last compound
decomposes itself given rise to more hydrogen ions and carbonate ions
(CO32-). Finally, calcium carbonate (CaCO3) can be formed by combining the
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calcium ion (Ca2+) with the carbonate ion. All these reactions are in chemical
equilibrium and, therefore, can take place in the reverse order described
(Figure 2).

Figure 2. Chemical reactions of carbonate system in the ocean.

pH is the measure that allows us to know how is changing the concentration
of hydrogen ions in a liquid. Its calculation is performed as: pH =-log [H3O+].
The scale of measurement is logarithmic. Therefore, each increasing unit in
pH represents that the concentration of hydrogen ions is divided by 10 and
vice versa. Conventionally, the values tend to vary in a range from 0 to 14.
Intermediate, 7, is known as neutral. Above this value are known as basics
and under this neutral value are named acids. The concentration of hydrogen
ions is in its minimum point when the pH is 14 and maximum when it is 0. In
the ocean, this concentration varies depending on how these reactions
described take place. When atmospheric CO2 is absorbed by the ocean, the
chemical equilibria are disturbed. To going back to the equilibrium state, the
carbonate system’s reactions generate a hydrogen ion increase. This process
leads to a progressive displacement of the ocean’s pH towards lower values.
This tendency of seawater has been named ocean acidification. Despite this
designation, the pH of the ocean is in the basic area of the scale. Currently,
seawater pH has a value half of 8.1 on its surface. In the pre-industrial era,
this value was of 8.2.
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There is a variation in the pH values through the water column (Figure 3). In
general, the maximum value of the pH is reached at the surface and its
minimum at 1000m depth. The higher values are due to consumption of CO2
by photosynthetic organisms to produce organic matter. Generated in
surface, this material progressively degrades on their way to the seafloor.
This process generates CO2 and therefore decreases pH.

Figure 3. Profile of pH in the Atlantic Ocean at 24° N

The sum of the concentrations of the chemical species involved in the
carbonate system in the ocean (dissolved CO2, HCO3- and CO32-) is known as
total dissolved inorganic carbon (DIC, TCO2 or CT). DIC = [CO2] + [HCO3-] +
[CO32-] and its units are usually expressed in μmol/kg. Almost all the carbon
contained in the ocean is in this form. The remaining is organic carbon (mainly
as living organisms or as dissolved organic carbon). DIC values change
around the ocean. With the increase of CO2 in the atmosphere and the
consequent increase in the ocean, the DIC value has increased since the
Industrial Revolution. However, the concentration of each chemical species
of this system does not increase equitably. Thanks to the designing of the
Bjerrum diagram in 1914, we can study how the concentration of these
chemical species changes on the ocean acidification process. This diagram
shows the concentration of each of the three species that form the DIC
according to the pH of the seawater (Figure 4). Nowadays, the proportions of
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the chemical species of the carbonate system are: 90% HCO3-, 9% CO32- and
1% dissolved CO2. Until the end of this century, in its latest report, the
Intergovernmental Panel on Climate Change (IPCC) estimates that the pH of
the surface ocean will decrease, on average, 0.06 units (for a low CO2
emission scenario) or 0.32 units (for a high CO2 emission scenario). Bjerrum
diagram shows how this decrease in pH will change the percentages of the
species forming the DIC. Dissolved CO2 and HCO3- will increase and CO32will decrease (Figure 4). In addition, for the high emissions scenario, the
change in pH will involve a 125% increase in the concentration of H3O+.
The above changes have associated potential consequences. Most of the
organisms that live in the ocean have structures of CaCO3. This compound is
also present in our bones. It is formed from the reaction between Ca2+ and
the CO32- (Figure 2). However, H3O+ ions bind more easily than the Ca2 + to
the CO32- . This process reduces the amount of CO32- present and hinders the
formation of CaCO3. Therefore, the decrease of CO32- expected with ocean
acidification (more H3O+ present to remove the CO32- available) will have
consequences on the organisms that have structures of CaCO3 and they
need certain amounts of this ion to form them. The possible effects will be
detailed later.

Figure 4. Bjerrum diagram. It represents pH changes from the Industrial Revolution and
estimates the end of the 21st century for a stage of high CO2 emissions.

Another important effect of ocean acidification is the decrease of the
Aragonite Saturation Horizon (ASH). This depth is defined as the lowest limit

EduCO2cean Magazine

73

where ocean waters are "corrosive" enough to dissolve aragonite. Therefore,
the structures of aragonite have difficulties to be preserved below this limit.
The position of the ASH varies in different oceans. It depends on the solubility
of the aragonite. At the same time, solubility is determined by pressure,
temperature and the amount of CO2 dissolved in the water. In low
temperatures and high pressure, the solubility of the aragonite increases. This
reflects the fact that the ASH is mainly located in great depths (between
4000m and 5000m). On the other hand, the solubility of the aragonite also
increases with the rise of dissolved CO2. Because of this, it is estimated that
at the end of century the ASH will be placed at a lower depth. In addition,
organisms with aragonite structures living near the ASH will be suffering the
consequences of these changes.
Seawater can buffer both anthropogenic and naturally changes in pH.
Besides the already known ions (HCO3- and CO32-), there are others in the
seawater that can also be combined with H3O+ and thus would reduce its
concentration to result in an increase of pH. The difference between the sum
of these anions coming from weak acids and the sum of the anions coming
from weak bases is called total alkalinity (AT). AT = [HCO3-] + 2[CO32-] + [B(OH)4] - [ H3O+] and their units tend to be expressed as μmol/kg. Therefore, this
concept refers to the concentration of chemical species available in the
seawater capable of buffering pH changes and, especially, ocean
acidification. The values of AT do not change too much between the different
oceans and they are generally function of the salinity. In contrast to the DIC,
the increase of atmospheric CO2 will not cause a significant change in the
average value of AT, except when oceanic acidification begins to noticeably
affect organisms with calcareous structures or marine sediments.
Ocean acidification effects will have different magnitude throughout the
oceans. The waters in high latitudes have a lower capacity to buffer the
changes in pH than those at low latitudes. As the ocean continue winning
CO2, water in general will be reduced its ability to buffer the pH.

Methods of study
The measurements of CO2 in the marine environment have experienced a
large increase in the mid-20th century (Keeling et al. 1965; Takahashi et al.
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1961) with the development of different programs to increase the knowledge
of the oceans. Over the past decades, various conferences and international
events focused on the study of the climate and the ocean showed the need
to increase knowledge about the changes on our planet. These meetings laid
the foundations for the study of climate change in the next decades. Global
observing systems to obtain the needed information to improve current
knowledge were planned and developed there. In recent projects, it will
attempt to optimize the evaluation of ocean acidification, their relationship
with other oceanographic variables, the impact on ecosystems and the
modeling of its future evolution.
The main platforms for the study of ocean acidification are oceanographic
research vessels. Usually, these research vessels are well prepared with
laboratories where scientists do experiments in those oceanographic cruises.
Measures in-situ and laboratory work developed on board are the main
source of information of ocean acidification nowadays. In addition, these data
are used to compare and to improve the different numerical oceanographic
models and measurements of autonomous sensors, which nowadays have a
fast development.
Oceanographic cruises performed for several decades are especially
productive. In certain areas and in many cases supported by an international
effort, these oceanographic cruises were repeated periodically offering a real
image of the variability of the system. In the same way and as part of cruises
or specific planning, pH and other variables of the carbonate system in
different points of the oceans are repeatedly analyzed, reaching even the
weekly frequency. These locations constitute such valuable time series and
they offer important information of the impact of multiple processes on the
pH of the region (Bates et al., 2014).
The work on research vessels begins with the sampling of the seawater at
different depths where we want to obtain the values of the variables related
to the carbonate system. Oceanographic equipment CTD-rosette (Figure 5)
is a complex device that allows us to simultaneously obtain samples of water
at different depths in a hermetic way (rosette) and register with high frequency
and precision basic variables like pressure (depth), temperature and salinity
(CTD). Nowadays, additionally built-in sensors also allow to measure
dissolved oxygen, chlorophyll, turbidity, distance to the bottom and visible
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radiation. Typically, the rosette consists of 24 bottles of PVC of 12L and is
usually placed above the CTD. There are also other configurations with 12 or
28 bottles with different capacities. This equipment is routinely used since
the 1990s being an essential element in every oceanographic research vessel
(Figure 5).
The device is connected to the vessel using a wire rope which is the umbilical
cord to transmit all the information from sensors to control room on the boat.
In this way, the precise position of the equipment is known in real time as well
as the thermohaline properties of water that surrounds it. In its descent
through the water column, the bottles remain open and the CTD sensors are
measuring the variables depending on the devices present in the
configuration. Once the full profile has been done, CTD-rosette equipment is
raised back to the vessel. In its way back, it stops at certain interesting depths
to scientists and each bottle closes electronically to obtain water from various
depths. Once on the boat deck, the water is extracted from each bottle to
perform chemical or biological analysis. Based on the time available and the
type of analysis, they can carry out in the laboratories of the boat or on land.
Variables to determine from these samples are dependent on the objectives
of every oceanographic project.

Figure 5. CTD-rosette.

During overseas campaigns, CTD-rosette equipment performs hundreds of
times the action from surface to the bottom and viceversa. The deep waters
are cold (< 2° C) and the pressure there is around 400 times higher than the
surface pressure. These features require maintenance and a continuous
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monitoring on complex device sensors, the condition of the wire rope and the
spool machine that repeatedly carries out lowering and hoisting of the
sensors.
The main variable in the study of ocean acidification is the pH. Mainly, its
determination in seawater is carried out using two methods (DOE 1996). The
potentiometric method is based on the measurement of the electric potential
using a pH-meter with two electrodes immersed in the sample of seawater,
a reference electrode and other sensitive to pH (the electrode is typically
made of glass). The spectrophotometric method is based on the changes in
the color of a water sample which we have previously added a dye (m-cresol)
which changes the color depending on the pH of the sample. The latter
method is preferred because of its precision and speed, although in many
cases the available space in the vessel do not allow transporting the
spectrophotometer (the instrument that “measures” the color of the sample).
Adaptations of this method are implemented in different autonomous
sensors. In both methods the temperature must be measured since it affects
the pH both because of the changes in the chemical equilibria of the CO2
system and to the response of the measurement methods themselves.

The North Atlantic
Although the North Atlantic and the Baltic Sea are connected, the ocean
acidification problem is quite different between them. The former is the most
important area in capturing anthropogenic CO2 and the latter is a peculiar
region because of the surrounding geology and the human influence.
The North Atlantic is one of the most important oceanic areas as a sink of
anthropogenic CO2. Occupying 15% of all oceans, its waters stored 25% of
all anthropogenic CO2 in the ocean (Sabine et al., 2004). The most influential
process that occurs in this area is the formation of water masses. The water
that reaches this area comes from subtropical areas where has temperatures
exceeding 20° C. On their way to the high latitudes of the North Atlantic
reduces its temperature to 4°C. Thus, the water increases its density and
tends to sink. While this water from low latitudes is on the surface, the
concentration of CO2 in the water is in equilibrium with the atmosphere. When
the water mass sinks, this CO2 is transferred to deeper areas of the ocean.
That is the reason why North Atlantic stores a higher quantity of
anthropogenic CO2 in relation with its extension.
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Recently, it has been shown the magnitude of the ocean acidification in the
North Atlantic (García-Ibáñez et al., 2016). The study was focused on the
Irminger Basin, Southeast of Greenland. Carbonate system variables were
measured and analyzed during oceanographic cruises between 1991 and
2015. The analysis was carried out in the different water masses present in
area, i.e. at different depth ranges. A water mass represents a volume of
water which has a common history of formation and characteristic
physicochemical properties, different from the waters that surround it.
In this study it was observed that all water masses in the Irminger Basin were
gaining anthropogenic CO2. In consequence, all water masses decreased
their pH during the study period following an acidification trend. pH
measurements obtained in 25 years of study are shown in Figure 6. Each
color belongs to a water mass located in the corresponding range of depths
indicated in the legend. Within each year, the pH decreases from surface to
the bottom in a similar way as figure 3. The results show that the rate of
acidification (greater slope greater acidification rate) is quite similar between
the water masses (Figure 6). There is a small decrease of the acidification rate
with depth. However, the deeper layer breaks this trend. The increased
acidification rate of this water mass compared with those overlying reflects a
recent formation, that is, a recent contact with a high CO2 atmosphere in the
Arctic area. Finally, from this data is calculated that by the end of the century
the decrease of pH in surface layers will be approximately 0.31 units. This
value corresponds to the global average obtained by the IPCC for a high
emissions scenario.

Figure 6. Ocean acidification in the Irminger Basin.
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In this same area it has also been observed that aragonite saturation
(variable that indicates the availability of CO32- for organisms that form
structures of aragonite, one of the crystalline forms of the CaCO3) has
decreased in all the water masses. Similar to the distribution of pH in the
water column, the aragonite saturation decreases with depth. In the
intermediate waters of the Irminger Basin has been found that the aragonite
saturation horizon (the depth below which the aragonite starts to dissolve)
was located 10m closer to the surface each year. The changes of pH
projected by end of century show that the entire water column of this basin
will be undersaturated. Therefore, organisms with aragonite structures that
inhabit this area will be affected (Pérez et al, 2018).
Similarly, the previous changes have been observed in different time
series located in the North Atlantic. Specifically, in BATS (located in the
Bermuda Islands area) and ESTOC (located in the Canary Islands area). Data
were collected there from the 1980s and 1990s, respectively, observing an
increase of CO2 in the water. As a result, the changes caused in the carbonate
system variables have been registered. It was found a decrease in the buffer
capacity of pH changes, in the aragonite saturation and pH (Figure 7). The
magnitude of this last change is very similar to the one shown by the study
detailed previously in the Irminger Basin. Besides the pH decrease that has
taken place in the two areas over the study period, the representation of the
data shows the annual variability. pH values may vary in the range seen in
Figure 7b and 7c on timescales as diverse as days, weeks and seasons.

Figure 7. (a) Concentration of CO2 in the atmosphere. (surface pH b) BATS and c) stock. The
points represent observations and the straight lines the trend followed by the variable.
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The Baltic
The Baltic Sea is one of the world's largest estuaries. Its watershed
comprises 14 countries and covers almost 20% of the European continent,
being inhabited by 85 million people. It drains an area four times larger than
its own surface, and more than 250 rivers flow into it. The contribution of fresh
water from the rivers (about 15,000 m3/s) and a net precipitation of 1000 m3/s
over the sea, make the total amount of fresh water to be added to the Baltic
Sea comparable to the total discharge of the Mississippi River. On the other
hand, the connection with the North Sea is very limited to a shallow and
narrow transition zone. This favors the formation of a shallow layer of low
salinity, with a horizontal gradient of salinity and a persistent vertical
stratification which restricts the ventilation of deep waters. These are only
renewed episodically (Jutterstrom et al. 2014; Matthäus et al., 2008). Through
rivers, huge amounts of carbon and nitrogen (inorganic and organic) fertilize
the Baltic Sea (Kulinski and Pempkowiak, 2011; Voss et al. 2011). There is
also a contribution by dissolution and deposition from the atmosphere of a
similar amount of nitrogen. In this way, a large amount of microalgae bloom
in the surface layer which then settle on the seabed. In fact, the Baltic Sea is
considered an eutrophic sea (high amounts of nutrients with possibility to
produce massive increases of microalgae). Strong sedimentation of
microalgae produced a great consumption of oxygen in the deep layers of
the sea. As a result, large areas have very low oxygen concentrations (Conley
et al., 2002).
The distribution of the DIC in the surface waters of the Baltic Sea is
widely controlled by alkalinity, which is caused mainly by the weathering of
the limestone in the watershed and the waters with a higher salinity supplied
from the North Sea. The data of DIC in surface waters along a transect across
the Baltic Sea (Beldowski et al., 2010) show higher values (> 2000 μmol/kg)
in the Kattegat and minimum values of approximately 600 μmol/kg in the
Bothnian Bay. The annual range of pH for surface waters in the Kattegat
region for the period 1992-2007 was 8.06-8.42; for the less saline Central
Baltic Sea area was 8.02-8.70; and for the northern region of Bothnian Bay,
much less saline, was 7.40-8.37 pH (Havenhand, 2012). In areas where deep
values of oxygen are close to zero, and even generates hydrogen sulfide, pH
is approximately one unit less than the average surface pH.
In the Baltic Sea were carried out the first studies on the carbonate
system. There, the constants of the equilibria of this system were determined
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for the first time (Buch et al. 1945). Also, a big set of data from CO2 were also
compiled between 1927 and 1938 in the north of the Baltic Sea. These data
indicate that in the Eastern Gotland basin alkalinity has increased at around
100μmol/kg during the last century. This was attributed to acid precipitation,
which, in a limestone basin as the Neva River, intensifies weathering and
increases the alkalinity (Schneider et al., 2015). Climate change, because of
its effect on the concentrations of nutrients in rivers, has accelerated the
effects of eutrophication in the Baltic Sea. This fact increases the extent and
volume of anoxic and hypoxic waters which cause an increase in alkalinity
that dampen the effects of ocean acidification (Jutterstrom et al., 2014).
The high variability of the pH in surface waters, largely due to the high
biological activity, hinders the detection of ocean acidification (Omstedt et
al., 2009). There are decreases in pH observed in almost all regions
(Andersson et al., 2008), although only half of them have a statistically
significant trend in surface waters. Projections show a combined effect of
eutrophication and ocean acidification indicating a decline in pH greater than
expected, while changes in alkalinity are relatively uncertain depending on
the changes of runoff in the different watersheds with different compositions
(calcareous or igneous). There is relative agreement that, despite any future
changes in the intensity of eutrophication, the increase of atmospheric CO2
will mainly handle the future changes of pH in surface waters of the sea.

Impact on marine organisms
Ocean acidification, as well as changing the physicochemical
conditions of the environment, affects the sustainability of marine
biodiversity. Particularly, the entry of CO2 in the oceans represents a potential
risk for shell-building marine organisms. Structures formed from CaCO3, like
shells, have structural and protection functions with the environment and
predators. These organisms include groups with high ecological importance
such as corals and plankton, together with mollusks, crustaceans and
echinoderms, which have a remarkable economic importance through a
growing industry in recent decades (Gazeau et al., 2007) with an annual value
exceeding the 13 trillion dollar (FISHSTAT).
The need to analyze the impact of acidification on marine organisms is
specifically collected in the guidelines Horizon 2020 Program of the European

EduCO2cean Magazine

81

Union in which points out is the importance of knowing the potential effects
of this emerging problem, particularly in aquaculture.
In the past years, different studies have been developed by the
oceanographic community to analyze the potential impacts of ocean
acidification in marine life (calcification, survival, growth, development,
abundance, etc.). The results indicate that species with CaCO3 structures will
be affected in different degrees inside the different biological processes
(Figure 8) and the impact will be moved to different extent along the food
chains and in the different ecosystems. Most of these investigations are
based on experiments for a single species in the laboratory and are relatively
short in time. This shows a simplified view of the natural environment and
offers a potential result making it difficult to conclude the situation for each
species in a future ocean. Most studies focus on the impact of acidification
on the ability of the organisms to form CaCO3. However, changes in pH could
determine success for obtaining energy from the environment and the
effectiveness of physiological processes (reproduction, buoyancy, etc.) that
could reduce its competitiveness and survival (Tyrrell et al., 1999; Gazeau et
al., 2013).

Figure 8. Effects of ocean acidification on several process of various groups of marine
organisms. Red: negative; Green: positive; White: without effect.
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The production of CaCO3 by certain marine organisms (bioformation) is based
on the combination of Ca2+ and CO32- obtained from sea water. As seen
above, the concentration of CO32- decrease as it increases CO2 in seawater.
Therefore, these organisms must eliminate the H3O+ of the tissues or cells
where their shell is setting to have properly available CO32-. For that reason,
they pump out H+ from small internal spaces allowing the crystallization of
the Ca2+ and CO32- in CaCO3. This process consumes a high amount of
energy inflecting other critical processes of life, such as growth and
reproduction (Irie et al., 2010), as well as being very sensitive to various
environmental changes (Duarte, 2014; Gestoso et al., 2016). Marine
organisms build two types of minerals with the same chemical composition
but with different crystal structure and solubility: calcite and aragonite. The
last one is more soluble. Therefore, the organisms whose structures are
composed of aragonite are more sensitive to the decrease of CO32-.
In marine plankton, usually microscopic organisms that live in suspension in
the oceans, we can find different groups with structures of CaCO3. Despite
its small size, they play a relevant role in ocean food chains and in the climate
of the planet. These organisms have a special importance in the control and
transport of CO2 from the surface to the ocean floor through the deposition
of their bodies, representing a net withdrawal of CO2 from the atmosphere
and therefore an attenuation of the greenhouse effect.
As part of the calcareous phytoplankton we find coccolithophores. These
unicellular algae are absent in the Baltic Sea because of its low saturation in
CaCO3 (Tyrrell et al., 2008). They have an exoskeleton of CaCO3 and are the
main producing limestone structures of the oceans. In addition,
coccolithophores are also the main source of dimethylsulphide (DMS)
(Charlson et al., 1987), a gas in the atmosphere which has a role as a
condenser of clouds increasing the reflectivity of the planet to the solar
radiation and therefore tends to cool the Earth. The impact on the climate
and its trophic importance as primary productors make the response of
coccolithophores to acidification an area of intense research and a decisive
factor for the future climate. Although early studies in laboratory pointed out
a less calcification rate in an acidified ocean (Riebesell, 2004), recent studies
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show discrepancies by pointing out that coccolithophores will be adapted
probably improving their growth (Jin et al. 2013).
Foraminifera and pteropods are groups of shell-builders’ zooplankton, being
the latter especially relevant in polar latitudes. Experiments over these groups
indicate that, in general, they do not support very well the changes of pH.
Among the marine organisms which produce skeletons of CaCO3, corals are
one of the most vulnerable to the decrease in seawater pH. Studies suggest
that the building capacity of the corals is severely affected by ocean
acidification. Therefore, coral reefs may erode faster than the time they need
to reconstruct their structures. It has been estimated that with a value of 560
ppm of CO2 concentration in the atmosphere would start this process at the
end of this century.
This process, summed to the increase of the temperature of the planet, cause
the coral bleaching and affects their health. In this case, the zooxanthellae,
the symbiotic microscopic algaes that give color to the coral, are affected by
the warming of the waters. However, corals from North Atlantic are coldwater coral that live at great depths and do not depend on the zooxanthellae
to develop (Figure 9). In this case, and unlike most surface water corals, its
viability will depend on the penetration of atmospheric CO2 to deeper layers
and that recently has likened to the evolution of surface waters. It has been
estimated that, in 2100, 70% of cold-water corals will be exposed to a
corrosive environment, and already in 2020 will live in waters with low
saturation of CaCO3 (Guinotte et al., 2006).

Figure 9. Cold-water coral Lophelia pertusa. © OCEANA
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In the same way as corals, the formation of calcareous structures of
mollusks, echinoderms and crustaceans will be damaged by ocean
acidification. So, these organisms will have a lower capacity of protection
against predators and environmental risks. In this respect, various studies
measured the growth rate of calcareous structures for some species of these
groups, in both temperate and warm waters, finding significant differences.
In mollusks, the most representative pattern is a negative effect on the
structures of protection. For mussels and oysters this effect has been
described repeatedly (Kurihara et al., 2007; Gaylord et al, 2011), especially in
their early stages (Gazeau et al., 2007).
In addition to the effect of ocean acidification on the shells, several
studies show impacts on other structures. Specifically, for mussels, negative
results on the “biso” were obtained (O'Donnell et al., 2013). This filamentous
structure is produced by the mussels stick to the substrate (rock, culture
surfaces, etc.) through a natural glue. Its formation is pH-dependent that
determines its degree of commitment and resilience (ability to return to its
original state after a perturbation) (Harrington and Waite, 2007). Recent
investigations have shown that the functionality of the “biso” is compromised
by becoming weaker and less flexible under more acidic conditions.
The future impact on the group of echinoderms (sea urchins and
starfishes) is expected to be even more damaging than in molluscs. The
calcite of their shells has a high content in magnesium which makes them still
more soluble than aragonite. Therefore, the chance of survival will be greatly
reduced in the future.
However, these negative impacts do not occur in all marine species
with shells made of CaCO3. Studies on crustaceans such as lobsters, crabs,
and shrimp, showed that, far from being disadvantaged in low pH
environments, they developed stronger exoskeletons.
All indications point out that the response of these groups to
acidification depends on the complexity of the calcareous structures, as well
as the protective layers presented on them. Apart from the different
taxonomic groups, the impact is also highly dependent on the type of species
studied (Fernández-Reiriz et al., 2012), on the geographical location (Range
et al., 2014) and even on the condition of the organisms (Gazeau et al., 2013).
If this latter factor was optimal, it would dampen the negative impact of

EduCO2cean Magazine

85

acidification. In the same way, the stadial of the life cycle of each organism
shows different responses, being its earliest stages the most sensitive to
acidification. Thus, the larval stages have more committed their development
putting at risk the survival of populations. The impact in these stages of
growth, where the aragonite is usually the predominant mineral, makes a
potential risk factor for aquaculture. In the case of mollusks, they are one of
the most sensitive groups to the acidification of the ocean (Wittman and
Portner, 2013).
Traditionally, the impact of ocean acidification has been studied by
testing the responses of individuals belonging to a species to changes in the
environment (Gazeau et al., 2013; Comeau et al., 2009). However, these
responses, negative and positive, cannot always be extrapolated to the
natural environment since the impact within the population or community is
much more complex because of the different relationships between species
(Kroeker et al., 2010; Pörtner, 2008). Easily, the net impact on species also
depends on the impact of this environmental change on the predator
(Hiebenthal et al., 2012). The impact on each species will be moved to the
dynamics of the community in different ways, and the impact on these
species will be amplified or attenuated over next generations promoting the
reorder of the ecosystem.
Ocean acidification and climate change in general will play a key role
in the distribution of CaCO3 shell-builders, which will occupy those areas
where production of CaCO3 will be sustainable. Other non-CaCO3 shellbuilders will also be affected by changes in pH as shown, for example, the
proliferation of jellyfish in the North Sea (Attrill et to the. 2007). The
competition for space could also lead to bioinvasions (Gestoso et al 2016;)
Hoegh-Guldberg and Bruno, 2010) where the response to environmental
change will determine the success within the community or invasive species
(Shea and Chesson, 2002; Hochachka and Somero, 2002; Sorte et al., 2013).
Examples of these competitions were described in coral communities
inhabited by echinoderms and gastropods, which came to be dominated, by
marine plants and new invasive species (Hall-Spencer et al., 2008). In the
same way, the climate on the coast of Galicia has shown varying degrees of
vulnerability and resilience among the native mussel, Mytilus galloprovincialis,
and the invasive mussel Xenostrobus securis (Babarro and Abbot, 2013;
Gestoso et al., 2016), which shows a better adaptation to these
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environmental disturbances. The loss of these species would result in a lower
biodiversity and therefore a loss of health for our oceans.

BIBLIOGRAPHY
Andersson et al., 2008. Andersson, P., Håkansson, B., Håkansson, J., Sahlsten, E., Havenhand, J.,
Thorndyke, M., Dupont, S., 2008. Marine Acidification – On effects and monitoring of marine
acidification in the seas surrounding Sweden. SMHI, Oceanography No 92, Sweden, 61pp
Attrill, M.J., J. Wright, and M. Edwards. 2007. Climate-related increases in jellyfish frequency suggest
a more gelatinous future for the North Sea. Limnology and Oceanography 52: 480–485.
Bates, N., Astor, Y., Church, M., Currie, K., Dore, J., Gonaález-Dávila, M., ... & Santa-Casiano, M.
(2014). A time-series view of changing ocean chemistry due to ocean uptake of anthropogenic CO2 and
ocean acidification. Oceanography, 27(1), 126-141.
Bechmann, R.K., I.C. Taban, S. Westerlund, B.F. Godal, M. Arnberg, S. Vingen, A. Ingvarsdottir, and
T. Baussant. 2011. Effects of ocean acidification on early life stages of shrimp (Pandalus borealis) and
mussel (Mytilus edulis). Journal of Toxicology and Environmental Health-Part a 74: 424–438.
Charlson, R.J., Lovelock, J.E., Andreae, M.O., Warren, S.G., 1987. Oceanic phytoplankton atmospheric
sulphur, cloud albedo and climate. Nature 326: 655-661.
Comeau, S., Gorsky, G., Jeffree, R., Teyssie, J-L. and Gattuso, J-P. 2009. Impact of ocean acidification
on a key Arctic pelagic mollusc (Limacina helicina). Biogeosciences 6:1877-1882.
Duarte, C.M., 2014. Global change and the future ocean: a grand challenge for marine sciences. Frontiers
in Marine Science, 1, p.63.
FAO. Fisheries and Aquaculture Information and Statistics Service. Universal software for fishery
statistical time series. (http://fao.org/fi/statist/FISOFT/FISHPLUS.aspS).
Fernández-Reiriz, M.J., Range, P., Álvarez-Salgado, X.A., Espinosa, J. and Labarta, U., 2012. Tolerance
of juvenile Mytilus galloprovincialis to experimental seawater acidification. Marine Ecology Progress
Series, 454, pp.65-74.
Gaylord, B., Hill, T.M., Sanford, E., Lenz, E.A., Jacobs, L.A., Sato, K.N., Russell, A.D. and Hettinger,
A., 2011. Functional impacts of ocean acidification in an ecologically critical foundation species. Journal
of Experimental Biology, 214(15), pp.2586-2594.
García-Ibáñez, M. I., Carracedo, L. I., Ríos, A. F., & Pérez, F. F. (2016). Ocean acidification in the
subpolar North Atlantic: rates and mechanisms controlling pH changes. Biogeosciences, 13(12), 3701.
Gazeau, F., Quiblier, C., Jansen, J.M.,. Gattuso, J-P., Middelburg, J.J., Heip, C.H.R. 2007. Impact of
elevated CO2 on shellfish calcification. Geophys. Res. Lett. 34:L07603.
Gazeau, F., Parker, L. M., Comeau, S., Gattuso, J. P., O’Connor, W. A., Martin, S., & Ross, P. M. (2013).
Impacts of ocean acidification on marine shelled molluscs. Marine Biology, 160(8), 2207-2245.
Gestoso, I., Arenas, F. and Olabarria, C., 2016. Ecological interactions modulate responses of two
intertidal mussel species to changes in temperature and pH. Journal of Experimental Marine Biology and
Ecology, 474, pp.116-125.

EduCO2cean Magazine

87

Guinotte, J.M., Orr, J., Cairns, S., Freiwald, A., Morgan, L. and George, R. 2006. Will human-induced
changes in seawater chemistry alter the distribution of deep-sea scleractinian corals? Frontiers in Ecology
and the Environment 4(3):141-146.
Handbook of Methods for the Analysis of the Various Parameters of the Carbon Dioxide System in Sea
Water, eds Andrew G. Dickson and Catherine Goyet (1996).
Harrington, M.J., Gupta, H.S., Fratzl, P. and Waite, J.H., 2009. Collagen insulated from tensile damage
by domains that unfold reversibly: In situ X-ray investigation of mechanical yield and damage repair in
the mussel byssus. Journal of structural biology, 167(1), pp.47-54.
Havenhand, J.N., 2012. How will ocean acidification affect Baltic Sea ecosystems? An assessment of
plausible impacts on key functional groups. AMBIO 41 (6), 637–644.
Hiebenthal, C., Philipp, E.E., Eisenhauer, A. and Wahl, M., 2013. Effects of seawater pCO2 and
temperature on shell growth, shell stability, condition and cellular stress of Western Baltic Sea Mytilus
edulis (L.) and Arctica islandica (L.). Marine Biology, 160(8), pp.2073-2087.
Hochachka, P.W. and Somero, G.N. 2002. Biochemical adaptation: Mechanism and process in
physiological evolution. Oxford University Press: Oxford.
Hiebenthal, C., Philipp, E.E., Eisenhauer, A. and Wahl, M., 2013. Effects of seawater pCO2 and
temperature on shell growth, shell stability, condition and cellular stress of Western Baltic Sea Mytilus
edulis (L.) and Arctica islandica (L.). Marine Biology, 160(8), pp.2073-2087.
Irie, T., Bessho, K., Findlay, H.S. and Calosi, P., 2010. Increasing costs due to ocean acidification drives
phytoplankton to be more heavily calcified: optimal growth strategy of coccolithophores. PloS one,
5(10), p.e13436.
Jin, P., Gao, K. and Beardall, J., 2013. Evolutionary responses of a coccolithophorid Gephyrocapsa
oceanica to ocean acidification. Evolution, 67(7), pp.1869-1878.
Jutterström, S., Andersson, H. C., Omstedt, A., & Malmaeus, J. M. (2014). Multiple stressors threatening
the future of the Baltic Sea-Kattegat marine ecosystem: Implications for policy and management actions.
Marine Pollution Bulletin. Doi:10.1016/j.marpolbul.2014.06.027.
Keeling, C.D., Rakestraw, N.W., Waterman, L.S. 1965. Carbon dioxide in surfacer waters of the Pacific
Ocean. 1. Measurements of the distributino. J. Geophys. Res. 70: 6087-6097.
Kroeker, K.J., R.L. Kordas, R.N. Crim, and G.G. Singh. 2010. Metaanalysis reveals negative yet variable
effects of ocean acidification on marine organisms. Ecology Letters 13: 1419–1434.
Kurihara, H., Kato, S., Ishimatsu, A. 2007. Effects of increased seawater pCO2 on early development of
the oyster Crassostrea gigas. Aquat. Bio. 1:91-98.
Lohbeck, K.T., Riebesell, U. and Reusch, T.B., 2012. Adaptive evolution of a key phytoplankton species
to ocean acidification. Nature Geoscience, 5(5), pp.346-351.
O’Donnell, M. J., George, M. N., & Carrington, E. (2013). Mussel byssus attachment weakened by ocean
acidification. Nature Climate Change, 3(6), 587-590.
Omstedt, A., Gustafsson, E., Wesslander, K., 2009. Modelling the uptake and release of carbon dioxide
in
the
Baltic
Sea
surface
water.
Cont.
Shelf
Res.
29,
870–885.
http://dx.doi.org/10.1016/j.csr.2009.01.006.
Perez, F. F., Fontela, M., García-Ibáñez, M. I., Mercier, H., Velo, A., Lherminier, P., ... & Padin, X. A.
(2018). Meridional overturning circulation conveys fast acidification to the deep Atlantic Ocean. Nature,
554(7693), 515.
Pörtner, H.O. 2008. Ecosystem effects of ocean acidification in times of ocean warming: A physiologist’s
view. Marine Ecology- Progress Series 373: 203–217.

EduCO2cean Magazine

88

Range, P., Chícharo, M.A., Ben-Hamadou, R., Piló, D., Fernandez-Reiriz, M.J., Labarta, U., Marin,
M.G., Bressan, M., Matozzo, V., Chinellato, A. and Munari, M., 2014. Impacts of CO2-induced seawater
acidification on coastal Mediterranean bivalves and interactions with other climatic stressors. Regional
Environmental Change, 14(1), pp.19-30.Riebesell, U., K.G. Schulz, R.G.J. Bellerby, M. Botros, P.
Fritsche, M. Meyerhofer, C. Neill, G. Nondal, et al. 2007. Enhanced biological carbon consumption in a
high CO2 ocean. Nature 450:545–548.
Riebesell U., Zondervan, I., Rost, B., Tortell, R.D., Zeebe, R.E., Morel, F.M.M. 2000. Reduced
calcification of marine plankton in response to increased atmospheric CO2. Nature 407:364-67.
Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., ... & Millero, F. J. (2004).
The oceanic sink for anthropogenic CO2. Science, 305(5682), 367-371.
Schneider, B., Eilola, K., Lukkari, K., Muller-Karulis, B., and Neumann, T.: Environmental Impacts—
Marine Biogeochemistry, in: Second Assessment of Climate Change for the Baltic Sea Basin, edited by
The BACC II Author Team, Regional Climate Studies, pp. 337–361, Springer International Publishing,
Heidelberg, New York, Dordrecht, London, 2015. DOI 10.1007/978-3-319-16006-1_18
Shea, K. and Chesson, P., 2002. Community ecology theory as a framework for biological invasions.
Trends in Ecology & Evolution, 17(4), pp.170-176.
Sorte, C.J., Ibáñez, I., Blumenthal, D.M., Molinari, N.A., Miller, L.P., Grosholz, E.D., Diez, J.M.,
D'Antonio, C.M., Olden, J.D., Jones, S.J. and Dukes, J.S., 2013. Poised to prosper? A cross-system
comparison of climate change effects on native and non-native species performance. Ecology letters,
16(2), pp.261-270.
Sunday, J.M., R.N. Crim, C.D.G. Harley, and M.W. Hart. 2011. Quantifying rates of evolutionary
adaptation in response to ocean acidification. Plos One 6. doi:10.1371/journal.pone.0022881.
Takahashi, T. 1961. Carbon dioxide in the atmosphere and in Atlantic Ocean water. J. Geophys. Res.
66:477-494.
Tyrrell, T.: The relative influences of nitrogen and phosphorus on oceanic primary production, Nature,
400, 525–531, doi: 10.1038/22941, 1999.
Tyrrell, T., B. Schneider, A. Charalampopoulou, and U. Riebesell.2008. Coccolithophores and calcite
saturation state in the Baltic and Black Seas. Biogeosciences 5: 485–494.
Wittmann, Astrid C., and Hans-O. Pörtner. "Sensitivities of extant animal taxa to ocean acidification."
Nature Climate Change 3.11 (2013): 995-1001.

Disclosure statement
No potential conflict of interest was reported by the author.

Notes on contributors
Broullón, D., Fontela, M., Padín, X.A. and Pérez., F.F.– Instituto de Investigaciones
Marinas, CSIC, Vigo, Spain

"The European Commission support for the production of this publication does not constitute an endorsement of
the contents which reflects the views only of the authors, and the Commission cannot be held responsible for any
use which may be made of the information contained therein."

