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ABSTRACT
Human activities are causing, among other impacts, the warming and the decrease of the pH of
surface oceanic waters, as well as an increase in nutrient inputs to the coast zone. These processes of
anthropogenic global change have the potential to induce biological responses in marine ecosystems at
different organization levels. This chapters aims to describe the effects of ocean warming,
acidification and eutrophication on the distribution, abundance and activity of benthic and planktonic
populations. Impacts on community biodiversity and ecosystem function are also discussed. Historical
data sets, based on in situ and also remote observations, are used to show changes in the composition
of the planktonic communities and in the primary production of different oceanic regions. Through the
synthesis of experimental analysis, we discuss the effects of warming and acidification on the
metabolic activities of populations and communities of plankton, invertebrates and fishes. The effects
of warming on intertidal communities are described from a biogeochemical point of view, analyzing
the impact on the activity of consumer organisms, the processes of organic matter decomposition and
its repercussions on nutrient and CO2 release. The chapter includes a general vision of future
projections on the response of marine ecosystems to global change.
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General questions and concepts
Covering more than 70% of the planet’s surface and with an average depth of 3,5
km, oceans harbour the largest reservoir of biodiversity in the Biosphere. Marine
ecosystems are sustained by the energy flux from primary producers at the basis of
the food chain, to the primary and secondary consumers and eventually the top
predators. At the same time, the degradation of the organic matter by the
decomposers allows the nutrient cycling and the reuse of nutrients by the primary
producers. These energy and matter transformation processes mediated by the
organisms have a crucial contribution for the cycling of chemical elements such as
carbon, nitrogen or phosphorus, through different Earth System compartments.
For instance, primary producers capture CO2 (carbon dioxide) from the
atmosphere and store it as biomass, from which part is converted in detrital
matter. As the decomposers process this organic matter, their respiratory activity
releases CO2 that returns to the atmosphere. In this way, the balance between the
biological processes of photosynthesis and respiration contributes to the
regulation of CO2 concentration in the atmosphere and ultimately affects the
climate variability. The marine ecosystems, through fish and seafood production,
provide essential nutrients for more than 4 billion people and 50% of the animal
protein consumed by 400 million people. Marine ecosystems also provide other
key services for humankind such as water purification, protection of the coastline
and recreation. The global importance of marine ecosystems can also be
appreciated over geological time scales. The appearance in the oceans of the first
photosynthetic organisms and the accumulation in the sediments of organic
matter from marine primary production allowed the transformation of a reducing
atmosphere (without oxygen) to an oxygenated environment, which in turn led to
the expansion and evolution of animal life. In addition, the transformation of the
organic matter mainly originated from photosynthetic plankton gave way to the
formation of fossil fuels such as oil, which is currently the main source of energy for
humankind. The rapid growth of population and the increase in the per capita rate
of resource use are leading to environmental transformations that culminate in the
so-called anthropogenic global change. Major examples of global change include
destruction of habitats, the increase of greenhouse gases in the atmosphere, the
excessive use of fertilizers, biomass overexploitation and the production of
pollutants. The present chapter deals in particular with the effects of ocean
warming, rising CO2 concentrations and enhanced nutrient inputs on the
distribution and abundance of marine species as well as on the diversity and
function of coastal and oceanic ecosystems.
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Global warming and marine plankton
2.1 Phytoplankton and the biological pump
Phytoplankton include all the photosynthetic, unicellular organisms that move
with the oceanic currents and that live in the surface layers of all aquatic
ecosystems. Marine phytoplankton are responsible for approximately half of the
photosynthesis, or primary production, that takes place on Earth. Thanks to the
energy from the sunlight, phytoplankton can transform CO2 in organic molecules,
constituting the basis of the marine food chain and supporting important
biological resources such as fisheries (Fig. 1a).
Part of the organic material produced by the phytoplankton is used as food by
other organisms, such as zooplankton, and other part is decomposed, mainly
through the action of heterotrophic bacteria, which releases inorganic nutrients.
Both phytoplankton cells and zooplankton’s fecal pellets sink to deep waters,
originating a vertical flux of organic carbon. While this organic material is sinking,
bacterial action and other heterotrophic organisms transform it again into CO2
(Chisholm 2000). This process, controlled by plankton, of CO2 fixation into organic
matter in the surface and its transport towards deep waters is known as the
biological pump. The biological pump is responsible for the main part of the
vertical gradient of inorganic carbon dissolved in the ocean, thus contributing to
the regulation of CO2 levels in the atmosphere and therefore the climate.
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Figure 1. Biological pump and phytoplankton control factors. a) Representation of the
principal components of the biological pump that have implications in CO2 drawdown
and its transport towards the ocean’s interior b) Vertical distribution of temperature,
light and nutrient concentration in the ocean surface. Figure from Chisholm SW
(2000) Nature 407, 685-687

The abundance and activity of phytoplankton depend on light and nutrient
availability (Fig. 1b). Due to its absorption by water and the different dissolved and
particulate materials, light decreases exponentially with depth. Nutrient
concentration follows the opposite trend: in surface waters, nutrients are scarce
due to consumption by phytoplankton, while in deep waters they are abundant
due to their regeneration from organic matter. The presence of a strong
temperature gradient, or thermocline, makes it difficult for nutrients in deep
waters to reach the surface, illuminated layer. This explains that ecosystems from
tropical and subtropical regions, where the thermocline is more pronounced and
persistent, show low levels of plankton and primary production. In contrast, in
regions with higher turbulence (due to wind and tides) the thermocline is weaker
and this allows vertical mixing, so that deep, nutrient-rich waters can reach the
surface and lead to high phytoplankton abundance and intense biological
production.
2.2 Ocean warming and plankton distribution
Average temperature in the surface ocean has risen 0.7°C since the beginning of
the XX century, even though in some regions this increase has been higher (2°C).
Ocean warming can affect plankton distribution and abundance in a direct way,
because temperature is a main factor controlling metabolic activity and organism
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growth, but also indirectly, because the intensity of the thermocline changes the
supply of nutrients to the surface.
The study of plankton responses to climate change is faced with the difficulty of
making observations of extensive regions over long periods of time. In this regard,
the research program Continuous Plankton Recorder (CPR) is particularly successful
as it has generated a rich dataset of plankton abundance and diversity in the North
Atlantic. The CPR uses automatic plankton samplers installed on board
commercial ships, which collect continuously plankton samples that are later
studied in the laboratory.
One of the clearest effects of climate change on marine plankton detected by CPR
is a modification of the phenology (chronology of life cycles). In the majority of
the species, the annual peak in abundance is shifting towards an earlier date. For
instance, in the planktonic species Ceratium fusus the annual peak in abundance
was registered, on average, 30 days earlier during 1990-2000 than in the period
1960-1970. However, in some species the seasonal abundance maximum has
shifter towards a later date. These phenology changes occur independently in the
different species, which can cause uncoupling between trophic levels and affect
energy transfer through the food chain.
The second characteristic pattern of species responses to climate change, also
observed in terrestrial ecosystems, is the expansion of distribution ranges towards
higher latitudes during warming periods. CPR data show that the distribution of
diatoms and dinoflagellates, two of the most important phytoplankton groups,
extended further north during the warming period recorded in the northwest
Atlantic in the 2004-2008 period (Chivers et al. 2017) (Fig. 2a).
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a)

b)

Figure 2. Changes in plankton distribution a) Normalized diatom and dinoflagellate
abundance in the northwest Atlantic during different periods between 1959 and 2008.
Figure from Chivers et al. (2017) Nature Comm. 8, Article no. 14434. b) Abundance of
zooplankton species from warm waters communities and subarctic communities during
different periods between 1958 and 2002. Figure from Richardson, A. J. 2008. ICES J.
Marine Science, 65:279-295
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In a similar way, zooplankton species that are typical of warm waters have
increased their distribution to northern latitudes, while other species from
subarctic communities have lost their latitudinal range (Richardson 2008) (Fig. 2b).
In general, rates of changes in distribution ranges are smaller than the velocity of
change in hydroclimate variables such as temperature, suggesting that plankton
species have some kind of adaptability to changing conditions. Another conclusion
of these studies is that different plankton groups show different velocities of
change in their distribution limits.
2.3 Temperature and primary production
Temperature is an environmental variable of critical importance in biology, mainly
because it affects the speed at which the enzymatic reactions that regulate the
metabolism take place. Within a favorable temperature range, organism’s
metabolic activity tends to increase exponentially with temperature, if there are no
limiting factors. However, in the case of phytoplankton primary production in the
ocean, it has been discovered that the stimulating effect of temperature increase
disappears under conditions of strong growth limitation due to absence of light or
nutrients. Given that nutrient limitation of phytoplankton growth prevails over
more than the 80% of the oceanic surface, the direct effect of warming on
planktonic primary production will be low.
The most important consequence of oceanic warming on marine primary
production is due to indirect mechanisms, through which temperature affects the
supply of resources such as light and nutrients. Using satellite measurements of
ocean surface color, it is possible to determine the phytoplankton abundance,
which is proportional to green light reflectance, and therefore estimate marine
primary production over long time scales. These data have shown that, when
surface waters warm, and as a consequence the thermocline becomes stronger
and less nutrients are available in the surface layer, primary production tends to
decrease (Fig. 3a). This decrease in primary production as a consequence of
warming is observed in tropical and temperate regions, but the opposite effect is
expected in polar latitudes (Doney, 2006), where turbulent mixing is more intense
and phytoplankton growth is frequently limited by low light (fig.3b).
In this context, warming of the surface waters, which is accompanied by a
decrease in salinity due to the ice melting, could cause an enhanced stratification
and reduced vertical mixing, with the result that phytoplankton receive more light
and sustain a higher rate of primary production. Due to the smaller extension of
polar waters in comparison to tropical and warm regions, the global effect of these
mechanisms is a decrease of primary production. Data obtained by satellites show
that the extension of the warm and subtropical regions, characterized by low
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phytoplankton abundance, is increasing in all the oceans. According to these
studies, this expansion ofoligotrophic regions leads to a progressive decrease in
phytoplankton global biomass. Available mathematical models predict a decrease
of 5-15% in global primary production and in CO2 drawdown through the biological
pump by the end of this century.
2.4 Nutrient inputs to the ocean
The supply of anthropogenic nutrients to the ocean, mainly nitrogen, has
increased 10-fold since the Industrial Revolution, as a consequence of the synthesis
of fertilizers and fossil fuels burning. This increase in nutrient supply, known as
eutrophication, favors phytoplankton blooms which are often caused by harmful
species. Furthermore, eutrophication stimulates the production of organic matter
by phytoplankton, much of which can settle on the sediments. The subsequent
degradation of this organic matter consumes oxygen and, as a consequence, the
extension of coastal waters with low concentrations of dissolved oxygen (hypoxic
areas) has increased during the last 50 years, especially in regions close to
populated areas. Progressive decrease in oxygen concentration in hypoxic areas
restricts animal abundance and activity and, in extreme cases, can lead to anoxia.

Figure 3. Effects of ocean warming on plankton. A) In low and mid-latitudes, warming
cause a stronger thermocline and a weaker nutrient flux into the euphotic layer, leading
to a plankton decrease. B) In polar regions, warming and freshening cause a less intense
mixing in the column water, which reduces light limitation and stimulates phytoplankton
production. Figure from Doney SC (2006) Nature 444, 695-696.
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Effects of acidification on marine ecosystems
3.1 Anthropogenic CO2 and consequences of ocean acidification
The atmosphere and the ocean are in a continuous interaction through the ocean
surface. Since the Industrial Revolution, the amount of CO2 produced by mankind,
mainly due to the burning of fossil fuels, cement production and changes in soil
use, including deforestation, has grown exponentially. As a result, the ocean
absorbs approximately one third of human CO2 emissions each year.
When atmospheric CO2 is dissolved in the ocean, it reacts with water molecules
producing carbonic acid (H2CO3). The majority of this acid is dissociated in
hydrogen ions (H+) and bicarbonate (HCO3-). As a consequence, the increase in H+
decreases the pH and also the carbonate ion concentration (CO32-):

Currently, scientists have a large amount of measurements that confirm that the
capture of anthropogenic CO2 by the ocean has decreased the marine water pH
since preindustrial times. This change, which occurs globally, is called ocean
acidification. Ocean acidification affects mainly the calcifying organisms, which
form shells or skeletons of calcium carbonate (CaCO3). There are numerous
calcifying species in different taxonomic groups, including phytoplankton,
zooplankton and marine invertebrates, such as molluscs, crustaceans, sea urchins
and corals. As pH decreases, and so does CO32-, it is more difficult for these
organisms to develop exoskeletons or shells. The decrease in calcification implies a
weakening of their external cover, which can produce a growth decrease, higher
vulnerability to potentially stressful external factors, deformities and an increase
of the mortality rate. Acidification can also affect different structures in noncalcifying organisms, such as fish otoliths, tissues and vital organs, affecting
essential processes for the correct development of the organism and the
population, such as orientation and reproduction (Fig. 4). However, the CO2
increase seems to benefit some autotroph organisms, such as phytoplankton or
green algae, which are able to regulate their metabolism to take advantage of the
high CO2 concentrations that are present in the medium.
Effects of the CO2 increase on marine phytoplankton have been widely studied,
because they are the photosynthetic organisms that maintain the biological pump
and, therefore, the main oceanic contributors to CO2 absorption and regulation of
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atmospheric CO2. The effects of rising CO2 levels on phytoplankton
photosynthesis, respiration and growth rate have been the most frequently
studied. Results show that the response changes depending on the species, and
also between experiments carried out in the laboratory under controlled
conditions and between those carried out in the natural environment without
regulation of the environmental factors. The studies aimed to analyse the effect of
CO2 concentrations under lab controlled conditions show some significant trends
depending on the phytoplankton functional group under study. For instance, in
Coccolithophoridae, a planktonic calcifying group whose cells are covered with
CaCO3 coccoliths, acidification does not affect growth, abundance or
photosynthesis, but decreases calcification (Figs. 4 y 5). On the other hand, in
diatoms, an important group of primary producers at global scale with a silica
exoskeleton that is not affected by acidification, the CO2 increase stimulates
growth and production.
Conversely to lab studies, results obtained from samples collected from the
natural environment for several decades in the North Atlantic show an increase of
2-20% in coccoliths abundance, related to the CO2 increase and ocean
temperature (Fig. 6). Inconsistency between lab results and natural environment
results manifest how little is our knowledge about the interaction between the
different global change factors, and the importance of investigating the effect of
the main factors in a multifactorial way.
Contrary to phytoplankton, the bacterioplankton, heterotrophic organisms that
also live suspended in the water column, do not seem to be directly affected by
ocean acidification. In the case of bacterioplankton, ocean acidification can
produce an increase in bacterial abundance and production, through changes in
the bioavailability of the organic matter.
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Figure 4. Effects of CO2 increase on different marine organisms. Effects are presented as
the average percentage of the increase (+) or decrease (-) in comparison to the control for
each variable. Figure from Kroeker et al. 2013. Global Change Biology 19, 1884-1896.
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Figure 5. Decreases in calcification of coccoliths exposed to high CO2 levels. Emiliania huxleyi
cells (a, b, d, e) and Gephyrocapsa oceanica (c, f) were exposed to current CO2 levels (a-c) or
levels that were double than the current CO2 concentration of the medium (d-f). When CO2
concentrations are high, coccoliths showed signs of malformation. Scale = 1 micrometer. Figure
from Riebesell et al. 2000, Nature 407, 364-367

3.2 Effects on molluscs and fish
Most marine animals can tolerate very low pH values during their adult stage.
However, they are more vulnerable to acidification during the initial phases of their
vital cycle, such as eggs or larvae, in which they don’t have a well-developed
system to regulate their inner pH. Larvae of bivalve molluscs such as mussels and
oysters, which are important economic resources, show a significant decrease in
shell development and in individual survival under high CO2 concentrations (Fig. 4).
In fish larvae several effects on behaviour, otoliths size and tissue structure, that
modified the organ formation, were observed. Many of these results have been
observed in tropical, non-commercial species, but also in species with commercial
interest, such as codfish. In this case, larvae exposure to high CO2 levels expected
for the end of the century, duplicate the mortality rate compared to larvae
exposed to current CO2 concentrations. Given that larvae survival rate limits the
species recruitment, after introducing these results in dynamic models of fisheries
stocks, it was observed that acidification could significantly reduce codfish
recruitment.
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Figure 6. Time evolution of the percentage of coccoliths presence (green line) in CPR
samples of the North Atlantic. Grey bars show the number of samples. Figure from RiveroCalle et al. 2015. Science 350: 1533-1537.

3.3 Effects on coral reefs
CaCO3 structures give shelter to the corals and at the same time create an habitat
for other reef species. Coral reefs are some of the most diverse marine ecosystems
on the planet. Acidification can limit coral growth, increasing the dissolution of the
existent coral reefs and decreasing the growth of the new ones, due to a decrease
in calcification and also to an increase in vulnerability to erosion. Nevertheless,
similar to other groups, the system response will depend on the sensitivity of the
dominant coral species in each reef. Some coral species can use bicarbonate
instead of carbonate to build up their skeletons, and this gives them advantage
against a pH decrease. Others show a wide tolerance range and in some cases they
can also live temporally without exoskeleton.
3.4 Future trends
Trends show that both anthropogenic CO2 emissions and ocean pH decrease will
continue during this century, intensifying the acidification in ocean surface waters,
where most of the marine organisms carry out their vital cycle. Surface waters are
also important for the economic and social development of human beings, having
special relevance the effect of acidification on calcifying organisms with
economical interest, such as oysters, mussels and lobsters. The impact of CO2
increase and ocean acidification on marine organisms is difficult to predict because
it changes according to CO2 metabolic use, species sensitivity to acidification, their
adaptation rate and the habitat where they live. Besides, differences in the
response of marine organisms to acidification can produce new effects on marine
biodiversity, community structure and marine resources availability.
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Consequences for mankind are especially relevant when acidification implies
decreases in fisheries populations.

Global warming and biogeochemical cycles in the intertidal zone
4.1 Organic matter incomes in intertidal area
External inputs of allochthonous biomass, derived from detached marine
macrophytes of neighbouring ecosystems, accumulate along most of the intertidal
sedimentary shores worldwide. (Fig. 7). In middle and high latitudes, these
materials are visible on the intertidal range and are formed by macroalgae from
rocky substrates, or vascular plants from seagrass (Zostera sp, Posidonia sp) and
saltmarsh areas (Juncus sp, Spartina sp). From an ecological point of view, these
supplies work as generators of numerous processes associated to biomass
decomposition, consumption, community metabolism and habitat supplies.
Hence, recycling of algal wrack is the origin of interesting biochemical processes
that are responsible of nutrient release (inorganic N and P) to the sedimentary
environment and CO2 flux to the atmosphere. This metabolism is related to the
invertebrate community activity, mainly arthropods, through consumption, ,and
the microbial community through mineralization (McClain et al. 2003).

Figure 7. Macroalgae in intertidal area. Himanthalia elongata deposits in a Galician beach.
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4.2 Effects of warming on nutrient release
Mineralization is the process during ,which organic matter is transformed into
ammonia (NH4+) (Fig. 8). Bacterial mineralization continues in a stage known as
nitrification, which transforms ammonia in nitrite and nitrate (Fig. 8). Amonia,
nitrite and nitrate are easily assimilated by marine primary producers in general,
and by phytoplankton in particular, as main responsible of the oceanic production.
In anoxic conditions, nitrate can be transformed into molecular N (N2) through a
process of anaerobic decomposition called denitrification (Fig. 8). Once the
organic matter is decomposed, inorganic N and other nutrients such as P as
phosphates (PO43-) are released into the sediment, being incorporated to the water
column by waves, tides and currents. It is expected that global warming will
accelerate bacterial metabolism, thus speeding mineralization activity and
respiration, which will mean an increase in inorganic N and P released to the
coastal waters and CO2 to the atmosphere.

Figure 8. Stages in the N processing of sedimentary organic matter.

In the Galician shores, the amount of macroalgae that annually reaches the
beaches goes from 0 kg to 2400 kg per m of shore line (Barreiro et al., 2013). In
their most optimistic predictions, the IPCC assumes an increase of 0.5 °C for this
geographical region in the next few decades. Manipulative studies in field
conditions revealed that this temperature increase will stimulate the release of
inorganic N by more than 20 % per year (Fig. 9), and the flux of CO2 to the
atmosphere by ca. 7%.
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Figure 9. Effects of temperature on N mineralization. Average inorganic N concentration in
sediments under algae at natural temperature and warmed by green house effect ≈ 0.5 ºC.
AF: Fresh algae; AFT: Fresh algae with temperature increase; AE: Partially decomposed
algae (1 week in the water column); AET: partially decomposed algae with temperature
increase.
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4.3 Effects on fauna
In the intertidal environment, many species use macroalgae deposits as food
source and shelter. In fact, most of the faunal communities from sandy shores are
dependent of algal deposits provided by neighbor ecosystems. These materials
underpin complex trophic webs in which different levels of primary consumers and
predators interact. Upper trophic levels are birds and mammals that depend on
prey availability associated to the algal deposits.
Climate change will have an immediate effect on the rate of algal wrack
consumption by faunal assemblages. For instance, the rate at which herbivore
species consume algae depend on different variables such as air temperature,
moisture, pluviosity, etc. In general, moisture accelerates the herbivore
consumption and bacterial mineralization. Temperature also increases the velocity
at which these materials are consumed, within an optimum range that can change
depending on the species and its developmental stages (Fig. 10).
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Figure 10. Effects of temperature on algae consumption. Feeding rate of the amphipod
Sargassum
muticum
Talitrus saltator on the macroalgae Saccorhiza polyschides
at different
temperatures for
different cohorts (according to length). Circle= 3-8 mm, square= 8-11 mm; triangle= 11-14
mm (Lastra et 1000
al. 2014).
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Fig. 1: Feeding rate of Talitrus saltator on Saccorhiza (A) and Sargassum (B) at different
temperatures. Consumption of the different size classes are represented: Small 3 to 8 mm,
(circles); medium 8 to 11 mm (squares) and big individuals 11 to 14 mm (triangles).
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A collateral effect of the temperature increase in the coastal ecosystems will be
the invasion of species from warmer latitudes, which could alter the structure and
function of the native communities. These exotic species can be primary producers
(for instance, macroalgae) or consumers of diferent trophic levels. When these
species maintain a reduced presence, they do not usually cause significant effects
on the ecosystems. But when they have a great capacity to obtain resources and
space, they grow fast, thus competing with the native populations, excluding them
or even driving them to extinction; these species are called invasive species.
Invasive species can cause changes in the biota but also in ecosystem metabolism,
energy transference and nutrient cycling.
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ABSTRACT
Global climate is the result of a complex interaction of different variables of the climate system, made
up by atmosphere, hydrosphere, geosphere, cryosphere and biosphere. These elements are suffering
alterations through time that lead to many climate changes along history, and these changes can be
differences of extension, frequency and range. The causes of these changes can be external (changes
in the terrestrial orbit or in solar activity) and internal (changes in atmospheric composition, oceanic
currents, continental and oceanic distribution…). In comparison to natural climate changes,
anthropogenic factors are influencing current climate change much faster than natural changes at a rate
unprecedented in the history of Earth. To compare the anthropogenic influence and predict how the
climate will evolve in the near future, we have to understand the inherent variability of the system (i.e.
how the climate changed before there were human activities). This requires a good knowledge of the
natural climate change mechanisms, together with their rate of change and effects (both regionally and
globally). Paleoclimatic data offers information about greater ranges of time than those from
instrumental data, which are affected by anthropic and natural factors, and which are too scarce to
make it possible to understand how climate variability works. In this chapter, the evolution of the
climate in our planet is presented at different scales with the aim of getting a better approach to the
natural variability of the current climate change process. Firstly, historical climate evolution is
described, focusing on pre-Cenozoic glaciations and their possible causes. A special focus on the
Quaternary era is given with the aim of explaining the factors that determined the climate variability
that characterizes this period. To be more specific, two time scales are studied: climate changes from
glacial to interglacial that are associated with astronomic factors (millenary scale), and abrupt changes
that took place during the last climate cycle (sub millenary scale). Finally, the climate variability during
the Holocene and its influence on societies and civilizations, including Anthropocene, is studied.
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General questions and concepts
Earth’s temperature depends on the balance between the incoming and outcoming
solar energy. When the Earth absorbs solar energy, it warms up; and on the
contrary, when the solar energy is reflected, it tends to cool down. The Earth's
climate has undergone numerous changes throughout its history at different time
scales. Cold and warm periods (even much warmer than the current one) of diverse
amplitude and duration have been alternated. Most of these changes are natural,
but the current global warming developed since the Industrial Revolution is largely
due to human activities.

Basic concepts
Natural climate change: is produced by diverse causes related to the natural
dynamics of the Earth system (changes in the distribution of continents and oceans
linked to plate tectonics, changes in the biosphere, insolation variability related to
astronomical factors, etc.), that is, without the interference of human activities.
Climate feedback: the process of the Earth’s climate system that amplifies (positive
feedback) or dampens (negative feedback) the effect of a particular climate forcing,
that is, the heating or cooling derived directly from the terrestrial energy balance.
Paleoclimatic archives: geological or biological materials that preserve evidence of
past climate changes and that cover temporal intervals prior to direct instrumental
measurements of climatic variables.
Paleoclimate proxy: a quantifiable marker of climate change contained in a
paleoclimate archive. That is, it expresses measurable variations of the
sedimentological, geochemical, or paleontological properties of sediments and
rocks, ice, or other records.
Greenhouse Earth: interval of the Earth history characterized by a warm climate
and the absence of ice on the continents, even at high latitudes. It usually coincides
with high concentrations of greenhouse gases in the atmosphere. Greenhouse
gases capture the infrared radiation reflected by the Earth's surface producing a
warming of the atmosphere.
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Icehouse Earth: interval of the Earth history characterized by the growth of ice caps
on polar regions. Glaciers can spread out or reduce their extension causing a
periodic succession of glaciations and interglacials. Icehouse intervals are
associated with low concentrations of greenhouse gases in the atmosphere and
colder global average temperatures.
Milankovitch theory: theory that maintains that fluctuations of solar radiation at
high latitudes are regulated by orbital parameters (eccentricity of the Earth’s orbit,
obliquity of the rotation axis, and precession of the equinoxes). This theory explains
the alternation of glacial and interglacial periods during the Quaternary.
Abrupt climate change: intense fluctuation of the climate that occurs more rapidly
than the rate of change of the external forcing. It is linked to a positive feedback
mechanism that amplifies a small disturbance of the climate system and that causes
intense heating or cooling in a short period of time (from tens to hundreds of years).
Introduction
Earth’s climate has suffered a huge amount of climate changes throughout its
history according to different time scales, in a succession of cold and warm periods,
even warmer than the current, with different ranges and durations. These climate
changes have been happening because of multiple causes, mainly related to the
Earth’s natural dynamics (changes in the distribution of the position of continents
and seas, changes in the biosphere, insolation fluctuations due to astronomic
factors…)
However, since the Industrial Revolution (Abram et al., 2016), Earth has been
undergoing a global warming process, one of the most visible parts of a phenomena
called Climate Change, which is not being caused by natural processes, but by
human activities. Related to this global warming, other phenomena which influence
the climate system are taking place: rising of sea levels, ice melting in the Arctic,
heat waves, droughts, inundations, more frequent hurricanes, and so on. In fact, this
is the first time in Earth’s history that only one species is modifying the whole
environment at a planetary scale and leading to changes that could be harmful for
its own survival.
The main cause of these changes is the increase of the concentration of greenhouse
gases (CO2, CH4, N2O) due to fossil fuels consumption (carbon, oil and gas),
deforestation and cement production. While natural glacial-interglacial oscillation
(millennial-scale) of atmospheric CO2 is around 100 ppm (180-200 ppm during
glaciations and 280-300 ppm during interglacials), in 2015 400 ppm were reached
(409 in April, 2017), which means an increase of 100 ppm in 150 years, mainly due to
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anthropogenic sources (Fig. 1). These figures show the characteristics of the current
process: the fast pace at which the process is taking place, without precedents in
the last 800 ka (Masson-Delmotte et al., 2013). In terms of the average global
temperature, during the last deglaciation, the increase was estimated to be 3-8°C,
with an average warming rate of 0.3-0.8°C/ka and peaks of 1-1.5°C/ka (MassonDelmotte et al., 2013). However, the average temperature in 2016 has suffered an
increase of 1.1°C in comparison to the pre-industrial average and has been 0.83°C
higher than the average of the 1961-1990 reference period established by the World
Meteorological Organization (WMO, 2017). The warming of the European continent
is even higher (Fig. 2). The average temperature of the 2006-2015 period has been
1.5°C higher than the pre-industrial (EEA, 2017).
This pattern of increase and
its associated phenomena is
going to keep growing in the
next decades, even if the
greenhouse gas emissions
stopped in the next years,
and even if the astronomic
parameters were favorable in
the forthcoming millennia to
cooling and ice expansion in
the Northern Hemisphere.
The
climatic
system
dynamics and the time these
gases remain
in
the
Figure 1. Atmospheric CO2 concentration in the last 800 atmosphere (decades to
ka obtained by ice cores (before 1955) and instrumental centuries)
cause
an
data (after 1959) of 8 stations (EEA, 2017).
irreversible warming at a
human time scale, unless
there
are
important
restrictions
to
these
emissions. Climate models
used in IPCC-AR5 (Collins et
al., 2013) predict that, by the
end of this century, the
global temperature increase
will be between 0.3-1.7°C, in
an optimistic scenario (421
ppm in 2100), and 2.6-4.8°C,
Figure 2. Average temperature deviation in Europe(1850in the most pessimistic
2015) in comparison to pre-industrial period (EEA, 2017)
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scenario (936 ppm in 2100). For the European continent, and by the end of this
century, the warming is expected to be between 1°C-5.5°C. Whereby heat waves
could take place every two years from 2050 onwards, mainly in South Europe, and
an imbalance in the precipitation rate, with more frequent floods and droughts
(EEA, 2017).
Previous data of current warming levels, their trends and the future attribution of
their causes can only be established by knowing how the natural system works and
its mechanisms’ feedbacks. Firstly, it is only possible to determine the real impact
of the current warming and its anthrogenic contribution when the climate variability
context on a large time-scale is taken into account. Secondly, previous climate data
allow us to analyze the evolution of the planet in those moments when the
concentration of greenhouse gases was even higher than the present, displaying
information about how the climate could evolve in the future according to different
concentrations of these gases. For instance, during the Mid Pliocene (3.3-3.0 Ma),
with 350-450 ppm of CO2 in the atmosphere , the average global temperature was
between 1.9°-3.6°C higher than the pre-industrial era. During the Lower Eocene (5248 Ma), the atmosphere reached ~1000 ppm of CO2 and temperatures 9-14°C higher
than pre-industrial times. Nevertheless, during the last interglacial period (129-116
ka), when CO2 was similar to the pre-industrial times, the global average
temperature was not higher than 2°C than the average temperature of the preindustrial period (Masson-Delmotte et al., 2013). Thirdly, paleoclimates are useful
to check how accurate climate models are, because their future projections will be
more or less reliable according to their ability to reproduce the climatic variability of
the past.
Finally, the study of the evolution of Earth’s climate prior to human intervention is
a fundamental key for understanding the current global warming, its causes and its
future evolution. In fact, the 5 IPCC report analyze the past climate, though, from
different temporal points of view.

Archives and climate proxies
Instrumental climate data are scarce, dispersed and can only offer information from
the middle of the XXth century onwards. Due to this, and in order to know the
natural climate variability, it is necessary to use indirect climate markers (proxies)
that are contained in materials from the past (sediment, ice, fossils and so on) and
that are called paleoclimate archives. Some of them offer information about
continental climate evolution at year-scale and/or decade-scale, like tree rings,
speleothems, laminated sediments, loess deposits and ice cores. These last ones
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have offered the most accurate paleoclimatic information for the last 800 ka. In a
similar way, shell growth patterns of some marine organisms, such as corals, are
important archives for shorter ranges of time, but limited to the recent millennia.
Other archives, such as oceanic sediments, provide very interesting
paleooceanographic information. Because oceanic dynamics are determined by the
climate and the ocean is a fundamental element of the climate system, their
sediments have offered climatic reconstructions from decades to millennia (even
almost annual in the case of laminated sediments), making it possible to travel back
in time millions of years.
Paleoclimatic information in paleoclimatic archives is obtained using proxies. Due to
the many chemical, geological and biological processes affected by climatic
changes, they left a footprint in many geological materials. The nature of these
footprints can be geochemical (trace elements, isotopes…), organic (microfossils),
biogeochemical (organic molecules), or sedimentological. In any case, if we are able
to decode how a marker or proxy changes according to one or more climatic
variables, and we analyze the evolution of the marker through time, we will obtain
important information about how the subjacent variables have evolved during that
time, at least in a qualitative way. This means, we cannot measure water
temperature directly in one oceanic region of the past, but we can analyze, for
instance, the microfossil species that lived in that region. As many of these species
are sensitive to temperature changes, finding species from cold or warm waters
offers us information about how the thermic changes were in that region in the past.
Normally, the interpretation of one given proxy is not easy, because just a few can
be controlled by only one factor; most are determined by a variety of factors. In the
case of a proxy controlled mainly by only one variable, it is possible to establish
transference equations to quantify the impact of that value along time. That
requires a quite complex process to calibrate and validate the proxy. Other
difficulties in using proxies are related to the resolution and the temporary range,
besides the associated bias to the statistical treatment of the data and the difficulty
of comparing the information obtained in different regions by a single marker or by
several in the same region (Santer et al., 1996). In any case, paleoclimatic markers
are the only tool that gives us an interpretation of the climates of the past, and in
recent years new proxies and new validation systems are being used.

Causes of natural climate change
Earth’s climate is the answer of the climate system to a group of complex
interactions between their different elements. Changes in atmosphere, continents,
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oceans, biosphere and cryosphere can cause a change in the energetic balance due
to a perturbation thus modifying the climate. Perturbations in each of the
components of the system can trigger feedback mechanisms which could alter the
climate, amplifying that perturbation (positive feedback) or attenuating that
perturbation (negative feedback). For instance, the increase of temperature
enhances the evaporation and the increase of water vapor in the atmosphere, which
is a greenhouse gas, so the higher its concentration in the atmosphere, the higher
the greenhouse effect is, and therefore, climate becomes warmer. Another example
of positive feedback, in this case related to freezing, is the growth of ice caps, a
material that produces strong albedo, so the larger the extension, the greater the
solar radiation reflected at high latitudes, leading to cooling and thus, larger
expansion of ice caps. In conclusion, climate changes cannot be explained easily by
just one mechanism, but explained by several, according to the modification of the
elements of the system, generating interactions and feedback mechanisms that,
together, amplify the initial perturbation.
Next, there is an overview of the main causes or groups of causes of natural climate
change.
3.1 Greenhouse gases
Atmospheric concentration of greenhouse gases, mainly CO2 and CH4, plays a huge
role in climate regulation. So, high concentrations of these gases lead to global
warming, while greenhouse gas concentrations were low during glaciations.
CH4 concentration is related to the emissions of this gas from the tropical swampy
regions, permafrost and trapped gases in marine sediments.
On the other hand, CO2 concentration is controlled by oceanic currents and
biological activities.
3.2 Geological causes
The distribution and position of the continents and the oceans, determined by Plate
Tectonics, determine the energetic balance of the planet according to the amount
of heat absorbed or reflected. Therefore, for instance, great glaciations in the far
past have taken place at the same time as continental aggrupation and
supercontinents close to the poles. Besides, the size of the oceanic basins, their
distribution and the hydrographic relations between them affect the oceanic
circulation patterns.
Another important geologic factor is the rising of mountain systems. This seems not
to be a cause of huge climate changes, but it can disturb the regional climate and
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even the global climate. The rising of mountain systems allows the growth of alpine
glaciers, intensify the albedo and modifying the atmospheric circulation patterns
like, for instance, the intensification of the monsoon associated to the rise of the
Himalayas.
Besides, this kind of natural structures lead to more weathering processes, which
consume atmospheric CO2 and attenuate the greenhouse effect (Bryant, 1997;
Ruddiman, 2014). Volcanism can also affect local and regional climate, emanating
CO2, other gases and dust into the atmosphere.
3.3 Solar radiation and orbital parameters
The amount of solar radiation that Earth gets depends on the solar activity and the
astronomic configuration. The first one changes at different temporary scales, but
doesn’t seem to be the one responsible for big climate changes. On the contrary,
solar radiation at different latitudes is a potent mechanism of climate change, as
was shown during the Quaternary. It depends on the combination of 3 orbital
parameters: eccentricity of the Earth’s orbit, inclination of the Earth’s axis
(obliquity) and equinoctial precession, as is going to be explained in detail later.
3.4 Oceanic circulation
The ocean is one of the principal elements that regulate the global climate due to
its high heating capacity and due to the interchange of heat between the different
regions through the circulation of water masses, which act in a slower pace than the
atmosphere.
On the one hand, the size and orientation of the principal oceanic basins determine
the global oceanic circulation to be mainly equatorial (as happened during the
Mesozoic) or meridional (as happens nowadays). Due to the configuration of basins,
an active or inactive circulation regulates the heat interchange effectively. On the
other hand, a more intense rate of deep waters formation allows the CO2, in balance
with the atmosphere, to be transported to the deep ocean.
3.5 Biological activity
Biological activity is another of the regulatory elements of global climate. The
appearance of the first photosynthetic organisms 3,500 Ma ago is considered a
fundamental moment to explain one of the biggest changes of the history of the
planet, because this phenomena led to a change in the atmospheric composition,
changing the atmosphere from anoxic to oxygenated approximately 2,400 Ma ago.
This change in the greenhouse gases concentration led to a great global glaciation.
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In a lower time scale, the extension of the subtropical rainforest and the oceanic
phytoplankton, even though they are not a source of important climate changes,
can modify the global climate as they trap CO2.
3.6 Cryosphere dynamics
In the last years, the importance of the role of the global ice volume and the
dynamics of the glacial layers concerning climate change is growing. At high
latitudes, albedo is controlled by the ice extension, this being a factor that affects
global sea levels, polar front position and areas which are sources of deep watermasses. In addition, the melting of big volumes of ice changes the temperature and
salinity of surface waters, which are important variables for thermohaline
circulation.
In conclusion, some quick climatic changes could be related to the
cryosphere variability, this being the direct source or acting as an amplifier of other
perturbations.

Climate change at geological scale
The further back we go in Earth’s history, the less amount of information is available
for understanding all the processes related, in this case, to the terrestrial climate.
So, here we are just going to offer an overview of the biggest climatic phases our
planet has been through. Even if these can give us information about the most
important climate change mechanisms, the configuration of the planet in those
early stages was different in comparison to the current one, so they may not be
accurate enough to contextualize the current climate change.
Climate changes that took place in the past at high temporary scales were probably
determined by the distribution of the continents and the oceans, and controlled by
the movement of tectonic plates. The first glaciation ever recorded was the
Huronian glaciation (2,400-2,100 Ma) in the Paleoproterozoic. In this period,
Rodinia, the first supercontinent, was not formed yet, and the atmosphere had a
low oxygen concentration (1-2% of the current levels) and high CO2 concentration.
Oxygen in the atmosphere was originated by the radioactive dissociation of water
vapor and photosynthetic activity of organisms such as cyanobacteria, in a process
that could have started in the Archaic (4,000-2,500 Ma). An important amount of
the oxygen produced due to the exponential growth of the photosynthetic
organisms was consumed by the oxidation of iron minerals and the rest was
accumulated progressively in the atmosphere. This atmospheric oxygen was a toxic
element for the majority of the species of that time, prokaryote organisms adapted
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to anoxic conditions, and a great extinction event happened because of this process.
Besides, oxygen, combined with CO2, originates CH4, which has a contribution 25
times greater to the greenhouse effect as compared to CO2 and this and the low
volcanic activity contributed to the freezing of the planet. This led the Earth to start
what is known as the First Snowball Period.
During the last 1,000 Ma, Earth’s history has alternated periods of time with warm
conditions (greenhouse) and cold conditions (icehouse), the duration of the first
being longer (250 Ma) in comparison to the second (100 Ma), creating periods of
300-350 Ma, probably linked to tectonic plates (Fig. 3). Depending on the position
of continents, they will receive more or less solar radiation and they will produce a
different albedo. Besides, their distribution determines the atmospheric and
oceanic circulation patterns, which are the most efficient mechanisms for heat
interchange. This way, some of the greatest glaciations of the near past took place
in moments when huge continents (Pannotia, Gondwana) were situated around the
South Pole, while during warmer periods the distribution of the continents and
oceans allowed the equatorial currents to mix with the polar currents, leading to
temperatures in which ice cannot be formed (Craig et al., 2009).

Figure 3. Global climate, glaciations and atmospheric CO2 from 1,000 Ma til now (Craig et al.,
2009)
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Probably, the period with the coldest conditions in Earth’s history, and the one with
the most ice volume ever, occurred during the Cryogenic glaciations (720-630 Ma),
when researchers think that Earth could have been completely covered by ice for
the second time (Snowball Earth Period). The combination of an adequate
continental configuration (Rodinia, that has continental masses around the South
pole), low solar radiation and low CO2 concentrations are the factors that led to this
glaciation. In a similar way, the great glaciation of the Upper Ordovician (460-440
Ma) and Carboniferous-Permian (350-240 Ma), both took place when Gondwana
was close to the South pole, and the last one, with relatively low CO2 levels (Fig. 3).
On the contrary, during the long warm Cambric-Mid Ordovician period (540-455
Ma) it is estimated that the CO2 atmospheric concentrations were 14 times higher
than in present days (Fig. 3).
Decreasing the temporary scale and considering the last 100 Ma, we can find two
especially warm periods: the Cretaceous (135-65 Ma) and the Eocene (53-34 Ma), in
particular, the Eocene Climatic Optimum (52-48 Ma), which represents the hottest
Cenozoic period, when the planet was free of ice and the global average
temperature of the oceans was 9-14°C (Fig. 4). In the transition Paleocene-Eocene
(~55 Ma, Fig. 4) an abrupt event of short duration took place (0.1 Ma) which was
characterized by an increase of the global temperatures with very high
concentration of atmospheric CO2 (1,000-1,500 ppm) (Pearson y Palmer, 2000). This
event, known as Paleocene-Eocene Thermal Maximum (PETM), had important
consequences, affecting marine organisms’ diversity and oceanic acidity. Due to the
particular environmental conditions at that time, it’s used as an analog to
understand the conditions that might take place in the future if the rate of CO2
emissions continues as it is nowadays (simulation IPCC RCP 6 and RCP 8.5). The
main cause of this high CO2 concentration and, therefore, the warm climate of that
era is said to be caused by methane emissions as a consequence of the
destabilization of the gas hydrates trapped in the oceanic sediments. After the
Eocene Climatic Optimum, the average temperature of the planet, even though
with oscillations, progressively decreased, so at the beginning of the Quaternary
period, 2.6 Ma years ago, a new glacial period had begun (Fig. 4). It may seem
contradictory to say that the current global warming is no more than a warm, short
fluctuation in a icehouse world. This decrease toward Quaternary glacial conditions
has been punctuated by cold (early Oligocene and early Miocene) and warm events
(middle Miocene).
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Figure 4. Global curve of oxygen stable isotopes measured in benthic organisms. This curve
indirectly represents the total volume of ice of the planet and it is useful to give an
approximation of the average global temperature. On the right, the most important biological,
tectonic and climatic events (Zachos et al., 2001).

During the Cenozoic, two relevant events that have affected the instauration of the
current climatic variability took place: the beginning of the development of the
Antarctica ice (34 Ma) and the glacial development in the northern hemisphere (9
Ma) (Zachos et al., 2001; Fig. 4). The position of the continent in the South pole was
fundamental for the development of the Antarctic ice. However, it is not enough
because since 120 Ma ago there were continental masses centered in the South
pole. The separation of India, Africa and Australia from Antarctica and the
formation of the Drake Passage (~33 Ma) were necessary to develop the Antarctic
Circumpolar Current, which reduced the interchange of latitudinal heat, causing a
temperature drop of 10°C in the Antarctic continent. In a similar way, the formation
of the Asian south-eastern passages, the rise of the Panama isthmus and the Arctic
semi closure, could have led to the start of the Quaternary glaciations, as well as low
atmospheric levels of CO2. In comparison to the previous situation, CO2
concentrations in the Upper Eocene (37 Ma) and Early Oligocene (34-28 Ma) reached
average values higher than 780 ppm, dropping to 300-400 ppm by the end of the
Oligocene. When Quaternary glaciations started (2.6 Ma) the atmospheric
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concentration of CO2 was around 180 ppm during the glacial maximums and 280
during interglacials (Fig. 1 and 5).

Figure 5. Climatic and atmospheric CO2 evolution during the last 40 Ma (Zhang et al., 2013).

Climate change at orbital scale
Quaternary (2.6 Ma) is characterized by the numerous climate changes between
glacial and interglacial conditions. The average duration of the interglacial (10-30
ka) represents approximately 20% of the total time of the glacial-interglacial cycle
that took place over the last million years (Jansen et al., 1997) so, Quaternary is the
most recent glacial era. We haveproof of the Quaternary climatic variability (loess,
ice cores, etc.). Ice cores are the record that have offered the most accurate
information and also those which have led to a better understanding of the
mechanisms that have been causing the glacial-interglacial periods. Besides, the air
trapped in the ice allows us to measure the past concentrations of greenhouse
gases, so these measurements, together with an accurate chronology, makes it
possible for us to establish the atmospheric evolution during the last 800 ka (Fig. 1
and 6d). It is because of this information that we know that the atmospheric CO2
concentration (and other greenhouse gases) plays an important role in the glacialinterglacial cycles. Fluctuations of this gas through time are in parallel to other
climatic markers, such as the global ice volume, sea level, atmospheric and oceanic
temperatures in different regions of the planet, and so on (Fig. 6). However, the
variations of CO2 concentration only cause a positive feedback that intensifies the
effects of a underlying external cause. CO2 concentration changes, and also climate
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changes at glacial-interglacial scale, due to the seasonal and latitudinal distribution
of solar radiation, which variates according to astronomic parameters.

Figure 6. Orbital parameters and evolution of the different climate markers of the last 800 ka.
(a) Eccentricity. (b) Obliquity. (c) Preccesion (d) Concentration of atmospheric CO2 in Antarctic
ice. (e) Sea Surface Temperature at the tropics (f) Antarctica atmospheric temperature according
to ice cores (g) Oxygen stable isotopes (δ18O) in marine, benthic organisms as indicator of the
volume of global ice and deep ocean water temperatures. (h) Reconstruction of the global sea level
(i) Change rate of the global average temperature during the last deglaciation Figure from
Masson-Delmotte et al., 2013.

There are three astronomic parameters that determine the energetic balance of the
planet, according to the Milankovitch theory. Milankovitch was a Serbian
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mathematician who described the amount of solar radiation that our planet receives
in function of the Earth’s movement around the Sun (Fig. 7):
5.1 Earth orbit eccentricity:
Eccentricity measures the shape of
the Earth orbit around the Sun, which
changes from an almost circular
(eccentricity = 0) to an elliptical form
(eccentricity = 0.06) as a consequence
of the gravitational attraction of other
planets. This geometrical change
occurs approximately every 100-400
ka. When the orbit is almost circular,
the distance from Earth to the Sun
doesn´t change along the year, but a
more elliptical orbit determines that
the insolation will be modified in
function of the position of the Earth, if
the Earth is close (perihelion) or far
(aphelion). In terms of total energy,
insolation variations associated to
eccentricity are small (0.1%), and not
enough to cause climate changes,
though it could be significant in
combination with the precession.
5.2 Obliquity
Obliquity measures the inclination of
the Earth’s axis with its orbital plane
Figure 7. Orbital parameters (Zachos et al., which has a variation of 22°-25° every
2001)
41 ka. Axis inclination affects the
distribution of the solar radiation at
different latitudes, regulating its seasonality. When the inclination is low, polar
regions receive less radiation, and the other way round, when the inclination is high,
these regions receive more solar radiation. The orbital configuration nowadays
determines that in the northern hemisphere the eccentricity and obliquity evolve in
an inverse way (in summer, higher altitudes receive more radiation because Earth’s
axis points to the Sun, but it happens in the most distant position between them),
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so their combined effect is attenuated. On the contrary, in the southern hemisphere
seasonality is more intense because the eccentricity and obliquity act in phase.
5.3 Equinoctial precession
The precession movement of Earth’s axis determines the orbital point where
equinox and solstice take place, which regulates the amount of incident energy in
each season. The precession movement is the result of the combination of two
rotation movements, the one of the terrestrial axis that rotates around the
perpendicular axis to the orbital plane due to the gravitational attraction of the
Moon and the Sun, and the one of the terrestrial orbit around the Sun. As a
consequence, the equinox and solstice positions slowly change, completing a cycle
every 19,000-23,000 years (perihelia is reached in different moments of the year),
causing a decrease or increase in the climatic seasonality. For instance, the current
perihelion is reached in winter (northern hemisphere) and aphelion is reached in
summer, and this is the fact that determines that winters and summers in this
hemisphere are softer due to the distance of the Sun.
The combination of the effects of the three orbital parameters regulates the
insolation that our planet gets and it is the main cause of the glacial-interglacial
cycles that have been happening during the Quaternary. So, interglacial periods
take place when the summer solar radiation is more intense in the northern
hemisphere. On the contrary, a decrease of the insolation in this hemisphere causes
a cooling and consequently the growth of the icecaps. Since the middle of the
Quaternary (1000-800 ka), glacial-interglacial cycles have been happening every
100 ka, showing the dominant influence of eccentricity. Due to this, interglacial
periods, as the current one, only take place every five precession cycles. However,
during the Early Pleistocene, the eccentric effect was softer and the climatic
changes were determined mainly by the obliquity cycles (41 ka). The reason for this
change in the climatic variability patterns, known as Mid Pleistocene Transition
(MPT) is still unknown, but suggests the implication of a non-linear process and
positive feedback processes that determine when a glacial or interglacial period
occurs.
The absence during older times of climatic changes due to orbital parameters as
important as those of the Quaternary indicates that the differences of solar
radiations due to astronomic parameters are a necessary cause for climatic changes,
but these are not enough. Milankovitch cycles’ effects are visible in paleoclimatic
data previous to the Quaternary, but only during this period such intense climatic
changes (glacial-interglacial alternation) happened. So, other factors are required
to cause these changes.
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As the insolation value can also be calculated for the future, this data can be
considered by the climatic models to predict the future evolution of the climate.
Taking only the orbital parameters into account, it is almost certain that in the next
1,000 years not one single freezing event as strong as the glaciations will take place.
Besides, if we analyze the current CO2 levels, climatic simulations predict that there
won’t be any glaciations in the next 50 ka, while atmospheric CO2 concentration will
be over 300 ppm (Masson-Delmotte et al., 2013). According to these predictions,
the Holocene will be a long interglacial period if compared to the previous ones.

Abrupt climatic changes
As the temporal scale decreases, new climatic change mechanisms appear. At
smaller time-scales than the orbital, Milankovich’s theory is not enough to explain
the climatic variations observed during the last climate cycle (120 ka). Especially
during the last glaciation (71-11 ka), abrupt climatic changes took place at submillennial scales and they went on during the Holocene, though less pronounced.
These changes were discovered through the analysis of the sedimentary records
from the North Atlantic (Heinrich, 1988) and lately of Greenland’s ice cores (D/O;
Dansgaard et al., 1971; Oeschger et al., 1984; Fig. 8). These are displayed as intense,
abrupt fluctuations of the climate at a scale of tenths of years. Thus, they are high
frequency, high intensity and short length climate changes. Technically, an abrupt
climatic change is an intense climatic fluctuation that is originated at a higher speed
than the speed of the perturbation that causes the effect (Rahmstorf, 2001). In other
words, the system responds to the perturbation in a linear way, but when the
threshold is crossed, a non-linear response occurs. The deterministic nature, nonlineal response, and the hysteresis of the Earth climate system (Sardar y Abrams,
2006) makes it more difficult to interpret the origin of these changes and of the
mechanisms that create them, because the inertia of the system can perpetuate the
conditions caused by the change, even if the perturbation stops.
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Figure 8. Abrupt climatic changes that happened in the last 65 ka (numbers indicate the D-O
stages and the vertical lines the Heinrich events. Data from NGRIP ice core (NGRIP Project
Members, 2004).

The main signals of some of these abrupt changes in the oceanic sediments are
known as Heinrich layers, discovered in the North Atlantic (Heinrich, 1988). These
layers are formed by different lithic fragments transported by the icebergs and
called IRD (Ice rafted detritus). Icebergs were detached from the ice caps installed on
the continents surrounding the North Pole (Fig. 9): Laurentida (Bond et al., 1992;
Broecker et al., 1992), the Pheno-Scandinavian peninsula and Iceland (Snoeckx et
al., 1999) and, less important, areas that were covered by ice during the glaciation,
such as the British and Irish platforms (Scourse et al., 2000). Icebergs carry in their
inner part eroded continental particles, and when they are liberated, icebergs travel
by the surface oceanic currentsto warmer areas, where they melt. After melting,
lithic fragments are released, and deposited over the oceanic floor, forming the
Heinrich layers, that appear interlayered with the pelagic and hemipelagic
sediments of the central oceanic regions. These layers have variable thickness
depending on the area, being in general thicker when they are close to the northern
continents. The extension in the North Atlantic where the IRD layers are registered
is known as the Ruddiman belt (Fig. 9). In the last glacial cycle (71-11 ka), 6 Heinrich
layers have been identified in the North Atlantic (Heinrich, 1988; Bond et al., 1992;
Broecker et al., 1992). Climatic repercussions are also detected at a global scale. For
instance, in the northern hemisphere much lower temperatures, a drier atmosphere
and more intense winds were detected at times of Heinrich layers deposition.
Besides, the melting of the icebergs changed the chemical/physical conditions of
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the surface of the ocean, decreasing its temperature and its salinity, causing
analogous conditions to the ones that we find in the Artic Sea nowadays. These
conditions are favorable for the proliferation of planktonic communities in polar
latitudes (for instance, the foraminifera Neogloboquadrina pachyderma) in areas
where they no longer exist. The southern iceberg arrival is situated close to the
latitude of San Vicente cape (Lebreiro et al., 1996). As a consequence of the salinity
decrease in high North Atlantic latitudes, the rate of formation of deep waters
reduced drastically.
Besides the Heinrich events, other abrupt changes of minor intensity occurred
which go by the name Dansgaard-Oeschger (D-O, Dansgaard et al., 1993; Fig. 8).
These events show a warming of 5-10°C in a very short period of time (decade scale),
known as interstadial, followed by a cooling period called stadial. In the last 120 ka,
25 of these events have been identified, and their submillennial periodicity is 1470
years (Rahmstorf, 2003).
Heinrich Events and the DO are related (Alley, 1998),
because both appear as
part of a cycle of short
frequency called the Bond
Cycle. These are delimited
by consecutive Heinrich
Events, intercalating 2 to 4
D-O cycles, and are
progressively
colder.
Lower temperatures favor
the
expansion
of
continental ice layers
Figure 9. Accumulation IRD areas in the North Atlantic,
around the North Atlantic
geographic extension and source areas.
and, once they have reached
the limit, a collapse occurs and there is a massive discharge of icebergs,
characteristic of the Heinrich Event, which ends with an abrupt warming. This cycle
of lower frequency doesn’t have a clear periodicity due to the irregular separation of
the Heinrich events, suggesting the existence of a mechanism that modulates their
existence. Their origin is under study and several causes have been proposed, some
of them related to the ice layer’s own dynamics in the Northern hemisphere, the
thermohaline fluctuations and the position of the Gulf streams…
The existence of abrupt climatic changes shows a very specific behavior of the
climatic system when this crosses a threshold or a critical point. Besides the possible
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causes cited before, some unidentified orbital cycles that could justify the D-O
periodicity have been recently studied (Rahmstorf, 2003). On the other hand, many
other components of the system can suffer abrupt changes and trigger climatic
changes, such as atmospheric circulation deceleration, monsoon variability, or
changes in the Amazonia vegetation (Collins et al., 2013). It seems reasonable to
question whether these changes, of chaotic nature, due to their magnitude,
intensity and speed, could happen in the near future as a consequence of the
environmental modification associated to Global warming. For instance, to what
extent can the melting of Greenland and the ice of the Northern Hemisphere reduce
the salinity in the source area of deep water formation and slow down the
thermohaline circulation? A halt or a notable decrease in the rate of deep water
formation at high latitudes of the North Atlantic could cause an intense and rapid
cooling, analogous to those described before. Recent studies and climatic models
consider it highly improbable for this scenario to take place in the next decades,
though there is no consensus about it (Collins et al., 2013).

Holocene climate and its influence in societies and civilizations
The Holocene is the most recent climatic period of Earth’s history and started 11,600
years ago. Climatic variations during this epoch are much less abrupt and intense
than the ones in previous periods, but not less relevant for the single human species
that inhabited the planet in this epoch, Homo sapiens. In fact, the evolution and
development of societies and civilizations since the end of prehistory (~5,000 B.P.)
to the present day have been modulated by these climatic fluctuations (magnitude,
length), and the human ability to adapt to and mitigate environmental changes.
Paleoclimatic records indicate that the Holocene presents two variability types, a
longer one related to astronomical forcing and another at minor temporal scale. The
global temperature pattern (Fig. 10) shows a warming that started at the
deglaciation and went on until the Mid-Holocene. Nevertheless, a cooling event
happened around 8.2 ka ago, when the European temperatures decreased by 2°C.
From the Mid-Holocene (5 ka) onwards a cooling process started that ended 200
years ago, during the final phases of the Little Ice Age. After this cooling, the
temperatures rose and they are currently higher than during 90% of the total
Holocene epoch (Marcott et al., 2013). Besides this long-term trend, the Holocene
climates oscillated also at higher frequency (millennial scale, 1,500 years) and
weaker amplitude. The combination of these two time-scale fluctuations caused the
main climate changes during the Holocene.
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The end of the Holocene
Humid Period, also known
as the Holocene Climatic
optimum, is considered
one
of
the
most
prominent changes of the
Holocene and took place
around 5,000-6,000 years
ago. It has several
consequences, mainly in
the European continents,
but the most prominent
impact occurred in the
tropical regions of the
African continent, where
a typical vegetation of
tropical
forest
was
Figure 10. Thermic changes during the Holocene (Marcott progressively substituted
et al., 2013)
by species adapted to arid
conditions,
recording
desertification and setting up the Sahara desert as we know it nowadays. Marine
records close to the Mauritanian coast also show this climate change (deMenocal et
al., 2000), which is clear by the increment of atmospheric dust to the ocean.
Societies that had expanded and evolved quickly during the humid period suffered
this climate change. Some civilizations collapsed, but others knew how to adapt to
the magnitude and the variability of the climatic change that was taking place,
establishing new systems of social organization and survival strategies. The causes
of the end of the African Humid Period are complex and involve different
parameters of the climatic system (human influence, vegetation changes,
atmospheric changes…), that act in a non-linear way. Nevertheless, the increment
of droughts was triggered by a progressive decrease in the solar radiation, which
started 5,000-6,000 years ago and continues nowadays. This change in the amount
of energy that the tropics get, is the consequence of a little modification of the Earth
orbit, being enough to cause a minor influence in the summer monsoons over the
Atlantic tropical belt, which caused a great decrease in the precipitation rate and
thus,
an
increasing
frequence
of
droughts.
(Check
https://www.ncdc.noaa.gov/abrupt-climatechange/End%20of%20the%20African%20Humid%20Period )
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From the Holocene Climate Optimum to today, societies and civilizations have been
affected by other climate changes long enough to permit they evolve, adapt and
disappear as a function of the effects of those climate changes. A period of special
relevance for the development of the climate change was the Medieval Climate
Anomaly (950-1,250 CE), when the average North European temperature increased
by approximately 1 to 2°C in comparison to the pre-industrial period. This warming
generated the perfect environmental conditions for instauration of strategic
cultural changes in societies and civilizations. An example of this was the
colonization of the southern part of Greenland by the Norwegian Vikings during this
period in which the high temperatures caused the ocean south of Greenland to be
free of ice, thus being navigable. Initially, Vikings developed agricultural activities,
because of the high temperatures and the favorable climate. However, the climate
started to change in 1,300 CE, being more unstable and with lower average
temperatures. This caused a change in people’s diet, previously from agricultural
revenues, to another one based on marine resources, as an adaptation to the new
climate conditions. The emergence of more harmful environmental conditions
(storms, ice,…) made it more difficult to fish out and to obtain walrus tusks, one of
the main resources for commerce with Europe (Kintisch, 2016). Despite their
adaptation effort, by 1,400 CE the settlements in the west coast were abandoned,
and in 1,450 CE there were no more Vikings in Greenland. Their abandonment was
an indirect consequence of the climate change that started during their settlement
and that ended with the beginning of a period of lower average temperatures and
climate instability known as the Little Ice Age.
The Little Ice Age (1,450-1,850 CE) is another recent period of climate relevance for
the European societies. This climate period has intervals of different intensity and
climate expressions for the different European regions and for the rest of the
Northern Hemisphere (Fig. 11). It is considered that the most extreme and variable
climatology took place between 1,560-1,660 CE, with long winters and cold
summers, expanded alpine glaciers, and extreme climate phenomena such as
droughts and floods. These conditions affected agriculture, destroying the crops
and causing starvation, massive migrations, wars, revolutions (civil wars in Ukraine,
Scotland and England, and revolutions in France and Ireland), with a high mortality
rate. For instance, some researchers think that there is a relation between climate
changes and pandemic diseases. The outbreak of many diseases is frequent in
populations with scarce or deficient diets. Recent studies suggest that the climate
changes could have facilitated the transmission of diseases, such as the bubonic
pest, which killed 33% of the European population between 1,347 and 1,353 CE
(Schmida et al., 2015).
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Figure 11. Average of 30 years of temperature records for different continental regions
(Pages 2K Consortium, 2013).

The temporal and geographical extension of the Little Ice Age (and also of the
Medieval Climate Anomaly) is not uniform throughout the planet (Fig. 11), and the
factors that caused it are still unknown. Probably, there is not a single cause, but the
combination of several feedback processes, such as a decrease of the solar radiation
(due to the absence of sun spots), the increase of the explosive volcanism and the
low frequency of El Niño in the Pacific. The natural radiative forcing corresponding
with the minimum sun spots (Maunder and Spörer) are too weak itself to cause a
cooling in a time span of several years as happened during the Little Ice Age. The
eruption of the Tambora volcano (Indonesia, 1,815 CE) is a good example of the
consequences of volcanism in global climate, even though the duration is short.
Effects of this volcanic eruption were felt in the Northern Hemisphere, because of
the atmospheric dust clouds, that affected the climatology of the next year
(http://geography.unibe.ch/tambora). So, for instance, the year of 1,816 CE is
considered as the year without summer, because of the abnormal temperatures (24°C less than average) and the bad climate that caused a reduction in the crops and,
as a consequence, social poverty.
Throughout these paragraphs, we have established that the changes that occurred
during the Holocene were a special key in the development of the processes which
contribute to political and social changes that were crucial for civilizations and
societies. But is important to consider, that from the Ancient Age on, humans have
also interacted with the environment, changing ecosystems and contributing to
climate change. So, for instance, agricultural activities that started in some areas
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8,000-9,000 years ago have generated changes in habitats, soil erosion, CO2 and
CH4 emissions, species extinction, etc. (Fig.12). For instance, building activities
during the Iron Age and the expansion of the Roman period (300 BCE to 200 CE)
caused an important deforestation in Europe.
The
anthropic
pressure over the
climate before the
industrial era was
lower than the
pressure
that
started
later,
during
the
Industrial
Revolution
(Abram et al.,
2016) and, of
course, than the
that
Figure 12. Anthropic changes in ecosystems and climate before and pressure
after the industrial era (Ruddiman et al., 2015).
started in 1,950
(Fig. 2). The
recent environmental changes know no precedent in the planet and their rapid pace
has never been seen before in the context of the natural variability of the system. It
must be said that the impact of our species can not be compared to that of other
species in the past and it is not only biological, but also technological and cultural.
Thus, our biological ability to adapt to a fast changing environment is limited. Our
environmental footprint is so big that, besides global warming, we are leaving
information that is already being registered in the sediments, both marine and
continental. This fact led to the idea of a new geological epoch called Anthropocene.
If it must be said that there is no consensus about its beginning, the Anthropocene
would be the period in which humanity has replaced nature as the main
environmental force (http://www.anthropocene.info/).
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ABSTRACT
This article considers the current and future effects of climate change on marine food production. Case
studies relevant to the North Atlantic are used to highlight key topics, and bring broad-scale issues into
focus with local or regional examples. The main oceanographic aspects of climate change (global
temperature changes, changes in ocean composition/acidity and changes in weather patterns) are
discussed with reference to their likely and potential impacts on aquatic food production. Ecological
changes are addressed along with their likely impacts on the sector. Climate change threatens the
functional stability of coastal ecosystems, which are often under pressure from anthropogenic influences.
Changes in species distribution and levels of ocean productivity will have profound implications for future
sustainable fisheries. Communities which are highly dependent on marine resources are often those that
are likely to be most greatly affected by climate change. There is a need for adaptive mechanisms to be
employed in the aquatic food production to cope with changes already being felt. The high levels of
associated uncertainty (in both climatic and socio-economic models) make forecasting future trends
difficult, but by considering strategies currently in use, we can make predictions about future resource
management. As well as negative consequences, climate change is likely to present new opportunities for
fisheries and aquaculture. Industries which are well prepared for these consequences are most likely to
capitalise on these opportunities. The article concludes by reviewing the major relevant issues, and the
research and investment required to lessen the negative effects of climate change.
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General questions and concepts:
•
Much of the developing world is reliant on aquatic animals as a main source
of protein
•
Aquaculture will imminently overtake capture fisheries in production
volume
•
The global changing climate poses an extraordinary threat to global food
security, and this threat is forecast to increase in severity over the coming century
•
Aquaculture and fisheries are reliant on a number of hydrological processes,
many of which are known to be changing, or are predicted to change
•
Impacts will be both direct - through changes in ecosystem function and
productivity; and indirect - through changes in human communities and availability
of commodities such as fuel
•
Changes to physical ocean processes will impact on the physiology,
morphology and behaviour of individual fish species
•
Many marine ecosystems are known to be vulnerable to increased climatic
variability and ecological changes will effect commercially important marine
species
•
Coastal human communities in developing countries are most dependent
on fisheries and aquaculture, but are also least prepared to cope with the likely
impacts of climate change
•
Fishing communities which can adapt to changes may be able to exploit new
opportunities
•
Fisheries management strategies which encourage diversification and
adaptability must be developed so that the effects of climate change can be
mitigated

Introduction: development of multidisciplinary competences
Mankind has been catching wild fish for at least 40,000 years, when freshwater fish
have been shown to be regularly consumed by ancient humans in modern China (1).
Aquaculture is the cultivation (farming) of any aquatic organisms, including finfish,
molluscs, crustaceans and algae. The earliest evidence of this type of cultivation is
from China, as early as 2000 BC (2) when carp were farmed in inland rivers.
Fish and other aquatic resources are an important source of protein for much of the
global human population. Fish are a nutrient rich food source which is accessible to
many, and the harvesting of this resource has steadily grown since the 1950s (when
reliable global data began to be collected) (3). In the early 1950s, global fisheries and
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aquaculture produced approximately 20 million tonnes per year. Through strong
expansion of fishing industries, global catch of wild fish has risen to 92.6 million
tonnes in 2015 (4), 81.6 million tonnes of which taken from the marine environment.
Since around 1985, wild capture fisheries output has been stable (Figure 1). The
continuing growth of the human population in that time from 4.5 billion to 7.5 billion
today has therefore led to rapid expansion and development of the aquaculture
industry.

Figure 1. Global fisheries and aquaculture production (million tonnes) - FishStat database,
creative commons

Aquaculture looks set to overtake capture fisheries in production volume in the near
future, with 73.8 million tonnes produced worldwide in 2014 (3), which is 44% of
total fish production. This growth is particularly strong in Asian markets, where
aquaculture production overtook capture fisheries in 2008, and shows no sign of
slowing down.
The majority of fish production (around 85%) is used for human consumption. An
average person in the 1950s consumed around 10 kg of fish per year, but this has
now doubled to around 20 kg per person, reflecting changes in distribution
methods, growing wealth and urbanisation (5) (Figure 2). Fish accounts for around
17 % of human intake of animal protein, but this varies considerably around the
world. Developing countries with large coastal populations are particularly highly
dependent on fish protein, with 25% of human protein intake coming from fish in
some countries. This makes fisheries and aquaculture very important for global food
security.
Other industries are also dependent on aquatic protein. In particular the highly
variable catch of anchovies off South America has been used to produce agricultural
fertiliser and fishmeal during productive years. Much of this fishmeal is then used to
supply aquaculture operations with a cheap source of fish feed.
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The most important species for capture fisheries globally are the Peruvian anchovy
(Engraulis ringens), Alaskan pollock (Theragra chalcogramma), skipjack tuna
(Ketsowonus pelamis) and sardines (Sardinella sp.), which together account for
around 16 million tonnes of the annual marine catch (3).
Most aquaculture production comes from Asia, which accounts for almost 90% of
world production in 2014. Finfish is the largest species group, with carp, salmon,
tilapia and catfish being the most important species (3).
The Most Important Global Commercial Species
Alaskan pollock

Skipjack tuna

Carp (Cyprinidae sp.) (Photo Dezidor,
Creative Commons)

Salmon

Tilapia (Photo by Bjørn Christian
Tørrissen, Creative Commons)
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Figure 2. Global fish supply and usage - FAO 2016

Here we make use of the key climatic changes highlighted by the IPCC, as the most
authoritative and independent organisation to make regular assessments of climate
change. The global changing climate poses an extraordinary threat to human
civilisation, and this threat is forecast to increase in severity over the coming
century. The lack of a significant and coordinated international effort to reduce
carbon dioxide emissions raise the realistic concern that communities and industries
dependent on aquatic resources will be negatively impacted.
In addition to being on the receiving end of the impacts of climate change, human
activities involved in capture fisheries and aquaculture has a significant output of
greenhouse gas emissions. Clearly this contributes towards the overall
anthropogenic impact on global climates.
Global climate change is driving changes throughout the world’s oceans. Many of
these changes are difficult to predict with certainty, due to their complex
interdependence on other oceanic and atmospheric processes. However, the
consequences of a changing climate on the physiology, spawning, recruitment,
survival and ultimately distribution of fish species are already being witnessed and
will have severe impacts on fisheries and aquaculture industries.
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Key processes
Climate change will have direct effects on fish populations, and on the productivity
of aquaculture installations, but will also have indirect effects, such as the
displacement of coastal communities or effecting the availability of key
commodities such as fuel.
Aquaculture and fisheries are reliant on a number of key hydrological processes,
many of which are known to be changing, or are predicted to change. These key
processes are described below with a summary of the current understanding of their
impacts. In many cases there is considerable uncertainty; either about the extent of
change that will occur or about the impact it is likely to have. Nevertheless, the
potential problems and inherent uncertainty must be considered so that mitigation
responses can be developed wherever possible.
Table 1. Predicted effects of climate change on aquaculture and fisheries. Adapted from
WorldFish Center (2007) (6)

Climate Change Process Effects

Temperature changes

Impact
on
Fisheries/Aquaculture

Warmer surface waters Increase in metabolic rates
and
fish
growth
–
potentially more fish
production.
More evaporation of Less freshwater available
lakes/inland
water for aquaculture. Reduction
supplies
in lake/river habitat.
Increasing
algal blooms

harmful Poisoning of commercial
species.
Fouling
equipment.

Less oxygen dissolved Less efficient growth rates.
in water
Increasing
need
for
aeration in aquaculture.
Changes to predator Changes in wild fish
and prey distribution
abundance/distribution
Coral bleaching

Loss of fish nursery habitat
– less spawn surviving to
add to population
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Disruption of
climate patterns

ocean Changes to currents Potentially severe changes
and
nutrient-rich to globally important fish
upwellings
stocks

Rising sea levels

Flooding of lakes, Changes in fish stock
rivers
and compositions. Loss of
estuaries/deltas
aquaculture habitat.
Saltwater
intrusion Less
freshwater
into groundwater
availability/more conflict
with other industries
Loss
of
coastal Loss of spawning habitat
ecosystems
affecting recruitment.
(mangroves, corals)

Changes in rainfall

Salinity changes

Changes
to
species
distributions. Changes in
migration routes.

Changes in freshwater Less
freshwater
availability
availability/more conflict
with other industries
Changes
in
storm Increase in strong Damage to aquaculture
frequency/intensity
winds and large waves equipment and increase in
in mid latitudes
escapes. Less time at
seas/more risk for capture
fisheries.

2.1 Warming temperatures
Average sea surface temperature has risen by around 1 °C since pre-industrial times
and temperature increase is accelerating. The arctic is expected to be ice-free in
summer by the end of the 21st century, but it could be significantly sooner (7).
Coral reefs are highly sensitive to warming seas and are already being adversely
affected by rising temperatures. When exposed to even slight temperature rises,
corals eject their symbiotic algae (called bleaching), which slows growth and can
lead to huge die-offs. Given the global importance of coral reef ecosystems to
marine capture fisheries (especially in developing countries), the impact is likely to
be great.
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Warmer water temperatures also prevent water from mixing, increasing
stratification. This reduces the exchange of nutrients and gases between the upper
and lower layers and can impact aquatic life.
2.2 Salinity change
Changes in ocean salinity are triggered by the impacts of climate change on rainfall,
evaporation rates and freshwater runoff from glacier and rivers. Marine species are
very sensitive to changes in salinity and significant impacts are expected on fish
physiology and ecology.
Enclosed seas such as the Baltic are vulnerable to increased rainfall, which is
predicted to occur in mid-latitude regions (7). Increased rainfall in the Baltic region
is predicted to cause a reduction in salinity. The Baltic is already slightly brackish,
but decreasing salinity will pose major threats and increase stress to native species.
Conversely, rainfall is predicted to decrease in tropical regions (7). In combination
with increased rates of evaporation this could lead to increased salinity in many
enclosed seas such as the Mediterranean.
2.3 Ocean acidification
Approximately half of all carbon dioxide released by humans is stored in the world’s
oceans, and with increasing atmospheric carbon dioxide levels, the ocean is
becoming significantly more acidic. Forecasts suggest acidity will continue to
increase until the end of this century and average ocean pH is expected to drop 0.20.3 units (7).
As acidity increases, changes to ocean chemistry will reduce the availability of
calcium carbonate (8). Shell-forming marine organisms need calcium carbonate (in
particular aragonite and calcite) to produce their shells. This is likely to impact
cultivated bivalve molluscs, which have been shown to grow with weaker shells
under more acidic conditions. Early development stages seem to be especially
vulnerable to environmental disturbance, which could indicate reduced survival for
many commercially important species (9).
Acidification will also affect phytoplankton species (Figures 3 & Figure 4), which are
highly important in the marine food chain.
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Figure 3. Coccolithophore
Gephyrocapsa oceanica (Richard
Bartz – Creative Commons)

Figure 4. Phytoplankton bloom (Jeff Schmaltz
– NASA – Creative Commons)

2.4 Dissolved oxygen
As a consequence of increasing sea temperatures, the amount of oxygen dissolved
in subsurface water in mid-latitude areas is very likely to decline (7). This is related
to the solubility of gases in water, which decreases with temperature (Henry’s law)
(Figure 5). All aquatic animals are dependent on dissolved oxygen, so this is likely to
impact the viability and productivity of fisheries and aquaculture.
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Figure 5. Gas solubility in fresh and saltwater (Adapted from
http://www.fondriest.com/environmental-measurements/parameters/water-quality/dissolvedoxygen/#6

2.5 Basin-scale processes
The North Atlantic and Northern European climates are dependent in large part on
ocean processes which occur on a large scales and over long time periods. The North
Atlantic Oscillation (NAO) is a decadal atmospheric pattern which, along with the

A. Coram

56

Atlantic Multidecadal Oscillation, is the dominant cause of variability in sea
temperatures in the North Atlantic region (10).
The impacts of climate change on fisheries will therefore largely be driven by
changes in these processes. Current trends are for higher temperatures associated
with the NAO, and this is predicted to continue causing rises in sea temperatures of
1 to 3 °C over the coming 50 years (11).
A general increase is predicted in meltwater flowing from the world’s glacial ranges,
such as Greenland. This could have profound impacts on the oceanography of the
North Atlantic by altering ocean temperatures, or even shutting off the flow of the
Gulf Stream, which carries warm water across the North Atlantic from the
Caribbean.
2.6 Wind-driven warm water flux
Water from the warmer areas of the Atlantic is predicted to be increasingly driven
north, causing the strongest warming in more northerly regions (7). This will reduce
ice-cover in the North and increase stratification of the water column, leading to
significant impacts on the physiology and distribution of marine fishes.
Wind-driven water movements also affect the world’s coastal upwellings, where
cold nutrient-rich waters are forced upwards from the depths, producing areas of
very high productivity. The great five coastal upwellings are the Canary Current (off
Northwest Africa), the Benguela Current (off southern Africa), the California Current
(off California), the Humboldt Current (off Peru and Chile), and the Somali Current
(off Somalia and Oman), and each of these is globally important for marine fisheries.
Model predictions are uncertain about the consequences for these coastal
upwellings, with an increase in intensity detected on the West coast of Africa over
the twentieth century leading to a prediction for the high levels of productivity to
continue. Increased upwelling in the Benguela current however, where very high
surface productivity causes accumulations of anoxic sediment, could create toxic,
low-oxygen conditions in surface waters, leading to detrimental effects on fisheries
and aquaculture.
2.7 Sea level rise
Polar and glacial ice is melting and sea temperatures are rising. Warm water
takes up more volume than cold water and this combined with the new meltwater
are causing rising sea levels.
Average sea levels rose by 1.8mm/year through the 20th century, and that rate is
forecast to increase to between 8 and 16mm/year by the end of the century (7). This
rise will not be uniform across the planet, but around 70% of coastlines are expected
to meet this prediction (Figure 6). For coastal and low-lying communities this will be
particularly important, as the ecosystems they depend on (such as coral reefs,
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mangroves and river deltas) may be inundated. Communities with low ability to
adapt to changes are particularly at threat, especially the Asian ‘megadeltas’ and
low-lying tropical islands and atolls.

Figure 6. Two projections for global mean sea level rise (IPCC 2013)

Retreating coastlines may not be resupplied with sediment at a rate to allow the
maintenance of soft intertidal habitats. This would result in the ‘squeeze’ of
aquaculture activities (such as shellfish production) that rely on this coastal habitat.
2.8 Storms Case Study - Salmon Aquaculture
One of the major products of aquaculture in NW Europe is Atlantic salmon Salmo
salar, which is Scotland’s most valuable food export with over 170,000 tonnes
produced annually (12). Salmon are first raised in freshwater hatcheries, and then
transported to large net cages in the open sea where the fish can be fed until they
are marketable size. Farms rely on good water quality, strong water flow, and on
having a sheltered site accessible to boats for maintenance so they are usually sited
in sheltered locations with good tidal flow such as sea lochs. A balance must be
struck between locations which offer enough shelter from the prevailing weather,
such as bays and inlets, but which also have unpolluted water with good tidal flow.
The sea lochs on the West coasts of Ireland, Scotland and Norway are well suited to
these needs, so have become the main areas of salmon production in Europe.
An average of 146,000 fish escape from salmon aquaculture sites in Scotland,
reaching as high as 610,000 fish in 2005. Escapes are triggered by a variety of
reasons such as vandalism or human error, but the largest single cause is bad
weather. At a site in Shetland in 2011, 336,470 salmon managed to escape following
storm which caused damage to the nets (13). Apart from representing a huge
economic loss to the industry, if these fish survive at sea they potentially pose a
threat to the wild populations by competing with them or by interbreeding,
lowering the quality of the gene pool.
Predictions show that the amount of rainfall, storms and extreme high sea level
events are likely to increase during the late 21st century (7). This will pose a major
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threat to aquaculture sites which already suffer from extreme weather events, and
could make more exposed coastlines unsuitable for aquaculture. Alternatively,
technologies will need to be developed to avoid the damage caused by this increase
in severe weather, but this is likely to make the industry less profitable.

Figure 7. Hole in a salmon aquaculture net

Figure 8. Causes of salmon escapes in Scotland

Ecological Changes
The changes to key processes outlined above will have a variety of effects on the
ecology of individual organisms affecting physiology, morphology and behaviour.
At the level of population, changes to the dispersal, recruitment and survival of
spawn will be significant. Additionally, commercially important species must be
considered as part of a wider ecosystem where changes to predation rates and
competition will be potentially significant.
Many such ecosystems are known to be highly sensitive to climate variability and
changes to stable ocean processes are therefore expected to be detrimental to
existing fisheries.
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3.1 Plankton and algal blooms
Climatic changes will have effects at all trophic levels, and the interaction of these
effects will cause modifications of currently stable ecosystems. As these changes
propagate through the food web, the uncertainty in predictions increases so that
there are few confident forecasts for how ecosystems will come to function. At
lower levels however, we can get a clearer idea of the likely outcomes of climate
change. Algae (phytoplankton) are the basis of aquatic ecosystems and as such are
highly important for fisheries and aquaculture.
Harmful algal blooms occur in marine or freshwater environments and are occurring
more frequently, probably as a consequence of both nutrient-rich pollution and
climate change. These algae can be toxic to other marine species or humans, and
they can also cause large scale oxygen depletion.
Blooms of jellyfish in the North Sea have been shown to correlate with
environmental conditions predicted by climate change models (14) and these are
therefore predicted to continue increasing in frequency. This could pose a number
of threats to fisheries and aquaculture; by fouling equipment, by decreasing oxygen
availability or by poisoning commercial species.
3.2 Physiological changes
Fish and shellfish, like all cold-blooded animals, rely on thermal energy from their
environment to sustain metabolism. Without the ability to regulate internal body
temperature, most fish are restricted to waters of a particular temperature range in
order to allow physiological processes.
Warmer temperatures, in general, are expected to lead to increased growth rates
by increasing the efficiency and rate of metabolism. Rainbow trout, for example,
have been shown to grow faster when winter temperatures are higher (15). The
relationship is not linear however, with optimum growth rates at the middle of the
species preferred thermal range. This is partly explained by the lower amount of
oxygen found in warm water (described above), which leads to difficulty
transporting enough oxygen around the fishes body. This is particularly true for
large-bodied fish, for example cod grow faster in warmer temperatures only up to
the age of 4 years (16).
Species which are able to cope with higher temperatures are therefore predicted to
increase their biomass production. However, this is a part of a complex ecosystem
web, and may well therefore be mitigated by other factors, such as changes in the
distribution of predatory species, or fluctuations in the timing of spawning in prey
species.
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3.3 Spawning
When spawning, many species aggregate together to increase the chances of each
egg being fertilised. These spawning aggregations have evolved to suit the regional
climate and occur in times and at locations where environmental factors favour the
survival of the spat. Environmental factors may include the availability of food for
juveniles upon hatching, or weather conditions which do not pose a threat during
delicate life-stages. With changing environmental conditions, it is likely that
spawning times and locations will become less suitable, potentially resulting in the
failure of particular ages classes which coincide with unfavourable conditions.
Temperature has been shown to impact the age of sexual maturity in Atlantic cod
and salmon (16), with fish spawning sooner when conditions are warmer. Warming
seas could therefore increase the fecundity of certain cold-water species.
3.4 Species distribution changes
In response to rising sea temperatures, a poleward shift in species distribution is
predicted. In the Northern hemisphere this means that for most species the
northern and southern distribution limits will shift, and the core range of species will
move toward more northerly latitudes. This will include the introduction of ‘invasive
species’ into previously inaccessible habitat such as the North and Baltic Seas.
Sardines and anchovy, for example, are predicted to dominate the southern North
Sea, with the distribution of herring and mackerel moving further north (16).
Populations at the northern limit of the species range are likely to be most severely
affected. Cod in the Northwest Atlantic are at the southernmost limit of their
current range, and increasing sea temperatures are likely to drive them from the
commercially valuable fishing grounds in the Gulf of Maine/George’s Bank (17).
Likewise, species that have adapted to relatively narrow temperature ranges will be
at high risk. These species will need to find suitable habitat in more northerly
latitudes in order to survive and if suitable habitat does not exist within that region
they may not survive. Non-native warm-water species may struggle to colonise the
Baltic Sea, for example, due to the predicted decrease in salinity.
The predicted change in species distributions is likely to allow the introduction of
new types of aquaculture to certain regions. North West Europe, for example, could
see the production of species which are currently restricted to the Mediterranean
and warmer water, such as sea bass, sea bream and tuna. Conversely, warm water
species may become much more difficult to produce
3.5 Case study – Squid and Chips?
Being surrounded by the shores of industrial Europe, the North Sea has been an
important fishing region for hundreds of years. During that time there have been
huge changes in the species composition driven by both natural climatic
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fluctuations and anthropogenic over-fishing. More recently the effects of climate
change have begun to be observed.
Warm periods in the 1920s, 1930s and late 1940s have been shown to have caused
influxes of species not previously caught. Horse mackerel became abundant from
1920-23 and 1931-35 as a result of higher temperature and higher plankton
productivity (11).
Between 1980 and 2014, the mean sea surface temperature of the North Sea has
risen from 10 °C to 11.7 °C and this trend has been particularly strong for summer
temperatures. The consequence of this has been an increase in the number of
warm-water species and a northwards change in distribution for most of the
commercially targeted species.
Until the 1980s, squid were considered a rarity in the North Sea, with whitefish such
as cod and haddock making up the bulk of the commercial catch. Since the late
1980s, the amount of squid being caught in the North Sea has increased
significantly, and this increase is very likely to have been caused by the warming sea
temperature (18).
Conversely, recruitment of cod in the North Sea has been shown to decrease with
temperature as they are near the southern edge of their range. Recruitment of large
age classes has been associated with below average temperatures, and climate
change may therefore prevent large age classes from moving into the stock (11).
As well as squid, abundance of anchovies, bass, red mullet and John Dory are also
predicted to increase in the North Sea (19). If this trend continues, squid and these
other warm-water species may become an important part of the commercial catch,
potentially replacing more traditional species.
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Figure 9. North Sea squid landings (van der Kooji et al. 2016)

Figure 10. Loligo forbesii

The Future
Where reasonable certainty exists about the likely outcome of climate change,
proactive management steps can be taken. Where there is less certainty,
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management techniques must be implemented that allow communities and
industries to adapt and respond to the changing environment.
In response to the direct threat of extreme weather, fishing communities may
require technological adaption, such as sea defences, larger fishing boats or new
types of equipment. Direct effects of climate change on ecosystems can be
mitigated either by diversification or migration (20). Due to the difficulty of
predicting socio-economic impacts, development of adaptive frameworks can be
harder. However, reducing the vulnerability of small-scale fishing industries is a
proactive strategy which will help against a range of uncertain impacts (16).
As a result of natural climate variability, many fishing communities are already
highly adaptive, and lessons learnt can be used elsewhere to encourage sustainable
management.
Marine protected areas are increasingly adopted as a management strategy where
certain fishing practices are prevented or limited at certain times of the year, for
example to protect spawning populations of cod or herring in the North Sea. One
consequence of shifting fish distribution will be that protected areas may become
less effective, as spawning grounds move in response to changing temperatures.
Currently, technological development in many aquaculture industries is a bigger
driver of new commercial practices than climate change.
Table 2. Table of adaptive management measures (adapted from Cochrane et al. 2009)

Climate change impact Adaptive management measure
Reduced yield Access higher value markets
Increase fishing effort

More variability Diversify target species
Management of new stocks

Species distribution changes Investment in prediction methods
Migration of effort

Reduced profitability Cut costs

Encourage diversification to other livelihoods

Extreme weather events Sea defences
Weather warning systems
Rehabilitation/disaster response programmes
Coastal management
Assisted migration of communities
Encouragement of private insurance
Improved safety measures
Compensation schemes
Market shocks Diversification of markets
Education and information services
Immigration of displaced communities Support for local management institutions

(competition for resource)
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4.1 Case study – Adaptive fisheries management in the Baltic
A long-term management plan for Cod in the Baltic Sea was introduced in 2007 with
the aims of ensuring the sustainability of the commercial fishing industry and of
maintaining the full reproductive capacity of the cod stock (21). This included the
gradual adjustment of cod mortality rate toward a specified sustainable target.
Modelling of fisheries data and comparison against climate change predictions
compared three possible management scenarios (22). They found that in order to
maximise the profitability of the fishery as a whole, the industry would be better off
focussing on herring and sprat, which also fell under the management plan. This
outcome was seen regardless of the impact of climate change, but economic gains
using this scenario were much more significant when climate change was taken into
account.

Conclusion
Aquaculture and fisheries are highly important for global food security, and their
importance is increasing in response to rising populations and technological
development. There is a clear trend away from traditional capture fisheries which
have often been over exploited, toward captive production of finfish and shellfish.
Both industries are highly dependent on their aquatic environments, with stable
conditions generally required for the sustainable growth. Climate change is
predicted to have significant impacts on much of the environmental conditions that
aquatic resources depend upon.
The most significant direct effects of climate change are likely to be increasing sea
surface temperatures and ocean acidification, but with uncertainty over the
interaction of many marine processes the full extent of shift in marine
environmental conditions is very difficult to predict. The physical effects of climate
change will feed into changes in ecology and ecosystem function, which could have
profound impacts on marine and aquatic resources. Along with many instances of
predicted detrimental effects, there are certain examples where new opportunities
will be available. This will mean the exploitation of new fish species in capture
fisheries, and potentially in aquaculture production as well. The impacts of climate
change on aquaculture is harder to predict, since the development of this industry
is still not mature, and technological advancement is outpacing climatic changes.
Despite the potential for emergent opportunities, it is likely that the disruption to
stable environmental systems and increased climatic variability will be detrimental
to fisheries and aquaculture. Changes to ecosystem function which impact the
sustainability of an industry will inevitably lead to socio-economic problems, which
will be most significant in developing countries.
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Fisheries management techniques need to be developed and implemented to
encourage diversification and adaptability within the industry. Communities which
are dependent on a fishery for a single species, which could be dramatically
impacted by climate change, are likely to be the least resilient.
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CLIMATE CHANGE AND OCEAN ACIDIFICATION
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ABSTRACT
Carbon dioxide (CO2) is the greenhouse gas which ultimately causes ocean acidification. Oceans have
approximately absorbed up to 30% of the released CO2 to the atmosphere since the Industrial Revolution. The
incessant increase in this gas concentration in the atmosphere and its consequent dissolution in the oceans
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 correct 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 due to 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 organism capacity to build
calcareous structures. The scarce studies carried out in the Baltic Sea have shown great capacity to buffer pH
decrease. Despite them, several studies have verified the ocean acidification process and its effects on marine
organisms.
Overall, positive, negative, and neutral 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 an ongoing investigation in order to acquire an accurate vision of the ecosystems health
in this current volatile situation.
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General questions and concepts
Anthropogenic: related to or resulting from the human action. For example, the
release of CO2 to the atmosphere by the combustion of fossil fuels.
Ocean acidification: changes in the ocean water chemistry 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 protons 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, defined by salinity
and temperature within certain ranges, for instance.
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 used to refer the changes happening in seawater
chemistry related to Ph. The main cause of this process is increasing the amount of
carbon dioxide (CO2) in the atmosphere. This gas has a natural component and an
artificial one (anthropogenic) (Figure 1). The first one is due to the liberation from
the ocean, the act of respiration of living beings, the decomposition of organic
matter, fires and volcanic eruptions. This amount has hardly changed in the last
10000 years. The second one is the result of human activities since the Industrial
Revolution (second half of the 18th century). The use of oil derivatives, cement
production, agriculture and deforestation are the main causes that currently, the
amount of CO2 in the atmosphere has increased by 69% over the natural
component.
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Figure 1. Concentration of CO2 in the atmosphere over the last 10000 years.

CO2 is a greenhouse gas, therefore absorbs heat. The initial concern of the scientific
community was the increase of global temperature due to the rise in CO2 levels,
among others. Thanks to the ocean, this warming has been less accelerated than
would be expected. The oceans have absorbed a 30% of 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 oceans, as the atmosphere, contain CO2. The concentrations in both systems
are kept in balance while there is no disturbance. The increase in the atmosphere
makes this balance tends to break. The absorption capacity of the oceans (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 protons (H+) and
bicarbonate ions (HCO3-). This last compound decomposes itself given rise to more
protons and carbonate ions (CO3-2). Finally, calcium carbonate (CaCO3) can be
formed by combining the calcium ion (Ca+ 2) with the carbonate ion. All these
reactions are balanced and, therefore, can take place in the reverse order described
(Figure 2).
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Figure 2. Chemical reactions of carbonate in the ocean system.

pH is the measure that allows us to know how is changing the concentration of
protons in a liquid. Its calculation is performed as: pH =-log [H+]. The scale of
measurement is a logarithmic one. Therefore, each increasing unit in pH represents
that the concentration of protons has to be 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 basic and under this neutral value
are named acids. The concentration of protons is in its minimum point when the pH
is worth 14 and maximum when it is worth 0. In the ocean, this concentration varies
depending on how these reactions described take place. When atmospheric CO2 is
absorbed by the ocean, the balance is disturbed. In order to going back to the
equilibrium state, the carbonate system’s reactions generate a proton increase. This
process leads to a progressive displacement of the ocean’s pH towards lower values.
This tendency of seawater to "acidify itself" has been named ocean acidification.
Despite this appointment, 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.
Figure 3 shows the pH values through the water column. In particular, this is an
Atlantic typical profile. In general terms, oceans pH has its maximum value in
surface and reaches its minimum at 1000m depth. These 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
seabed. This process generates CO2 and therefore decreases pH.
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Figure 3. Profile of pH in the Atlantic Ocean at 24° N

The addition of the concentrations of the chemical species involved in the carbonate
system in the Ocean (CO2 dissolved, HCO3- and CO3-2) is known as total dissolved
inorganic carbon (equation: CID, TCO2 o CT). CID = [CO2] + [HCO3- ] + [CO32 -] and its
measurement unit is usually expressed in μmol/kg. Almost all of the carbon
contained in the ocean is in this form. The remaining is carbon organic (living
organisms). CID values change in the different oceans. With the increase of CO 2 in
the atmosphere and the consequent increase in the ocean, the CID value has
increased since the Industrial Revolution. However, the concentration of each
chemical species of this system does not increase proportionally to give rise to the
increase of CID. Thanks to the creation of the Bjerrum diagram in 1914, we can
observe how the concentration changes on the ocean acidification process. This
diagram shows the concentration of each of the three species that form the CID
depending on pH seawater has (Figure 4). Currently, the amount of the compounds
present in the ocean is: 90% HCO3- , 9% CO32 - and 1% CO2 dissolved. Until the end
of this century, in its latest report, the Intergovernmental Panel of the Climate
Change (IPCC) estimates that the ocean surface pH will decrease, on average, 0.06
units (for a scene of emissions of CO2 reduced) and 0.32 units (for a scene of
emissions of CO2 high). Bjerrum diagram shows how this decrease in pH will change
the percentages of species forming the CID. CO2 dissolved and the HCO3- will
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increase and the CO32 - will decrease (Figure 4). In addition, for the high emissions
scenario, the change in pH will involve a 125% increase in the concentration of H+.
The above changes have associated potential consequences. Most of the organisms
that live in the oceans have structures of CaCO3. This compound is also present in
our bones. Their training is produced from the reaction between Ca2 + and the CO32
(Figure 1). However, H+ 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 the reduction of pH (more H+
present to remove 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 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 Carbonate
Compensation Depth (CCD). This depth is defined as the lowest limit where ocean
waters are "corrosive" enough to dissolve CaCO3. Therefore, the structures of CaCO3
only may retain above this limit. The position of the CCD varies in different oceans.
This depends on the solubility of the CaCO3. At the same time, solubility is
determined by the pressure, the temperature and the amount of CO2 dissolved in
the water. In low temperatures and high pressure, the solubility of the CaCO3
increases. This reflects the fact that the CCD is mainly located in great depths
(between 4000m and 5000m). On the other hand, solubility of CaCO3 also increases
with the rise of CO2 dissolved. Because of this, it is estimated that at the end of
century the CCD will be placed at a lower depth. In addition, organisms located at a
certain depth will be suffering the consequences of these changes.
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Seawater has the ability to soften up changes of pH, anthropogenic and naturally
formed. Besides these ions seen (HCO3- and CO32 -), there are other ions in the
seawater that are also able to combine with H+ and thus would reduce its
concentration to give rise to an increment in pH. The difference between the total
of those ions, and ions H+ is called alkalinity (AT). T = [HCO3- ] + 2 [CO32 -] + [B (OH)4]-[H+] and their units tend to be expressed as μmol/kg. Therefore, this concept refers
to the quantity available of chemical species in the seawater capable of cushioning
pH changes, and especially ocean acidification. The values of AT don’t change a lot
between the different oceans and usually that is due to salinity. In contrast to the
CID, the increase of atmospheric CO2 will not cause a significant change in the
average value of AT.
Ocean acidification affects with different magnitude throughout the oceans. The
waters in high latitudes have a lower capacity to cushion the changes in pH than
those at low latitudes. In part, this is because of the lower pH of the waters at high
latitudes in relation to the low latitudes. As the ocean follow winning CO2, water in
general will see reduced its ability to buffer the pH.

Methods of study
The measures of CO2 in the marine environment have experienced a large increase
in the mid-20th century (Keeling et to the. 1965;) Takahashi et to the. 1961) with the
development of different programs to increase knowledge of the oceans. Over the
past decades, various conferences and international events focusing on the study of
the climate and oceans showed the need to increase knowledge about the changes
of our planet. These meetings laid the foundations for the study of climate change
in the next decades. In these, they planned and developed global observing systems
to obtain the needed information to improve current knowledge. In recent projects,
it will attempt to optimize the evaluation of ocean acidification, their relation with
other oceanographic variables, the impact on ecosystems and the modelling 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
Scientifics are able to make experiments in those oceanographic campaigns.
Measures in-situ and laboratory work developed on board are the main source of
information of ocean acidification today. In addition, these data are used to
compare and improve the different numerical models and measures of autonomous
sensors.
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Those Oceanographic campaigns performed for several decades are especially
productive. In certain areas and in many cases supported by an international effort,
these oceanographic campaigns were repeated periodically offering a real image of
the variability of the system. In the same way and as part of campaigns or specific
planning, pH and other variables of the system of carbonate in different points of
the oceans are repeatedly analysed, reaching even the weekly frequency. These
positions constitute the scarce but time series such valuable since they offer
information of the impact of multiple processes on the pH of the region (Bates et
al., 2014).
The work on research ships begins with taking seawater samples where we want to
obtain the values of the variables related to the carbonate system at different
depths. Oceanographic equipment CTD-rosette (Figure 5) is a complex device that
allows us to simultaneously obtain samples of water in hermetic way (rosette) and
register with high frequency and precision basic variables as pressure (depth),
temperature and salinity (CTD). Currently, additionally built-in sensors allow also
measured dissolved oxygen, chlorophyll, turbidity, distance to the bottom and
visible radiation. Usually, 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 and with different capacities. This equipment is used on a routine basis since
the 1990 currently constitute an essential element in every Oceanographic
campaign.
The device is connected to the vessel using an electromechanical cable which
sustains it at all times and serves as the umbilical cord to transmit all the information
from sensors to control the boat room. In this way, the exact position of the team is
known in real time as well as the thermohaline properties of water that surrounds it.
In his descent through the water column, the bottles remain open and the CTD
sensors are measuring the variables that allow the devices present in the
configuration. Once the full profile has been done, CTD-rosette team is raised back
to the ship. In this way it stops at certain interesting depths to scientists and each
bottle closes electronically to obtain water from various depths. Once on the deck
of the boat, 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 land. Variables to determine from these samples are
dependent on every Oceanographic project objectives.
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Figure 5. CTD-rosette.

During overseas campaigns, CTD-rosette team performs hundreds of times this
action from surface to the bottom. The deep waters are cold (< 2° C) and pressure
there is around 400 times higher than the surface pressure. These features require
maintaining and a continuous monitoring on complex device sensors, the condition
of the electromagnetic wire and the spool machine that repeatedly carries out
lowering and hoisting of the sensors.
In particular, the study of acidification is variable analysis of the pH. Mainly, his
determination in seawater is carried out using two methods (DOE 1996). The
potentiometric method is based on the measurement of the electric potential with
two electrodes immersed in the sample of seawater, a reference and other sensitive
to pH (the electrode made of glass is used regularly). The Spectrophotometric
method is based on the colour changes of a water sample which we have previously
added a dye, m-cresol, which changes colour 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 aboard do not allow transporting the spectrophotometer
(measure of the "colour" of sample instrument). Adaptations of this method are
implemented in different autonomous sensors.
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The North Atlantic
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 that oceans contain (Sabine et al., 2004). The most influential
process that occurs in this area is the formation of bodies of water as the sinking of
ocean surface water. 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 becomes denser
and therefore tends to sink. While on the surface, the concentration of CO2 in the
water is in equilibrium with the atmosphere. So, while the sinking movement this
CO2 tends to go to deeper areas of the ocean. This is why North Atlantic stores a
higher quantity of anthropogenic CO2 that its surface represents.
Recently, it has shown the magnitude of the process of acidification in the North
Atlantic (García-Ibáñez et al., 2016). In particular, the process where studied in the
Southeast of Greenland, the Irminger basin. Therefore, data from the carbonate
system variables were measured and analysed in oceanographic campaigns
between 1991 and 2015. The analysis was carried out in the different water masses
present in the studied area, i.e. in different depth ranges. A body of water represents
a volume of water which has a common history of formation and common
physicochemical properties, different from the waters that surround it.
In this study it was observed that all bodies of water of the Irminger basin were
winning anthropogenic CO2. In consequence, all bodies of water were decreasing its
pH during the study period and that means they were more acid. PH measurements
obtained in 6 years of study are shown in Figure 6. Each colour belongs to a body of
water 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 inclination of the straight,
greater acidification rate) is quite similar between bodies of water (Figure 6).
However, this decreased with depth. On the other hand, the deeper layer breaks
that trend. The rate of high acidification of this body of water, that the overlying
reflects, means this process is recent. Therefore, the found rate shows this mass has
made contact with an atmosphere that has high concentrations of anthropogenic
CO2. Finally, from this data was 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 in the IPCC for the higher emissions
scenario.
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Figure 6. Acidification in the Irminger basin.

In this area it has 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 masses of water. Similarly,
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 (depth below which the aragonite starts to dissolve)
stood 10m closer to the surface each year. The changes of pH inferred by end of
century will result in that the entire column of water of this basin is reagent.
Therefore, organisms with aragonite structures that inhabit this area are affected.
Similarly, these 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 area of the Canary Islands). Data were collected from the
1980s and 1990s, respectively, in these stations where has been observed 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 pH buffer
capacity, 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 variation in a smaller scale. PH values may vary
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in the range seen in Figure 7a and 7b 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
some 85 million people. It drains one 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 m3s) and net precipitation of 1000 m3/s on the sea, make the total
amount of fresh water to be added to the Baltic Sea is 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 favours the
formation of a shallow layer of low salinity, with a horizontal gradient of saline 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 to the. 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 micro-algae bloom in the surface
layer which then settle on the seabed. In fact, the Baltic Sea is considered a
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 CID in the surface waters of the Baltic Sea is widely controlled
by alkalinity, which is caused mainly by the wear of the limestone in the drainage
basin and the salt supply from the North Sea. The data of CID 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 the 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 they are close
to zero, and even generates hydrogen sulfide, pH is approximately one unit less than
the surface pH medium.
Precisely in the Baltic Sea, was where pioneers studied system of the CO2 in
seawater such as determining the constants of the equilibrium of the CO2 in marine
systems for the first time (Buch et to the. 1945). Also, a huge 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,
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in a limestone basin, as the Neva River, intensify erosion and increases the alkalinity
(Schneider et al., 2015). Climate change, due to 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 to the., 2009).
There are decreases in pH observed in almost all regions (Andersson et al., 2008),
although only half of them have a statistically significant tendency 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 drainage
basins 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 modification of physic-chemical conditions of the
environment, affects the sustainability of marine biodiversity. In particular, the
entry of CO2 oceans represents a potential risk for CaCO3 producing marine
organisms. Structures formed from this compound as shells have mainly structural
and protection tasks against the environment and predators. These organisms
include groups with a high ecological importance such as corals and plankton,
together with molluscs, 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 analyse the impact of acidification on marine organisms is collected
specifically in the guidelines Horizon 2020 programme of the European Union in
which points out is the importance of knowing the potential effects of this problem
emerging, particularly in aquaculture.
During the past years different studies by the Oceanographic community have been
developed to analyse the potential impacts of acidification of the oceans in
organisms (calcification, survival, growth, development, abundance, etc.). These
results indicate that species that form CaCO3 structures will be affected in different
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degrees and different processes (Figure 8) and that impact will be moved to
different extent along the food chains and in the different ecosystems. The
majorities of these investigations are based on experiments for a single species in
the laboratory and are relatively short. 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 production ability of 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 processes of different groups of organisms. Red:
negative; Green: positive; White: no effect.

The production of CaCO3 by certain marine organisms (bio formation) 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
builder organisms must eliminate the H+ of the areas of the body where to set their
shell to have properly available CO32. For that reason, they pump protons from small
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internal spaces to the outside leaving Ca2 + and CO32, which crystallize as CaCO3. This
process requires a high amount of energy at the expense of 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).
Although identical chemical composition, marine organisms have mainly two types
of different crystal structure and soluble minerals: 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, 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.
In particular, as part of the calcareous phytoplankton we find the cocolitoforidos.
These algae, unicellular, is 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, the cocolitoforidos 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 it. The impact on the
climate and its trophic importance as primary producer make the cocolitoforidos’
response to acidification an area of intense research and a decisive factor for the
future climate. Although early studies in laboratory pointed to a less calcification in
an acidified ocean (Riebesell, 2004), recent studies show discrepancies by pointing
out that the cocolitoforidos will be adapted probably improving their growth (Jin et
to the.) 2013; (KW et al., 2012).
As representatives of CaCO3 producer zooplankton, are the foraminifera and
pteropods, being the latter especially relevant in polar latitudes. Experiments with
these bodies indicate overall that do not support very well the changes of pH.
Among the marine organisms which produce skeletons of CaCO3, corals are among
the most vulnerable to the decrease in seawater pH. Studies suggest that the
capacity-building of the coral skeletons is severely affected by ocean acidification.
So much that coral reefs may erode faster than the time they need to reconstruct
their structures. It has been estimated that the value of 560 ppm of CO2 in the
atmosphere would lead to the beginning of this process, at the end of this century.
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This process adds to the increase of the temperature of the planet, causing the coral
bleaching and affecting their health. In this case they are zooxanthellae, symbiotic
microscopic algae that give colour to the coral, which are affected by the warming
of the waters. However, the corals that live in the North Atlantic are cold coral that
live at great depths and do not depend on the zooxanthellae to develop (Figure 9).
In this case, and unlike most water corals in the surface, 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 coldwater corals will be exposed to a corrosive environment, and already in 2020 will
dwell in waters with low saturation of CaCO3 (Guinotte et al., 2006).

Figure 9. Cold-water coral Lophelia pertusa. © OCEANA

In the same way as corals, the formation of calcareous structures of molluscs,
echinoderms and crustaceans will be committed to 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, both in temperate waters as
warm, finding significant differences. In relation to molluscs, studies show varying
results. In general, 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, studies show impacts
on other structures. Specifically, for Mussel, we have obtained negative results on
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the “biso” (O'Donnell et al., 2013). This filamentous structure mussels produce to
cling to the substrate (rock, surface culture, etc.) through a natural glue that is a pHdependent and determines its degree of commitment and resilience (ability to
return to its original state after a perturbation) following the deformation
(Harrington and Waite, 2007). Recent investigations have since revealed 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 starfish) is
expected to be even more damaging than in molluscs. Their shells calcite has a high
content in magnesium which makes them still more soluble than aragonite.
Therefore, the chance of survival will be greatly diminished in the future.
However, this negative impact does 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 higher acidity means they developed stronger
exoskeletons.
All indications are that the answer to acidification of these groups of organisms
depends on the complexity of calcareous structures, as well as the protective layers
presented on its coatings. Apart from the different taxonomic groups, the impact is
also highly dependent on the type of species studied (Fernández-Reiriz et al., 2012),
in the same geographical location (Range et al., 2014) and even the condition of
individuals (Gazeau et) Al., 2013), if we had optimal conditions, it would dampen the
negative impact of acidification. Also, the phase of the cycle life of each individual
shows different responses, being its earliest stages the most sensitive to
acidification. Thus, the larval stages come more committed their development by
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 molluscs, they are one of the most sensitive
groups to the acidification of the Ocean (Wittman and Portner, 2013).
Traditionally, it has been studied the impact of ocean acidification by testing the
responses of individuals of a species to changes in the environment (Gazeau et al.,
2013;) Comeau et al., 2009). However, these responses both negative and positive
are not always 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 that 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
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will amplify or attenuate over successive generations resulting in the reordering of
the ecosystem.
Ocean acidification and climate change in general will play a key role in the
distribution of CaCO3 productive species, which will occupy those areas where
production of CaCO3 is sustainable. Also other non- CaCO3 productive species will
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 resident or alien species (Shea and Chesson, 2002;) Hochachka and
Somero, 2002; Sorte et al., 2013). Examples of this fight were described in coral
funds inhabited by echinoderms and gastropods which came to be dominated by
flowering 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 environmental disturbances. The loss of these
species would result in a lower biodiversity and therefore a loss of health for our
oceans.
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ABSTRACT
The 5th Assessment Report of the Intergovernmental Panel on Climatic Change (AR5, IPCC, 2014) suggests
that the increase of greenhouse gas emissions from anthropic sources, in the last decades (particularly
since 1970), is responsible for the Climate Change. Climate Change has been producing adverse effects on
the oceans and coastal areas, such as water acidification, sea surface warming, and sea level rise (SLR).
Negative impacts on the coast are erosion, flooding during extreme events and terrain loss by immersion.
The increased awareness on the negative consequences of Climate Change made clear that the States
should enact effective environmental legislation binding the developed countries to reduce greenhouse
emissions to prevent dangerous anthropogenic interference with the climate system. There are different
levels of action, including international, national and regional, in which agreements have been signed in
several Conferences. The most important international cooperation was the United Nations Framework
Convention on Climate Change (New York, 1992), which has been modified in later Conferences (Kioto,
1997, Nairobi, 2006, México, 2010; París, 2016).IPCC assessment reports suggest that adaptation and
mitigation processes could reduce the hazards and adverse impacts significantly by decreasing exposition
and increase the resilience of the affected States. Management decisions adopted today will transform all
the XXI century, and consequently, is key to make the correct choices through scientific knowledge,
evaluation of the options, supervision, and experience in an iterative process.
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General issues and concepts
The United Nations Framework Convention on Climate Change (UNFCCC) uses two
definitions to differentiate between changes related to natural and anthropogenic
activities: Climate change is the alteration of the climate attributed to human
causes, directly or indirectly, that modifies the composition of the whole
atmosphere, in addition to natural climate variability observed over comparable
time periods. Climate variability is attributed to natural causes.

The 5th report of the IPCC assessment report (Fifth Assessment Report, AR5, 2013
and 2014) is the source of more detailed information about actions that can be
accomplished to prevent or minimize the adverse aspects of climate change. The
triggering point of these global changes is mainly attributed to the increase of
anthropogenic greenhouse gas emissions.

Anthropogenic greenhouse gases have been increased continuously from 1970 to
2010, and it is steadily growing in more recent decades. The main contributor to the
rise of CO2 has been an ever-increasing energy demand and using of coal and other
fossil fuels, generally. CO2 emissions derived from the combustion of fossil
resources such as hydrocarbons (oil and gas) or coal have contributed a 78% of the
total emissions of greenhouse in this time.

Climate change significantly affects the ocean and coasts in several fundamental
aspects: (1) acidification of the ocean, (2) the increase in the ocean’s temperature
(SST), and (3) the rise of the sea level (SLR). The coast is mainly affected by adverse
impacts. The most serious is coastal erosion, loss of land by immersion and coastal
flooding due to extreme events. In the social field, climate change also affects the
industrial sector (forestry, fishery, tourism, etc.), housing and infrastructures (ports,
roads, health facilities, etc.). It also affects human health and ecosystems.

The interventions for reduction of the climate change effects caused by the
emission of greenhouse gases focuses on two key points, recognized as objectives
in the article no.2 of the United Nations Framework Convention on Climate Change
(UNFCCC): mitigation and adaptation. The critical aspect, in this context, is to
achieve sustainable and equitable development aside from the private interests of
agents or governmental institutions which only serve their interests. It should not
be forgotten that greenhouse gases mix globally and therefore affect us all no
respecting borders. For example, it is required the replacement of polluting power
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plants for other more efficient in energy combined power plants. The capture and
storage of CO2 is another crucial strategy in mitigation.

In the management context of climate change impacts, it is important to
understand some concepts: hazard, exposure, risk, vulnerability, impact,
mitigation, adaptation, transformation and resilience (IPCC, 2014).
- HAZARD: Possibility or potential to a natural or human-induced event
occurrence. It presents a potential loss of lives, health, property or
infrastructure damages, services supply, ecosystems and environmental
resources.
- EXPOSURE: Presence of people, livelihoods, species or ecosystems,
resources, services, infrastructures, cultural, social, or economic assets in
places that may be affected in a negative way.
-

HAZARD + EXPOSURE = RISK

- RISK: It is the probability that damage will occur when a subject,
infrastructure, housing, etc. It is exposed to a hazard. It is the potential to
suffer the consequences of exposure to a hazard. Risks result from the
interaction of vulnerability, exposure, and hazard.
VULNERABILITY: Tendency or predisposition of being negatively
affected by an adverse event or danger. Besides susceptibility of damaging,
it also includes lack of response and adaptation.
IMPACT: Hazards effects, changes in natural and human system
(ecosystems, economies, societies, cultures, services, infrastructures, etc.)
in relation to the vulnerability of a community or other exposed system.
- MITIGATION: It is the human intervention which aims to reduce or
mitigate the adverse effects of climate change, for example to curb global
warming and other aspects associated to gas emissions reduction strategies
or the abduction of these gases to reduce its concentration in the
atmosphere.
- ADAPTATION: It is the process of adjustment to the experienced or
expected climate and its effects. In human systems, adaptation is planned
to prevent or mitigate the damage, but also taking advantage of beneficial
opportunities.
- TRANSFORMATION: It refers to changes in the fundamental attributes
of natural and human systems. This transformation may include alteration,
reinforcement, or major changes in the objectives for the promotion of
sustainable development, including poverty reduction.
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RESILIENCE: It is strength or endurance. It is the ability of social,
economic and environmental systems to resist dangerous events or trends
of increasing risks, through the skills as adaptation and transformation.

Main adaptation strategies
There are different adaptation measures that countries can adopt to mitigate the
adverse effects of climate change (rise of sea level and floods caused by extreme
events). These strategies can be grouped into four groups (fig. 1):

SETBACK: it consists of abandonment or withdrawal in-land of;
populations, ecosystems, or coastal infrastructure.
- ACCOMMODATION: it is an adaptation 'in situ', without displacement. It
would be an adaptation of dwellings, foundations, etc., into conditions that
allow them to resist floods, like floating structures, constructions on pillars,
etc.
- PROTECTION: this strategy aims to establish a series of mitigating or
protective action by building barriers between the sea and populations or
other resources, for example, dikes, levées and other structures of
engineering, that serve to alleviate the effects of the surge in extreme
storms, and other hazards.
- NATURE RESTORATION: natural environments would be restored as the
beaches and dunes, marshes, mangroves, anddifferent settings that either
directly serves as an obstacle or dissipate the energy of extreme events. The
reconstruction of mangroves has been proven particularly effective against
tsunamis (although these are not lated to climate change).
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Figure 1. Adaptation strategies that alleviate the negative effects of climate change
(illustration
by
Emily
Underwood
/
San
Francisco
Public
Press;
http://sfpublicpress.org/news/searise/2015-07/four-ways-to-guard-against-sea-level-rise).

Framework on climate change
Since the awareness of the importance and scope of climate change and the
consequent need for actions- it was seen a necessity- the countries should reach
agreements and commitments so that they would limit their emissions of
greenhouse gases (GHG) and implement policies involving citizen participation.
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In this line, in 1988 the Intergovernmental Panel on climate change (IPCC) was
established to provide comprehensive assessments of the scientific, technical and
socio-economic knowledge about climate change, its causes, potential impacts, and
response strategies. Since then, the IPCC has prepared five evaluation reports in
several volumes, available to the public, and its findings have been essential to
determine international government action. The fifth assessment report (AR5) was
focused in the evaluation of the socio-economic aspects of climate change and its
impact on sustainable development, regional issues, risk management and the
preparation of a response of adaptation and mitigation. Besides, more than one
hundred of pieces of evidence of impacts caused by climate change were collected,
showing the need for a necessary adjustment, especially on the coast, to deal with
climate change.
Different scales of action such as international, regional and national organisms
have been conducted conferences and reached agreements involving all parts. The
most critical global cooperation is the United Nations Framework Convention on
Climate Change (UNFCCC), which was adopted in New York on 9 May 1992 and
entered into force on 21 March 1994, although subsequently it underwent
modifications and updates (the addition of the so-called Kyoto Protocol in 1997, the
amendment of Nairobi 2006 or the Mexican protocol adopted in 2010, for example).
The primary objectives of the Convention (UNFCCC) are achieving the stabilization
of the concentration of greenhouse gases in the atmosphere at a level that would
prevent dangerous anthropogenic climate effects and sufficient time to let the
ecosystems adapt naturally to climate change, ensuring that food production is not
threatened and allowing the economic development to proceed in a sustainable
manner. It is a document in which climate change is considered an unavoidable fact,
which implies both the need of implementing preventive measures for change
braking such as palliative, adaptive and remedial measures of the new situation in
which it is entering. However, at that time, in 1992, the levels of concentration of
greenhouse gases which are considered dangerous anthropogenic climate were not
determined, thus recognizing system interferences that there was no scientific
certainty about what should be understood by levels hazardous or non-hazardous.
The superior body of the Convention is the Conference of the parties (known by its
acronym in English, COP, and also as "Climate Summit") which meets annually since
1995 in the so-called International Conference on climate change (in Marrakech in
2016 and in Bonn in 2017). The COP is a group or association of countries that are
part of the Convention and the quorate. It analyzes new data on climate change, the
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signs of progress in the implementation of mitigation and preventive measures, and
especially the national reports, including emission inventories submitted by parties.
The dissemination of the activity of both the Convention and the COP in the media
increased public awareness of the problem of climate change in particular and on
sustainability in general.
The European Union (EU) has become aware of the problem and has adopted a
uniform policy which gives a great international relevance. This awareness of the
problem’s gravity and the implications that actions to reduce greenhouse gas
emissions could have in the economy of some developing countries have made de
organisms adopted measures that went beyond the established by the Convention.
Thus, when signatories to the Kyoto Protocol (1997) committed themselves to
reduce their emissions of greenhouse gases in at least 5% about the level of 1990
during the 2008-2012 periods, the EU's commitment was set at a reduction of 8%.
Since then, the progress of the reduction measures has been constant and
consistent with awareness of the problem. The EU has set for 2020 reduction target
of 20% concerning 1990 greenhouse gas emissions, along with that 20% of the total
energy consumption had an increase of 20% of energy efficiency and renewable
energy. By 2030 it aims the reduction of at least 40% of the emissions of greenhouse
gases to 1990, at least 27% of the total energy consumption comes from renewable
energy sources, and that is an increase of at least 27% of energetic efficiency. In the
long-term, by 2050 the EU wants to reduce their emissions by 80-95% for 1990
levels, thus joining their efforts to the whole developed countries. In the opposite
side to what at first glance may seem, the EU takes this policy as an opportunity that
can achieve an economy of high energy efficiency and low CO2 emissions, creating
jobs and improving Europe's competitiveness.
But for all these changes, it is necessary to take measures, which are mainly of two
types: regulatory and financial support. The regulatory include the trading scheme
allowances from the EU, the promotion of renewable energy sources, the reduction
of energy consumption in dwellings (building and appliances) and industries,
reduction of emissions in transport, etc. Regarding financial support, it is expected
that at least 20% of the budget of the EU, in the period 2014-2020, is intended for
the protection of the climate.
To distribute and implement all of these measures, the EU published in 2009 the
White Book of adaptation to climate change: towards a European framework for
action (COM (2009) 147 final) on which sit the bases and principles on community
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policy in the field of adaptation. In 2013, the EU adopted the European adaptation
strategy to climate change with the general objective of contributing to a Europe
that is more resistant to change and climate variability, which means to improve
preparedness and responsiveness to the effects of the change climate to local,
regional, national and EU, creating a coherent approach and enhancing
coordination. This European strategy includes coastal areas as one of the territories
with the higher risk for impacts of climate change, so that, between the actions
proposed, is to promote adaptation, especially in the area of cross-border coastal
management, emphasizing in deltas and densely populated coastal cities. The
strategy includes in addition a specific supplementary document with the effects of
climate change on the coast and the seas (Climate change adaptation, coastal and
marine issues) and is related to other European policies such as the water
framework directive, Framework directive for the marine strategy, the floods
directive or framework directive for the management of the maritime space.
Based on this policy and other familiar European strategies, the Member States
have the opportunity to design their plan, adapted to the peculiarities of their
territories, societies, and economies.
Assessment of the impacts of climate change and decision making
The IPCC AR5 evaluates the changes that are occurring in risk tendencies due to
climate change. The impacts and risks of climate change can be reduced through
mitigation, adaptation and proper management. Both mitigation and adaptation
positively modify risks, with its associated effects, decreasing exposure and
increasing resilience (Fig.2).

Figure 2. the interrelationships between hazard, exposure, vulnerability and risk are that
control the importance of the negative impacts of climate, both those produced by climate as
by its natural variability. The proper application of management plans, including measures
of adaptation and/or mitigation, are determining plans to minimize those impacts (AR5, IPCC,
2014-a and b).
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In recent decades, climatic extremes were an important aspect to be considered in
many contexts of decision making due to the constant uncertainty about the
severity of the climate change impacts on the environment and society. The
adaptation and mitigation measures proposed in the next few years will affect
climate change impacts during the 21st century. It is essential to get a good
understanding of the problem’s effect, identifying risks, exposure, and vulnerability;
evaluating possible options, risks and benefits, and once taken a decision based on
the knowledge and experience, carrying out the monitoring of implemented
measures in an iterative or repetitive process (Fig.3).

Figure 3. The interrelationships between hazard, exposure, vulnerability and risk are that
control the importance of the negative impacts of climate, both those produced by climate as
by its natural variability. The proper application of management plans, including measures
of adaptation and mitigation, are determining plans to minimize those impacts (AR5, IPCC,
2014-a and b).

Climate change generates multiple factors of both biophysical and social stress.
Among the elements of pressure, it must also be considered climate variability,
differences in land use, ecosystems degradation, poverty and inequality and cultural
factors.
This space of opportunity presents a series of critical points where decisions and
paths are taken, leading to various possible futures with different resilience and risk
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levels. In these vital points and all the space of opportunity, appropriate measures
can be made or not in a context of management or lack of control incorporating the
risks caused by climate change. The implementation of standards of adaptation and
mitigation, the result of proper management, will produce a resilient trajectory. This
learning is essential through the accumulation of scientific knowledge and decision
making to reduce all risks. A less resilience path can be generated due to bad
management, insufficient mitigation measures, an incorrect matching, or by
ignoring scientific knowledge.
Bad decisions can result in irreversible situations in the future. The higher the
magnitude and accelerating of climate change, the higher the probability of
exceeding adaptation limits. Transformations in the decisions and measures on the
agenda of economic, social, technological and political field can enable resilient
paths to the climate (Fig.4). If rules are not taken on time on those key points, it may
be too late, shortly, to get a resilient world and resistant to various dangers.

Figure 4. Space of opportunity and resilient trajectories when taking right decisions or not
(AR5, IPCC, 2014).

Dangers, risks and impacts of climate change on the coastal system
Coastal systems and low lands include all the areas close to the mean sea level. The
concept of the coast or coastal area varies from a scientific, social or a political point
of view. Concerning expose to a potential rise in the sea level, the concept of 'low-
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elevation coastal zone' (LECZ; AR5, IPCC, 2014) has been used in the last years to
refer to a specific area below 10 m (Vafeidis et al., 2011 in IPCC, 2014). It is important
to consider that the coastal area includes both the natural and the human system.

IPCC, FAR, 2014

Figure 5. Coast presents a variety of aspects, from its unaltered natural state until the
complete anthropization. Coastal systems include both natural and human or social networks
(top photo, Málaga; bottom photo: beach in Cies; outline of the AR5, IPCC 2014).

The coastal system is very complicated as it covers very diverse environments such
as beaches, barriers, dunes, deltas, and estuaries, marshes, rocky areas and cliffs.
Besides this natural complexity, there is an added problem, and that is the strong
influence of human activities on the coast, including housing, transportation,
services, infrastructure and activities aimed for tourism, culture, economy, etc.
(Fig.5). Natural and human systems are, therefore, a narrow socio-ecological
system (Berkes and Folke, 1998;) Hopkins et al., 2012 in AR5, IPCC 2015) in which
human pressure is rising.
Climate change, another essential alteration of human origin, has a significant
impact on the coastal and marine environment. In particular, in the coastal strip,
worrying hazards and associated risks are mainly related to sea level rise, the
intensification of extreme events and the frequency of them. These phenomena
carry essential damage off the coast due to the impacts that produce therein, such
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as erosion and sediment loss, floods due to bad weather and the land loss by
immersion.
The influence of climate change on the coast can have a marine and continental
origin (Fig.6). Those influences of marine origin come from interactions oceanatmosphere, NAO, ENSO, etc. that can change the temperature of the ocean and
the frequency of storms. The continental influence is reflected in variations in the
flow of the rivers and the contributions of sediments and nutrients, atmospheric
inputs (atmospheric dust) or glaciers.

Figure 6. Climate change affects the coastal system in different ways, both natural and social.
The influences can be continental and marine (IPCC, 2007).

The morphology of the coast is strongly influenced by coastal processes (tides and
waves). The coast will change adopting a new profile of equilibrium with the new
dynamic conditions incidents. These changes are particularly relevant in more
dynamic environments, like, for example, the beaches and barriers.
5.1 Sea level rise (SLR)
Sea level changes can be global, affecting the entire ocean (eustatic changes) or
regional, when the rise or decrease is due to local causes such as the sinking of the
ground in a delta or isostatic shock rebound, for example, after the thaw. The main
components of the global changes of the SLR are the thermal expansion of the
ocean, the melting of the glaciers, ice equilibrium between Greenland and
Antarctica and storage of water on Earth.
In the last interglacial period (MIS 5e- 130 ka) the global sea level was up to 5 m
above the current level and the average temperature was 2 ° higher compared to
the preindustrial period. According to the IPCC AR5 (2015), the rate of transgression
today (mm/a) has ascended from the 20th century to the 21st century: from 1901 to
2010 was 1.7 mm/a; and considering the period between 1993 and 2010, in which
data are more accurate, 3.2 mm/a. Establishing the curve of the sea level accurately
is complicated since the data come from different sources (Fig.7-9). Tide gauges

EduCO2cean Magazine
101

obtained the oldest direct instrumental measurements.. Since 1993, data come
from altimetry satellite (Fig.8). Fossil records studied with geological criteria were
used to determine positions of the sea level before these instrumental measures.
Future trends are inferred by mathematical models assuming various scenarios
(variations of CO2emissions, presence of aerosols, etc.).

Figure 7. Evolution of the sea level in the last centuries and future projections. Light blue
area: projections of the IPCC (model GHG emissions). Vertical bars: semi-empirical models
(Nicholls & Cazenave, 2010).

Figure 8. Direct measurements of satellite TOPEX/Poseidon (red) and Jason (green) since
1993
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Critical contributions during 20th and 21st centuries to the SLR were thermal
expansion of the ocean and glaciers and ice melting (excluding Antarctica). These
two contributions would explain 75% of the sea level rise.

Figure 9. At present, very sophisticated techniques are used for correcting data from tide
gauges, being able to match them with satellite data, more accurate. The graph shows the
average data of the sea level according to different authors. All of them show a rise in the sea
level from 1900 to the present (top: there is et al., 2015; bottom: Kopp et al., 2016)
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5.2 Loss of land by immersion. Example of adaptation on the European Atlantic
Coast: The Wash (UK) and The Netherlands.
One of the immediate consequences due to global warming and sea level rise is the
inundation of low-lying coastal areas. In its contribution to the IPCC AR5, the
working group II considered that "adaptation" could prevent most of the projected
damages within the Key Risks for the European region. The areas where it is
foreseeing a more significant economic loss and more people affected by floods,
river basins, and the coast, are those that require greater measures of adaptation,
since they are more exposed.
The increase in growing urbanization means more exposure in the future; sea level
rise, extreme events of marine origin and maximum river flows produce significant
impacts in the coastline, loss of sediment and erosion, loss of land by immersion and
many economic losses due to damage caused by these processes.
Deltas are particularly vulnerable. Besides being low-lying coastal areas, they tend
to sink naturally due to the compaction of sediments. This movement is called
subsidence and may increase due to the extraction of water or other fluids
underground. Different environments that are affected are tidal plains and
marshlands that are often associated with the banks of estuaries, bays and tidal
rivers. All of these environments are very exposed to the rise of the sea level. Also,
we should bear in mind that climate change affects simultaneously increasing the
frequency of extreme weather events such as heavy rainfall and storms. Both
phenomena help each other improving the effects of the sea level rise on the
flooding of low-lying coastal areas.
Europe has substantial experience in technologies of floods protection with
structural elements and growing experience in coastal wetlands restoration.
Obstacles facing the implementation of adaptation measures are (1) high costs for
increased levels of flood protection, (2) soil demand in Europe and (3) environmental
and landscape concerns.
The Netherlands lies on the deltaic complex of the rivers Rhine and Meuse (RhineMeuse, Fig.10). Is probably the nation that has more experience fighting against the
loss of land by immersion (see Kwadijk et al., 2010) that is the ideal example to
illustrate the different measures of adaptation to this type of impacts (Fig. 11).
Almost half of its territory was gained at sea. The first inhabitants settled in the
fertile marshlands of the delta of the Rhine.
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NM

Figure 10. Digital model of the Netherlands terrain. Much of the territory is already below
the sea level (0 is indicated by a blue arrow; http://rebrn.com/re/very-detailed-relief-map-ofthe-netherlands-fascinating-to-see-t-1095507). Right: map of the delta of the Rhine-Meuse,
where
you
can
see
the
position
of
the
Netherlands
on
the
coast
(http://www.geo.uu.nl/fg/palaeogeography/rhine-meuse-delta )).

In the Netherlands, houses were built on elevated mounds that were connected
through walls to create newly reclaimed lands called “polders.” In the next step of
adaptation, windmills were built as hydraulic machines to drain the water from the
low lands to a system of channels to lead water to the sea. At the same time, dikes
were built to protect the reclaimed areas, thus increasing their territory. But
throughout history, the country has been hit by the fury of the North Sea. The worst
flooding happened at the end of the 13th century when the dam of the North broke
and produced a tongue of water. The city of Amsterdam was settled to the South of
it. New dikes were building continuously, extending and reinforcing existing ones.
In 1953 there was a massive flood, this time it happened in the dikes of the South, at
the current mouth of the Rhine. This event produced a very high economic loss and
the death of more than 2000 people. Immediately it was launched a mega project
of adaptation which was known as the Delta Plan. Surely it is the largest integrated
water management project in the world and included fixed docks, reinforcement of
existing mobile floodgates, pumping stations, canals and locks systems. The plan
was completed in 1997 and improved not only the protection of the country against
the floods, but also the supply of freshwater for agriculture, mobility and
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communications between the Dutch regions, and guaranteed sea transportation to
the biggest port in Europe and one of the most important in the world, the
Rotterdam’s port.
Oosterschelde barrier / Eastern Scheldt storm surge barrier

Dique de protección
Casas flotantes, Amsterdam

Figure 11. Different strategies of adaptation to the sea level rise: barriers against waves of
storms and extreme events, and dikes, assume a protection strategy, while the construction
of floating structures is a strategy of accommodation.

Another step towards adaptation measures against floods, trying to restore the
environment, was the correction or retention of water from rivers that reach the
deltaic complex. Technicians decided to return the space that was taken from the
floodplains. The program was called Room for Rivers, and it was implemented since
2006. This project consists in leaving more area to the river flows, deepening
channels and increasing their floodplains. The modifications will involve
modification and removal of dams, removal, and relocation of bridges and even
productive agricultural and pastoral areas and populations.
In the United Kingdom, there are excellent examples of estuaries, tidal plains and
marshlands vulnerable to flooding due to the sea level rise. The Wash is located in
the East coast of the United Kingdom, between the counties of Norfolk and
Lincolnshire. It is a large estuary fed by the rivers Witham, Welland, Nene and Great
Ouse which develops large areas of tidal plains and marshes.
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Historically, since the Roman Empire times until the decade of 1970, walls have been
built on the banks of The Wash to protect land from flooding. This fact helps to gain
new lands to the sea a turn them into farmland. Today, as a strategy of coastal
management, it is planned to shoot down those structures, setting back them
inland and leaving more space to regenerate natural formed intertidal zones that
will serve as protection zones before the action of the waves and the floods. This
works began to be carried out at the Freiston Shore coast in Lincolnshire County.
The results obtained in 2006 were very satisfactory, although it is true that it is an
approach at medium / long term. For this reason, it is not understood by the
landowners, who see their productive areas are reducing to marshlands and
intertidal zones are growing. This is an example of eco-engineering which is based
on the understanding of the functioning of natural ecosystems.
5.3 Effects of risk prevention in extreme atmospheric events. Examples of
management on beaches and dunes for erosion and flooding prevention
One of the immediate consequences of the sea level rise and the progressive
increase in magnitude and frequency of storms, due to climate change, is the
setback of the coastline due to erosion. Sea level rise is particularly worrying in those
coastal sections formed by dunes, beaches, and cliffs made by unconsolidated
sediments.
There are many directives in Europe aimed for the protection of coastal areas whose
main objective is to generate new instruments at a community level to reduce
possible consequences of floods by means of management, supported by
dangerousness and risk maps; for example, in Spain that is under the responsibility
of the General Directorate of water and the General Directorate of coast and sea
sustainability, within the General Administration of the State.
As well as the addition of climate change effects we have to add the high pressure
of human activities that have proliferated in these natural areas in recent decades
(construction of breakwaters, boardwalks, housing, extraction of aggregates for
construction, etc.). In addition, these actions cause degradation and reduction of
the area of these environments, human activities also affect their ability to cope
with climate change pressures, emphasizing erosion processes. The increase of the
erosive ability of waves falling upon rigid and artificial structures, deficit in
sedimentary balance due to extraction of aggregates in subtidal ecosystems,
beaches and dunes, or the total disappearance of the coastal dune cord, are obvious
examples. It is necessary to understand that beaches and dune cords are natural
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barriers that act as wave damping and therefore constitute a natural barrier of
protection to the coast.
Coastal erosion involves three types of impacts (or risks): (1) loss of surface, with
economic, social and ecological value; (2) destruction of natural defenses in the
coastline by storms (beaches and dune systems), which favors floods and (3)
deterioration of protective infrastructures, which also enhances the risk of flooding.
A couple of decades ago the European Union began to consider initiatives in order
to develop management strategies for coastal areas (specific programmes, as
ELOISE among others). For example, in 2004 with the study named EUROSION,
directed by the General Directorate of environment, it was quantified the extent of
the phenomenon of coastal erosion all over Europe. This initiative focuses on
quantifying conditions, impacts and trends of coastal erosion in Europe (with special
consideration of those produced by climate change), evaluating the needed actions
and developing a manual with recommended actions at the level of the European
Union, the Member States and the regions.
Most of the coastal countries of the European Union are affected by coastal erosion
(with serious impacts in 20,000 km approximately, 20% of the total coastline in the
EU), which means an effective recoil of the coastline despite the defensive
structures. Each year, around 15 Km of beach and dunes are lost due to erosion.
Since the beginning of the XXI century, over 1500 houses have been abandoned
because of the imminent danger caused by coastal erosion and thousands of homes
have decreased its value. This trend has been increasing and, according to studies
conducted by the IPCC (2014), it is expected the coast erosion problems become
more serious.
Measures taken to curb coastal erosion have been and are of a diverse nature and
effectiveness considering its long-term protective response against climate change
especially. The most important groups are classified as:
1. Moving inland facilities and buildings outside the risky areas "building
relocation": this kind of action has been applied in United Kingdom (Essex and
Sussex) and in France (Criel Seur Sea) among others. In a long term, considering the
tendency of coastal recede, it turns out to be the most reasonable solution and
respectful from an environmental point of view.
2. Civil engineering and rigid structures: They are "hard" engineering techniques
using concrete or breakwaters to fix coastline (walls, breakwater, etc.). They
characterized more than 70% of the coastline protected in Europe. In general, they

108

Pérez-Arlucea, M.; Alejo, I.; Mendez, G. Nombela, M.A.

have positive effects only in a short term and locally. The groynes, for example, they
cut the littoral drift and deprived the sedimentary inputs to the beaches located
downstream leading to an accelerated coastal erosion (fig. 13). Breakwaters
(breakwaters, seawalls) may increase turbulence and sediment loss, being
accentuated in storm events and sea level rising. Therefore, these techniques in a
long term cause a continuous increase of erosion (examples: Châtelaillon Beach
ince, from De Haan in Belgium, of Gross in Spain...).

Figure 12. Protection of the coast through works of Engineering (left: a groyne scheme
changing coastline, to the right: four examples of types of seawalls).

Figure 13. Negative effects of a wall of protection from a beach (Paskoff, 1993).
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3. "Soft" technical engineering (soft engineering): This is a set of techniques that
includes artificial regeneration of beaches (nourisment beach) and the dunes
(Fig.14), what are accompanied by other stabilizing measures. Artificial sand is used
on beaches, which comes from nearby subtidal areas. However, it is not a
permanent solution since it is needed to repeat this action with each storm. In
dunes, it is used an amount of sand to carry out the mechanical reconstruction of
the dune morphology, followed by an action of stabilization through the installation
of sand retention tools (staves of wood, wicker or esparto) in rows or circular shapes,
forming obstacles to the wind. Then, a manual revegetation planting is made with
dune species (an e.g. in temperate zone Ammophila arenaria is the most widely
used). Finally, the installation of protective systems consists in the installation of
enclosures with small fences, aerial walkways and informative posters.
These techniques are more successful when they are accompanied by knowledge of
the coastal dynamics and sediments are appropriate. To a greater or lesser extent,
all these techniques represent partial performances against coastal erosion,
especially in response to the trend marked by climate change, and they
demonstrate the need for a preventive approach based on planning, monitoring,
evaluation and the principles of the integrated coastal zone management (CIZC).

Figure 14. Examples of different phases of beaches and dunes regeneration
(http://www.mapama.gob.es/es/costas/publicaciones/manual_restauracion_dunas.aspx).
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5.4 Examples of performance to the impact of storms on the Atlantic coast.
This section shows two examples of impacts due to storms and actions taken in the
European Atlantic coast: (1) protected natural area and (2) coastline with highly
valued touristic and economically.
1 Vizcaya’s coast, Spain: Laida Beach, Urdaibai estuary
This beach is the largest within the area declared as a biosphere reserve of Urdaibai
(Fig.15). Since the 1990s the dunes of Laida disappeared by the combination of
anthropic pressure (sand extraction and removal of vegetation by trampling) and
effects of storms. Between the years 1999-2015 dune restoration efforts were
developed and that have allowed the recovery of the ecosystem, thanks to EU funds
(regeneration of the dune ecosystem (Urdaibai) LIFE/NATURE/000031/ES Laida
Beach) and the Basque Government.

Figure 15. Aerial view of the estuary of Urdaibai, Spain (http://www.urdaibai.org).

A number of actions were carried out for the regeneration. To speed up the
regeneration of the beach and the dunes, it was conducted first a landfill of sand
from dredging the estuary and sand extraction (around 40,000 m3) from intertidal
areas of the beach by a tractor. The object on the one hand was accumulating sand
artificially to the highest parts of the beach to favor accretion processes and the
recovery of the system. On the other, with the plough of the bottom, is intended to
favor the transport capacity of sand by the waves.
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Figure 16. Recovery action with sand collectors: before and after their installation. Laida
Dunes, Urbaibai (http://www.urdaibai.org and http://www.euskadi.eus ).

Another action is to delimitate and close the area aimed at the dune restoration with
wooden posts and rope. In the first phase of regeneration, sand collectors are placed
on artificial sand spills to avoid their loss (Fig.16). In the second phase of the dune’s
regeneration, plant species are planted (550,000 specimens of Ammophila arenaria
and Elymues farctus; ) Fig.17). Subsequently the scientific team conducted a followup, a morphological and sediment evaluation of the project accompanied by
outreach and social awareness. Finally, accesses to the beach were settled and
restored (wooden footbridges).

Figure 17. Action of manual revegetation (left), enclosure with fences in Laida dunes,
Urdaibai (http://www.urdaibai.org and http://www. euskadi.eus ).

2 Aquitaine, South of France coast: Lacanau Beach
On this beach, like in many others along the coast of Aquitaine and Europe, its main
economy (tourism) is threatened by erosion. On the waterfront are 20% of the
second homes and most of the commercial activities of the community.
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In the winter of 2013-2014 a succession
of storms caused a setback (from 10 to
20 m) of the line of coast, revealing the
magnitude of the risk and the plight
and problems generated in the
municipality (fig. 18 & 19). However,
the erosion by storms had occurred
before, since 2011 we already have
specific studies, within the framework
of the national projects.
From 2016, the city of Lacanau has a local strategy for coastal management,
validated and funded by the European Union, French Government and regional
organisms. Those strategies for the erosional risk management are running two
aspects by long-term (2100): immediate execution of preventive and protective
measures (as a transient measure to be applied during the period 2016-2018) and
relocation of inland buildings and installations (according to studies of
determination of the perimeter's vulnerability in a 100-year horizon). The latter one,
although expensive in a short term, it is being thought throughout the territory as
the effective long-term action that will minimize economic damages as a result of
the progressive increase of erosion processes.

Figure 18. Storm effects in Lacanau in the winter of 2013-2014 left and aerial view of the
current coast (http://www.mairie-lacanau.fr/environment/381-erosion-du-littoral.html ) ).

EduCO2cean Magazine
113

Figure 19. Effect of the episode of storms in the winter of 2013-2014 in another town on the
coast of Aquitaine (Soulac sur mer), France
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ABSTRACT
The chapter will focus on marine renewable energy, identified as wave and tidal energy.
There chapter will be split between the two marine energy resources with a final section
focussing on the role marine renewable energy has in climate change mitigation. The
wave section of the chapter will explore how ocean waves are created and look at wave
energy characteristics. The chapter will also cover estimates of global and European wave
resource before going into detail on how to exploit waves for energy, and the technology
and devices used for this. The section will also cover how the wave sector has developed.
The tidal section of the chapter will describe how tides are formed and look at tidal
characteristics. Global and European tidal resource will be covered along with
descriptions of suitable sites for exploitation. Different tidal energy technologies will be
examined including tidal stream, tidal barrage and tidal lagoon. An overview of the
opportunities and constraints of marine renewables will be discussed. This section of the
chapter will also cover the status of marine energy and the role that marine renewables
will have in a future energy scenario. The final section will look at the carbon,
environmental and economic costs of marine renewables.
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General questions and concepts
•

What is marine renewable energy and how is it exploited?

•

Wave formation and wave resources.

•

How are waves exploited as an energy resource?

•

Tide formation and tide resources.

•

How are tides exploited as an energy resource?

•

The status of marine energy and the potential future of marine energy.

•

The opportunities and constraints of marine renewable energy.

•

The environmental interactions of marine renewable devices.

•

The role marine renewable energy has in climate change mitigation.

•

The economics of marine renewable energy.

Introduction
Marine renewable energy, sometimes known as ocean energy, is a form of
renewable energy that is extracted from the world’s oceans and seas. Marine energy
is abundant, diverse and renewable. There is a global expectation that marine
energy will contribute to a future low carbon, renewable energy mix. The EU hopes
that by 2050 marine energy could meet 10% of the unions power demand.
Marine energy is currently harnessed as kinetic energy and is used to generate
electricity for many different uses like powering industry, keeping the lights on in
our homes and powering electric trains. Marine renewable energy is extracted from
both waves and tides, although different kinds of technologies are needed for these
different kinds of resources, these technologies will be explored later in the chapter.
The challenge in marine renewable energy is now global. How to extract the energy
from the sea, how to transport the energy to land, how to store the energy and how
to export it, all in an economic matter. Although the challenge is global, the
development of the industry is being driven mainly by countries with a strong
marine renewable resource. These countries are expecting marine renewable
energy to be an economic driver when commerciality is achieved.
Many of the aspects related to marine renewables have been seen before in other
industries. Lessons can be learnt from the oil and gas industry in operating in marine
environments, turbine technology has also been utilised from the hydroelectric and
wind industry. As we will see later in the chapter, where it is possible to borrow
technology and designs from other established industries it is much easier to
develop a marine renewable technology.
We will explore in this chapter how marine energy has a difficult task in exploiting
energy from the marine environment. The technological challenge is great and the
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advancement has not been nearly as easy or timely as many in the sector had
expected. There has however been marine energy exploitation for decades and as
we move into the next generation of devices, the success of the industry is getting
closer and more assured. The world has been waiting for marine energy to deliver
and marine energy is now beginning to deliver for the world.
Wave energy
Wave energy has the potential to be a truly renewable sustainable source of energy
for many areas of the world, particularly North West Europe. Waves are renewable;
they do not cost anything and are full of energy ready to be exploited. The
developing sector has the potential to provide large amounts of energy to Europe
when it is most needed, during the cold, dark winters. The technological challenge
is significant but the results that will come from harnessing wave power will make it
well worth the wait. This section will explore how waves are formed, where waves
are found and what technologies can be used to capture this energy and generate
electricity.

Wave formation
Waves are created from wind blowing over the surface of water. Some waves are
formed by other forces such as earthquakes, which can create tsunamis, but the
focus of this section will be ‘wind waves’ as these are most common and the kind of
waves the energy will be extracted from.
Waves are formed by winds blowing over the surface of sea. As the wind blows over
the surface of the sea, friction is created producing swell in the water. Water
particles rotate inside the swell and this moves the wave forward.
The size, energy and direction of the wave depends on a number of factors; the wind
speed, the distance of water the wind blows over (fetch), the bathymetry of the
seafloor and currents.
As the wind and currents influence wave formation there is significant seasonal
variation in when wave energy can produce the most electricity. The most
generation that can be seen is in the winter months when there is more wind and
therefore more waves.
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Figure 1. Ocean surface and wind interaction showing wave creation (left) and wave
propagation over oceans (right). Source (www.aquaret.com)

Wave resource
The best wave resources are found where wind speeds are great and there is a large
fetch. In Europe, the best wave resource are therefore found on coasts facing the
Atlantic Ocean as the Atlantic Ocean has the greatest area and therefore fetch.
There is smaller wave resource in the North Sea, reducing even further as we look
at the Baltic and Mediterranean Sea. The wave resource reflects why countries such
as the UK and Portugal have been at the forefront of wave energy development.

Figure 2. Wave Energy Resource across Europe. The best resource is found next to the
Atlantic Ocean. Source (www.aquaret.com)
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Wave energy converters
There are a number of different types of wave energy converters (WEC) currently in
development. Most WECs are designed to convert wave energy into a more useful
form of energy, usually electricity but some have other uses such as producing fresh
water through desalination. More than 1000 patents have been filed for WECs, the
earliest being in 1799 by Girard and Sons. At this stage of development, there has
been no standard design that has been adopted like has been seen in the early
stages of the tidal stream energy sector. There are eight main types of WEC being
designed and tested.

Point absorbers are floating buoys
attached to a base on the seabed. The
bobbing motion of the floating buoy
absorbs energy from all directions and
moves in a vertical manner between the
buoy and the base on the seabed. This
movement drives a pump or generator
that generates electricity. There are a
number of developing examples of point
absorbers.

Oscillating wave surge converters are
near-shore, near-surface generators. A
large paddle is attached by a moving arm
to a base mounted on the seabed. The
horizontal movement of the waves move
the paddle back and fore, generating
electricity. A notable example of this type
of device was the Aquamarine Power
Oyster.
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Wave attenuators are floating devices
that operate parallel to the wave
directions. They can consist of a number
of arms that capture the energy of the
wave as they move relative to each
other. The device is usually tethered to
the seabed so it can move freely into the
waves. The movement of the wave
pumps hydraulic fluid which in turn
drives electricity generators.

Oscillating water columns are partially
submerged structures that are open to
the sea below the water. Waves flow
into a chamber that compresses the air
inside. This compressed air drives a
turbine that can also generate in reverse
when the wave flows out of the
chamber. The world’s first commercial
device, the LIMPET in Islay Scotland,
was an oscillating water column.

The bulge wave technology consists of
a large rubber tube filled with water
facing into the horizontal action of the
wave. Water enters the tube and
creates a bulge. This bulge travels
through the tube gathering energy that
is then used at the other end of the tube
to drive an electricity generator.
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Overtopping devices capture the
energy of a wave as they break into a
storage reservoir. The water is then
returned to the sea by passing through
a turbine that generates power.

Submerged pressure differential
devices are usually located near the
shore and attached to the seabed. The
wave motion makes the sea level rise
and fall above the device creating a
pressure differential inside the device
that causes the device to move up and
down.

Rotating mass energy converters use
the swaying motion of the waves.
This motion is used to drive an
eccentric weight and this is attached
to a conventional electricity
generator inside the device. The
device is like a large self-winding
watch. The Wello Oy Penguin uses
this form of technology along with a
asymmetric hull shape to generate
electricity.
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The outline of the different technology shows the abundance of different designs
and different concepts involved in exploiting the wave energy resource.
Some of the earlier designs have failed as the developers have aimed too big too
soon. The larger megawatt (1000000 watts) devices have tended to fail as the
kilowatt (1000 watt) devices have shown promising results. The development
timeline of MW sized devices in marine energy can be equated to the Wright
Brothers going straight to trying to develop a Boeing 747 rather than starting first
on a smaller plane. The KW devices have had more success as they are cheaper to
build and scale. If something goes wrong on a smaller device then it is much easier
to replace or fix than at a much larger scale.
Tidal energy
Tidal power harness the power of the earths tides by extracting energy. Tidal energy
is a very valuable energy resource to those countries that have the specific
geography that allows for large tides. Unlike wave energy, tides do not rely on the
wind or storms to provide the resource. The resource is available every day and is
predictable for hundreds of years. Tidal energy has been exploited for many years
but the next generation of electricity generating devices are now at commercial
demonstration.
Tides formation
Tides are seen as the rise and fall of sea levels. Tides are formed by the gravitational
pull of the moon and to a lesser effect the sun, combined with the rotation of the
Earth. Most locations experience two high tides and two low tides a day. The
intensity, how high and low the tides goes in and out, of these tides also vary with
the lunar cycle. When the moon is full or new, the sun and moon are aligned which
causes greater than usual gravitational forces that results in extremely high (and in
turn low) tides, known as spring tides. At other times when the sun and moon are
not aligned, the gravitational forces are not as strong and the tides are not as high
or low. During these times of quarter moons tides are known as neap tides and neap
and spring tides make tidal power very predictable.
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Figure 3. Spring Tides, produced when the sun and moon are aligned. The water in blue has
been exaggerated to show the tidal bulge. Source (https://geographyas.info/coasts/tides/)

Figure 4. Neap Tides, produced when the sun and the moon are at 90 ° to each other. The
water in blue has been exaggerated to show the tidal bulge. Source
(https://geographyas.info/coasts/tides/)

Tidal resource
The changing positions of the sun and the moon are not the only mechanism that
changes the magnitude of the tides. The depth of the sea floor and coastal
geography both effect tidal patterns and creates very site-specific tidal conditions.
The largest potential for tidal energy is not open ocean but sites where the tidal
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range is intensified and funnelled by coastal features. Estuaries, large peninsulas,
shelving and narrow channels all increase the effect of the tides.

Figure 5. Resource assessment in Europe for tidal impoundment (left) and tidal stream
(right) Source (www.aquaret.com)

Tidal barrages
Tidal barrages work on the same principles as conventional dams for hydroelectric
power generation and provide a well-known and proven technique for generating
electrical energy. Essentially, a dam is built across a river inlet that also has a tidal
range. Sluice gates allow the incoming tidal stream to fill a basin, storing potential
energy, and then the water is released in a controlled manner during the ebb flow.
Turbines fitted within the dam wall convert both the incoming and ebb flow into
electricity.
Tidal barrages are one of the first methods that have been used in harnessing tidal
power with projects being built in the 1960’s such as the Kislaya Guba power station
in Russia and the La Rance tidal barrage in France. The world’s biggest tidal power
station was opened in 2011 in Sihwa Lake, Korea.

Figure 6. Tidal barrage with arrows showing direction of water flow with tides. Source
(www.aquaret.com)
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Tidal lagoons
Tidal lagoons work on the same principles as tidal barrages by capturing large
volumes of water behind a manufactured dam style seawall when the tide is at full
height and sluice gates are closed. As the tide retreats the sluice gates are opened
and the water leaving the lagoon is used to drive electricity generators. Tidal
lagoons do not however dam a river and rely solely on the ebb and flow tides to
generate electricity. This has advantages in reducing silting. Currently the UK is the
closest to building a tidal lagoon plant at Swansea Bay and has a number of other
tidal lagoon plants in planning.

Figure 7. Tidal lagoon with arrows showing direction of water flow with tides. Source
(www.aquaret.com)

Tidal stream technologies
There are a number of different designs for tidal stream technologies. Some of them
follow the underwater wind turbine approach and some follow a hydroelectric
approach to the technology. In many cases the industry is starting to see an
emergence of a standardised design that follows the horizontal axis approach,
either floating or seabed mounted.
Horizontal axis turbines a very similar to
conventional wind turbines and work in
the same manner. The turbine is placed
in the water channel and the tidal stream
causes the rotors to rotate in a horizontal
manner around a generator. As water is
denser than air it contains more kinetic
energy per square metre, the turbines
can be smaller than wind turbines.
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Vertical axis turbines work in a very
similar manner to horizontal axis
turbines but the tidal stream causes the
rotors to rotate around the generator in
a vertical manner.

Venturi Effect devices funnel the tidal
stream through a duct to increase the
water velocity. The water flow can then
be used to drive a generator directly.

Tidal kites are secured to the seabed and
carries a turbine below the wing. The kite
the flutters through the tidal stream in a
figure of eight which greatly increases the
speed of the water moving through the
kite. Tidal kites are useful for sites with
lower water speeds.

The Archimedes Screw is a helical
corkscrew shaped device. It draws power
from the tidal stream as the tidal stream
moves water up and through the spiral
which in turn drives a conventional
generator.
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Marine energy status and future
Wave and tidal energy have long been termed together as marine energy. As we
have seen from the difference in forces and technologies, the two forms of
renewable energy are very different. In looking to the current stages of
development and to the future, it is again useful to separate the technologies into
their respective paths to gauge the status of development in the sector.

Wave energy
Wave energy has suffered during the middle of the decade after a promising start.
A series of high profile projects and companies failing was a major blow to the
industry but the lessons learnt are now being utilised in future developments.
Although there have been some setbacks from individual companies there has been
massive progress in WECs over the last decade. Full-scale prototypes are now being
tested at a pre-commercial level. The EU (OEF 2016) expect 10MW of full-scale
WECs to be deployed by 2020 and a good-case scenario has 100MW developed by
the mid-2020s. The difficulty the wave sector has experienced reflects the difficultly
in exploiting wave resources and the new technology needed.

Figure 8. The Pelamis P2 WEC. A wave attenuator device and one of the most iconic WECS
made. It however was unsuccessful “going too big too soon” and the company and technology
failed. Source (EMEC http://www.emec.org.uk/about-us/wave-clients/pelamis-wave-power/)

Tidal stream energy
Tidal stream technology is further along than wave in terms of development. The
first community and commercial tidal arrays being developed and it is expected that
demonstration farms will be well underway by 2020 from which 100MW of capacity
could be deployed in Europe alone. The success of the tidal stream sector reflects
the transfer of existing wind technology and experience into the marine
environment.
Tidal stream is currently the most successful next generation marine energy
technology with commercial and community scale arrays starting to be delivered.
The best known and what will be the biggest array in the world is currently being
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built out in the north of Scotland by Atlantis Resources, a horizontal axis turbine
developer. The MeyGen project will be built out to 398MW into a number of stages.
Currently the first four turbines and 6MW of generation is in the water and operating
at full power. The project, like the Bluemull sound community array in Shetland,
Scotland has settled on the seabed mounted horizontal axis turbines.
Scotland, due to its large wave and tidal resource and European Marine Energy
centre is also home to the largest tidal turbine in the world. The Scotrenewables
SR2000 device has also settled on the horizontal axis turbine design but utilises a
floating system rather than a seabed mounted system.

Figure 9. The Scotrenewables SR2000. The largest tidal turbine in the world. Source
(http://www.scotrenewables.com/technology-development/sr2000)

Tidal barrage and lagoon energy
New tidal range technologies are expected to be developed in the UK. Currently the
Swansea Bay Tidal Lagoon project if expected to be operation in 2021. The
technology is well-understood utilising experience from La Rance and conventional
hydroelectric turbines.
With the completion of Swansea Bay, the UK should have accumulated valuable
know how and experience and the EU expect a further full-scale project of between
1GW and 2GW in the near term future.
Opportunities and constraints of marine energy
There are advantages and disadvantages to both wave and tidal technologies. Tidal
energy in its current forms is more advanced than wave energy. Tidal energy is very
variable over short periods, usually with peaks once or twice a day. The advantage
comes from being highly predictable many years in advance. Global tidal resources
aren’t as great as global wave resources and many sites are very specific and niche.
The total predicted contribution of tidal energy for the UK is small compared to
other renewable technologies, but it is likely to play a significant role in helping the
UK achieve its renewable energy targets.
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Wave energy has the potential to provide energy on a global scale. The
technological challenge is greater than the tidal energy sector as novel ways of
exploiting the energy resource need developed and technologies built around these
novel methods. Both wave and tidal energy devices work in high energy, hostile
environments but tidal energy is more predictable. Wave devices have to be built to
withstand 100-year waves but also extract energy from much smaller waves. Both
technologies have a role in future energy mixes. Countries with tidal resources will
exploit their resource sooner but those with wave resources will have the bigger
prize.

Environmental interactions and carbon mitigation
Not all of the marine renewable energy can be extracted from the seas but there is
so much energy in the seas even utilising a small percentage will be a considerable
amount of energy. Marine energy is renewable, low carbon and does not take up
valuable land that can be used for other uses such as growing food crops.
Marine renewable devices have less of an impact on environments compared to
other technologies so long as site selections is done correctly and the design of the
project is sympathetic to the location. Due to the timeline of development there
hasn’t been lengthy periods of time to look at device environment interaction so the
“survey, deploy, monitor” approach has been taken.
Lifecycle analysis of marine renewable devices have assessed the environmental
and climatic impacts associated with: sourcing and use of materials and energy in
construction of devices, installation, operation and maintenance, decommissioning
and any transport connected to the devices. Studies have shown that the greatest
impact is from the amount of materials used in construction of the devices, mainly
in the mooring foundations and structural components.
In most devices moorings and foundations account for more than 40% of total lifecycle greenhouse gas emissions. Total GHG emissions range from 15-105 grams of
carbon dioxide per kilowatt-hour, with an average of around 53g. This is similar in
order of magnitude to other renewables and an order of magnitude lower than nonrenewable sources.

Economics of marine renewables
Marine energy renewable technologies are expensive. There hasn’t been an
electricity generation technology that wasn’t expensive when it was in its infancy.
All nascent technologies need time and investment to see costs reduce and
government subsidy is generally the way this has been done for other generators.
It’s a common misconception that because marine energy isn’t cheap right now, it
won’t be cheap in the future. If we look to other marine renewable technologies you
can see that many different advances mean that the cost falls with time and scale.
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Conclusion
The marine renewable sector is evolving as this chapter has shown. There has been
considerable difficulty in the wave sector as the tidal sector has continued to show
steady growth. Maritime countries, especially in Europe, are looking to the industry
to drive economic development the same way wind energy has driven the Danish
economy. This has ensured that government support has remained in place for the
emerging sector.
Technological advances and failures have continued to drive innovation in the
sector. Where lessons have been learnt from other industries, such as wind and tidal,
technology has evolved at a quicker rate.
The future needs to see technology become more reliable and costs come down to
an acceptable level. Like other technologies marine renewables can rely on
economies of scale to help do this. Developers and government need to remember
that this is a young sector and needs it’s time to find its feet.
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ABSTRACT b
The EduCO2cean-Erasmus+ Camp joins together students and teachers from different
countries in order to generate educative responses to the challenge of anthropogenic
global change, defending the student as an effective bridge between science and society.
During the present article, the different strategies and methodologies which are followed
during this Camp are addressed, providing a general overview about how the International
Youth Camp and Teacher’s Seminar are developed, both of them under the principles of
the Climántica Project.
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Introduction
Anthropogenic global change represents one of the greatest threats which
humanity has to face, affecting our world not only in terms of nature and
environment conservation, but also in terms of social equality. The ice melting, the
sea level rise, the ocean deoxygenation, acidification and stratification, the
modification of the productivity distribution in the ocean, the loss of biodiversity or
the migration of species are only some of the main consequences attributed to the
temperature raising, derived of anthropogenic global change, in relation to our
environment (IPCC, 2014), Those changes in the environment, together with other
impacts in the social dimension, which will hit the poor and undeveloped countries
hardest (Schiermeier, 2018), form a complex interaction which requires from strong
and determinate answers.
During the present article, the development of the EduCO cean-Erasmus+ Camp
and teacher’s seminar, which pursue the target of being able to generate these
appropriate answers to anthropogenic global change, will be exposed. These
methodologies, follow the design principles of the Climántica Project (Sóñora, 2011)
and can be replicated in other scholar communities. They defend secondary school
students as an effective bridge between science, technology and society in order to
make the public fully aware of the urgency of this challenge.
2

When dealing which such a complex topic, which as an added difficulty presents a
scientific knowledge which is still on its own development, it results necessary to
provide the students with the suitable training on the science of anthropogenic
global change in order to be able to integrate and assimilate this knowledge, but
also to disseminate it to our society. However, this scientific training must be
complemented with the development of the critical thinking of the students in the
framework of Climate Change, in order to make them able to face misleading
information or speeches, as well as to generate accurate answers in terms of social
equality. To achieve this objective, the International Camp is structured into two
main lines: the workshops and the projects for the awareness-raising multimedia
production.
The workshops address different competences, intending to provide the projects
for the awareness-raising multimedia production with different knowledge, tools
and resources, integrating some of the last avant-garde technologies. The
multimedia production is focused on the development of one musical and three
short films, where the acquired competences from the different workshops are
incorporated trying to create professional products for the public awareness-raising
on anthropogenic global change.

EduCO2cean Magazine
135

Experience development.
Workshops: the development of multidisciplinary competences
The workshops are differenced into a total of four different lines: 1) Laboratory
scientific demonstrations on anthropogenic global change for the public awarenessraising, 2) Robotics for the integration of this technology into the projects, 3)
Holography and plastic arts for the generation of different scenarios for the
multimedia production and 4) Video edition.
Science workshops
The urgency of Global Change challenge makes secondary school responsible for
making the students able to understand and communicate the science of
anthropogenic global change to society. For this reason, it results necessary to
provide the students with the necessary tools and competencies for the divulgation
of this knowledge.
The proposed methodology in the Science Workshop allows the students to,
through the development of different laboratory practices, which are designed and
adapted under the published Climántica’s methodology for the transference of
science to secondary school (Sóñora & Alonso, 2018), explain the main problematics
which are summarized in the report of the Intergovernmental Panel on Climate
Change by the United Nations from 2013 (IPCC, 2013). These problematics are
ocean stratification and acidification, ice melting and eutrophication and anoxia
under the context of the global change of the oceans.
With the development of these laboratory practices, the different problematics of
global change are represented through simple simulations which allow the students
to assimilate them for its later divulgation. The methodology for teaching process
was divided in the following steps: 1) to observe the laboratory simulation, 2) to
scientifically explain what was happening in the simulation, 3) to extrapolate the
simulation to nature and 4) to analyze the consequences of the studied problematic.
To illustrate this teaching process, it can be taken as an example the practice of
ocean stratification where the stratification of the ocean is simulated through the
mixing of two masses of water with different temperatures (Sóñora & Alonso, 2018).
The teaching process could be synthesized into the following steps: 1) To observe
the separation of the two masses of water (Figure 1), 2) to guide the students in
order to make them able to reason that the separation of the two masses of water
is attached to the difference of densities between the hot and cold water, 3) to
explain how this is produced in nature due to the heating of the surface water and
4) to explain the consequences of this phenomena in the ecological and social
dimension, which could be summarized in the modification of the global
productivity in the ocean, making the tropics and middle latitudes less productive
and the higher latitudes more productive, with the social impacts which could have
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the consequences of the modification of the ocean productivity (Doney, 2006),
which is expected to be translated into, among many others, the displacement of
the fisheries’ potential catch zones from the fisheries’ depending ones (Barange et
al., 2014).

Figure 1. Photograph of the practice of ocean stratification carried out at the International
Youth Campus of Climántica

Robotics workshop
Since the dawn of time, humans have used technology as a way of making life
easier. Technology embraces many fields, from a hammer to a satellite, and thus,
we can find different ways of technology in our lives. We could actually say that
technology is what makes us humans. Nowadays, technology has been introduced
in our daily life, and it is inconceivable to think about modern society without high
technologies developing all kinds of tasks.
During some workshop sessions, it was pursued to make students think about the
fight against climate change from a technological perspective. They were asked to
think how the improvement of technology, such as robotics, could make such an
important task as it is the protection of the environment easier and more effective.
Attention was focused on showing students how robots are capable of performing
many different kinds of tasks. To reach this goal, students had three workshop
sessions: 1) learning the basics of robotics, 2) learning the basics of programming
and robot building, and a final workshop for the 3) introduction of the basics of 3D
printing.
It is also important to make students conscious about that common methods to
protect the environment (recycling, consumption reducing, renewable energies,
etc) are not the only way to fight global change. There are also many active ways,
most of them based on new technologies. Robots are a good example of how new
technologies are able to reduce and prevent the issues of anthropogenic global
change. Students were also encouraged to introduce robotics in their video
projects, to become familiar with programming, adapting the robot programs to
different situations.
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The most important point about the understanding of robotics is to understand all
the possibilities they offer. To show this, the first session was based on robot
construction, using LEGO WeDo models, which have different interchangeable
parts, increasing the building possibilities, and making a single robot capable of
developing all kind of actions. This construction is also complemented with a basic
program which could be installed in each robot, increasing even more the different
kinds of possible constructions.
Holography workshop
This workshop is an activity that Fabrica Center offers in its educational proposal,
carried out by the director of the center Pedro Pombo, teacher of Physics in
Universidade de Aveiro.
Holography is no longer a form of information recording through light, so its
usefulness in the current information and knowledge society is undeniable. Among
its uses we find compact discs, credit cards or banknotes, among other applications.
Its use also has drawn into audio-visual shows to project different patterns and
images with laser projectors or the creation of holograms that simulate live figures.

Figure 2. Photograph of the Holography workshop carried out at the International
Youth Campus of Climántica

Thus, the workshop begins with a visit to the permanent exhibition "Janelas de Luz"
(Light Windows) making a tour throughout the history of holography and
holograms, exploring the various aspects of science that remain behind the
technology of the 3d images. Through 6 interactive panels and the sample of 15
holograms, this exhibition tour serves as a theoretical introduction for the practical
phase. What are holograms for? How are they made? What materials are required
to make one? The answer to these question approach the scientific basis of
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holography to a context close to participants, giving meaning to the learning of this
activity.
Once the theoretical introduction was made, the participants headed towards the
Hololab, the hologram creation laboratory. An innovative laboratory for the
experimentation of holographic techniques. In it the participants checked closely an
exhibition of small holograms where the details recorded in the three-dimensional
images impress anyone.
The workshop culminates with the registration of a hologram in a 8x8cm glass.
There should be no light source except for the laser, since its record is very similar
to that of a photograph. Also recording the image (data recording) is very
susceptible to vibrations, so the equipment is equipped with rubber springs to
eliminate as much as possible vibrations. Quiet in the Hall! Turn Off the lights! We're
recording!
Video edition workshop
The video workshop is a classic on Climantica International Campus. In fact it is a
key piece for the creation of audiovisual products of groups of students that
participate in the Campus. In this workshop boys and girls who previously signed up
participate and they would be responsible for the final edition of the videos.

Figure 3. Photograph of the Holography workshop carried out at the International Youth
Campus of Climántica

Usually participants in this workshop already have certain skills on video editing for
their personal experience with user-level programs from different operating
systems (Windows Movie Maker, or iMovie for OSX) but in this case we give a step
further and introduce them to programs in the professional field of video editing.
On the Campus celebrated at Fabrica Center we used the trial version of Final Cut
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for MacOS, since facilities were equipped with computers of Apple Inc. As the
Campus lasts between 5 and 6 days students were allowed to approach professional
work environments thanks to the trial version that these types of programs usually
offer with all their free tools for 30 days.
The workshop consists of a brief introduction to the program to recognize the
different tabs and accesses of the interface: timeline (video, audio, effects, text,
etc.) effects, transitions, etc. There is also an introduction to the video, audio and
static image formats. Since the registry of video and audio, as well as possible file
downloads, are made from different devices and the recording format can vary and
can cause errors when editing. A perform as an approach to the rights of authorship,
use of private images and/or free and recognition of authorship, is also made to be
aware about these policies.
From here to the end, with the help of the workshop coordinator, they are the ones
who investigate the program to develop the script that they previously planned with
their group partners. The results obtained can be seen on the project website as well
as other original products created by participants in the Campus.
Communicating about climate change is a key to empowering the society with tools
and scientific knowledge that allows them to understand the dimension of the
climate crisis. To do so in a precise and intelligible way it is a necessary to face to the
negationist currents that disable part of society to claim solutions.
Communication and education are basic pillars to facilitate the acceptance of the
whole society on political decisions for mitigation and adaptation to climate change.
And this goal is the one that this particular workshop, and this project in general, are
looking for.

Development of awareness-raising products: the musical and the short films
The musical
The main objective of the musical would be to reach a sensitization form different
to the ones that are usually presented, using the entire creative potential of the
camp participants. In this way we reinforce all the knowledge acquired in the other
activities from the campus, so that they can somehow be reflected on a play
performed by the students.
Through the days, several hours are dedicated to rehearsing, so that in the last
working day the play can be represented for the teachers and other participants.
Although the drama and music parts are initially rehearsed separately, the
coordination between the two groups is crucial for the final show to be more than
the sum of the parts and that all the ideas can be jointly presented. Furthermore, in
the final representation, other workshops, such as art or photography, are also
included, with the objective to present a product of the highest quality and where
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the performed work by all the students of the camp in each of the studied areas is
included. For example, murals, paintings or animations created by the students are
projected on stage.
As to the music rehearsals, it is key that before the camp itself the students already
know the songs that they will have to play. In this way, the work can be speeded up
once the camp starts. During rehearsals a community of ideas is formed, where,
through music and the capacities of each student, new communication pathways
are explored. The links created along the camp between the participants allow the
creation of an environment that eases the involvement of all, so that a big artistic
enrichment is achieved. It is very important the understanding of the songs’
meaning, both at a musical and at a thematic level (the climate change and its
effects on the planet). On the one hand there is an instrumental part, and on the
other there is the chorus and the solo singers. When the songs are almost ready, the
next goal is that students feel confident so that in the final representation nerves
and emotions do not interfere negatively and they can transmit all the ideas that
have been previously worked.

Figure 3. Part of the band and the chorus during the representation at the International
Youth Campus of Climántica

When dealing with the acting part, the project presents a very particular initial
situation, since the students have a very varied experience in theatre: some of them
have performed in several plays while others will have their first experience on a
stage with the project Climántica. This makes the work previous to the musical
rehearsing itself very important, not just for the final result, but also for the
experience to be a path and not a goal. For this reason, previous work is focused on
certain issues that can give uniformity to the presentation, so that all experiences
have their part in the projects without feeling out of tune and at the same time teach
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the students different techniques that might be useful for them in the future. That’s
why mainly three key aspects that are vital for any performance are worked: project
the voice, do not turn the back on the audience and have a stage presence. Stage
presence is focused mostly in keeping the character when the spotlight is in
someone else and at controlling involuntary acts, such as alternating the weight of
one leg to another. Due to the reduced available time for the musical preparation,
the desired results are not always reached, but in most cases remarkable differences
between the first and the last day are appreciated, which is very satisfying, but for
the monitor team as well as for the students.
In the first rehearsal days, as it has been said, music and theater parts are done
separately, and, as the day of the representation approaches, rehearsals between
both activities are coordinated, as well as with the dancing workshop. The objective
is to be able to perform a dress rehearsal the day before the final representation, so
that the final result can be seen and small mistakes or misunderstandings can be
corrected.
In this way, the musical takes advantage of the impact capacity of music and theater
to create sensations both in the audience as well as in the participants. Teamwork
is essential in learning and in acquiring new knowledge, which will be transmitted to
the other students that participate in the musical as the audience. With
communication through art the awareness-raising around which the camp is
focused can be consolidated.
The short films
Short films represent an effective tool for awareness-raising not only on the public
but also on the authors because of the process of refection and analysis which its
development implicates. For the elaboration of the short films, each component of
the group is assigned a specific role corresponding to the ones existing in a
professional producer (director, camera assistant, scriptwriter, make-up artist,
etc…). These groups are composed of students from different ages and
nationalities, creating such an enriching environment with different personalities
and points of view.
The creation of the short films is divided into three different steps: 1) Reflection,
debate and script writing, 2) Filming, 3) Video edition, 4) Project presentation.
The first part of the development of the project is one of the most important ones
due to the fact that during this time students are invited to analyze and debate
about different topics related to climate change. Taking into account that the
components of the group come from different parts of the world, and thus, different
climate domains, the exchanging of ideas will allow to get an integral view about
this challenge. During this step it is essential to encourage the critical thinking of the
student aiming them to give responses to certain questions such as how did this
problem arise, what are the main social and ecological consequences, who benefits,
who is disadvantaged, who are the main responsible, what alternatives are there,
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how are the conditions different in other countries or what are the barriers to take
action. The students’ view about climate change after this debate usually changes,
becoming able not only to understand the ecological consequences of this challenge
but also the social ones, being able to give a critical opinion in terms of
responsibilities, differences between countries attending to their economical
development and possible solutions. Thus, they understand that climate justice,
finally, is social justice. Certain lines regarding the challenge of climate change such
as the energetic crisis, the climate refugees crisis or the just transition are
addressed.
Once this debate has been carried out it is time to write the script of the film, where
it should be reflected the previous phase. The main line of the film follows the title
‘We express with images what we analyze and reflect on during the Camp about
climate change and global change in the ocean, trying to compare the environment in
which the Camp is developed with our different climate origin environments, in order
to finish with a proposal of virtual and futurist expression of a new reality which we
must achieve in terms of mitigation and adaptation to climate change’.
Thus, students are encouraged to incorporate images from their place of origin in
order to take advantage of the presence of such different climate domains and this
is one of the most difficult aspect for them. They are also aimed to incorporate all
the available avant-garde technologies such as holography, robotics and 3D printing
in order to make the final product more visual and attractive as well as the different
knowledges and opportunities provided by the different workshops (the science of
the anthropogenic global change, robotics, etc…).
The second step is to carry out the filming and edition of the script (Figure 4)
following the different roles which each student was assigned, improving thus the
team working capacity of the group.

Figure 4. Photograph of the filming phase at the International Youth Campus of
Climántica
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Finally, the students present their product for the audience, defending their script
and explaining why they have decided to deal with the problematic which is
represented in the film, as well as their experience during its development. This final
step encourages them to act as effective communication agents.
EduCO2cean seminar on action research on the International Youth Camp
During the development of the International Youth Camp, a teaching seminar
accredited with 50 hours by the Ministry of Education, Science and Sports through
the agreement for teacher training with AEPECT is carried out (Figure 5).
The selected students to take part in the Camp through the International Virtual
Congress are accompanied by their teachers. During the development of the
International Youth Camp, their teachers carry out a seminar on action research
where, at the same time that they are trained in different ways of communicating,
understanding and teaching climate change, they analyze the development of the
different products of the Camp in order to make relevant didactic conclusions.

Figure 5. Photograph of the EduCO2cean seminar on action research on the International
Youth Camp of Climántica

One of the mechanisms which allow the transference of the International Youth
Camp to the seminar is the participation of the young coordinators of the science,
technology and robotics workshops, explaining the fundamentals and
developments of their practices, and exposing the conclusions drawn from these
workshops. In addition, as teachers develop common activities with their students
during the Camp, a later colloquy analysis is carried out by the teachers in order to
make conclusions on their effectiveness and pedagogical importance.
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In general, the proposed activities for the seminar follow the present lines: 1)
Colloquiums related to the contents of the different trainings, 2) methodological
workshops about the different contents in order to allow the adapted replica to the
different levels of curricular competence of the students, 3) group work in order to
develop strategies, protocols, practice designs, workshops and itineraries to be
applied on the Camp, 4) systematic observation of the workshops, itineraries,
interviews, practices and works which are being developed in the Camp and 5)
sharing the evaluations of the work which has been developed by the students,
searching for conclusions in order to improve it.

Conclusions
With the development of the EduCO2cean Camp, the potential barriers between
the local and the global are broken, allowing a transference of the science of
anthropogenic global change to our society with the student as an effective bridge
between both of them. The pedagogical concept of transversality is amplified,
allowing an incorporation of several fields for the development of different
awareness-raising products. The students not only get benefited in terms of
knowledge, but also in terms of personal enrichment, allowing a clear personal
growth which is enhanced, above all, by the participation of students from different
countries, and thus, with different cultures, habits and points of view.
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ABSTRACT b
In this work we present the first advances of a joint proposal related to the organization of the Virtual
Congress and the Climántica Iberoamerica Camp 2019, which will be held in Costa Rica in March next
year. As background we present a brief summary of Colegio Madrid´s participation in Climántica’s
students congresses, from 2012 to 2018, based on a work proposal in the classroom adapted to the
teaching needs in an American country and with a varied climate such as Mexico. Likewise, some
guidelines are established for the international participation of other countries from the Centroamerican
and European areas in the event that is being organised at present, in the context of the International
Year of Indigenous Languages. It is proposed to give the event an interdisciplinary perspective through
the incorporation of the genetic diversity fostered from the cultural diversity. Along with Colegio
Madrid, the Universidad de Santiago de Compostela, the Consejería de Educación de la Embajada de
España para México y Centroamérica, and Costa Rican institutions linked to the project are participating
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CORRESPONDENCE E. Rico

ernestorico@colmadrid.edu.mx

© 2018 M.Ochoa, E. Rico, R. M. Catalá, J. Ríos y C. Puchet
Open Access terms of the Creative Commons Attribution 4.0 International License apply. The license permits
unrestricted use, distribution, and reproduction in any medium, on the condition that users give exact credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if they made any
changes. (http://creativecommons.org/licenses/by/4.0/)

EduCO2cean Magazine
147

Introduction
The Environmental Education Project Climate Change “Climántica”, founded and
directed by Francisco Sóñora Luna since 2006, in Galicia, Spain, aims to find
educational responses to the environmental challenges for the 21st century, and has
the recommendation of the United Nations High Commissioner for Climate
Change. Climántica’s team consists of four work groups: didactics, graphic edition,
multimedia and scientific counselling, whose coordination occurs through the use
of an online collaborative platform: www.climantica.org. Climántica has organized
Virtual Congresses for adolescents from 12 to 17, in which they participate with
creative works that aim to sensitize about climate change and its global effects.
Those adolescents, whose works were chosen, have participated in International
Youth Campus in Galicia and Segovia, Spain, and in Aveiro, Portugal, together with
students from several European and American Countries.
More than 25 years ago, Colegio Madrid gained consciousness about the
importance of sustainability and respect for the environment, and has implemented
a permanent Committee of Environmental Education, Sustainability and Global
Understanding, based on four axis of work: 1) Curriculum and transversality; 2)
Social linkage and sustainable culture; 3) Infrastructure and environmental
technologies; and 4) Inter-institutional networks and global understanding.

Figure 1. Workshop “Drop of water” in Oceántica 2013

Since 2012 Colegio Madrid has had an active participation in the Virtual Congresses
and International Youth Campus organized by Climántica, where 43 students and 7
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teachers have been involved. Therefore, there has been an active collaboration with
both projects, and in 2014, Francisco Sóñora visited Mexico in return. Here he
trained teachers and presented the didactic materials of Climántica; besides this, he
developed workshops and conferences with the students and parents from the
School, specifically about anthropogenic climate change. On that occasion,
Francisco Sóñora participated in a field trip to the Chacahua Lagoons National Park,
Oaxaca; and since then the need of measuring the impact that climate change has
on tropical ecosystems such as mangrove swamps emerged. More recently in 2016,
with the intention of preparing a Youth Campus in America, Colegio Madrid,
together with Climántica and other related institutions, organized the Seminar on
education and dissemination of environmental and climate change themes, as well as
a Meeting of students and teachers about environmental and climate change topics,
called by the Dirección General de Divulgación de la Ciencia from UNAM, the
Environmental Education Project Climate Change “Climántica”, the Grupo de
Investigación Pedagogía Social y Educación Ambiental de la Universidad de
Santiago de Compostela, the Organisation of American States, and Colegio Madrid,
A.C. By 2017 Colegio Madrid participated in another way attending the 10th.
Anniversary of Climantica at a relevant event in Campus Vida of the University of
Santiago de Compostela. In this event we were recognized as the non Spanish
school that has had more participation and a key partner for promoting the project
overseas, particularly in the Central America.

Figure 2. Francisco Sóñora in the Colegio Madrid 2014
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Figure 3. First seminar of education and dissemination of environmental issues and climate
change in Mexico, 2014

Experience development
Experiences in Climántica from the teachers and student’s work opinion
During the first half of the 2000 decade, the UN published several documents about
the goals of how environmental education would face the sustainable development.
The key idea of these documents expressed that “the greatest challenge in this new
century is to take an idea that seems abstract (sustainable development) and
convert it into a reality for all the world’s population.” (United Nations, 2005)

Figure 4. Fieldwork in Chacahua, Oaxaca, 2013, with Francisco Sóñora
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A ten year plan was established (2005-2014) to grow sustainable development in the
environmental education field, which included, amid other objectives, encouraging
citizens to construct abilities such as critical thinking, communication and strategy
design for problem solving based on collaborative and interdisciplinary work.
Definitely, it was a priority to promote and improve the quality of education, but,
above all, redirect the educative towards the notions of sustainability that allow the
population to value the dimensions in which this new paradigm is relevant for
society.
In the specific context of the education in Secundary at Colegio Madrid, the joint
work with Climántica has contributed to strengthen our learning around the
sustainable development goals, as well as the pedagogical purposes related, which
are part of the School’s philosophy. To work in the making of projects and their
diffusion, with the possibiity of collaborating in a in-person congress with students
from different parts of the world, has helped the subject of Environmental
Education grow as an important space where students build their knowledge, based
on the exchange of different visions of the world, working to find joint solutions.
The subject of Environmental Education is a space that requieres to comprehend, in
non traditional ways, the areas of knowledge. Therefore, the different subjects
serve as intelectual and practical resources in the solution of concrete problems that
affect society and not only as knowledge, per se.
The subject of Environmental Education has found in Climántica a fundamental cog
in its structure, since it involves the students in specific practices that are not
possible without collaborative work and from an interdisciplinary vision of
knowledge. From this perspective students strenghten their capabilities to identify
real problems from their surroundings, face them with a multicausal vision of the
phenomenon, collaborate, give ideas for the solution of environmental problems,
and finally communicate and socialize them in a creative way.
In this sense Climántica has fortified our educational practice, since it represents the
culmination of the work ideated and discussed in the classroom all the way to its
materialization in concrete projects that transcend the contents and gain a tangible
value for the students, while forging them as participative citizens of society in
different scales.
The work methodology is as follows: having as a starting point their learnings in the
science subjects and throught documentary research they recognize some
environmental problematics. Afterwards, they elaborate multimedia works, videos,
poems, posters, all of them using their creativity, that are enriched through the
tutoring of teachers and the critique of their peers. These works are published in the
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web page, commented by people from different countries and evaluated by
international experts. All of this motivates them deeply and causes also great
excitement.
The work of Colegio Madrid’s students has been among the most popular and best
evaluated ones. In two ocassions they have obtained first place.

Figure 5. Stage “Gaia's musical response to climate change” in Climántica 2015, with students
from the Colegio Madrid

Participating in the in-person Campus is a life changing experience for the students,
that can even spark vocations, but most importantly generates awareness of
coexistence with the environment. At the Campus, the girls and boys train in
scientific and technical themes about environmental problems; also in the creative
and artistic field such as video editing, narration or theatrical production. Finally, in
international teams, they attend workshops to fully develop the creative aspect.
Spending a week with people from other countries (specially Spain, Portugal and
Poland) and develop projects creates bonds and understanding networks that are
fundamental in the global context.
The teachers become tutors that accompany the formative process that implies
planning, elaborating, organizing and communicating the works for the Virtual
Congress. Concurrently to the in-person Juvenile Campus, the teachers attend
Teacher’s Formation and Reflection Seminars. Participating in these events enrichs
our vision with the conceptions and experiences from other teachers from
participating countries. Didactic strategies are shared and regional indicators about
climate change are reciprocated
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Figure 6. Holography workshop in Climántica 2017, Aveiro, Portugal

The encounters in both sides of the Atlantic have not just limited to the academic.
The international solidarity has been shown in a very special way. For example,
while the Juvenile Postcongress in Noia, Galicia, which is under the frame of
Climántica 2017 was being held, on September 7th an earthquake ocurred in México
that caused severe damage in several states such as Oaxaca and Chiapas. The
closing of the event was dedicated to the Mexicans, in solidarity to our country.
Some days later, when we were already back in Mexico, another strong earthquake
hit Mexico City damaging part of the infrastructure of our school. The teachers and
students from the Climántica network sent a very emotional message where they
corroborated their solidarity to our country. This message struck deeply into our
heart during those hard times.

EduCO2cean Magazine
153

Figure 7. Mexican Delegation in Climántica 2015

Climántica Iberoamerica 2019. Time to build bridges and cross them together.
The Mesoamerican Biological Corridor is a management and environmental
protection instrument decreed in 1997, as a joint initiative of the governments of
those countries which make up the Mesoamerican region: Belize, El Salvador,
Guatemala, Honduras, Nicaragua, Panama, Mexico and Costa Rica. Its objectives
are to maintain the biological diversity, diminish the fragmentation and improve the
landscape and ecosystems connectivity; to promote sustainable productive
processes that enable a better life quality for the local human populations who use,
manage and conserve the biological diversity (CONABIO, 2018). The relevance of
biological corridors relies in offering interconnectivity between different Protected
Natural Areas (PNA) so the species flow within the natural landscapes is preserved.
The biological corridors do not simply constitute regions of union between
Protected Natural Areas, but it is there where specific productive activities, focused
on the management and preservation of biodiversity in a sustainable manner, are
carried out.
On this occasion, Costa Rica, whose territory is part of the Mesoamerican Biological
Corridor, will host the International Campus Climántica Iberoamérica 2019 where
the relevance of the biocultural capital will be highlighted with the purpose of
working together on environmental initiatives that combine interdisciplinary and
sustainable strategies, by numerous social actors from different parts of the world,
from the perspective of basic and secondary education.
In Latin American today, 420 indigenous languages are spoken, grouped in 99
linguistic families, which constitute the greatest wealth in the world in this regard
(UNICEF, 2018). Almost each language is associated to a culture that maintains a
close relation with its natural resources, and there are concrete social practices
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related to their biodiversity, so that they have been fundamental in the composition
of the natural capital of their regions throughout history. In the framework of the
International Year of Indigenous Languages 2019, it is essential to recognize the
relevance of native peoples as key actors in the heritage and cultural capital
associated with the planet's biodiversity. It is a priority that society as a whole
recognizes that the conservation of biodiversity has to be related to the cultural
diversity of indigenous peoples (Boege et al., 2008). Therefore, one of the principal
axis of the International Campus Climántica Iberoamérica 2019, will be the
reflection on the relevance of these practices to create awareness of the urgency of
necessary actions to deal with current environmental crises.

Figure 8. Teacher of the Colegio Madrid giving a presentation in Climántica 2015

One of the aims of the Climántica project, from the school scope in which it is
proposed, is to sensitize the population through different mechanisms of creation
and discussion of ideas about contemporary environmental challenges: climate
change, energy and conservation of genetic biodiversity. In this regard, the
biocultural heritage of indigenous peoples, which includes languages, social
practices and other elements, also materializes into gene banks of domesticated
plants and animals, agroecosystems, knowledge and different symbolic and
concrete forms of appropriation of territories, and therefore –in the face of current
global challenges regarding biodiversity- is a fundamental axis in the discussion
about the problems and the possible solutions. The primary intention behind the
International Campus Climántica Iberoamérica 2019, will then be to propose a space
for reflection and discussion about current environmental problems, in a region that
harbours ecosystems associated with tropical climates, which are among the most
diverse in the world in number of species, as well as cultural and genetic richness.
In America, the land bridge that emerged three million years ago and joined two
large biogeographic regions, the Nearctic and the Neotropical, engendered a great
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biological richness. Many endemic species are the result of this process of
conformation of the continent. Plants and animals from North and South America,
which had evolved in isolation, began to establish contact, giving rise to new
expressions of life (Álvarez Icaza, 2013). On this occasion, Costa Rica, as part of that
bridge that connects the biodiversity of the two main biogeographic regions of the
Americas, will serve as the venue for an intercultural meeting in which actors from
different parts of the world will discuss their knowledge in the approach of solutions
to current global problems, from the field of youth and education, two of the pillars
of the development of our societies. It is not enough that there are bridges that
connect initiatives, but that we get deeply involved in them; that we, as agents of
change, not only identify the bridges that exist, but we learn to cross them together.

Figure 9. Galician newspaper of 2013

Results and conclusions
Participating in Climántica for the last 6 years has been a fulfilling experience for
students and teachers at Colegio Madrid. From the very first virtual congress and
camp assistance in Galicia, we realized that a different way for mobility and
intercultural understanding was possible. Since then, the growing amount of
published works, the diversity of resources and themes, the good ideas and quality
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of discussions among students to obtain the final product has showed us that a
complex, multidisciplinary and challenging process, such as climate change, is rich
and powerful enough to engage student participation and stimulates creativity and
partnership with young people from around the world. These previous years of
collaboration have also enabled and proven to us that the organization of a Latin
American version of Climántica is possible, but it needs time, people and multiple
resources to take place, and all of that is being taking care of at the moment. Costa
Rica is a beautiful and environmentally relevant country, which has achieved high
levels of people´s consciousness and responsible action in terms of maintaining
their ecosystems free of contamination, natural resources exploitation abuse, and it
promotes ethical care of their species. This can surely add value, new facts, and new
perspectives to enrich and expand the Climántica and Oceántica experiences, which
have shown great achievement of goals regarding not only scientific, but social and
cultural learning.

Figure 10. Recognition of the Campus do Mar to the Colegio Madrid, 2013
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A SEA OF SCIENCE: LEARNING ABOUT THE CLIMATE CHANGE
AT THE RIA DEL BURGO
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Santa Maria del Mar School

ABSTRACT
This article summarizes the activities carried out by students and professors of the Santa
María del Mar School (Jesuits) in A Coruña within the scope of the European project
EduCO2cean, co-funded by ERASMUS + from the hand of the IES Virxe do Mar de Noia (A
Coruña), University of Vigo, the Portuguese Association of Environmental Education (ASPEA),
and The Marine Alliance for Science & Technology for Scotland (MASTS), among others.
Students interviewed scientists and responsible environmental managers, developed a
citizen science project and created a publication about the effects of climate change on the
Ria del Burgo, among other activities. Teachers designed a teaching sequence which
incorporates citizen science in school, and experiences "hands-on", researching and activities
of "Authentic learning " that are described in section 2. The didactic sequence can easily be
replicated in any other educational center and the results seem to indicate that it can favor
the understanding of the environmental problems related to climate change and the oceans
and, above all, enhance an environmental ethic.
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Introduction: contextualization and justification
Santa María del Mar is a private concerted educational center of the Company of
Jesus and that belongs to the Climántica network since 2007.
Since the 2018/2019 academic year it is a collaborating center in
the EduCO2cean project .
The school is located on the banks of the Ria del Burgo formed by the mouth of the
river Mero in the Atlantic Ocean that belongs to the coastal area of the Rías Altas in
Galicia. The area has been declared one of the most polluted in Europe and is in the
process of recovery.

Figure 1. Ría del Burgo

The didactic sequence is framed in the didactic units "Measurement and scientific
method" and "Environmental chemistry" and within the programming of the
subject Physics and Chemistry in year 9.
The main objective of this project was to make students aware of the anthropogenic
impact in the environment and how scientific literacy allows them to take an active
and critical position with the conservation and care of "the common house".
We were interested that they might understand that the school can act as an
effective bridge between science and the local community, and that environmental
learning helps them contribute to solving environmental problems, not only in the
future but also in the present (Schultz, 2011).
To this end, we plan a didactic sequence around three working methodologies:
citizen science in the school, authentic learning and experiences “hands-on” under
the methodology of directed inquiry.
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Citizen Science
In order for the students to deepen their own way of working in the sciences and
take an active role in the collection of data that facilitates the environmental
management to deal with environmentally problematic situations, we collaborate
with a citizen science project.
Citizen science is a strategy that allows citizens who are not professional scientists
to voluntarily link to scientific projects, contributing to the collection and analysis of
data, following the guidelines of the researchers (PNUMA, 2014).
We understand citizen science as an effective alternative for "Education for
Sustainable Development", which makes it possible to address environmental
issues from a holistic view that provides the necessary scientific scaffolding and, at
the same time, fosters students the ability to link the problem with the human
dimension, climate change or consumerism (Jiménez et al., 2014).
Firstly, because it allows students to acquire new knowledge from their own
experience, and that this new knowledge helps to achieve a change of attitudes
towards the environment and secondly, because it allows a collaborative learning in
the community of which they are part of.
1.1 ‘Authentic’ learning and ‘hands-on’ experiences
We understand that scientific education should promote students' desire to learn,
to doubt and to question themselves permanently (Jiménez-Aleixandre, M,
1996). For students to develop skills such as critical thinking, searching and
processing information or troubleshooting we resorted to the immediate
surroundings to solve real problems and their concrete impact in the environmental
conservation to be immediate and direct.

Experience development
In this section we describe the didactic sequence from the activities that the
students developed.
2.1 We understand citizen science and the scientific method.
In the first quarter of course, we collaborate with the project Citizen Science
"AQUA", a project developed by the Ivercivis Foundation and the Spanish
Federation of Science and Technology (FECYT) in which we share data on the
quality of tap water in our city (chlorine, pH, taste and smell).
Together with other 100 educational centres throughout Spain, we carry out all the
pertinent steps of a scientific investigation in the classroom:
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1- What is the problem we are going to deal with?: From press articles it was
discussed in a large group the shortage of drinking water in the world.
With the audio-visual material that accompanies the project, it is reflected on what
citizen science is and how an action at a local level enables global action.
2- What should we know to understand what we are going to investigate? : We
deepen in the knowledge of the chlorine atom and the water molecule and we
describe the mechanism of action introducing an initial conceptualization of the
concept of pH.
3- We begin the investigation:
In the laboratory they learn to use the kit provided by the project to each student
and each group establishes a first hypothesis about the state of water in A Coruña.
The data collection is established from the individual measurements that are taken
to the project page and the measurements taken from the AQUA website in other
schools.
The experimental error is calculated and a graph with the results is elaborated. From
it the conclusions are drawn up and discussed.
4-We confront results: In the middle of the second school term, the project
managers send us the global results and we compare them with ours, noting that
the quality and potability of Galician waters is higher than in other areas of Spain.

Figure 2. Analyzing data in the Aqua project
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2.2 We develop the project for a Science Collegiate Fair under the title "
The Salt Sea"
From the months of February to May, the students developed in small groups
hands-on activities for the Science Fair.
During four classes a series of activities were carried out in the classroom centered
on the influence of climate change on the oceans and on water properties that fit
the following structure:
a) Initial exploration activities from a debate on Climatic Change after viewing a
video of the Climántica portal.
b) Activities for introducing concepts / procedures or modelling
(properties of the water molecule, formation of oxo salts and salinity of the oceans
acidification, etc.) in which we use, among other resources, teaching videos, a
simulation and molecular models.
c) Application activities where students designed an experience for the Science Fair
based on some of the properties of the water or the environmental problem we were
dealing with. The activities contemplated the interaction with the visitor (families,
students of other courses and teachers).
d) Evaluation activities that were carried out in the same fair and before starting
from a rubric in which conceptual and communicative aspects were punctuated.
The activities were grouped into three blocks:
1- Water properties that help understand the consequences of climate change in
the oceans: polarity of the water molecule, heat capacity, water anomaly at 4º C,
adhesion forces and cohesion and diffusion.
2-Climate change and its action in the oceans with emphasis on the Ría del Burgo,
based on practical, simple and rigorous activities that would allow us to recreate the
causes and consequences of climate change (Sóñora, F, Rodríguez-Ruibal, M,
Troitiño, M, 2009). Specifically, experiences related with thermohaline currents, the
Arctic and Antarctic thawing, acidification in the Ria del Burgo and salinity
measurement were performed with a refractometer.
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Figure 3. Hands-on Experience: the effects of the oceans acidification upon the bivalves of the

Ria del Burgo

3- "Aqua Park", a stand dedicated to the communication of environmental
problems and the dissemination of the results of the AQUA project, dissemination
of EduCO2cean, and the "Vertidos na Ría do Burgo" app, which we will discuss in
section 2.3. A corner with ludic and artistic activities: a generic trivia course by a
group of students, two board games on saving water and oil slicks and the
interpretation every half hour of the melody created by a student to reflect the
action of climate change in the oceans, among others. An attempt was made to
carry out an activity in a large group, a " scape room " that finally could not be
brought to the fair due to problems of group organization.

Figure 4. Aqua Park music
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The students of Earth Sciences of the 12th year, have also collaborated with a series
of infographics on the use of water and the problem of the oceans.
Some of these experiences will be presented at the Climántica 2018 Youth
Congress.
2.3 We create our own Citizen project Science in EduCO2cean
Encouraged by the previous experience in Citizen Science and aware of the
anthropogenic action in the Ría del Burgo, the students created a citizen science
project "Vertidos na Ría do Burgo" within the EduCO2cean project that they
presented to the mayor of Culleredo (the border town council and the one hardest
hit by the pollution of La Ría) and that allows citizens to geolocalize and classify
discharges for their subsequent elimination.
We define the characteristics of this Citizen Science project serving patterns of
Betancur and Cannon (2016) in Table I.
Table 1. Characteristics of the project "Vertidos na Ría do Burgo"

Characteristics
of a Citizen project Science (Betancu
r and Cañón, 2016)
Actors

Students of 3rd ESO of Santa María del Mar.

Theme

Geolocation and classification of waste in the
Ría del Burgo

Platform

Epicollect 5 (https://five.epicollect.net/ )

Weather

No closing date

Commitment

The students have disseminated the project in
the community and with bodies responsible for
the pollution of the Ría del Burgo.

Epicollect 5 is an application developed by the Imperial College of London that
combines Android, GPS technology and the free service of Google Maps, with a very
simple management and configuration, students have been able to generate a
project of geolocation of discharges without difficulty and allowing that other
organisms and scientists can consult information through mobile phones.
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To facilitate its use and encourage other students and citizens to use the application,
an infographic was carried out explaining how to create a project with Epicollect 5
and the project "Vertidos na ría do Burgo" is disseminated.

Figure 5.

Epicollect infographic
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2.3 We launched the first issue of the newspaper "La Voz de la Ría" with
articles of opinion and interviews with the mayors of Culleredo and A Coruña,
scientists and disseminators of the Oceanographic Institute of A Coruña and
shellfish farmers on the impact of Climate Change on the Ría del Burgo.
Finally, we highlight the creation of a piano piece of music and the creation of tales,
stories and drawings on this subject.

Results, discussions and conclusions
Although the objective of this article is to share practices in environmental
education for climate change, and no qualitative or quantitative research has been
done, we have the feeling that the results of this didactic sequence have been very
positive.
The realization of the different activities has facilitated and consolidated the
acquisition of knowledge of the discipline, processes such as acidification, water
anomalies and structure, or issues related to stoichiometric calculations, among
others.
It has also contributed to the development of scientific competence in the conduct
of research activities and citizen science and the dissemination in the Science Fair
as in the Youth Congress have allowed activities to develop the digital competence
(infographics, videos, app), linguistics and learning to learn.
We believe that situated learning and the design and dissemination of a project of
our own has also favoured a sense of initiative and entrepreneurial spirit, awareness
and cultural expressions and social and civic competences.
Moreover, having the opportunity to contribute to real scientific research seems
that not only has helped students understand scientific thinking and how science
works, but also made them connections between their scientific work, environment,
ecosystem and the impacts of their actions on the environment.
It seems that the fact that the students were responsible for the rigorous collection
of data and the long time working on the same project with the same group was
essential as it increased its commitment to the project and motivated them to
perform other multidisciplinary activities, assuming roles of leadership in different
aspects of the project depending on their skills. This perception seems to agree with
the conclusions of Basu and Barton, (2010 ).
In short, the multidisciplinary approach facilitated by the EducCO2cean project,
using the resources of the Climántica website and participating in the virtual
Congress has favoured the understanding of the influence of climate change in the
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oceans by students, has promoted awareness of the problem and its solutions and
has enabled the development of an ethical commitment following the premise of "
think globally, act locally " (Sóñora , F, Alonso, A, 2018).

Implications of the future
For the next course, we want to study in depth the effects of acidification and
stratification in the Ría del Burgo, taking as a model the experience of Sóñora and
Alonso (2018), and begin to study the Ria de Betanzos.
Continue to take advantage of the potential of the Epicollet 5 app and involve
scientists from the Oceanographic Institute and representatives of other
environmental associations in our project.
It seems positive that students who have already worked on the course of the
relationship between climate change and the ocean can transmit it to students at
lower levels.
We hope to participate in teacher seminars to update our scientific knowledge and
collect ideas to address this issue in the classroom
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