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PRESENTATION

This preliminary assessment on the possible impacts of climate change in the different
ecosystems and socio-economic sectors in Spain constitutes one more step in the efforts by the
Ministry of the Environment to make advances in the fight against climate change.

We are all aware that the changes occurring in the climate have already affected many physical
and biological systems and that the projected risks of climate change are very great, and that
adaptation to future climatic conditions is inevitable. The short- and long-term adaptation needs
ought to be framed within a broader context of sustainable development and be integrated into
sectorial policies. Prompt planning of this adaptation could lessen vulnerability to impacts and
reduce costs.

The actions for adaptation must be considered from two points of view: on one hand, the
application of measures aimed at minimising effects in the socio-economic sectors and
ecosystems most susceptible to climate change and, on the other, risk prevention related to
extreme climatic phenomena and the effects thereof. However, it must not be forgotten that best
way to combat climate change is through mitigation, which involves reducing emissions of the
gases that cause it.

Spain’s geographic location and socio-economic characteristics make us very vulnerable to
climate change, the effects of which we have recently suffered. Among other aspects, the
impacts of climate change can have particularly serious consequences in relation to reduced
hydric resources, coastal retreat, loss of biodiversity and natural ecosystems, increased soil
erosion processes and loss of human lives and property resulting from the intensification of the
adverse events associated with extreme climatic phenomena, such as floods, forest fires and
heat waves.

The results of this preliminary assessment, drawn up by fifty authors, in collaboration with other
experts belonging to a wide range of Spanish universities and research centres, undoubtedly
constitute a basic element and the key, on one hand, to learning more about the vulnerability of
our ecosystems and sectors to the impacts of climate change and, on the other, to developing
and establishing adaptation policies enabling the Public Administrations and the private sector
to adopt measures.

From my post of responsibility, as Minister of the Environment, | will do all | can to promote — in
co-ordination and collaboration with the Regional Autonomies and with the support of our
scientific and academic community — the policies required of us by the challenge posed by
climate change.

Cristina NARBONA RUIZ
Minister of the Environment






PROLOGUE

The report Preliminary Assessment of the Impacts of Climate Change in Spain results from the
efforts of a large group of experts, aimed at determining the changes that will take place
throughout the XXI century in Spain’s climate as a consequence of the global warming of the
planet and how these changes can affect the natural environment, the resources thereof, some
of the main production sectors and human health in our country. The analysis conducted
followed the procedures established by the IPCC or, in the case of Europe, by the ACACIA
project. To this end, we brought together a group of experts from different fields of knowledge,
different institutions and different parts of Spain. Apart from climate, we selected fifteen thematic
areas relating to impacts. To each theme, we assigned three experts, who were charged with
exhaustively reviewing the existing knowledge of the interactions between climate and the
object of study, and, based upon this and upon future climate projections, these experts were to
predict the consequences of climate change as the century elapses. In order to ensure as broad
and contrasted a view as possible of each theme, the authors of each chapter were requested
to glean the opinion of other experts, both in the drafting and review processes, the help of
experts from abroad being drawn upon in the latter case.

The chapter on climate deals with recent change tendencies and future climate. The remaining
chapters have been arranged into ten sections:1) introduction, 2) relationship with present
climate, 3) foreseeable impacts of climate change, 4) most vulnerable areas, 5) main adaptation
options in relation to climate change, 6) repercussions of each system or sector for the other
ones, 7) existing knowledge gaps, 8) possibilities of detecting change, 9) implications for
policies, 10) main research needs.

The future climatic or socio-economic reference framework was drawn up by the IPCC. In some
cases, projections were used which were based on regional climate models. Given the fact that
there have been few specific studies of the impacts of climate change in Spain, in most cases,
the conclusions expressed reflect the opinion of the experts. Based upon knowledge of the
relationships between climate and the processes we are dealing with, and in view of the
foreseeable changes, this is the course we expect things to take throughout the century. The
existing lack of knowledge hinders more detailed determination of the impacts. In any case, the
impacts to be expected are so many, and of such a varying nature, that in no case must the lack
of detailed knowledge serve as an excuse not to take action, right here and now. Extreme
events, however, such as the 2003 heat wave, show how the manifestations of climate change
can surprise us. Time has simply run out with regard to taking measures. The report provides us
with sufficient elements to make adaptations and to mitigate the consequences of the climate
change in which we clearly appear to be immersed.

The report was written in Spanish and translated into English. | wish to acknowledge the
collaboration of the authors, contributing authors, reviewers and technical backup staff, and the
help provided by the Spanish Bureau of Climatic Change in the drafting of the ECCE project,
which resulted in this report.

José Manuel MORENO RODRIGUEZ

Department of Environmental Science
Castilla-La Mancha University
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IMPACTS OF CLIMATIC CHANGE IN SPAIN

Summary and main conclusions and recommendations

The Spanish climate

Spain’s climate is extremely varied as a result of its complex topography and geographic
location. Interannual climatic variability is high and is conditioned to a great extent, specifically
with regard to rainfall, by atmospheric circulation patterns in the Northern hemisphere, in
particular by the North Atlantic oscillation (NAO).

During the XX century, temperatures in Spain showed a general increase, with a magnitude
greater than the global average. This is more accentuated in winter. Rainfall during this period
showed a downward trend, especially in the South and in the Canary lIsles, although the high
variability involved prevents a more precise judgement. This tendency partly corresponds to an
increase in the NAO index.

The tendencies of future climate depend upon the socioeconomic scenarios used and vary
according to the general climate models employed. The temperature increase projected for the
Iberian peninsula according to whether more or less favourable scenarios are used (less or
more emissions, respectively) is uniform throughout the XXI century, with a mean tendency of
0.4 °C/decade in winter and 0.7 °C/decade in summer for the less favourable scenario (A2
according to the IPCC), and of 0.4 °C and 0.6 °C/decade, respectively, for the more favourable
scenario (B2 of the IPCC).

With regard to rainfall, the change tendencies throughout the century are not generally uniform,
with noteworthy discrepancies between the global models, which makes the result less reliable.
They all, however, coincide in a significant reduction in total annual rainfall, somewhat greater in
scenario A2 than in B2. These reductions are maximum in spring and somewhat lesser in
summer.

The application of regional models allows the detail of climatic projections to be enlarged. The
results of one of these models (PROMES) for the last third of the century provides these data:
temperatures will increase by between 5 and 7°C in summer and by 3 to 4°C in winter, and will
be somewhat lower on the coasts than inland, and also lesser (aprpox. 1°) for scenario B2 than
for A2.

The changes in rainfall are more heterogeneous, with an accentuation in the Northwest-
Southeast gradient in winter and autumn, with slight increases in one and decreases in the
other. In spring and, above all, in summer, the decrease in rainfall is a generalised one. These
variations are more accused in scenario A2 than in B2.

The frequency and range of monthly temperature anomalies increases in all seasons and in
both scenarios, although there is great geographic variability. The changes in monthly rainfall
anomalies are not conclusive.

The frequency of days with high temperatures increases in spring and autumn, although it is not
conclusive on the islands. The days with minimum temperatures tend to decrease.

Considering the set of results for climate change projected throughout the XXI century for Spain
by the different climate models considered, we can arrange their degree of reliability in a
descending direction in the following way: 1: progressive tendency to increase of mean
temperatures throughout the century. 2: Tendency towards more notable warming in a scenario
of higher emissions. 3: The increases in mean temperature are significantly greater in the
summer months than in winter ones. 4: Warming in summer is greater in the inland areas than
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ABSTRACT AND CONCLUSIONS

on the coast or on the islands. 5: Generalised tendency towards less annual accumulated
rainfall. 6: Greater range and frequency of monthly temperature anomalies. 7: greater frequency
of days with extreme maximum temperatures on the Peninsula, especially in summer. 8: For the
last third of the century, the greater reduction of rainfall on the Peninsula is projected in the
months of spring. 9: Increased rainfall in the West of the Peninsula in winter and in the
Northeast in autumn. 10: The changes in rainfall tend to be more significant in the scenario of
higher emissions.

Main impacts of climate change in Spain
Terrestrial ecosystems

Climate change will affect the structure and functioning of terrestrial ecosystems, will alter the
phenology and interactions among species, will favour the spread of invasive species and pests
and will increase the impact of both natural and anthropic disturbances. The areas and
ecosystems most vulnerable to climate change are islands and isolated ecosystems, such as
edaphic islands and high-mountain systems, and ecotones, or areas of transition between
systems.

Inland aquatic ecosystems

With a high degree of certainty, climate change can be expected to make many of Spanish
continental aquatic ecosystems (SCAE) change from permanent to seasonal; some will
disappear. The biodiversity of many of them will be reduced and their biogeochemcial cycles will
be altered. The magnitude of these changes cannot yet be established. The ecosystems most
affected will be: endorheic environments, lakes, lagoons, rivers and high-mountain streams
(1600-2500 metres), coastal wetlands and environments depending upon subterranean waters.

Marine ecosystems and the fisheries sector

The effects of climate change will differ for upwelling ecosystems or those comprising stratified
areas and for coastal or oceanic areas. Reduced productivity is expected in Spanish waters,
given their characteristics as subtropical or warm temperate seas. The changes will affect many
groups of organisms, from phytoplankton and zooplankton to fish and algae. There will be
changes in the marine trophic networks, affecting resource species, especially in their larval
phase and in recruitment. Species distribution will change, with an increase in temperate waters
and subtropical species and a decrease in boreal species. There will be a possible increase in
invasive species. Marine cultures provided with no food supplement could be affected by the
reduced marine productivity. Increases are to be expected in the appearance of species of toxic
phytoplankton or parasites of cultivated species, favoured by the temperature increase in
coastal waters. The areas and systems most vulnerable to climate change are benthic
communities; fields of phanerogams will be the most affected.

Plant biodiversity

The direct impacts of climate change on plant biodiversity will occur through two antagonistic
effects: warming and reduced hydric availability. The “Mediterraneisation” of the North of the
Peninsula and the “aridification” in the South are the most significant tendencies. The biggest
indirect impacts are those deriving from edaphic changes, changes in the fire regime and a rise
in sea level. Interactions with other components of global change and the modification of
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IMPACTS OF CLIMATIC CHANGE IN SPAIN

interspecies interaction constitute another potential source of impacts for which evidence is now
beginning to accumulate. High-mountain vegetation, forests and deciduous thickets sensitive to
summer drought, sclerophyllous and lauroid forests in the South and Southwest of the
Peninsula and coastal vegetation are among the most vulnerable types. Structural simplification
and the predominance of local extinction over re-colonisation constitute recurring tendencies of
the different impacts. The loss of floristic diversity is of particular relevance in Spain, given that
our country contains a high proportion of Europe’s plant diversity.

Animal biodiversity

Spain is possibly the EU’s richest country with regard to animal species, and the one with the
highest number of endemisms. Climate change will cause: 1) Phenological changes in
populations, with advances (or delays) in the initiation of activity, arrival of migratory species or
reproduction; 2) maladjustment between predators and prey due to differential responses to
climate; 3) displacement in the distribution of terrestrial species northwards or towards greater
altitudes, in some cases with a clear reduction of their distribution areas; in rivers, displacement
of thermophilic species upstream and a decrease in the proportion of cold water species; in
lakes and lagoons, altitude, latitude and depth have similar effects upon communities in relation
with temperature; 4) greater virulence of parasites, and 5) an increase in populations of invasive
species.

Hydric resources

In Spain, climate change will cause big decreases in water resources. For the 2030 horizon, we
can expect average decreases in hydric rosurces in natural regime of between 5 and 14%,
whereas for 2060 an average global reduction of hydric resources is expected of 17% on the
Peninsula. These figures could exceed between 20 and 22% for the scenarios predicted for the
end of the century. Along with this decrease in resources, an increase is expected in the
interannual variability thereof. The impact will be noted more severely in the Guadiana,
Canarias, Segura, Jucar, Guadalquivir, Sur and Balearic Isles river basins.

Soil resources

Much of Spain’s territory is currently threatened by desertification processes, especially by the
impact of forest fires and fertility loss in irrigated soils due to salinisation and erosion. The
projected climate changes will exacerbate these problems in a generalised manner, especially
in the areas of Spain with dry and semiarid Mediterranean climates. The projected climate
changes will probably cause a carbon decrease in Spanish soils, which will negatively affect the
physical, chemical and biological properties of the soils.

Forestry sector

Forests pests and diseases can play a fundamental role in the fragmentation of forest areas.
Some perforating or defoliating species can complete up to two biological cycles per year or
increase their colonisation area as a consequence of more benign winters.

The physiology of most forest species could be profoundly affected. There is a high risk that
many of our forest ecosystems will become net carbon emitters during the second half of this
century. Tip of mountain areas, the more xeric environments and riparian forests could become
more vulnerable to climate change.
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Agrarian sector

Changes in CO; concentrations, in air (and ground) temperature values, and variations in
seasonal rainfall will have opposing and non-uniform effects upon Spain’s agricultural systems.
Climate change could affect the ingestion and wellbeing of the livestock and, consequently, the
profitability of livestock farming systems. From the point of view of animal health, we can expect
to observe the effects of climate change in all parasitic and infectious processes the etiological
agents or vectors of which have a close relationship with climate.

Coastal areas

The main problems related to climate change in Spain’s coastal areas are associated with a
possible rise in mean sea level (MSL). Projections by the models vary from 10 to 68 cm for the
end of the century. For the end of the century, a 50 cm rise in MSL can reasonably be expected,
with 1 m in the most pessimistic scenario. With a generalised rise in MSL, the most vulnerable
areas are deltas and confined and rigidized beaches. This could lead to the loss of many
beaches, especially on the Cantabrian coast. Many coastal lowlands would be flooded (Ebro
and Llobregat deltas, Manga del Mar Menor, Dofiana coast), some of which might be built up.

Natural hazards of climatic origin
Flood risk

Hydrological variability in Atlantic basins will increase in the future as a result of the
intensification of the positive phase of the NAO index. This might reduce the frequency of
floods, although not the magnitude of these. In the Mediterranean and inland basins, the greater
irregularity of the rainfall regimes will cause an increase in the irregularity of the regimes of
floods and flash floods.

Slope instability risk

Landslides and avalanches are concentrated in the main mountain ranges, especially in the
Pyrenees, and the Cantabrian and Betic ranges. Slope instability currently causes losses of
hundreds of millions of Euros annually, especially in communication channels and, to a lesser
extent, in population settlements. The number of deaths caused by landslides has dropped in
the last few decades, but there has been an increase in those caused by avalanches as a result
of the mountains being more frequented. While confirmation by more accurate climate models is
being awaited, increased torrentiality will cause a greater number of surface landslides and
debris flow, the effects of which could be exacerbated by changes in land uses and less plant
cover. Consequently, increased erosion is expected on slopes, along with a loss of quality of
surface waters, due to increased turbidity, and a higher rate of clogging in reservoirs.

Forest fires risk

Temperatures and soil moisture scarcity will increase, which will cause greater and more long-
lasting desiccation of fuels. Fuel flammability will therefore increase. Mean danger indices and,
in particular, the frequency of extreme situations will increase. The average duration of the fire-
danger season will be prolonged. There will be more ignitions caused by lightening. There will
be an increase in the frequency, intensity and magnitude of fires.
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Energy sector

In a scenario of temperature increases and reduced rainfall, an increase is expected in the
demand for electric energy, which should be covered without having to resort to hydraulic
energy production, as this would be reduced; an increase in the demand for oil and natural gas
is also predicted, along with reduced deposits of biomass (currently scarce). Only solar energy
(in its different forms) would be favoured by the plausible increase in hours of insolation. If there
were to be an increase in episodes of strong winds, there might also be an increase in the
production of aeolic-generated electricity.

Tourism sector

The impacts of climate change on the geographic-tourism space could cause changes in the
associated ecosystems. Water scarcity would cause problems related to the functionality or
economic viability of certain destinations. Temperature increases could cause changes in some
activity schedules, leading to more travel between seasons. A rise in sea level would threaten
the current location of certain touristic resorts and the infrastructures thereof. These impacts
would have a greater effect upon the more deteriorated areas with a greater combination of the
different climatic effects. There might be a reduction in the average stay at each destination, a
delay in the moment of deciding to travel and a change of destination, foreign tourists thus
staying at home and nationals travelling to northern coasts or inland.

Insurance sector

The detection of the effects of climate change upon the Spanish insurance sector involves
analysis of the claims rates for coverage of flooding, storms, frosts, hail and drought, damages
being the branch most affected. Storms and flooding are the most numerous and costly events.
Compensation for flooding in the 1971-2002 period increased, most likely due to the increase in
the insurance index, in exposure and in insured capital. Statistics for agricultural insurance
show that the eastern half of the Peninsula is the most sensitive to climate change.

Human health

From the point of view of the possible impacts upon human health, we would need to consider
the effects on morbidity and mortality of extreme temperatures, fundamentally through heat
waves, which have been indicated as the most frequent with regard to intensity and duration for
the coming years. Furthermore, the foreseeable increase in fine particles and ozone will
constitute the main impacts in relation to atmospheric pollution. To these impacts we must add
the geographic spread to our country of pre-established vectors or the establishment of
subtropical ones adapted for survival in cooler, drier climates.

Main recommendations for policies in a scenario of climate change in Spain

Terrestrial ecosystems

The management of terrestrial ecosystems should involve society as a whole and seek creative
ways of financing activities aimed at mitigating effects and for restoration and research. The

conservation of terrestrial ecosystems in a scenario of climate change clashes with many
human activities, especially in relation to the use of natural resources like water. There is a
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need for integrated management of the multiple goods and services provided to us by terrestrial
ecosystems.

Inland aquatic ecosystems

The possibilities of adaptation of CAE to climate change are limited. In order to mitigate the
effects thereof, there is a need for water saving policies, improved water quality and an
intensification of the measures for the conservation of the surrounding terrestrial environments.
Given that new conflicts over water are to be expected as a result of climate change, it is
reasonable to expect the conservation of CAE to be the easiest priority to ignore. The changes
the CAE are really subjected will affect environmental conservation and the tourism sector,
population protection, water supply and continental fisheries.

Marine ecosystems and the fisheries sector

The management of coastal marine ecosystems and of marine species should be considered
from a multispecific and ecosystemic perspective. The search for solutions that mitigate the
effects of direct human activity should be promoted, along with medium- or long-term follow-up
of actions.

Plant biodiversity

Avoiding losses of biodiversity caused by the impacts of climate change requires global
responses. The sectorial strategies designed require a broader geographic framework than that
of regional or local administrations, upon which they currently depend. The network of protected
spaces, conservation policy, ecological restoration, forest management, the regulation of
livestock farming and hunting uses, land planning, environmental evaluation and education
constitute the policies most involved in the challenge of providing responses to the impacts of
climate change.

Animal biodiversity

The areas most vulnerable to climate change are coastal areas, wetlands and permanent water
course which will become seasonal and seasonal ones that will have a more irregular flow or
will even disappear, high mountain areas and moist pasturelands. Neither the displacement of
distribution ranges (hypothesis I) nor rapid adaptation to new ecological conditions (hypothesis
II) appear to constitute feasible solutions for most of the species studied. The main
management solutions should include the design of nature reserves and parks interconnected
by biological corridors. The network of protected areas should include latitudinal and altitudinal
gradients in order to protect populations undergoing processes of geographic displacement as a
result of climate change. The zones or areas especially sensitive to climate change should be
identified, especially for species with no option for habitat displacement.

Hydric resources

The change will necessarily involve re-modelling and redefining new policies such as those
related to science and technology, hydraulics, energy, agriculture, environment and land
planning. We recommend continuing with the tradition of measurements established in Spain by
means of control systems, which are generally well-established or being improved. However,
the convenience should be highlighted of designing and establishing, or clearly improving, the
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water use control networks, in relation both to surface and groundwater, along with the flow
gauge network in fountains and springs.

Soil resources

The reforestation of marginal, barren land and the practice of a type of agriculture aimed at soil
conservation, along with an increase in organic carbon content and improved edaphic fertility,
offer great possibilities with regard to counteracting the negative effects of climate change. The
amendment of the PAC (Agenda 2000) offers possibilities for applying this principle. Soil quality
should be taken into account in town planning and in any re-classification of use. The drafting of
the European Strategy for Soil Conservation s should established the basis for the development
of European regulations dealing with the conservation and sustainable use of soils.

Forestry sector

In view of the foreseeable changes, an adaptational strategy is recommendable. Clipping of the
underbrush to reduce stump density has proved to be an efficient treatment that improves the
response of these forests to climate change. Control and adjustment of exploitation turns and
intensities should be considered as an option for optimising the response of the forest. Equally
important is the careful selection of the origins of the seeds in reforestation, for appropriate
management of genetic diversity.

Agarian sector

In agricultural systems, extensification or forestation should be favoured in areas with increased
instability, or intensification of stabilisation by means of irrigation in other areas, along with the
establishment of alternative crops or areas of compulsory fallow and new design of integral
control of pests and diseases. In livestock farming, reduced carrying capacity should be
favoured, along with the necessary changes in grazing management; there should be support
for supplementing and adapting facilities. The farming of autochthonous species and vector
control should be considered, due to their possible repercussions in relation to foreseeable
pathologies.

Coastal areas

Immediate action is required in relation to the human factors affecting the stability of the coast,
such as the maintenance of discharge and solid deposits by rivers as a solution to the “origin” of
the problem (the lack of sedimentary material). As a solution to the “symptoms” of the problem
(excessive retreat or mobility of the coast), we can indicate the stabilisation of beaches and
dunes, the construction of structures for limiting the transport capacity of incoming waves and
artificial deposits of sediments. Protection of natural values (strict land planning to ensure the
maintenance and recovery of valuable areas) is vital. There is also a need to demarcate and
inventory the areas and elements that could be affected by a rise in sea level, in order to define
where to apply abandonment and retreat strategies, or ones related to protection.
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Natural hazards of climatic origin
Flood risk
We must improve the quantification of risk and prevention in relation to climatology and land

planning, especially in urban areas and tourist resorts, particularly in Mediterranean ones; we
also need to improve catchment prediction systems.

Slope instability risk

Land and town planning, aimed at avoiding the areas most susceptible to slope instability
constitute the best and most economical adaptational tool.

Forest fires risk

Policies on fire fighting, land and forest planning and training and information for the public
should be adjusted to the new conditions. Management schemes based on the total exclusion
of fire should be modified, providing the possibility to use fire as a tool for reducing the
hazadousness of certain areas. Plans for conserving biodiversity or for combating desertification
ought to incorporate the new scenarios of increasing fire-danger. Management of public spaces
for recreational use should take into account the growing danger that approaches.

Energy sector

We seem to be following the right path with regard to energy policy, both in the EU and in our
country, but our energy production, however, is far from being sustainable. We therefore need
to study these policies in depth in order to adopt specific and additional measures for
implementing strategies, in order to make our energy production sustainable, especially with
regard to reducing emissions.

Tourism sector

Implications for public policies, from the incorporation of financial and fiscal aid and investment
in specific infrastructures, to the modification of existing legislation on land planning, delimitation
and uses, transport and even school schedules. All of this can be established through policies
that reinforce investment in tourist infrastructures that capitalise on new opportunities in new
areas, apart from the necessary restructuring of certain destinations and traditional products.
This will require the vital public leadership and the active incorporation of all the companies in
the tourism sector.

Insurance sector

We recommend the follow-up, in each regional autonomy, of the following measures, to be
analysed and applied at national level: 1) Review of the Basic Construction and Design
Regulations, and Review of Land Planning and Land Uses, in accordance with the climatic risk
of each area and the foreseeable evolution of this. 2) Promotion of prevention education from
primary school level. 3) Promotion of insurance as a prevention instrument. 4) Adaptation by the
insurance market to the possible demands in a new scenario of climatic risk. 5) Analysis of the
variability of agricultural policy in future climate scenarios.
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Human health

There is a need for public health action plans based on early warning systems aimed at
identifying risk situations before these occur, which involves an agile and reliable morbidity and
mortality database. We need to apply and follow up European Directives relating to all the
aspects that might affect human health, both in the short- and long-term. It is also of vital
importance to promote and develop specific surveillance and control programmes related to
vector-borne diseases, and to initiate activities aimed at increasing citizen awareness and
participation in all the activities related to climate change and the implications thereof for human
health.

Main needs for research and data for the detection of climate change
Terrestrial ecosystems

Among the main research needs, we can highlight the consolidation of long-term ecological
follow-up networks, making as much use as possible of the existing and favouring the
interdisciplinary participation of the scientific community, the study of interactions, both between
environmental factors and between species and trophic levels, and the determination of
minimum tolerance values (climatic, structural, functional) in systems vulnerable to climate
change.

Inland aquatic ecosystems

The knowledge gaps are due to: 1) the lack of reliable long-term data series; 2) the fact that
there is still scant information on the ecological state and biology of the most important species;
3) ignorance of hysteresis processes, and 4) the lack of knowledge of the possible effects on
the SCAE of abrupt or gradual changes in terrestrial plant communities and in the geology of
the catchments in which they are located. The research needs are many, as practically no study
has been conducted of the relationship between CAE and climate change.

Marine ecosystems and the fisheries sector

We need to consolidate the long-term environmental and ecological follow-up networks,
improving and making use of the existing ones. There is a need to promote Spanish
participation in international programmes, along with research plans aimed at establishing the
impacts of oceanic change upon species and ecosystems, from both a retroactive and
prospective perspective.

Plant biodiversity
The three main lines of research to be promoted are: follow-up of the changes underway,
including long-term programmes of measures in the field; the response by species and

communities to changes and the design of predictive models, based on the information provided
by the former and on the projections by climate models.
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Animal biodiversity

There is a need to promote research on taxonomy, and research that includes long time series,
at both specific and community level. More and better knowledge is required of faunistic
diversity and the distribution thereof for the study of eco/geographic biodiversity patterns. We
should not allow the deterioration or progressive disappearance of information sources, such as
the phenological database on plants and animals (birds and insects) started in 1940 by the
Agricultural Meteorological Service, belonging to the National Meteorology Institute (NMI).

Hydric resources

In relation to climate change, there is a vital need to conduct research aimed at improving
predictions of rainfall and temperatures and of the spatial and temporal distributions thereof; of
those tending to define methods of generation of data climate series based on scenarios; of
those providing better and more reliable methods of evaluation of evaporation and
evapotranspiration; the role of rainfall interception and use of water by plants, data for the more
reliable establishment of aquifer recharge and the development of models for computerising
calculations of inflow and storage; watershed management models.

Soil resources

An initial basic need in relation to edaphic resources involves the inventory thereof at a useful
scale of management (at least 1:50.000), with which to establish an evaluation of their
condition, to plan their management and project change tendencies. It would be of great use to
compile the existing information, dispersed throughout institutions at different scales and in
different formats, and to homogenise and computerise these using the criteria from the FAO-
CSIC database. Long-term basic studies should be promoted in order to attempt to detect
tendencies in the evolution of soils, along with responses to disturbances and to climate
change, especially in relation to low-periodicity events.

Forestry sector

Among the most pressing needs for the future, we can highlight the need for more accurate
knowledge of the subterranean of our forest species, to establish or consolidate networks for
the observation and analysis of the ecophysiological factors determining regeneration and, as a
whole, the response of the forest to environmental changes; another aim involves promoting the
development and application of forest growth models, aimed at predicting the response by the
forest to environmental changes or management patterns.

Agrarian sector

The development and implementation of dynamic models for simulating different crops, in order
to describe the interception of solar radiation by leaves, the generation of biomass (aerial
fraction and roots), water and nitrogen balances and the generation of yields. Data on the
response by agriculture and livestock farming to climate changes in long time series aimed at
predicting effects on production yield of the different farms. The development of simulation
models to account for the behaviour of different pathogenic agents in relation to climate; their
capacity for adaptation to the biotope and the seasonal dynamics of the different processes.
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Coastal areas

There is a need for more detailed knowledge of past processes (with annual or ten-year
resolution). There is also a need for further study of the impact that climate changes, in
particular with regard to MSL and other driving factors such as waves, together with the
corresponding morphodynamic change, could have on sensitive coastal ecosystems. There is a
need for follow-up systems and systematic data collection of the necessary parameters in order
to establish empirical relationships or to design and validate models. We need to learn of the
impacts of climate change upon wind and wave regimes and on the circulation patterns
affecting each area.

Natural hazards of climatic origin

Flood risk

Development of coupled climate-hydrology regional models in order to provide reliable
scenarios of hydrological extremes, taking into consideration the particularities of the Atlantic

and Mediterranean basins. Reconstruction of past floods and study of the gauging series,
referring these to natural conditions.

Slope instability risk

There is a need for a complete inventory of landslides and better damage assessment, as this is
much greater than the official figures. More in-depth study is needed of the relationships
between rainfall events and the different types of landslides, in order to appropriately integrate
them into the hydrological and mechanical models.

Forest fires risk

More detailed knowledge is needed of the interactions between drought, fire danger, the
occurrence of fires and the response by the vegetation in adverse situations. We must learn of
the synoptic conditions that set extreme events in motion, thus allowing to anticipate and
prevent fires. Climatic scenarios are needed with suitable spatial and temporal resolution, as
well as models of vegetation response. We require more in-depth knowledge of the sociology of
fires. Detecting change in the occurrence of fires necessitates maintaining the EGIF database
on forest fires of Spain, and availing of cartography of the fires in order to verify changes in the
spatial or temporal patterns thereof.

Energy sector

There is a need for more in-depth knowledge of the possible effects of climate change on
energy demand at regional level and according to economic sectors. All of this is due to
different reasons: generalist scenarios of climate change could lead to big information losses;
thus, we should establish whether the foreseeable increase in mean temperature will be
homogeneous, or whether it will affect certain regions more than others; this obviously affects
different local infrastructures; and with regard to the series of indicators proposed for the
detection of climate change in relation to the energy sector, there is a need to design models
that break down the different elements influencing the evolution of these indicators.
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Tourism sector

Research needs focus on critical knowledge gaps: 1) Study of the current role of climate in
Spain’s tourism system and the impacts of climate change according to the most vulnerable
zones and products, integrating the different scales of manifestation of the phenomenon. 2)
Creation of systems of indicators of the climate change-tourism relationship in order to detect
and measure this. 3) Design of management models for optimising the main adaptational
options and implications for tourism policies. This involves setting up and maintaining a specific
line of funding for research projects, with explicit programmes dealing with this theme, to be
integrated into the National R+D+l Plan.

Insurance sector

Greater availability in time, and adjusted to the needs of the sector, of meteorological and
climatic data. Didactic explanations of the scenarios designed by the IPCC and the
consequences of these. Experimental studies of the vulnerability of structures and crops in the
different geographic areas to the main meteorological and climatic phenomena in their most
extreme manifestations. Detailed statistics, prolonged in time, related to claims on the Spanish
insurance market, according both to areas and to catastrophic events. Development of
catastrophe models, combining risk and the financial parameters of the insurance and
reinsurance sectors, in order to recreate historic and to estimate future losses.

Human health

There is a vital need for a more in-depth evaluation than the one conducted here of the possible
impact on health of climate change in Spain, as has been conducted in other countries. This
evaluation should include the quantitative assessment of the impacts upon health, taking into
account the different scenarios of climate change and predictions of the demographic structure
of our country. This would involve following the recommendations and methodology that the
World health Organisation has developed in order to establish the degree of vulnerability in
relation to human health and to make the necessary adaptations with regard to human health
and climate change.
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ABSTRACT

Due to its complex orography and geographic situation, Spain has great climatic variability. The
spatial differences of annual mean temperature values surpass 18°C on the Peninsula and the
average annual accumulated precipitation ranges from barely 150 mm to over 2500 mm.

To this we must add the high interannual climatic variability and the noteworthy range of
extreme daily values. Thus, for example, rainfall variability reaches rates of over 20% in
Mediterranean regions and the Canary Isles, and the sequences of consecutive rainless days
can exceed 4 months in the South. Interannual variability is fundamentally conditioned by
different patterns of general atmospheric circulation in the northern Hemisphere, among which
we can highlight the North Atlantic (NAO index). Furthermore, extreme daily temperature values
cover an interval of between —40°C and +50°C and daily precipitation maximums can exceed
500 mm.

Analysis of recent temperature tendencies enable us to confirm that there has been quite a
general rise in annual mean temperature since half-way through the 70s of the XX century, by
an amount slightly higher than what has been observed at global scale, warming being more
evident in winter. Furthermore, the complex spatial distribution of precipitation and the high
temporal variability of this do not enable us to define any general tendency. However, abundant
results indicate a downward tendency in the South of the Iberian Peninsula and in the Canary
Isles in the second half of the XX century, which appears to tally with the positive tendency of
the NAO index observed in the last few decades. There are no conclusive results, either, of the
evolution of the number of days with heavy rainfall.

The tendency of future climate resulting from the application of global climate models is affected
by different sources of uncertainty. Among these, we can highlight the evolution of global
anthopogenic emissions of greenhouse gasses (GHGs) and of sulphate aerosols. For this
reason, the IPCC has established a set of emission scenarios (SRES), according to different
suppositions regarding population growth, the evolution of socio-economic activities and of
technological progress throughout the XXI century. This report only considered the scenarios
known as A2 and B2. The former corresponds to an evolution of GHGs that is increasing more
rapidly than the latter. Thus, in A2, the global CO, concentration would reach 850 ppm in the
year 2100, 120% higher than at present, and in B2 around 760 ppm, approximately double the
present value.

Taking into consideration the average results of the set of six global climate models,
temperature increases are projected on the Iberian Peninsula which are essentially uniform
throughout the XXI century, with an average tendency of 1.2°C every 30 years in winter and of
2°C every 30 years in summer for scenario A2, and of 1.1°C and 1.8°C respectively, for
scenario B2. With regard to precipitation, the change tendencies throughout the century are
generally not uniform, with notable discrepancies among the global models, which makes the
result less reliable. All of them, however, coincide in a significant reduction of total annual
precipitation, somewhat greater in scenario A2 than in B2. These reductions are maximum in
spring and somewhat lower in summer.

The low spatial resolution of the global climate models do not allow for spatial discrimination of
the projection of climate change in Spain, because of its relatively small geographic area. For
this reason, we considered the results provided by a regional climate model, with a resolution of
50x50 km2, nested in one of the previous global models. It should be pointed out, however, that
the projections with the regional model presented here only refer to the last third of a century
(2070-2100) and correspond to the regionalisation of the climate change simulated by one
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single global model. For this reason, although they present greater spatial detail and the results
essentially coincide with that of eight other European regional models nested in the same global
model, the reliability of the results should theoretically be considered lower than those of the
average of the ensemble of the six global models.

The most relevant changes projected by the regional model for the last third of the century in
relation to present climate can be summarised in the following points:

a) On the inland Peninsula, the temperature increases in relation to the present climate in
scenario A2 reach values of between 5°C and 7°C in summer and between 3°C and 4°C in
winter. In scenario B2, the distribution of warming is similar to that of scenario A2, but generally
1°C less intense. On the coast of the Peninsula and of the Balearic Isles, the warming projected
is around 2°C less than that on the inland Peninsula in all the seasons of the year, and in the
Canary Isles, around 3°C less in summer and 2°C less in winter.

b) The changes projected for accumulated precipitation are spatially more heterogeneous. In
winter there are slight increases in the Northwest and slight decreases in the Southwest in both
emission scenarios. In spring there are greater generalised decreases, although somewhat
higher in scenario A2 than in B2. In summer, the increase in precipitation is maximum
throughout the whole territory, except in the Canary isles. In autumn, a slight increase in the
Northeast is projected for scenario A2, and a decrease in the Southwest, both of these less
intense than in scenario B2.

¢) An increase is projected in the range and frequency of monthly temperature anomalies in
future climate in relation to the present climate. Although this increase is not noted in a regular
manner throughout the whole territory, in all the seasons of the year and in the two emission
scenarios the increases in range remain at around 20%. Furthermore, no significant alterations
have been observed in the frequency of monthly precipitation anomalies, although this
conclusion is especially questionable.

d) The frequency of days with extreme maximum temperatures on the Iberian peninsula tends
to increase significantly in spring and, to a lesser degree, also in autumn, whereas in the
Balearic and Canary Isles, no appreciable changes have been noted, the same as what occurs
in the other two seasons of the year throughout the whole territory. The frequency of days with
extreme minimum temperatures on the Peninsula presents a downward tendency.

Considering the set of results of climate change projected throughout the XXI century for Spain
by the different climate models considered in this report, we can arrange their degree of
reliability, in a descending order, in the following manner: 1° Progressive tendency towards and
increase in average temperatures throughout the century. 2° More accelerated tendency
towards warming in the more accelerated emission scenarios (A2). 3° Increases in average
temperature are significantly greater in summer months than in winter ones, with intermediate
values in the remaining months. 4° Warming in summer is greater in inland areas than close to
the coast or on the islands. 5° Generalised tendency towards less annual accumulated rainfall in
both emission scenarios throughout the century. 6° Greater range and frequency of monthly
temperature anomalies in relation to the present climate. 7° Greater frequency of days with
extreme maximum temperatures on the Peninsula, particularly in summer. 8° The greater
reduction of precipitation on the Peninsula is projected in the months of spring in both emissions
scenarios for the last third of the century. 9° Increase in precipitation in the West of the
Peninsula in winter and in the Northwest in autumn. 10° Changes in precipitation are in general
greater in the more accelerated emission scenario (A2).




IMPACTS OF CLIMATIC CHANGE IN SPAIN

1.1. CLIMATE EVOLUTION IN THE PAST

At scales of thousands of years, tens of thousands and even greater, Spain’s climate has
followed the general patterns laid out by natural fluctuations and global climate changes. The
glacial periods — the best known changes of the geological past — have left numerous visible
marks of the landscape and varied palaeoclimatic records. Climatic changes have, however,
been expressed locally, as a result of modulation of global change by the geographic factors
and physiographic variables of the different regions of Spain. Numerous palynological records in
lakes pay witness to changes in vegetation like, for example, those obtained in Padul (Granada)
(Pons and Reille 1988), Banyoles (Gerona) (Pérez-Obiol and Julia 1994) and Sanabria
(Zamora) (Sobrino et al. 2004). These analyses have shown that the climate in Spain has
repeatedly changed as a result of natural processes, as has occurred all over the planet, and in
certain periods in the past, there have been climatic conditions radically different from the
present ones. Thus, as an example, polar waters and probably icebergs entered the
Mediterranean through the Straits of Gibraltar on many occasions during the last glacial period
(Cacho et al. 1999).

The glacial periods, which must have been characterised by temperatures several degrees
below the current ones, were much longer than the interglacial ones, and while they lasted,
there were abrupt climatic oscillations at geological scale, such as the Dansgaard-Oeschger
warm cycles during the last glaciation (between 110,000 and 10,000 years BP). These rapid
oscillations were caused by changes in oceanic currents, which had a great impact on the
Iberian environment, as can be seen in the profound changes in the vegetation (Burjachs and
Julia 1994). The relevance of these episodes demonstrates the existence of sudden changes in
climate, which, in spite of their distant origin, are capable of spreading globally. Indeed, the
environmental conditions of the Iberian Peninsula and of the Mediterranean basin have been
very sensitive to the climatic variability of the North Atlantic region. The climatic variability of the
Peninsula has been closely related to changes in marine circulation, although different areas
have shown responses that have been attenuated to a greater or lesser degree, depending on
their location (Sanchez-Gorii et al. 2002).

The transitions from glacial periods to interglacial ones were rapid on a geological scale, with
occasional abrupt recessions to quasiglacial conditions, as occurred during the Younger Dryas
episode (between 13,000 and 11,600 years BP) in most of Europe, although this oscillation may
not have affected the whole Iberian Peninsula (Pérez-Obiol and Julia 1994; Allen et al. 1996;
Carrion 2002). The interglacial periods, like the one we have been in for the last 10,000 years
(the Holocene) are warmer, in comparison to the glacial periods, and climatically more regular,
although there have been some brief fluctuations (Leira and Santos 2002).

Climatic conditions during the Holocene have not remained totally constant, either, and different
studies have shown that, in general terms, Iberian climates have become more arid and
temperatures have been rising gradually (Araus, et al. 1997; Jalut et al. 1997; Jalut et al. 2000;
Davis et al. 2003; Rimbu et al. 2003). Some of these authors suggest that this tendency is
probably the opposite to what has occurred in other parts of Europe and the North Atlantic.

The climatic scenario for just over the last thousand years on the Iberian Peninsula has been
characterised, in general terms, by a warm episode during the Middle Ages, between IX and
XII-XIV centuries, accompanied by relatively abundant and regular precipitations. The medieval
warming period was followed by an episode of relative cooling and increased pluviometric
irregularity between the XIV and XIX centuries. Dendroclimatic studies carried out on the Iberian
Peninsula have permitted the reconstruction, in a sporadic manner since the Xll century, and
more continued since the XV century, of values of mean annual temperature and rainfall in
several points of the territory. Temporal analysis of the variability of these series, including
varying degrees of extreme values, has demonstrated the alternation of periods with very
differentiated climatic characteristics (Creus et al. 1997; Saz and Creus 1999; Saz 2003)
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(Figure 1.1). Thus, the climate in the initial centuries was characterised by high rainfall and
temperature values, with a very regular regime that lasted well into the XIV century, when both
variables started to show a notable downward trend and an increase in the frequency of
extreme values. This behaviour was the prelude to the start of a very variable and particularly
cold climate phase, which reached its peak in the XVII century and lasted until the end of the
XVIII and the first decades of the XIX. It corresponds to the phase known as the Little Ice Age
(LIA), during which climatic variability was very high, while, at the same time, there were pulses
of differing intensity that aggravated its characteristics. The LIA has also been identified on the
Iberian Peninsula with the use of coastal marine records (Luque and Julia 2002), and lacustrian
(Desprat et al. 2003) and documentary ones, using in this case, rogation “pro pluviam” records
and ones related to claims for flood damage (Martin-Vide and Barriendos 1995; Barriendos and
Martin-Vide 1998). One of the most notable pulses during the LIA, with increased droughts and
torrential rainfall in the eastern Mediterranean, took place at the end of the XVIII century
(Barriendos and Llasat 2003).

With regard to climatic risks, in certain periods of the LIA these were more frequent and of
greater magnitude than during the XX century, with a noteworthy impact on the societies of the
time. The recent period, from the middle of the XIX century to the present has involved, from the
secular point of view and with reference to the LIA, a return to conditions of greater climatic
regularity.
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Fig. 1.1. Annual precipitation anomalies in NW Spain (1575-1925) —smooth curve using 15-year moving
averages (By J.Creus).

1.2. THE PRESENT CLIMATE
1.2.1. Temperature
a) Mean annual temperature

Although the distribution of the mean annual isotherms provides quite a good reproduction of
the hypsometric map, the latitudinal differences between northern and southern Spain, even
excluding the Canary Isles, along with the different characteristics of the Atlantic ocean and the
Mediterranean sea, give rise to certain differences. The main spatial values and models of
mean annual temperature for the Iberian Peninsula and the Balearic Isles are the following: the
value for sea level ranges from just below 14°C on points of the coast of Cantabria to over 18°C
in the southern Mediterranean and the South Atlantic; 2) along the eastern Mediterranean
coast, mean annual temperature ranges from 15°C in some sectors of the Catalonian coast to
18°C on the coast of Almeria, whereas on the Balearic Isles, the values next to the sea are
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between 16 and 18°C; 3) the mean annual temperature can be negative above an altitude of
2,800 m in the northern half of the Peninsula (Pyrenees) and in shaded areas above 3,100 m in
the south (sierra Nevada); 4) the northern plateau presents values of between 10 and 12.5°C
and the southern plateau, between 12.5 and 15°C, in general; 5) the lowlands of the Ebro basin
have mean annual temperatures a little above 14°C, those of the Guadalquivir valley are
between 17 and 18°C and those of Extremadura are slightly over 16°C; 6) the values decrease
in the coast-inland direction; 7) the values increase from North to South, at equal altitude; 8)
inland, values decrease from West to East (Figure 1.2).

HEFW TR 1T TEN

TEMPERATURA
MEDIA AMUAL
Pariodo 187 1-2000

)

53 e

a4
dal
Gal
Baid | e

IRLERE
12a14d
fda 16

RITEL e
18820
»rabe / k o~ =30
werne] f e @ N = i, g |
gl Sy ..nih_d__’__ﬂ,f L e : -

/| ELABORAGION; INSTITUTO MAGIONAL DE METEOROLOGIA s
T

T T T T T T T T T T T T T T T T
TEEW T W W Lol TV e W TN w T rarw e e a Ty T Y

Fig. 1.2. Annual mean temperature (°C )(1971-2000) (Source: Spanish Meteorological Institute).

The temperature difference of slightly over 4°C between the mean annual temperatures of the
northern and southern coasts of the Iberian Peninsula constitute a latitudinal gradient of just
over 1°C/200 km. On the coast of North Africa, Ceuta and Melilla present values comparable to
those of the south coast of the Peninsula. On the Canary Isles, temperatures are appreciably
higher than in the rest of Spain at equal altitude, surpassing 20°C, and even reaching 21°C on
the coasts. In short, the mean annual temperatures tally with global averages, but they show
considerable contrasts between the higher, northern lands and the lower, southern ones.

b) Mean temperatures in January and July

January presents the lowest mean monthly temperature, with the exception of certain parts of
the Canary Isles and some capes in Galicia, whereas February can be one tenth of a degree
lower than January. On the other hand, the highest monthly averages are not exclusive to July,
but rather, in many of the coastal observatories like the Balearic Isles, Canary Isles, Ceuta and
Melilla, these are registered in August and are due to the thermal inertia of the sea water,
although these show little difference from the preceding month. The main characteristics of the
isotherm map for the month of January can be summarised as follows: 1) the 6°C isotherm
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encompasses the whole northern half of the Peninsula, with the exception of the coastal and
pre-coastal fringe below 500 m altitude; 2) in the southern half of the Peninsula, the same
isotherm encompasses Madrid, much of Castilla-La Mancha, the Sierra Morena mountains,
some inland regions of the Valencia Regional Autonomy, the main Sierra Bética and Penibética
mountains, as well as the higher parts of Extremadura, Majorca and Tenerife; 3) the 12°C
isotherm appears on the southern Mediterranean and South Atlantic coasts, Ceuta, Melilla and
below around 700 m on the Canary Isles.

The main characteristics of the isotherm map for the month of July can be summarised as
follows: 1) the 24°C isotherm covers a large area in the southern half of Spain, with the
exception of an eastern strip comprising Castilla-La Mancha, along with the Cordillera Ibérica
mountains, some parts of inland Valencia, the main Sierra Béticas mountains and some parts of
the Montes de Toledo and Sierra Morena mountains; 2) temperatures of over 24°C are also
reached, in the northern half, in the lower lands of the Ebro basin; 3) the 16°C isotherm only
appears in the Cordillera Cantabrica mountains and at the higher levels of the Galaico Massif
and the Montes de Ledn mountains, of the Pyrenees and of the Ibérica and Central mountain
ranges of Sierra Nevada and of the Teide; 4) the Cantabria coast in the north does not reach
20°C. Summertime is only cool in the higher mountain ranges and on the coast of Cantabria,
whereas much of the southern half of the Peninsula can be considered to be very hot. In the
Mediterranean course of the Guadalquivir river, between Jaén and Seville, a monthly average of
27°C is surpassed.

c) Extreme temperatures

It is well known that the 40°C threshold is surpassed every summer in some capital cities of
Andalucia, such as Cérdoba and Seville, as well as in other parts of the southern half of Spain.
Even this value has been greatly surpassed on occasions. Thus, Ecija (Seville) has recorded on
different occasions the temperature of 47°C (July 7" 1959, several days in July 1967, etc.).
Likewise, in Seville 47°C has been reached (August 6™ 1946). During the heat wave in July
1995, Seville and Cordoba reached 46.6°C. The record of 51°C registered on July 30" 1876 in
Seville is doubtful, as well as other values of over 50°C in smaller observatories. We must
consider, however, in view of the existing records, that on certain occasions, a temperature of
50°C has been reached in some parts of the Guadalquivir basin.

Temperatures of 40°C are not exclusive to Andalucia, and, although less frequently, they have
been reached and surpassed in Castilla-La Mancha, Extremadura and Murcia, and, on rarer
occasions, in the lowlands and mid-altitude lands of Navarre, La Rioja, Aragén, Valencia,
Alicante, Mallorca, inland Catalonia, lowlands of Orense and certain point of the Rias Bajas,
towns of Madrid, Tenerife and eastern islands of the Canary Isles. The maximum absolute
temperature even of Bilbao has exceeded 40°C, under the influence of southern conditions. The
45°C isotherm can be considered as being exclusive to the Guadalquivir valley. Although the
clearest and most general atmospheric heat wave situation with temperatures of over 40°C is
due to advection of air from the Sahara in the lower layers of the troposphere, in some parts of
Spain this threshold has been reached in other situations (f6hn — type westerly wind on the
Valencia coast, southerly wind, also of the féhn on the Basque coast, etc.).

With regard to minimum absolute temperatures, on the coasts of the Mediterranean, the
Peninsula and Balearic Isles, the coasts of the South Atlantic and the lowlands of the Canaries,
frost is infrequent or even non-existent. But the continentality and the altitudes of the inland
Peninsula and of the mountain ranges on occasions permit very low minimums. The
observatories of Castilla- La Mancha and Castilla y Ledn have recorded minimum temperatures
of below —10°C and, in some places, less than —20°C, over a thirty year period. Temperatures of
below —10°C can also be registered in the Ebro basin, the Intrabetic hoyas (topographic
depression), such as Granada, inland Galicia and Catalufia, as far as the coast of Guipuzcoa.
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Likewise, at the higher levels of the main mountain ranges, temperatures have dropped below
the aforementioned thresholds. During the last international period, the aerodromes of Los
Llanos (Albacete), at only 704 m altitude, recorded —24,0°C, Villafria (Burgos), -22,0°C, Vitoria,
little over 500 m, -21,0°C, and Matacan (Salamanca), -20,0°C. The official record for minimum
temperature in Spain is held by Estany Gento, in the Pyrenees of Lérida, at an altitude of 2120
m, with —=32°C, on February 2" 1956, during one of the harshest cold spells of the XX century.
Temperatures of —-40°C have probably been reached, at some stage, on the highest summits of
the Aragon Pyrenees. Set in an area of the Cordillera Ibérica mountains between Zaragoza,
Teruel and Guadalajara are some of the coldest parts of Spain in winter, if we take into account
their relatively modest altitude, between 850 and 1,100 m. The Calamocha and Molina de
Aragon observatories have recorded values of between —28°C and —30°C.

d) Mean annual temperature range and continentality

The annual mean range (difference between the mean temperatures of the hottest and coldest
month) which is a good index of continentality, is notably high on the Plateau, especially the
southern part, and the in the Ebro basin. In some parts of the southern Plateau, an annual
mean range of 20°C can be surpassed. Values of 18°C and even higher are common in the
lowlands of the Ebro valley and its tributaries, and of between 16 and 17°C on the northern
plateau. To the contrary, the coastal areas of the Canary Isles have minimum annual mean
ranges, due to their insularity and low latitude. Thus, on the coasts of the Canaries, the hottest
month is differentiated from the coldest one by between only 5°C and 7°C. On the Peninsula the
lower level of continentality, or the greater oceanic influence can be found on the coasts of La
Corufia, and is around 9°C. To the contrary, the eastern Mediterranean coast and that of the
Balearic Isles present a relatively high range, around 14°C due to the influence of a sea that is
practically closed-off and surrounded by highlands.

1.2.2. Rainfall
a) Mean annual rainfall

Rainfall is the most important climatic element in Spain, both from the point of view of climate
and as a resource, given the modest amount that falls in much of the territory and its high
temporal and spatial variability. The mean annual total has traditionally been used to distinguish
three large zones: rainy Spain, dry Spain and semiarid Spain. The dividing line between the
rainy and dry parts of Spain is usually established by the 800 mm isoyet and, in some cases,
the 600 mm or intermediate one. The dividing line between dry Spain and semiarid Spain is
established by the thresholds of 300 or 350 mm. The representation of three categories is not
perfectly separated in space, but is interspersed in numerous sectors. Thus, the map of mean
annual rainfall in Spain is a very complex one, with many enclaves with high or low pluviometry
inserted into regions presenting the opposite sign (Figure 1.3).

Rainy Spain fundamentally comprises, in a continuous manner, almost all of the North and
Northwest of the country. In most cases, mean values are above 1,000 mm, and in the sectors
most exposed to wet maritime airflow, 2,000 mm can be surpassed. There are also numerous
sectors of the peninsula and even of the islands, that surpass the threshold of 800 mm, almost
always in mountain ranges. The largest area, dry Spain, occupies a huge area in the centre of
the Iberian Peninsula, taking in the flatlands of the two Plateaus, the lowlands of the Ebro basin,
the Guadalquivir Basin, and much of the eastern coast, except for the Southeast and the
southern Mediterranean and South Atlantic coasts. Also belonging to dry Spain are the Balearic
Isles, excepting the Tramuntana mountains in Majorca, some of the highlands and other mid-
level ones on the Canaries, Ceuta and Melilla. Values of around 500 mm are quite frequent in
dry Spain. Semiarid Spain is represented mainly by the Southeast of the Peninsula, that is,
much of the province of Almeria and sectors of Murcia, Granada and Alicante. There are also
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some small enclaves in the Ebro and Duero basins, as well as in Lanzarote, Fuerteventura and
the lowlands of the remaining Canary Isles, except La Palma.
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Fig. 1.3. Annual mean precipitation (mm) (1971-2000) (Source: Spanish Meteorological Institute).

At joint scale, annual rainfall on the Iberian Peninsula decreases from North to South and from
West to East, so that on an imaginary diagonal line running from Galicia to Almeria, we can see
the extreme contrast with regard to rainfall. In the Canary Isles, rainfall also diminishes from
North to South on each island, and from West to East in the archipelago. In the Balearic Isles,
rainfall generally increases from Southwest to Northeast.

In peninsular Spain the mean annual volume of rainfall during the 1961-1990 period was
estimated at 327.286 x10° m®, which is an average height of 665 mm. The lowest value for
peninsular Spain corresponds to Cabo de Gata (Almeria), between 125 and 150 mm,
depending on the period analysed, whereas in certain well-exposed parts of rainy Spain, values
can exceed 2,500 mm. This means that the latter values are over 20 times greater the former.
On the Balearic Isles, the extreme values are around 1,400 mm, in the Tramuntana mountains,
and little over 300 mm in some parts of Formentera. On the Canaries, the range of values is
approximately between 1,100 and 1,300 mm, in the Northeast of La Palma, and less than 100
mm in sectors of Lanzarote, Fuerteventura and on the south of the other islands, except for La
Palma.

b) Interannual rainfall variability

In accordance with Mediterranean climates, rainfall in much of Spain is characterised by its high
interannual variability. The 20% threshold for the annual variation coefficient enables us to
establish the dividing line between Mediterranean climates and mid-latitude marine west coast
ones on the Iberian Peninsula. In the Mar Menor sea, and in certain other parts of the east
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coast, the annual variation coefficient reaches 40%, which is a very high interannual variability.
On the Canary Isles it also exceeds this value (Figure 1.4).

c) Seasonal rainfall regime

One of the most surprising climatic facts in mainland Spain is the extraordinary variation in
seasonal rainfall regimes. Thus, there is no general rainy season, and not even a dry one,
although, in this case, a high percentage of the territory is subjected to dry or very dry summers.
On the two archipelagos, apart from summer minimums without exception, the maximum is well
defined, in autumn on the Balearic Isles and in winter in the Canaries.

The seasonal rainfall regimes enable us to draw up a complex and varied spatial mosaic. In
Spain, there are no less than 13 seasonal rainfall regimes of the 24 theoretically possible ones,
resulting from the decreasing arrangement of the mean quantities of the four seasons (Table
1.1).

Table 1.1. Global conclusions in relation to seasonal rainfall regimes in Spain (Martin Vide and Olcina 2001)

Conclusions Regimes represented Main distribution areas
Winter max. = summer min. WSASU WASSU Atlantic, Cantabria and Southern Mediterranean
sides and Canaries
Summer max. = winter min. SUASW, SUSAW Catalonia Pyrenees and one sector of the
Cordillera Ibérica mountains (Jiloca-
Guadalaviar)
Autumn max.=spring min. ASWSU, ASSUW, AWSSU, | Eastern Mediterranean side and Balearic Isles
ASUSW
Spring max=autumn min. SAWSU, SASUW, SWASU, | Inland peninsula
SSUAW,
SSUWA (exception)
Balanced Valle de Aran

W: winter (DJF); S: spring (MAM); SU: summer (JJA); A: autumn (SON)

=7

Fig. 1.4. Mean coefficient of variation (%) of annual rainfall according to watersheds, based on data from
274 stations (basic period 1940-1989). (Martin-Vide 1996)
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In the Aran valley rainfall is distributed so evenly over the four seasons, that we can speak of a
balanced regime. The regimes of the first and second groups are opposed, assuming that the
ones presenting the summer maximum are constituted by the total inversion of the typical
Mediterranean regime and the of the west coast marine ones. The lack of wintertime rainfall in
parts of the eastern peninsula constitutes a unique range of seasonal regimes in Spain.
Summer is extremely dry in southern Spain, including the Canary Isles. The percentage of
summer, compared with the annual total, is less than 3% in the Straits of Gibraltar and
throughout almost all the Canary Isles.

d) Frequency of rainfall and dry spells

For Peninsular Spain we can establish the following spatial values and patterns in relation to the
mean annual number of days with appreciable rainfall: 1) it shows a clear decrease from North
to South; 2) there is generally a certain decrease from West to East; 3) it presents relative
maximums over the main mountain ranges; 4) it exceeds 100 days, almost without exception,
further north than 40°N, in Galicia, the Montes de Leodn, the northern coast and the Cordillera
Cantabrica, the highest parts of the Pyrenees and pre-Pyrenees and of the Central and Ibérica
mountains, La Rioja and much of the northern Plateau; 5) it does not reach 50 days in the most
arid sector to the Southeast of the Peninsula; 6) it barely reached 20 days in parts of southern
Fuerteventura, Gran Canaria and Tenerife; and 7) the maximum is found in the eastern extreme
of the Cantabrian fringe (San Sebastian, 188.0 days, in the 1951-1990 period).

In general, much of Spain, with the exception of the rainy northern fringe and the semiarid
areas, presents an annual percentage of days of rainfall of between 15 and 35 %. If we use the
threshold of 1 mm to consider one day of rainfall, part of the Southeast will total less than 30
days a year, whereas in the north, a total of 140 days can be surpassed. Consequently, the
frequency of rainfall in much of Spain, with the exception of Galicia, the Cantabrian fringe, the
western Pyrenees and nearby sectors, can be considered to be relatively low or very low.

The seasonal distribution of rainy days shows greater regularity and generality than the
amounts. Winter and spring together are the seasons with the highest frequency of rainfall and
summer has the least amount of rainy days. The lower the latitude, the lower the frequency of
rainfall in summer.

The sequences of consecutive dry days can be very long in southern Spain, not only in the
hotter half of the year, and this fact reflects the seriousness of droughts (Figure 1.5). In the
1951-1990 period, with the 0.1mm threshold, dry periods of over 4 months have been recorded
in observatories in Andalucia, Extremadura and Castilla la Mancha, some of these lasting for
over 5 months in Malaga, Almeria and Huelva.

In much of Spain, snow is an infrequent phenomenon; the number of days with snow is only
relevant in the big mountain ranges of the peninsula. Together, the spatial patterns and values
most indicated in relation to the annual average number of days are: 1) altitude is the most
decisive factor, so that, while snow is a rare phenomenon at sea level, with less than 5 days’
occurrence, above around one thousand metres on the Iberian Peninsula and the Balearic Isles,
and above around 2,000 on the Canary Isles, several days are always registered on the solid
hydrometeor, reaching an average of ten or more; 2) the whole Spanish coastline, except for
Cantabria, part of the Catalonia coast and the coast of Menorca, have snow for less than one
day a year; 3) snow is practically unheard of on the lower, southernmost lands of Cadiz, in
Ceuta or Melilla, and below around 1,200 m in the Canaries; 4) snow is more frequent in the
northern half of the Peninsula than in the southern half; above around 1,800 m in the former and
above 2,300 in the latter, there is a higher number of days with snow than rainy days; 5) In the
Balearic Isles, the snow only makes an appearance on the summits of sierra Tramuntana, in
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Majorca and 6) in the Canary lIsles, snow only appears at the highest elevations of Tenerife, La
Palma and Gran Canaria.

Duracién media (d)
secuencias secas
{1.0 mm} {1951-1990})

0 = W0 150 M0

| I I I E—
Martin Vide y Gomez(1999)

Fig. 1.5. Average duration of sequences of dry days, with a threshold of 1.0 mm, in the 1951-1990 period
(Martin-Vide and Gémez 1999).

The number of days on which the snow settles presents very low values, except in the higher
mountain ranges, where the snow layer can persist for quite a few days. The Pyrenees are, by
far, the area with the biggest amount and longest duration of snow, which, above 3,000 m, does
not melt in summer, allowing for the existence of small glaciers. Winter is the season with most
snow. In the northern half of the Peninsula, above about one thousand metres, only the three
summer months escape precipitation in the form of snow. On the summits of the Pyrenees,
snow can fall in mid-summer.

Hail is an infrequent phenomenon, with an average occurrence of less than 5 days a year in
most of Spain, but not without serious economic consequences for the agricultural sector. Even
averages of less than one day are common in Andalucia and in the Canaries, the least affected
regions. Northern Spain is, on the other hand, the region most affected by hail, with the highest
number of days, 10 or more in La Corufa, Asturias and Cantabria, although some inland
regions of the Valencia Regional Autonomy and of the Ebro valley, with fruit and vegetable
crops very sensitive to hail suffer greater damage and economic losses. The hail calendar in
Spain is dual: in much of the country, the hotter months of the year, from spring to autumn, the
one with the greatest number of days with hail, caused by storms, whereas in the northernmost
fringe the cold months present a greater frequency, associated with cold fronts.

e) Rainfall intensity

Daily rainfall intensity is high in many parts of the country, and the maximum daily amounts
estimated for a return period of 10 years are above 100 mm in a high percentage of the
Mediterranean coastal and pre-coastal areas of Peninsula, in parts of the Balearic Isles, in
others at mid- and high elevations in the Canaries, in many sectors of Galicia and Cantabrian
regions, in massifs of the Pyrenees, on the Southwest sides of the Cordillera Central mountains
and in sectors of western Andalucia. The central areas of the two Plateaus, however, present
more modest intensities, which can be below fifty millimetres for the return period considered. In
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any case, there is a clear dependence of monthly and yearly precipitation on a very low number
of rainy days in much of Spain.

The time of year with the highest risk of torrential rainfall is at the end of summer and in autumn
along a coastal and pre-coastal fringe on the eastern, Mediterranean side of the Iberian
Peninsula, from Catalonia to eastern Andalucia, covering, inland, the Ebro basin as far as
Zaragoza and, to the North, areas of the Pyrenees, spreading eastwards towards the Balearic
Isles. In an area covering the eastern Plateau, La Rioja and part of Navarre, it is not uncommon
for the maximum daily values to occur in a summer month, whereas in the western area, these
occur above all in winter.

The records of daily rainfall in Spain confirm the existence of registers of over 500 mm, almost
always in autumn. This amount in one day, even if it is distributed throughout the 24 hours,
implies considerable hourly intensities. On one occasion, it may have exceeded 800 mm,
November 3™ 1987 in Oliva (Valencia), with 817 mm., although some doubt is cast upon this
datum at present, as it may have been the total accumulation of this day and the preceding one.
The area of greatest daily rainfall intensity in Spain is the one comprising the regions of Safor, in
southern Valencia, and the neighbouring Marina Alta, in northern Alicante. For a return period of
10 years, in certain parts of this region, 250 mm could be expected to be reached or surpassed.
Likewise, in some mountain ranges (Grazalema, Cadiz; de Gata, Caceres) the estimated values
are very high.

The percentage contribution of the rainiest days to the annual totals is considerable on the
eastern coast of the Iberian Peninsula: 25% of the days with the biggest amounts constitute
over 70% of the annual total (Figure 1.6).

100 10 200 km

Fig. 1.6. Index of daily rainfall concentration — the value 0.61 corresponds, approximately, to 70% of the
annual total by 25% of the rainiest days- (Martin-Vide 2004).

In a large part of the fringe closest to the Mediterranean sea, as well as in parts of the
mountains, the rainfall intensities over short periods of time (hours or minutes) can reach very
high values, typical of certain humid tropical climates, but without reaching their records. The

14



IMPACTS OF CLIMATIC CHANGE IN SPAIN

maximum amounts expected in one hour for a return period of 10 years exceeds 50 mm in large
parts of the eastern Mediterranean coastal and pre-coastal areas of the Iberian peninsula and in
some of the other aforementioned sectors. Many showers in Catalonia, the Valencia Regional
Autonomy, Murcia, the Balearic Isles and regions of Andalucia sometimes exceed intensities of
1 mm/min. These downpours, although they do not tend to last long, often cause flooding or
drainage problems. In exceptional cases in some parts of Spain, in the previously mentioned
regions, instant intensity peaks of over 5 mm/min. One of the records is held by the Valencia
town, Manuel, which registered 119 mm in one hour, on July 1% 1993, and did not fall below an
intensity of 4 mm/min during 20 minutes).

1.2.3. Other climatic elements
a) Solar radiation

Spain is subjected to an appreciable amount of solar radiation, with values lower than those
recorded in tropical latitudes, in conditions of high pressure, but similar to those observed on the
equator. The available series for solar radiation, which is measured in very few places (in 1998, 29
observatories comprised the national radiometry network), enable us to conclude: 1) mean daily
global solar radiation is lower than 15 MJ/m? on the Cantabrian fringe and in much of Galicia, the
Pyrenees and the Ebro valley, and it does not reach 12 MJ/m? in the more shaded sectors to the
north of the Cordillera Cantabrica mountains and on the Basque coast; 2) the southern half of the
Peninsula, Ibiza and a large area of the Canary Isles surpass 16 MJ/m?; 3) in the sectors of the
Andalucia coast, as well as in parts of the Canaries, over 18 MJ/m? is recorded. The monthly
maximums of daily global solar radiation are reached in June and July, with over 20 MJ/m?, except
on the Cantabrian fringe, and up to more than 25 MJ/m? in the southern half of the Peninsula, Ibiza
and sectors of the Canary Isles. The minimums are concentrated in December, followed by
January, with values of less than 10 MJ/m? except in parts of the Andalucia coast and in the
Canaries, with values of below 5 MJ/m? in Galicia, the Cantabrian regions, the Pyrenees and part
of the Duero and Ebro basins.

b) Insolation

With the use of insolation records from 88 observatories for the 1961-1990 international period,
it has been established that the extreme values occur in I1zafa, with 3,448 hours of sunlight per
year, in the clear atmosphere, above the layer of clouds, and in Bilbao airport, with 1,525 hours.
In Peninsular Spain mean annual insolation also presents great variation, as the values are
practically doubled from Bilbao to Cadiz, an observatory that exceeds 3,000 hours of sunlight a
year. As a whole, the area with less sunlight in Spain is the Cantabrian fringe, which does not
reach 1,750 hours, whereas the a higher amount of sunlight hours occurs on the Costa de la
Luz coast, between Cadiz and Huelva, which reaches or slightly surpasses the 3,000-hour
threshold.

The 2,000-hour sunshine duration isopleth, a threshold above which solar energy uses can
reasonably cover many domestic needs, is practically restricted to Asturias, Cantabria, the
Basque country, a non-Atlantic coast stretch of Galicia and some sectors of the Pyrenees. The
rest of the country has abundant insolation. The whole southern half of Peninsular Spain, the
Balearic Isles, much of the Canary Isles and even large areas in the northern half of the
Peninsula, such as the west of the Duero basin, Aragon and southern Catalonia, have over
2,500 hours of sunlight a year. In the Canary Isles, locally and in the northern mid-heights,
between around 700 and 1,200 m, relatively low insolation values can be found.
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¢) Cloudiness

Based on the data on insolation and on the number of days when the sky was clear, or with
cloud cover, from 88 Spanish observatories for the 1961-1990 period, the mean annual number
of clear days is between only 25.8 in the Vitoria aerodrome and 176.2 in Izafia. In Peninsular
Spain there is also much contrast, an example of which is the aforementioned maximum and
the 155.8 days in Cadiz, which is six times greater than the first value. The area with the lowest
number of clear days, less than 40, is made up of Asturias, Cantabria, the Basque Country and
inland Galicia. To the contrary, the area with the highest number of clear days consists of the
Guadalquivir valley and the coast of Huelva and the Atlantic coast of Cadiz, as well as places
like the Canary lIsles, with over 120 days.

The mean annual number of days with cloud cover is between only 13.4 in El Hierro airport and
170.1 and 169.9, in San Sebastian and in Vitoria aerodrome, respectively. In Peninsular Spain
there are also sharply contrasting figures. In Cadiz only 53.3 days are registered, less than one
third of those in the aforementioned Basque capitals. In the Balearic isles, the airports of Palma
de Mallorca and of Ibiza do not reach fifty days. The map showing the number of cloudy days
indicates less than 60 days for the Mediterranean coast, from Valencia to Malaga, the south of
Majorca, Ibiza, certain parts of the Northeast of Catalonia, the Atlantic coast of Cadiz,
Lanzarote, Fuerteventura and the south of the remaining Canary Islands, and high levels for this
archipelago. On the other hand, there are over 120 cloudy days in Galicia, except for the Rias
Bajas, Asturias, Cantabria, the Basque Country, the Upper Ebro as far as Logrofio, northern
Castilla y Leon, part of the Ibérica, Central and Pyrenees mountain ranges and humid parts of
the Canary Isles.

d) Air humidity

The values of mean annual relative humidity for the 1961-1990 period for 90 main observatories
range from 88 % at Monte Hacho in Ceuta, exposed to the humid air circulating around the
Straits of Gibraltar, to 49 % in Izafia, at 2,367 m, immersed in the very dry air covering the trade
winds thermal inversion. On the same island of Tenerife and on other mountainous ones of the
Canaries, at altitudes lower than that of the aforementioned observatory, the characteristic and
persistent sea of clouds gives rise to very high values. Besides the places mentioned, the mean
annual values of relative humidity exceed 70% in Galicia, Asturias, Cantabria, the Basque
Country, the Pyrenees, the northern third of Castilla y Le6n, the Balearic Isles, the Northeast of
Catalonia, the Mar Menor sea, the coast of Cadiz, Ceuta, Melilla and mid-heights and coastal
points of the Canaries. In Galicia and the regions of Cantabria, they approach 80%. In short, it is
northern Spain and the coasts the areas that present the highest relative humidity; to the
contrary, the places furthest away from the sea, Madrid and the surrounding areas, with the
lowest annual average.

With regard to the annual relative humidity regime, the following patterns can be established: 1)
mean monthly values present variation inland of the Iberian Peninsula, with a winter maximum
(75-80%) and a summer minimum (40-50%); 2) annual variation is, to the contrary, low or very
low on the coasts and islands (less than 15%); 3) in some coastal observatories in northern
Spain, the maximums occur in summer and the minimums in winter. Indeed, in inland Spain, the
maximum values in December, January or another winter month, exceed 75 % and in many
places, 80 %, whereas in July and August, it is not unusual for them to register below 50 and
even 40%. The three-month summer period is the one with the highest relative humidity on the
northern coasts of Galicia, Asturias and Cantabria, although it differs little from the other
stations.
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e) Atmospheric pressure

In much of Spain, atmospheric pressure presents its maximum in winter, almost always in
January, and the lowest values in spring, above all in April and in summer, apparently the
opposite pattern of what is to be expected. In any case, there are observatories in the northern
Plateau, which, with small differences in relation to the winter months, present the maximum
value in a summer month. The general seasonal behaviour is due to the predominance of low
relative pressures in the inland areas of the Peninsula in summer, resulting from the intense
heating of the air, with the consequent drop in atmospheric pressure (1,015-1,017 hPa),
whereas on the Cantabrian fringe, there is a belt of high pressure (1,020 hPa) associated with
the Azores anticyclone, prolonged in ridge-form towards northern Spain; and to the
predominance in winter of high thermal pressures inland (1,020-1,022 hPa) and to a cyclonic
area in Galicia, with frequent frontal depressions and cold fronts.

f) Winds

The peninsular nature of much of Spain, the complex orography and the insularity of the rest of the
territory favour regional and local winds that become climatically significant elements in the areas
they affect. Among the regional winds, we can highlight the Northwest wind, North wind, East wind,
West wind and Southwest wind. The Trade Winds are typical of the Canary Isles. Apart from these,
the regime of sea breezes characterises the atmosphere of the coasts during the hot half of the
year and on other stable days.

The lowest values of total wind speed were recorded in some observatories in the southern
Plateau, as well as in certain regions protected from the wind (Bierzo, valleys in Orense, plains
of Alava, inland Catalonia), whereas the highest one, for the 1961-1990 period, is in Tarifa,
followed by two mountain observatories, Izafa and Turé de 'Home (Montseny, Barcelona).
Mountain tops are windier than depressions; certain capes and coastal sectors present high
total wind speeds.

With regard to maximum gusts, in the aforementioned period the maximum recorded was in
Izafia 200 km/h, and the vast maijority of Spain’s observatories have, on occasions, surpassed
speeds of 100 km/h. Whereas total wind speed does not show any general pattern in its
temporal distribution throughout the year, maximum gusts generally occur from October to
March. On combining high total wind speed with maximum gusts, the windiest areas of the
country are located in the vicinity of the Gibraltar Straits, some capes of La Corufia, the coast of
Guipuzcoa, northern Navarre, some buttes in the Ebro valley, the north and south coasts of
Catalonia, the trade wind windwards in the Canary Isles and the summits and mountain passes
of the main mountain ranges.

1.2.4. Climatic regionalisation

The wide range of values of the climatic elements and their complex spatial distribution hinder
the establishment of a clear climatic regionalisation in Spain, which will always have numerous
subtypes (Linés 1970; Font Tullot, 2000; Capel Molina 2000; Martin Vide and Olcina 2001)
(Table 1.2).

1.2.5. Recent climate tendencies

It is very difficult to make a global and comparative synthesis of the results obtained from the
different analyses and studies of the recent tendencies of climatic variables in Spain. The
reason fundamentally lies in the use of different observation periods, the variety of the methods
used in the statistical treatment of the data, the different spatial cover and the complexity of the
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territory itself. Even so, there is no doubt about the generalised temperature rise in Spain
during the last quarter of a century, whereas rainfall has shown no clearly defined tendencies.

Table 1.2. Climatic regionalisation of Spain (Martin Vide and Olcina 2001)

. P Seas. Rainfall T AT
Type Subtypes Variety (mm) Reg. (°C) (°C) Other charact.
1000-
Galicia 2500 11-15 8,5-12
- ) Abundant
ATLANTIC Asturias and | g4 4500 | Wintermaxand |45 40 | 4041 | Cloudiness and High
i Cantabria summ. Min. Environmental
OCEANIC Basque coast 1210(())% 12-14 10-12 Humidity
1000-
MOUNTAIN - 2500 - <12 -
M N ) 700-900 1114 | 14,5-16 ;
Northern Plateau 350-550 . . 10-12,5 16-18 Frosts freq.in wint.
E Wint. Or spring -
and summ. High summ. Max.
D Southern Plateau | 350-550 Min 12-15 18-20,5 Temp
CONTINENT )
| AL
Ebro Valley 300-550 | EQuinoctial 4445 | 4800 Dry NW wind
T maximums
E Catalonia 550-750 1447 | 1417
Valencia Autumn max. Torrential rainfall in
R FE'IANSC-I;-E 400-850 | ‘Anq summer | 19:5-17.5|13,5-16,5 autumn
R Balericlsles | 400-800 min. 16-18 | 13,5-15.5
A Coastal 400-750 17-18,5 | 10-13,5 Frost exception
SOUTHERN Guadalquivir Winter max. Very high summ.
N Valley 550-650 And summ. 17-18,5 | 15-18,5 Max. Temp.
Extremadura | 450-600 Min. 16165 | 165-18 | 9h Summ. Max
E emp
A ARID OR
N FROM - 150-350 Summ. Min. 14,5-18,5 | 13,5-17,5 Extrema aridez
SOUTHEAST
o - R _ - -
MOUNTAIN 600-2000 <14
Trade winds in N
COASTAL - 75-350 18-21 5-7,5 and extreme aridity
SUBTROP. inS
/ SEA OF ) High environmental
TROPICAL | CLOUDS - °00-1000 | Winter ma. And | 13-16 6-6 humidity
(Canaries) IN HEIGHT - 450-700 ) <12 12-14 Very dry air

P, mean annual rainfall (mm); Seas. Rainfall Reg., seasonal rainfall regime; T, mean annual temperature (°C); AT,
annual mean temperature range (°C).

a) Temperature increase

The increase in the mean annual temperature of the earth’s surface during the last century, and
more specifically, following the end of the 70’s of the XX century, it was confirmed by the
analyses based on regional series obtained through the interpolation of the observations
covering different regions of Spain and of the longest individual series existing in the country
(Raso 1997). Although a long-term understanding of air temperature in Spain is still far from
being complete at a detailed spatial scale, some recent studies deal with the country as a whole
or with certain parts of the Peninsula. Thus, in a preliminary analysis for the 1864-1999 period
of homogenised regional series of monthly averages of maximum and minimum and mean
temperatures from 98 observatories covering the whole of Spain, a statistically significant
increase has been established in the three variables, both annually and seasonally, more
obvious in winter than in summer (Brunet et al. 2001a). With an explicit correction of the urban
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effect, a research project dealing with 45 Spanish observatories, 27 of these with series starting
in 1869, has reached the following conclusion: 1) maximum temperatures have risen
significantly since the 70’s of the XX century, except in Galicia, by 0.6°C/decade, as a mean
value, although with appreciable regional variations; 2) minimum temperatures have undergone
a similar increase; and 3) warming has been detected mainly in winter (Staudt 2004). As a
whole, it is the North and Northwest of the Peninsula the area with the lowest variations (Ofate
and Pou 1996). Although on the Peninsula, the year in which the recent global warming started
can be established somewhat before the one often used at global scale — 1976- the tendencies
of the series of mean annual temperature in Spain analysed in the European Climate
Assessment (ECA) from this year (Badajoz-Talavera, Salamanca, San Sebastian, Roquetes-
Tortosa and Valencia) show, like the rest of the European ones, an increase of at least
0,3°C/decade, in the 1976-1999 period (Klein Tank et al. 2002). This contrasts with negative
tendencies in the previous thirty-year period 1946-1975. In Badajoz, Tortosa and Valencia there
is a significant tendency throughout the 1946-1999 period, both in the number of hot days and
summer days (positive) and in the number of cold days (negative).

Different studies of Spanish regions coincide in one essential fact: After the decade of the 70s,
warming has become visible and significant. Thus, several studies with data from 9 stations in
the northern Plateau have revealed a growing significant tendency of mean annual minimum
temperatures of 0.051°Clyear, in the 1972-1994 period, which did not exist in the longer
temporal interval 1945-1994 (Labajo et al. 1998; Labajo and Piorno 2001), and of mean annual
maximums (Labajo and Piorno 1998). The rise in minimum and mean temperatures, but not in
maximums, had already been established in 5 cities of the same regions (including Madrid),
with series which in two cases started in 1869 and finished in 1992 (Esteban-Parra et al. 1995).

Analysis of the variations and tendencies of the maximum and minimum mean annual
temperatures in the Southern Plateau in the 1909-1996 period, following the homogenisation
with the use of the SNHT test of the series from 21 stations, and the subsequent design of a
regional series, showed, as the most relevant results: 1) Maximum annual temperatures have
shown a significant increase, calculated at 0.71°C during the aforementioned period, whereas
the tendency of the minimums, also positive, lacks any statistical significance; and 2) The
temporal evolution shows phases parallel to the planetary ones, and that of the final interval
1972/73-1996, is characterised by a significant increase, both in maximum and minimum
temperatures, of 1.62°C and 1.49°C, respectively (Galan et al. 2001). Similar results were
obtained from 7 main observatories in the region (Cafada et al. 2001).

For Aragén, Navarre and La Rioja, analysis of the homogenised series of mean seasonal
values of maximum and minimum daily temperatures in 15 observatories during the 1921-1997
and 1938-1997 periods, respectively, provided the following results: 1) Since the beginning of
the seventies, generalised warming has been recorded, which is not seasonally homogeneous,
given that it is not detected in autumn, but which is particularly clear in relation to maximum
springtime temperatures, 0.143°C/year (1975-1997), and summer ones, 0.096°C/year (1973-
1996); 2) in spring, the increase in daily temperature range is significant; and 3) with the
exception of autumn, there has been a general decrease in variability since half way through the
70s, so that the anomalies observed do not exceed those previously observed (Abaurrea et al.
2001).

Analysis of the 23 stations in the Segura basin for the 1940-1997 period, coincide with regard to
the significance of their growing tendency since the 70s. Likewise, spring is the season that
presents most warming, 0.123°C/year for the maximums (1970-1997). The greatest increases in
maximums occur in the mountain areas, whereas it is the lowlands that have shown the biggest
increase in minimums (Horcas et al.,2001).

Other regional series of maximum, minimum and mean temperatures at seasonal and annual
resolution for Catalonia, based on data from 23 stations, preferably located in non-urban
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sectors, and with the verifications of homogeneity by the SNHT test, have allowed for the
establishment of temporal patterns in the region for a period greater than one century (1869-
1998). Three phases have been distinguished: a thermal increase between 1869 and 1949, of
0.01°Clyear; a brief cold spell, although also significant, of -0.03°C/year, from half way through
the century to the middle of the 70s; and the notable temperature rise since then until the end of
the period, by 0.07°C/year (Brunet et al. 2001b) (Figure 1.7). For the whole period, the increase
is of 0.89°C, winter, with 1.78°C, being the season subjected to the highest level of warming,
and summer, to the smallest increase, 0.59°C. The series of annual and seasonal mean
maximum and minimum temperatures confirm similar patterns, with a slightly bigger increase in
the former ones (0.96°C) than in the latter ones (0.82°C) (Brunet et al. 2001c). For the Fabra
observatory (Barcelona), respective analyses of daily maximum and minimum daily
temperatures have confirmed their different behaviour patterns and the general upward
tendency (Serra et al. 2001).

In a study based on data from 23 observatories in the Valencia Regional Autonomy and in
Murcia, for the common period 1940-1996, a notable difference was noted in the evolution of
the daily temperature range of the urban and rural observatories, which led to the conclusion
that much of the warming observed in the thermal series of the former was due to urban
influence (Quereda and Monton 1999), and very recently, an attempt has been made to
evaluate this effect with the use of teledetection (Quereda et al. 2004). Furthermore, a change
can be seen in the day-to-day variability of the series of daily temperatures in Cadiz-San
Fernando over a period lasting from the first quarter of the XIX century to the last decade of the
XX century (Moberg et al. 2000).
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Fig. 1.7. Annual mean temperature anomalies, relative to the average for 1961-1990, in NE Spain
(°C)(1869-1998) —smooth curve using a 13-point Gaussian filter (Modified from Brunet et al. 2001b).
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b) Rainfall undefined trends

The tendency to decrease of the rainfall totals in subtropical latitudes mentioned in the third
IPCC report (IPCC 2001) cannot be easily verified in the case of Spain, given the complexity of
the spatial distribution of rainfall, not only with regard to amount, but also to its seasonal
distribution and temporal concentration, which requires the use of a considerable number of
climatic series, rarely available with the necessary longitude. There is no exhaustive study
allowing the whole country to be covered at detailed spatial resolution. Furthermore, the high
temporal variability in much of Spain, inherent to its Mediterranean condition, requires long
series, preferably centennial ones. The 10 Spanish mean annual rainfall series analysed in the
ECA (Badajoz-Talavera, Madrid, Malaga-airport, Navacerrada, Salamanca, San Sebastian,
Torrevieja, Roquetes-Tortosa, Valencia and Zaragoza-airport) for the 1946-1999 period, unlike
a certain number of European series, do not show any increase in the totals, in accordance with
a foreseeable general increase in global rainfall. In the case of the same Spanish observatories,
no significant tendency was observed, either, in the annual number of rainy days (>1mm). With
regard to the evolution of the amounts of rainfall above determined thresholds, and the
percentage contribution of the rainiest days to the annual total, which could reflect variations in
rainfall intensity, only Madrid shows a negative tendency in the first case, and together with
Tortosa, in the second one (Klein Tank et al. 2002).

In the secular context, the longest annual rainfall series for the Iberian Peninsula, starting in the
XIX century (Gibraltar, at the end of the XVIII, 1791), show no significant tendencies, with the
exception of some southern ones (Gibraltar, San Fernando) with a statistically significant
downward trend (Wheeler and Martin-Vide 1992; Quereda and Monton 1997). Research into
the 53 longest annual rainfall series available up to 1990, including some from the Balearic Isles
and the Canary Isles, produced a map with a broad central area, from Extremadura to Valencia
Regional Autonomy and Catalonia, as well as the Balearic Isles and the Canary Isles, with no
defined tendency; the North and Northwest of the Peninsula, with a certain upward trend; and
the South and Southeast of the Peninsula, with a tendency to decrease (Milian 1996). In
another analysis of data from 40 observatories on the Peninsula and the Balearic Isles, during
the 1880-1992 period, differentiated behaviour was detected between the northern Iberian
fringe, with an upward tendency, and the inland and Mediterranean side, showing a downward
trend (Esteban-Parra et al. 1998). In other studies with time duration series somewhat lower
than one century (Serrano et al. 1999; Garcia et al. 2002; Mufioz-Diaz and Rodrigo 2004) or
with grid data from the 1900-1996 period (Rocha 1999) no clear annual tendencies were
detected, although there does appear to be a consistent decrease in springtime rainfall.

Regionally, a series of annual areal rainfall for the watersheds in the Southeast and East,
covering the 1864-2000 period, showed no significant tendency (Chazarra and Almarza 2002).
Almost thirty annual series for the Ebro basin, in the 1920-2000 period, which allowed for
regionalisaiton according to temporal evolution, showed no monotonous tendencies in any of
the areas considered (Abaurrea et al. 2002). Nor were they detected in the southern Plateau in
6 observatories (Galan et al. 1999). In Catalonia, with data from 121 stations, no significant
tendency was detected in the annual rainfall during the last century and a half, although it was
in spring, with a decrease of over 25% (Saladie 2004). Other analysis also dealing with time
duration series close to or over one century detect certain rainfall anomalies and some rainy
periods, and among other general facts, we can identify the initial period of the series, up to the
end of the XIX century or the beginning of the XX century, as rainy, like the 60s and 70s of this
last century, whereas, in comparison, at the end of the 70s, a dry period started (Rodriguez et
al. 1999; Rodrigo et al. 2000; Ramos 2001, etc.). In the secular context of the last half
millennium, the amount of rainfall, reconstructed with the use of proxy data, shows a reduction
in the last few decades of the XX century both in the South of the Peninsula (Rodrigo et al.
1999), (Figure 1.8) and in the North (Saz 2003).
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When the analysis refers to the last third of the XX century, a significant decrease can be seen
in the amount of rainfall in certain regions covering Peninsular Spain and the Balearic Isles. This
occurs in the 1963-1985 period in the eastern and Pyrenees sectors of the Ebro basin
(Abaurrea et al. 2002). In some studies, this decrease is particularly due to the reduced winter
rainfall and -as we have pointed out previously- spring rainfall also, which is associated with the
increase in atmospheric pressure in the western Mediterranean since the 70s of the XX century,
in turn partly caused by the reinforcement of the positive mode of the Mediterranean Oscillation
(Dunkeloh and Jacobeit 2003) and also by the occurrence of a positive phase of the NAO. In
the regions of Spain on the Mediterranean fagade, from Andalucia to Catalonia, including the
Balearic Isles, the reduction of rainfall in the 1964-1993 period, on comparing its two 15-year
sub-periods, occurred in much of Andalucia and Catalonia, in Menorca and the Northwest of
Mallorca, whereas the variation is positive in much of the Valencia Regional Autonomy and
Murcia, as can be seen from the analyses from 410 weather stations (Romero et al. 1998;
Guijarro 2002). The downward tendency during the last international period (1961-1990) has
been confirmed for southern Spain in other studies (Rodrigo et al. 1999). In the Valencia
Regional Autonomy almost one hundred rainfall stations confirm the reduction of annual rainfall
and an increase in interannual variability during the last international period (1961-1990),
although with very notable spatial differences (De Luis et al. 2000).
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Fig. 1.8. Annual precipitation anomalies in Andalucia (mm) (1500-2000) —smooth curve using 10-year
moving averages (Rodrigo et al. 1999, 2000).

With regard to interannual rainfall variability, which presents great complexity in Peninsular
Spain (Rodriguez-Puebla et al. 1998), the hypothesis of an increase has not been clearly
confirmed in a secular context. Thus, the anomalies in rainfall during the XX century show
similar behaviour to those of the previous four centuries in Andalucia (Rodrigo et al. 2000),
although there is high variability in the second half of the XX century (Pita et al. 1999). In the
last few decades, interannual variability has also increased in other regions, and even in the
southern Plateau the growing tendency appears to cover the XX century (Galan et al. 1999).

The possible changes in the seasonal distribution of rainfall, with ecological and socioeconomic

implications, indicate heterogeneous spatial behaviour patterns. An unpublished analysis of
data from 55 Iberian meteorological stations for the 1949-2003 period has shown a decrease in
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winter rainfall in the Cantabirain corniche (Bilbao, 2,22 mm/year) and in spring rainfall in more
southern regions (Seville, 1,4 mm/year) (Rodriguez-Puebla, pers. com.), with no tendencies in
summer and autumn. A seasonal index applied to over 400 rainfall stations in eastern and
southern Spain has shown an increase throughout the 1964-1993 period in Andalucia and
inland Catalonia, coinciding with an increase in rainfall in October (Sumner et al. 2001). In the
Valencia Regional Autonomy there has been a decrease in winter rainfall, and even in autumn,
accompanied by greater interannual variability in the last international period (Gonzalez-Hidalgo
et al. 2001). An index of intrannual rainfall concentration has shown a growing tendency in San
Fernando and Madrid during periods starting half way through the XIX century and ending at the
end of the XX century (Lopez 1999).

Temporal rainfall patterns at daily resolution are of great interest in the context of Spanish
climates, given the high temporal concentration of rainfall, with the consequent problems related
to drainage and erosion. There are very few studies in this respect, however. The analyses
published do not allow us to infer an increase in the daily intensity of rainfall, that is to say, a
greater influence of the days with big amounts over the total number of days of rainfall. Thus, for
the 1958-1997 period, and based on data from 18 observatories on the Iberian Peninsula, in
much of the country, except for the Southeast, there has been a tendency towards a lower
number of days with big amounts of rainfall (Goodess and Jones 2002). The tendencies of the
10 rainiest days in the Valencia Regional Autonomy are not clear, either, nor of their percentage
contribution to annual totals, the former presenting downward trends and the latter upward ones
(Gonzalez-Hidalgo et al. 2003). In any case, chronological analysis of the daily rainfall series
shows quite different behaviour patterns from one observatory to another (Lopez 2001). In
Barcelona an analysis covering the period from 1917 to the end of the XX century detected an
increase in the amount accumulated by the days reaching or surpassing the 95% percentil (29.5
mm), in a context of less rainy days (Burguefio et al. 2004). In the Canary lIsles, a clear
decrease in rainfall was detected during the second half of the XX century, fundamentally due to
a decrease in the most abundant daily amounts (Garcia-Herrera et al. 2003).

1.2.6. Low-frequency variability patterns

The dipole constituted by the Azores anticyclone and the Icelandic low, that composes the North
Atlantic Oscillation, has a noteworthy influence on winter rainfall in centre and Southwest of
mainland Spain. The correlation between the NAO index and monthly rainfall in the cold months is
significant and negative in the area in question, with abundant rainfall, often associated with
depressions in the vicinity of the Gulf of Cadiz. To the contrary, in its positive phase, it receives
amounts of rainfall that are clearly below normal, given the proximity of the Azores high.

Certain change patterns can be deduced from the growing number of studies relating low-
frequency variability patterns with the behaviour of the climatic variables in Spain. Thus, the
clear positive tendency of the NAO index since the middle of the 60s (Gamiz-Fortis et al. 2002),
which has been associated with the aforementioned decrease in rainfall, also seems to involve
a growing tendency in relation to atmospheric pressure. An analysis of the evolution of synoptic
circulation on the Iberian Peninsula in the XX century has started to show that the subtropical
pattern is becoming increasingly frequent, at the expense of the westerlies (Fernandez and
Rasilla 2001). In any case, the North Atlantic pattern is modulated by other ones, such as the
EU2 for drought on the Iberian Peninsula (Vazquez Lépez 1999). The influence of the NAO, and
of other teleconnections, such as the SCAN or the EA, showing changes in phase in 1976,
affects rainfall variability in Galicia (Taboada et al. 2002). However, the decadal oscillations of
the NAO, and the tendencies of this, are not clearly seen in the Iberian temperature records,
which are much more sensitive to the location of the southern centre of the dipole than to the
barometric gradient in the North (Castro-Diez et al. 2002). It is precisely the position of the
Iberian Peninsula that prevents certain low-frequency variability patterns from clearly becoming
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manifest, and during winter, temperatures in periods of over 15 years therefore only show
hemispheric variability, fundamentally radiative (Pozo-Vazquez 2000).

The duration of insolation is positively correlated with the NAO index in southern Europe, and a
positive phase of the aforementioned pattern therefore involves anomalies of the same sign
(Pozo-Vazquez et al, 2004). A percentage of 50% of the variability in rainfall in the three-month
period of spring is accounted for by the NAO and EA patterns (Martin et al. 2004), which can
explain their downward tendency in some regions of Spain. The dry and rainy periods in the
same season are influenced by the AO, the EA/WR and the Southern Oscillation Index, and the
springtime reduction during the El Nifio episodes can be estimated at 10% (Rodé et al. 1997;
Rodriguez-Puebla et al. 2001; Mariotti et al. 2002). The decrease in the number of cyclonic
days and in the number of days with a negative anomaly of pressure in the March-April period in
the western Mediterranean basin (Laita and Grimalt 1997), as well as the variability observed in
temperature (Pozo-Vazquez et al. 2001), following ENSO episodes could be related to the
greater frequency, intensity and persistence of El Nifio for just over the last 20 years. To the
contrary, there is no relationship between El Nifio and storms over the sea on the coast of
Catalonia (Camuffo et al. 2000). The clear increase in the number of days with red rain in
Elche, in the last few years of the 1949-1994 period, might be the reflection of an increase in
meridional circulation (Quereda et al. 1996). Baroclinic activity and winter rainfall are clearly
interrelated in eastern Cantabrian region (Saenz et al. 2001)

The daily data on different variables from the Roquetes-Tortosa observatory for the 1910-1994
period enable us to conclude that the climate therein has tended to be warmer and drier (Pifiol
et al. 1998). Thus, the increase in mean annual temperature by 0.10°C/decade has led to an
increase in estimated potential annual evapotranspiration of 13mm/decade. As there has been
no significant change in rainfall, there has been a growing tendency towards hydric deficit.
Furthermore, from June to September in the 1941-1994 period, daily minimum relative humidity
fell by 0.8%/decade. All of this has led to a rise in the forest fire risk indices.

1.3. FUTURE CLIMATE
1.3.1. Global climate models

In order to make projections of climate change related to the growing accumulation in the
atmosphere of greenhouse gasses (hereinafter GHGs) and of aerosols, resulting from human
activity, global climate models are currently used. A climate model consists of a mathematical
representation of the processes taking place in the “climate system”, the state of which defines
the climate. The climate system is considered to be made up of five components: atmosphere,
hydrosphere, cryosphere, lithosphere and biosphere (Peixoto and Oort 1992). Between them,
there are huge exchanges of matter, heat and momentum and incessant interactions through a
multitude of physical, chemical and biological processes, all of which makes the earth’s climate
system tremendously complex. Global climate models are currently the best tool available for
the study of the processes constituting the state of the climate. This is why they are
indispensable for establishing the response of the climate to disturbances caused by human
activity. Consequently, the capacity of the models to project the future evolution of the climate
basically depends on an understanding of the processes governing the climate system.

At present, most global climate models include a certain level of representation of the five
components of the climate system, of the processes taking place in each one of them, and of
those determining the mutual exchanges. Current climate models explicitly include both the
atmosphere and ocean processes along with their major interactions. This is because the ocean
plays a crucial role in the Earth’s climate and its variability. Although until less than a decade
ago, its function was underestimated, it is now believed to be as important as the atmosphere.
Thus, understanding climate and predicting its evolution involves considering the ocean too.
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The models in which the atmosphere and the ocean jointly interact are generally known by the
AOGCM (Atmosphere-Ocean General Circulation Model), which will be used hereinafter to refer
to them.

The AOGCM are based on the resolution of a set of mathematical equations that express the
laws of Physics governing the dynamics of the atmosphere and the ocean. It is a complex, non-
linear set of differential equations that have no analytical solution. Thus, they must be solved in
an approximate manner, by applying numerical techniques, which require a division of the
space occupied by the atmosphere and by the ocean into three-dimensional cells. In each one
of these, values of the variables are assigned that characterise the state of the atmosphere and
of the ocean, such as temperature, motion, density, etc. This allocation is based on direct or
indirect observations of these variables at global scale in a determined initial instant. In order to
derive the temporal evolutions of the variables in each cell of the model grids, the initial values
are used to solve the equations. These evolutions are obtained in discrete temporal intervals
(time steps), the duration of which must be in accordance with the size of the cells. The smaller
this size, the smaller the time step. The spatial resolution of the atmospheric part of the current
AOGCM ranges from 2° to 10° latitude and longitude horizontally, and vertically, from 10 to 30
layers are considered between the surface and the upper limit of the atmosphere, each one with
variable thicknesses, whereas the horizontal and vertical resolutions of the oceanic part are
usually similar or somewhat higher than the atmospheric ones.

Furthermore, the discretisation needed in the numerical techniques in order to solve the
differential equations set implies that they cannot be used to solve those atmospheric or
oceanic processes with spatial or time scales lower than the resolution of the model, for
example, individual clouds in the atmospheric models or intermediate scale eddies in the ocean
models. This is why the effect should be calculated using a parametric representation according
to values of the basic variables solved by the model. This procedure is called parametrisation.

The AOGCM models are combined with empirical or semi-empirical mathematical
representations of other components of the climatic system, such as the cryosphere, soil
surface or plant cover. The current, more complete models also include representations of the
carbon cycle, such as exchanges between the atmosphere, the biosphere and the oceans, and
of processes affecting the aerosols in the atmosphere, such as chemical reactions,
aggregations, deposition and effects on the formation of clouds (see chapters 3 to 6 of the IPCC
report 2001).

We previously pointed out that the set of differential equations of an AOGCM is solved in
discrete temporal intervals or “steps”. This means that in each one of them, the model must
solve all the equations in order to calculate the updated vales of the variables in all the cells of
the three-dimensional grid encompassing the planet. This involves having to do millions of
mathematical operations in each time step (from 30 to 60 minutes, depending on the models),
until the whole integration period has been completed, which is usually extended to hundreds of
years. This obviously requires the use of the most powerful computers available.

There are currently only a couple of dozen AOGCM models, developed in climate centres and
universities thanks to a huge effort invested in scientific research. A clear example of this is that
in the first report by the Intergovernmental Panel on Climate Change (IPCC), drawn up in the
year 1990, results were presented from only two AOGCM, whereas in the latest one (IPCC
2001) almost a score of these more perfected models were mentioned.

The AOGCM models used to quantify the future response of the climate to disturbances caused
by human activity must previously be evaluated. The reliability test for an AOGCM, with regard
to reproducing the main processes of the climate system, is based on a systematic comparison
between results of simulations with current climate conditions and the climatological data
observed. Simulations of the present climate with AOGCMs take into account the evolution of

25



PAST, PRESENT AND FUTURE CLIMATE

values observed of atmospheric concentrations of GHGs. The models can also be evaluated
considering palaeoclimatic conditions, for example, the last glacial period. Once its quality has
been satisfactorily evaluated, the model is used to make simulations of the temporal evolution of
climate change.

In this type of evaluations, it has been seen that most of the current AOGCMs have been
greatly improved in the last ten years. This is attributed to several causes, among which we can
highlight a better knowledge of the characteristics of the oceans and of the processes of
exchange with the atmosphere, consideration of the processes affecting the sulphate aerosols
in the atmosphere, and of the increased spatial resolution of the models (smaller cell size)
permited by the tremendous increase in computing power. Indeed, the simulations generally
provide a very acceptable reproduction of the evolution of global temperature over the last 150
years. So much so, that the tests carried out with different evolutions of GHGs have allowed for
a discrimination of the contribution of human activity to climate change, with an acceptable
degree of reliability (Stott et al. 2001).

The AOGCM models, however, still provide some uncertain results, to a great extent associated
with deficiencies in the parametrisations of some physical processes that are determinant for
the climate, such as those related to the formation of clouds and precipitation, the thermohaline
circulation of the oceans, the dynamics of sea ice or biogeochemical exchanges in the climate
system, among others (for more details, see chapter 14 of the report - IPCC 2001). Apart from
these deficiencies, there is the problem that the spatial resolution of the AOGCMs is still too low
to reproduce orographic and coastal details, which in many parts of the planet, are decisive with
regard to determining climate at regional scale. An illustrative example of this is the case of the
Iberian Peninsula, which will be subsequently dealt with.

1.3.2. Climate simulations with global models

In order to simulate the future evolution of the Earth’s climate, the AOGCM models must be
transitorily forced with evolutions of the levels of GHGs and aerosols accumulated in the
atmosphere according to how emissions caused by human activity are expected to change.
That is to say, to design what are known as “emission scenarios”. This is done considering
different suppositions regarding future demographic and socioeconomic development in the
world. The emission scenarios currently used to make projections with climate models
throughout the XXI century are known as SRES (Special Report on Emission Scenarios). They
constitute a set of emission scenarios created by a group of world experts from the IPCC
(Nakicenovic et al. 2000), taking into account coherent hypotheses of the future evolution of
world population growth, energy demand, efficient use of this or global economic growth, among
other considerations.

For each of these scenarios, we made a quantification of future anthropogenic emission of
GHGs and sulphur compounds (IPCC 2001). By way of an illustration, Figure 1.9 shows the
evolutions of CO, and SO, emissions corresponding to the six scenarios that have been used
up to now to make climate projections with the AOGCM models. In the same figure are included
the evolutions of global CO, concentration for each of the emission scenarios considered,
according to the result of the application of the carbon balance models (for example, Cramer
and Field 1999). From these six scenarios, the so-called A2 and B2 are the two most used by
the AOGCM models. From a purely technical point of view, however, they should all be
considered as equally probable. In this sense, it should be pointed out that none of them
correspond exactly to the emission objectives established by the Kyoto protocol.

Of the AOGCM mentioned in the third IPCC report (2001), six have been used to make detailed

simulations considering different evolutions of levels of GHGs and sulphate aerosols throughout
the XX and XXI centuries (table 1.31). The IPCC’s Data Distribution Centre (DDC) avails of the
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set of results derived from different simulations made with these six AOGCM. These simulations
generally cover a period of 240 years, from 1860 to 2100. In the first 130 years (1860-2000) the
concentrations of GHGs observed in the atmosphere are considered, together with estimates of
sulphate aerosols, and after this year, different emission scenarios are taken into account.
Table 1.3 provides details of the SRES emission scenarios considered in the simulations made
by each AOGCM, the results of which can be obtained from the DDC-IPCC. Most of these data
correspond to the monthly values of the variables most used in studies of the impact of surface
climate change (temperature, precipitation, pressure, etc.), corresponding to each one of the
cells of the mesh of the model covering the whole of the Earth’s atmosphere.
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Fig. 1.9. Evolutions of global CO, and SO, emissions into the atmosphere resulting from human activities,
and of global CO; concentrations that would result from these emissions, according to different SRES
scenarios. Taken from IPCC (2001)

Table 1.3. Characteristics of the AOGCM, ans SRES emission scenarios simulated by these, the results
of which can be obtained from the DDC-IPCC: http://ipcc-ddc.cru.uea.ac.uk/dkrz/dkrz_index.html. The
horizontal size of the atmospheric and oceanic cells is expressed in degrees of latitude-longitude, and
the number of levels on the vertical appears in brackets).

MAoDEL | CENTREOUNTRY) | RIIRIREE L SOIUTION. | SCENARIOS
CCSR/NIES 2 CCSR/NIES (Japan) 5.6 x 5.6 (20) 28x28(17) | ALAIFLAIT,A2,B1,B2
CGCM 1.2 CCC (Canada) 3.7 %37 (10) 18x18(29) |A2B2
CSIRO-MK2 CSIRO (Australia) 56x32(9) 56x32(21) | ALLA2,BLB2
ECHAMA4/OPYC3 | MPIM (Germany) 2.8 x2.8(18) 28x28(11) | A2B2
GFDL R30 ¢ GFDL (USA) 225 x 3.75 (14) 1.875x2.25(18) | A2B2
HadCM3 Eﬁg’fgm) (United | 54375 (19) 125x125(20) | ALAIFL,A2,B1,B2

The evaluation of the results obtained at global scale in the set of simulations corresponding to
the XX century (IPCC 2001), shows that the quality of none of them is clearly higher than any of
the others. Indeed, Lambert and Boer (2001) showed, for example, that the distributions of
temperature, pressure and rainfall resulting from a mean value of an ensemble of several
AOGCM, are generally more similar to the ones observed than those obtained from any of them
individually. In spite of the differences between the results obtained by each of the models,
comparison with observations enables us to feel reasonably sure that the AOGCMs are suitable
for simulating future climate changes, notably reducing the uncertainties involved in climatic
projections (IPCC 2001).
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Although it has been pointed out before that none of the SRES scenarios can be presumed to be
more probable than any of the others, the climate projections that are now presented correspond to
groups A2 and B2, due to being the two considered by the highest number of AOGCMs. This
enables us to perceive the future response of the future climate according to the evolutions of
anthropogenic emissions. Furthermore, only the results of the models included in DDC-IPCC are
presented. In spite of the fact that these AOGCM have been evaluated with current climatic data,
and that it was ensured that all of them reasonably reproduced the main features of global climate,
each simulation presents differences in relation to the others. Thus, for example, Figure 1.10
shows projections of mean annual changes in global air surface temperature, obtained with
different AOGCMs, for the two emission scenarios considered. Therein it can be seen that, in some
cases, the differences between models exceed the individual interval of the projected climatic
changes. But, it must be said that, as the IPCC points out, these differences do not invalidate the
results, but rather provide valuable information, because they facilitate an objective evaluation of
the reliability involved in each individual projection. Indeed, analysis of the set of results obtained
with different models enable us to identify the features of the projected global climate change
common to all the simulations, which can be considered to be most reliable. Thus, for instance, as
all the models coincide in that the temperature increase is greater in scenario A2 than in B2, we
can be quite sure that future global warming will be determined, to a great extent, by the rhythm of
the increase in anthropogenetic emissions of GHGs and aerosols.
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Fig. 1.10. Evolutions of mean global changes in temperature (above) and in precipitation (below) in
relation to 1990 values, simulated by different AOGCMSs considering SRES-A2 (left) and SRES-B2 (right)
emission scenarios. Figure taken from IPCC (2001)

28



IMPACTS OF CLIMATIC CHANGE IN SPAIN

1.3.3. Future climate projections in Spain made with global models

Because of the differences between models, it was considered most convenient first to show
the results of the spatial distribution on the Iberian Peninsula of projected changes in surface
temperature and rainfall throughout this century obtained with a determined AOGCM. The
results of simulations with several AOGCM in an inland area of the Peninsula are afterward
presented, in order to make a simple comparison and to compose rests of the set.

The AOGCM chosen for the first analysis is the HadCM3, developed in the Hadley Centre for
Climate Prediction and Research (United Kingdom). As has already been mentioned, this
choice must not be seen as indicative of the superiority of this AOGCM over any other one,
although it is true that the results of the simulations with the HadCM3 model in relation to
climate change (1960-90) on the Iberian Peninsula generally present an acceptable fit with the
observations. But the main reason for this choice was that a regionalisation method was applied
to this model output in order to obtain greater detail of the changes projected for the last third of
the century on the Iberian Peninsula, as is presented in the following section.

The HadCM3 model is an improved version of the previous HadCM2, in which, apart from
increasing resolution, it is not necessary to make an artificial adjustment in the heat flux and
freshwater flow in order to establish a correspondence with the behaviour observed. In Gordon
et al. (2000) and Pope et al. (2000) a complete description of the model can be found. A brief
explanation, however, of the main characteristics of this AOGCM is included.

The atmospheric sub-model has a horizontal resolution of 2.5° latitude and 3.75° longitude
covering the whole planet. This means that the cells have horizontal dimensions of
approximately 300 x 300 km in average latitudes. Vertically, the atmosphere is divided into 19
levels, with variable spacing between them. The model includes sophisticated parametrisations
of solar and terrestrial radiation exchanges, explicitly including the effects of GHGs and
aerosols, of the atmosphere-surface-vegetation exchanges and of cloud and precipitation
formations. In this sub-model, the emission, transport and deposition of sulphur compounds is
also interactively simulated.

The ocean sub-model has a horizontal resolution of 1.25° latitude and longitude and considers
20 levels vertically. A series of improvements has been included in this sub-model, among
which we can highlight the one that permits the mixture of water from the Mediterranean with
the Atlantic through the Straits of Gibraltar, in spite of the fact that the large size of the cells
prevents this from being explicitly resolved by the model, as well as a better parametrisation of
processes of sea ice and snow accumulation.

In the experiments with the HadCM3 model, the atmosphere and ice cover are initiated with
available values and the ocean is considered to be at rest. With these initial values, the model is
applied over a period of 1,000 years, with levels of GHGs and aerosols corresponding to pre-
industrial times. Such a long period is needed in order for a suitable adjustment between
atmosphere and oceans to be made. At the end of this period, the state of the simulated climate
represents the conditions previous to the year 1860. From that year to the present, the model
was forced with growing levels of GHGs and aerosols, deduced from the available observations.
In the future years, the evolutions of GHGs and aerosols correspond to the diverse SRES
emission scenarios. The results obtained with the model in the 1960-1990 period are used to
appraise their degree of correspondence with present climatology. Lastly, the projections of
climate change with the model are obtained from the differences between the climate simulated
for the 1960-1990 interval and the one resulting from any 30-year period throughout this
century. In the experiments with the other AOGCMs a similar sequence is followed. We now
present climate change scenarios for three periods: 2010-2040 2040-2070 and 2070-2100.
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Figure 1.11. shows the results of the spatial distributions on the Iberian Peninsula of the change
in mean seasonal surface air temperature (at a height of 2 metres) in relation to the mean
values simulated for the 1960-1990 period, considering the three thirds of the 21%' century
mentioned. The spatial distribution of the changes is presented in a discretised manner, in
accordance with the cell sizes of the HadCM3 model. The projections presented correspond to
two SRES emission scenarios: A2 and B2.
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Fig. 1.11. Projections of changes in air temperature next to the ground (at 2 m), averaged for each
season of the year (DJF winter, MAM spring, JJA summer and SON autumn), corresponding to three
periods of the 21° century: 2010-2040 2040-2070 and 2070-2100, and to two SRES emission scenarios
(A2 and B2). The simulations were made with the HadCM3 model and the results were taken from the
IPCC-DDC. In the upper right-hand corner appears the mesh of the model over the Iberian Peninsula, in
which the shaded grids correspond in the model to continental area and the white ones to the ocean.

What is seen more clearly in the figure is a progressive warming throughout the century in the
whole region, although the intensity and cadence of this is different, depending on zones and
SRES scenarios. This warming is generally more intense and rapid in the summer months (JJA)
than in the winter ones (DEF), in scenario A2 than in B2 and in the inland areas than in the
coastal ones. The progressiveness of the warming is almost linear in all the zones, although it is
a little more accelerated at the end of the 21% century than at the beginning. In most of the
Peninsula, the rhythm of the increase in mean temperatures is between 2 and 3°C every 30
years in the summer months and between 1 and 2°C in the winter ones, the highest values
corresponding to the A2 SRES scenario. The maximum increases in mean seasonal
temperature in the last third of the century exceed 6°C in summer in the whole Peninsula in
scenario A2, and in the Southwest in scenario B2. The average warming in the winter months
for this period, however, remains below 4°C in the SRES-A2 and below 3°C in the SRES-B2.
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Finally, it can clearly be seen that differences in warming between the two emission scenarios
increase throughout the century.

Changes in precipitation generally present greater spatial variability when they are expressed in
percentages. This is due, to a great extent, that current climate precipitation in some areas is so
scarce, that a small future climate change is seen in an artificially high percentage. This is why it
is preferable to analyse changes in rainfall using differences between values for future climate
and for the present one. Obviously, this type of analysis has a disadvantage, in that one same
change in absolute values would have greater relative importance in a dry area than in a rainy
one. But, on the other hand, the values of absolute change facilitate a more direct quantification
of alterations of water availability in any of the areas. Thus, figure 1.12 presents the absolute
changes projected in seasonal precipitation throughout the century in relation to the period
1960-1990, expressed in mm/day. In order to deduce the changes in precipitation accumulated
in each season, the values in mm/day would have to be multiplied by the number of days of this
period, which is 90, because in the simulations with climate models, the years are considered
with a uniform duration of 360 days.
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Fig. 1.12. Projections of changes in mean precipitation (in mm / day), averaged for each season of the
year (DJF winter, MAM spring, JJA summer and SON autumn), corresponding to three periods of the 21*
century: 2010-2040 2040-2070 and 2070-2100, and to two SRES emission scenarios (A2 and B2). The
simulations were made with the HadCM3 model and the results were taken from the IPCC-DDC. In the
upper right-hand corner appears the mesh of the model over the Iberian Peninsula, in which the shaded
grids correspond in the model to continental area and the white ones to the ocean.
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In contrast with the changes simulated for temperature, which always have a positive sign
(warming), those for precipitation do not have the same sign in the different zones and times of
year. Thus, changes in the amount of precipitation in the winter months (DEF in the figure)
generally have a positive sign in all the zones of the Iberian peninsula, and this occurs for the
two emission scenarios considered. In the other seasons, however, above all in spring and
summer, there is a predominance of changes with a negative sign, that is, a decrease in the
amount of rainfall in the climate projected, compared with the present one. Another
characteristic of the evolutions of changes in seasonal rainfall throughout the century is that
they generally do not present as much linearity in the tendency as in the case of temperatures.
Thus, for example, in scenario B2, the decrease in rainfall in spring is somewhat greater in the
middle third of the century than in the final third. Other non-linear behaviour patterns in the
temporal evolution of changes in seasonal rainfall can be seen in determined cells of the
AOGCM situated over the Iberian Peninsula. Noteworthy among these is the case of the East
and Northeast of the Peninsula in scenario A2, in which the model projects rainfall increases in
autumn in the first two thirds of the century and decreases in the final third.

Comparing the changes in seasonal rainfall projected for the two emission scenarios, the winter
increases can generally be seen to be smaller and the decreases in spring and summer bigger
in A2 than in B2. However, an exception to this general behaviour can clearly be observed in
the changes projected for the middle third of the century during spring, when the opposite
occurs.

It is precisely the spatial and temporal irregularities appreciated in the projected changes in
rainfall that indicate the greater uncertainty that they present, if we compare them with those
obtained in the case of temperatures. This is essentially due to the fact that the occurrence of
rainfall in any place and at any time is associated with physical processes that are more difficult
to simulate correctly with the models, whereas the processes determining air temperature close
to the ground are more conditioned by the seasonality of solar radiation reaching the planet
throughout the year, the calculation of which is made with a high degree of certainty. The most
reasonable procedure for reducing the uncertainty of projected changes in rainfall lies in
considering the results provided by an ensemble of AOGCMs.

In accordance to this, we considered the results from six AOGCMs included in the DDC-IPCC
database (http://ipcc-ddc.cru.uea.ac.uk/dkrz/dkrz_index.html). Specifically, these are the models
called CCGM, CSIRO, HadCM3, NIES2, ECHAM4 and GFDL, the characteristics of which were
shown in Table 1.3. In order to make this analysis in a simple way, we only considered the results
of the changes in seasonal temperature and rainfall obtained in the cell of the mesh of each model
that includes the centre of the Iberian Peninsula. It must be kept in mind that the grid of the six
models considered have different horizontal resolutions (see Table 1.3). Figure 1.13 illustrates the
comparative size and location of the cell considered for each de AOGCM.
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Fig. 1.13. lllustration of the meshes of the six AOGCMs considered. In order to make the comparison we
took the simulated results for each model in the grids which include the centre of the Peninsula.

The changes in the mean seasonal temperatures projected for the centre of the Iberian
Peninsula in each third of the 21% century, the model and emission scenario are shown in figure
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1.14. Comparing the results of the six models, differences in the changes simulated for each
one are observed, but so are similarities. The differences lie in the specific values of
temperature change for each period, season and emission scenario. The NIES2 model is the
one that generally simulates the biggest warming, whereas the differences between the others
are somewhat smaller. However, it must be taken into account that this lack of coincidence in
the values of temperature change could partly be related to the different spatial resolution over
the Iberian Peninsula of the different AOGCMs. All the models coincide in the progressive
warming throughout the century in relation to the 1960-1990 period. In all of these, then,
maximum warming is projected for the summer months and the minimum for winter, and it can
also be seen that in emission scenario A2, the temperature increases are greater than in B2.
The qualitative coincidence in this set of results is indicative of their high degree of certainty.
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Fig. 1.14. Changes projected by six AOGCMs in surface mean air temperature (°C) in the grid of each
one, which includes the centre of the Peninsula (see figure 1.13). The results are seasonal averages
(DJF winter, MAM spring, JJA summer and SON autumn) and correspond to two emission scenarios (A2
in the left-hand column and B2 in the right.-hand one). Each figure shows the changes in each third of the
21 century in relation to the present climate. The average values of the set of six models considered are
shown in the box.

Considering the values of the mean temperature increases of the set of models framed in figure
1.14, it can be seen that the highest rhythm of seasonal warming corresponds to the summer of
scenario A2 and the lowest one to the winter months of scenario B2. It can also be seen that in
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scenario A2 the warming rhythm accelerates in all seasons as the century elapses, whereas in
scenario B2, the evolutions of warming generally present a more linear tendency.

Figure 1.15 shows the comparison between the changes projected by the six AOGCMs for
rainfall in the centre of the Peninsula. Therein, more discrepancies can be seen between the
models, which indicates the lower degree of reliability of the projections of changes in rainfall in
relation to those of temperature. This, however, could be partly due to the greater spatial
variability of the changes in rainfall simulated by all the models, which makes the different sizes
of the cells over the Peninsula more determinant than in the case of changes in temperature.
Some similarities can, however, be observed in the results of the AOGCMs analysed. Thus, for
example, almost all of them coincide in projecting decreases in rainfall in the future climate in
relation to the 1960-1990 period, although some models simulate certain seasonal positive
changes. Likewise, a majority of models project a progressive decrease in seasonal rainfall in
scenario A2 throughout the century, although this behaviour is not evident in scenario B2.
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Fig. 1.15. Changes projected by six AOGCMs in mean precipitation (mm / day) in the grid of each one,
which includes the centre of the Peninsula (see figure 1.13). The results are seasonal averages (DJF
winter, MAM spring, JJA summer and SON autumn) and correspond to two emission scenarios (A2 in the
left-hand column and B2 in the right.-hand one). Each figure shows the changes in each third of the 21%
century in relation to the present climate. The average values of the set of six models considered are
shown in the box.
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In the centre of the Iberian Peninsula, the HadCM3 model simulates the greatest decreases in
rainfall in spring, summer and autumn, whereas it projects increases in rainfall in winter months.
The progressiveness of these changes throughout the century is more in this model than in the
others. The model showing the lowest projections of changes in annual rainfall is the CSIRO,
but the progressiveness of these changes is quite irregular. Emphasis has been placed on this
characteristic because the values of the changes included in the figure correspond to
differences between seasonal rainfall simulated for each third of the 21%' century and those
simulated for the 1960-1990 interval. Thus, if the value of a change were greater in a previous
third than in a subsequent one, this would signify a relative increase in rainfall between the first
one and the second one.

Considering the joint averages of the six AOGCMs, the values of which are framed in figure
1.15, it can be seen that in scenario A2, the progressiveness of the changes is regular in all the
seasons of the year. Which means to say, the absolute value increases throughout the century.
Calculating the units of change used in the figure, the results of average distribution of annual
rainfall changes in the three periods of the century are: 61.2, 85.5 and 137.7 mm/year.
However, what can be seen in scenario B2 are absolute values of annual change which are
lower in the middle third of the century (78.3, 73,8 and 87,3 mm/year). This means that the
middle third would be less dry than the other two. Furthermore, this different progressiveness of
the change in annual rainfall throughout the century in both scenarios (A2 and B2) can be seen
in the results of most of the AOGCMs considered, which endows this result with a degree of
certainty.

1.3.4. Regional climate models

Although the results of climate projections obtained with different AOGCMs present reasonable
similarities at global scale, when regional scales are considered, distributions of temperature
and, above all, rainfall present clear discrepancies, as was pointed out in the previous section.
This reduced reliability at regional scale can be attributed, to a great extent, to the insufficient
spatial resolution of the AOGCMs and to the use of physical parametrisations not well adapted
to mesoscale processes. Low spatial resolution can distort the lines of the coast and smooth the
orographic features. Besides, it has already been pointed out that the models cannot
realistically reproduce atmospheric processes with a similar or smaller size than that of the cells
in which the domain is discretised. Furthermore, it must be kept in mind that certain physical
parametrisations of the AOGCMs have been developed and validated for the broad spatial
resolution that they use. This is why they are not usually suitable for reproducing smaller-scale
atmospheric processes, some of which could be the ones that most contribute to the
characteristics of local climate. In particular, the climates of the Iberian Peninsula are the result
of the action of global atmospheric circulation, of the interactions between this macroscale flow
and orography, of sea-land contrasts and of other more local effects (Castro et al. 1995). But
the present AOGCMs are incapable of reproducing these climate features on the Peninsula. An
illustrative example is shown in figure 1.16, where the distributions of seasonal temperature and
rainfall simulated by the HadCM3 model for the 1961-1990 period are compared with the
climatologies for this period. It is obvious that the climate features at regional scale of the
Peninsula have not been reproduced because the low spatial resolution of the AOGCM does
not permit this. But increasing the resolution of the AOGCMs would involve an increase in
computing time and also the adaptation of the physical parametrisations to this higher resolution
at all the latitudes of the planet. The solution to the first problem depends on the availability of
sufficiently fast and powerful computers, although no results of global climate models at
resolutions greater than 100 km yet exist. But to solve the second problem, perhaps we will
have to wait a bit longer. Consequently, in order to obtain more suitable approximations to
climates at regional or sub-regional scale, other techniques are currently applied, based on the
simulations with the AOGCMs.
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These techniques can be arranged into two categories: statistical downscaling methods and
regional models. The former translate the information provided by the AOGCMs into high-
resolution descriptions of the climatic variables, by means of multivariable statistical regressions
between series of mean values of temperature and precipitation variables observed in stations
included in one cell of the global model and the mean values of other atmopspheric variables
(predictors) simulated therein. These regression equations are used to infer the corresponding
climatic information in each area, with the use of values simulated by the AOGCM for disturbed
climate (Sailor and Li 1999 or von Storch and Zwiers 1999, among others). The results obtained
with statistical methods should be analysed with caution, because they are based on the implicit
supposition that spatial correlation between local variables and predictors within one cell of the
model, obtained under present climate conditions, is not altered after an appreciable global
climatic change, and furthermore, the results critically depend on the predictors chosen (Huth
2004).
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Fig. 1.16. Comparison between mean temperatures (in °C) and precipitation (in mm /day) averages in
winter (DJF) and summer (JJA) simulated by the AOGCM HadCMS3 (upper row) and the climatology
designed by the Climate Research Unit (CRU) of East Anglia University (lower row). In both cases, the
period is 1961-1990. Note that the colours and values in temperature scales are different on each map,
but those for precipitation are the same.

Regional climate models (hereinafter RCM) are considered as the most promising technique for
making reasonable projections of climate change at regional scale (IPCC 2001). The RCM are
essentially similar to the atmospheric sub-model of any AOGCM, but they are applied to a
limited area of the planet, with more resolution, that is, with the use of smaller cells. They are
nested in the mesh of the global model (figure 1.17). This means that in the RCM, the initial
values of the variables simulated and their temporal evolution in the domain boundaries are
derived from results obtained by an AOGCM. In short, the RCM are feeded through the
boundaries with values simulated by the AOGCMs. The procedure currently followed therefore
consists of using the AOGCM output data to simulate the response of global circulation to
macroscale forcings and the RCM in order to take into account smaller-scale forcings than the
size of the cell in the AOGCM, in accordance with the principles of physics, and to highlight the
simulation of atmospheric circulation patterns and climatic variables at finer spatial scales (IPCC
2001).
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The RCM technique, initiated at the beginning of the last decade of the 20" century (Dickinson
et al. 1989), is currently used for a whole range of applications, from palaeoclimatic studies to
projections of anthropogenic climate change. They provide results with high spatial resolution
(between 50 and 20 km) by means of time-slice simulations of several decades and are capable
of describing climatic feedback mechanisms at regional scale. The current RCM are generally
adapted versions of limited area models used operatively for high-resolution weather
forecasting. There are, however, RCMs that link atmospheric processes and other components
of the climate system (ocean, hydrology, vegetation, etc.).
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Fig. 1.17. Example of the application domain of an RCM over Europe with a grid of 50 km. The nesting
technique consists of providing the RCM with information on the evolution of the atmospheric variables in

the lateral boundaries. This information is obtained previous to the simulation with an AOGCM which uses
a grid with lower resolution (bigger-sized grids)

It must be remembered, however, that an RCM cannot correct errors generated by the AOGCM
in which it is nested. For this reason, an AOGCM should be chosen that has been well validated
and that realistically represents the features of global circulation affecting the region in question,
or the nesting should be considered within a set of different AOGCMs. It is also important that
the RCM include suitable physical parametrisations in order to simulate moist convection
processes, energy exchanges between the air and the ground or radiative effects of the clouds,
of GHGs or of aerosols. Finally, the choice of the size of the cells of the RCM mesh should be
taken as a compromise between the scale of those atmospheric processes most influencing the
climate of the region in question, and the available computing power. In spite of the fact that
RCMs can be applied to a limited area of the planet, the computing time is much greater than
what is needed by an AOGCM in order to simulate the same period. This is why the current
RCMs do not usually simulate periods of more than a few tens of years (usually 30 years),
although the increase in computing power will enable these periods to be lengthened before
long.

1.3.5. Future climate projections in Spain using an RCM

This section presents the results obtained from a series of simulations with the regional climate
model known as PROMES (Gallardo et al. 2001). This is a model that numerically resolves the
primitive equations of atmospheric dynamics and includes suitable parametrisations of the
physical processes of radiative exchange, of cloud formations and precipitation and of turbulent
exchange of mass, momentum and energy between the atmosphere and the surface. They are
integrated considering a Lambert conformal horizontal projection in an area of 6,000 x 4,500 km
covering almost all of Europe and North Africa, including the Canary lIsles archipelago. The
horizontal resolution of the simulations, the results of which are presented here, is 50 km. In the
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vertical direction the RCM PROMES considers 35 layers of varying thickness, much less in the
lower layers of the atmosphere.

The simulations were carried out within the framework of the PRUDENCE research project,
funded by the V Framework Programme of the EU. In this project, the results were compared of
eight RCMs developed in different European centres or universities (Christensen et al. 2002).
Specifically, the Spanish modelling group participating in this project (MOMAC Group from
Castilla La Mancha University in Toledo) is the one that created the PROMES model. All of
these European RCMs were implemented and nested in the HadAM3H global atmospheric
model, developed in the Hadley Centre for Climate Prediction and Research in the United
Kingdom (Pope et al. 2000), which uses a horizontal resolution of approximately 140 km at the
latitudes of the lIberian Peninsula. This global atmospheric model uses the ocean surface
temperatures provided by the aforementioned AOGCM HadCM3. Although the simulation with
the HadAM3H global atmospheric model covers the 1950 — 2100 period, the experiments with
the RCMs nested therein were done covering two time-slice 30-year periods, due to the
aforementioned greater computing effort required by these models. One corresponding to
present climate conditions (1960-1990), in which the current levels of atmospheric GHGs and
aerosols were considered, and another relating to the last third of this century (2070-2100),
taking into account the SRES-A2 and SRES-B2 emission scenarios. Consequently, each RCM
did a total of three experiments of 30 years each. For the choice of the mentioned global
atmospheric model in which the RCMs were nested, the generally acceptable quality of the
results they present was taken into account.

Using the set of numerous output variables of the RCM PROMES, to illustrate the impact on
Spain’s climate of the projected climate change, this section presents results corresponding to
mean daily temperatures of surface air (2 metres above ground) and accumulated daily
precipitation for each season of the year. In the first place, the results of the simulation using
PROMES corresponding to the 1960-1990 period was commented upon (herein after called
control simulation) and these results were compared with climatological values derived from
observations during this period. This gives us an idea of the degree of fit with reality of the
simulations with this RCM. Subsequently the results of the two climatic projections (A2 and B2)
were shown as the difference between the values obtained for each scenario and those
simulated for the 1960-1990 period. Likewise, we present the results of seasonal changes in
evapotranspiration and wind speed for each scenario, in relation to the present climate. Lastly,
an analysis is included of projections of changes in climatic extremes associated with
temperatures and rainfall.

a) Comparison between control simulation and climatology

Before commenting upon the results of this comparison, the following two statements should be
taken into account:

e The climatology with which the results of a RCM control run are compared should be
discretised in cells of a similar size to those of the model, in order for the topography of the
domain to be similar. This is why we considered the climatology developed by the Climate
Research Unit of East Anglia University (United kingdom) based on values observed daily
from 1960 to 1990 in a set of weather stations in Spain and Portugal (New et al. 1999). This
database can be found in Internet at the address http.//ipcc-ddc.cru.uea.ac.uk. With these
specific observations, the mean values corresponding to cells of 0.5° x 0.5° in latitude-
longitude were assigned. Consequently, these are spatial distributions of climatological
values resulting from a spatial interpolation method following certain objective criteria, not the
actual ones.

38



IMPACTS OF CLIMATIC CHANGE IN SPAIN

e The values of the control simulation with the PROMES model are the result of the nesting of
this RCM in the experiment made with a global climate model, considering that the
atmospheric component of the climate system contains concentrations of GHGs and of
aerosols corresponding to the concentrations observed in the 1960-1990 period. Which
means to say that we cannot expect the daily sequence of the global circulation fields of the
atmosphere and the ocean to correspond with what actually occurred, as we are dealing with
a reproduction of mean climatological values.

Consequently, the comparison should be made by analysing the similarity between the spatial
distributions of 30-year averages of the variables considered, instead of between values
corresponding to a determined point, month or year. Furthermore, as climatology only includes
values in continental areas, where there are observatories, it will be seen that a resolution 0.5° x
0.5° does not permit good correspondence between the situation of the Balearic Isles or the
Canary Isles and that of the cells in which the climatological values are assigned.

Figure 1.18 allows for a graphic comparison between the distributions of seasonal average
values of mean daily temperature on the lberian Peninsula and on the Balearic Isles. A good
level of similarity is generally observed between the simulated values and climatology. The
model, however, tends to highlight more the effect of orography in the temperatures, so that in
the higher areas the model simulates lower temperatures than the climatological values. This
bias is perceived in all the seasons of the year, although it is more obvious in summer and
autumn, resulting in a bias of 2 to 4 degrees at elevations of over 600 m. However, in the rest of
the zones and stations, the simulated values are more similar to the climatological ones. On the
islands, the differences remain below 2 degrees. However, it must be remembered that the
resolutions of the model and of the climatology do not allow the smaller islands to be suitably
resolved. This general behaviour has also been observed in the control simulations (1960-1990
period) made by the other RCMs used in the aforementioned PRUDENCE European project.

The distributions of the mean seasonal precipitation simulated and the climatological ones are
shown in figure 1.19. Although the model presents more spatial variability than climatology, it
can be seen that they acceptably reproduce the North-South gradients in summer and the
West-East ones in the other seasons of the year. The greater variability observed in the results
of the model appear to be due to the fact that this tends to increase orographic effects. The
simulated values of seasonal precipitation on the Atlantic coast generally correspond very well
with those of climatology. However, the ones simulated in the south-western half are generally
lower than the climatological ones. The simulated distribution of precipitation for the summer
season is the one that shows the greatest similarity with climatology, whereas the greatest
differences are noted in winter, especially in the Centre and East of the Peninsula. However,
analysing the simulated annual evolutions of precipitation for different sub-regions of the
Peninsula, it has been seen that they acceptably reproduce climatological values, discriminating
well between the most and least rainy seasons of the year for each of the zones of the
Peninsula.

To summarise, it could be said that the model tends to highlight topographic effects more than
climatology developed by the CRU , in spite of the fact that the spatial discretisation of the
terrain is very similar in both cases: 50 km in the PROMES model and 0,5° latitude-longitude in
the climatology of the CRU. It must also be remembered that the CRU climatological values are
the result of a spatial interpolation treatment among those registered on specific observatories,
which are generally not located in the higher areas of the territory. For this reason these should
also be considered to present a certain degree of smoothing in mountain areas. However, the
most notable aspect of this comparison between the values simulated by the RCM PROMES
and the CRU climatology for the 1960-1990 period is that the model acceptably reproduces the
different climate regimes of the Iberian Peninsula. Consequently, we can assume that the
results of the simulations with future climate scenarios made with the aforementioned RCM,
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which is now shown, present a reasonable degree of reliability with regard to their capacity to
regionalise climatic changes simulated at global scale by the AOGCM HadCM3.

TEMPERATURAS MEDIAS [°C)
Prommes Conlrol DEF 1961-18900 # CRU DEF 1961-1990

CRU JJA 1981.1%80

CRU BONW 1861-1890

Fig. 1.18. Comparison of daily mean temperatures (in °C) simulated by the RCM-PROMES (left-hand
column) and designed by the CRU (right-hand column) based on climatological data for the period 1961-
1990. Each figure corresponds to averages for one season of the year: (DJF winter, MAM spring, JJA
summer and SON autumn). The colour scales include different temperature values for each season.

40



IMPACTS OF CLIMATIC CHANGE IN SPAIN

FRECIPITACIONES MEDIAS (mm/dia)

Presmes Conlrel DEF 1961-1900 CRU DEF 1'501 11]90
f\/ |
i- W \/_/

Promes Control MAM 18611880 CRU MAM 19511980
T

%““‘"J 2 H: (s

CRU BONW 1861-1890

i~

Fig. 1.19. Comparison of mean seasonal precipitation (en mm/day) simulated by the RCM-PROMES (left-
hand column) and designed by the CRU (right-hand column) based on data for the period 1961-1990.
Each figure corresponds to one season of the year: (DJF winter, MAM spring, JJA summer and SON
autumn).

b) Changes in mean temperatures projected in the future climate scenarios

This sub-section includes the changes projected for the seasonal averages of mean daily
temperatures in the two emission scenarios considered (SRES-A2 and SRES-B2),
corresponding to the last third of the XXI century (2071-2100 period), with respect to the
modelled values in the control simulation (1961-1990 period). Although it cannot be assumed
that the evolution of these changes throughout the century shows a perfectly linear growing
behaviour pattern, it seems reasonable to presume that in periods previous to this one, these
changes would register lower values, as can be deduced from the results obtained with the
AOGCMs.
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Fig. 1.20. Projections of change in daily mean surface air temperature (°C), averaged for each season of
the year (DJF winter, MAM spring, JJA summer and SON autumn) in the Iberian Peninsula, Balearic Isles
and Canary Isles (lower right-hand corner on each map), corresponding to two SRES scenarios: A2 in the
left-hand column and B2 in the right-hand column. The values correspond to differences between the
simulation of the period 2071-2100 and the control one (1961-1990). The isolines in the figures show the
percentages of changes in interannual variability (positive in continuous line, negative in broken line and
zero in continuous thick line).

The projections of seasonal change in mean daily temperatures are shown in figure 1.20. The
general behaviour pattern shows that the most intense temperature increases correspond to the
scenario SRES-A2, which is the one with the highest emissions of GHGs. The differences
between scenarios A2 and B2 remain at around 1°C. The winter months are those that present
smaller increases in daily temperature, with values of between 2 and 4 °C for scenario A2 and
between 1 and 3°C for scenario B2. The spatial distribution of these changes in winter is similar
in both scenarios, the smallest increases corresponding to the Northeast of the Peninsula and
the Canary lIsles, and the biggest ones to the south-eastern half of the Peninsula. The season in
which temperature increases are greatest is summer, values exceeding 6°C in scenario A2, and
over 5°C in B2. Such big changes occur in the inland zone of the Peninsula. A clear gradient
between the periphery and the inland zone can be perceived, which could be related to the
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regulating effect of the sea breezes. This can also be said of the two archipelagos, although the
small size of these does not allow us to perceive this gradient. In spring and autumn, the
projected increases reach intermediate values between the winter and summer ones. Increases
in autumn, however, are greater than those of the spring, particularly in scenario B2. Although
they are not shown graphically, the projected changes for the seasonal averages of maximum
and minimum daily temperatures present a spatial distribution similar to those of mean
temperatures. However, the values of the changes are around 1°C higher for the maximums
than for the minimums, those of the latter being similar to those of mean temperatures. This
means that the range of daily thermal oscillation increases compared to the present climate.
This behaviour can be seen in all the seasons and in most of the areas of the territory, except
on the islands or very close to the coast. In their essential aspects, the previous results are
similar to those obtained by Raisédnen et al. (2004) who used another regional climate model
within the framework of the aforementioned European project PRUDENCE.

c) Changes in mean precipitation values projected in future climate scenarios

We will now analyse the changes projected for mean seasonal rainfall for the two emission
scenarios considered (A2 and B2) corresponding to the period 2071-2100, taking as a reference
the values modelled in the control simulation (1961-1990). Before presenting the results, it
should be pointed out that it would not be correct to use a simple temporal interpolation to
deduce changes in rainfall in periods previous to 2071-2100. This can be seen in the results
obtained with the AOGCMs represented in figure 1.15, where it can be observed that no
AOGCM simulates a uniform tendency of change in seasonal rainfall on the Iberian Peninsula
throughout the 21% century.

Figure 1.21 shows the values of the seasonal changes expressed in mm/day. Multiplying these
values by the number of days in each season, which is 90, because in the climate simulations
with models the years are considered with a uniform duration of 360 days, the changes can be
deduced in the total amounts of seasonal rainfall. What can be appreciated more clearly in the
figure is that the changes have a greater absolute magnitude in scenario A2, regardless of their
sign. Thus, in winter there are increases in the Northwest of the Peninsula that exceed the value
of 1 mm/day in scenario A2, whereas in B2 these remain below 0.5 mm/day in this region.
Something similar occurs in autumn, but in the Northeast of the Peninsula. This result tallies
with that obtained by Sumner et al. (2003), who used the simulations made with another global
model (ECHAM4 of the Max-Planck Institut fur Meteorologie in Hamburg). Apart from these two
exceptions, the changes in precipitation in Spain have a negative sign. This means that
decreases in seasonal precipitation in relation to the present climate are projected for the last
third of the 21° century, which are generally of greater magnitude in scenario A2 than in B2,
except for the vicinity of the Pyrenees for the summer months, in which the magnitude of the
changes are similar in both scenarios. In the Canary Isles, no appreciable change in total
precipitation can be appreciated in any season of the year.

d) Projected changes in evapotranspiration and wind module

We now present the differences obtained between the seasonal averages of daily surface
evapotranspiration projected for the last third of the 21% century, and the ones simulated in the
control experiment (present climate). It must be mentioned that the amounts of water that
evaporate from the surface were simulated with a parametrisation scheme implemented in the
PROMES regional climate model. The scheme therefore provides a good link between
atmospheric and edaphic processes. This scheme, developed by Decoudre et al. (1993), does
not only calculate the amount of water that evaporates from the ground, but also the water that
tanspires from the different types of plant cover included in each cell of the model (Arribas et al.
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2003). It should also be pointed out that in all the simulations (control and scenarios) the same
type of land uses have been maintained.
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Fig. 1.21. Projections of changes in precipitation (in mm/day) averaged for each season of the year (DJF
winter, MAM spring, JJA summer and SON autumn) in the Iberian Peninsula, Balearic Isles and Canary
Isles (lower right-hand corner on each map), corresponding to two SRES scenarios: A2 in the left-hand
column and B2 in the right-hand column. The values correspond to differences between the simulation of
the period 2071-2100 and the control one (1961-1990). The isolines in the figures show the percentages
of changes in interannual variability (positive in continuous line, negative in broken line and zero in
continuous thick line).

The results obtained from the two emission scenarios considered (A2 and B2) present a notable
percentage decrease in the average amounts of water evapotranspired in summer and autumn
in most of the Peninsula compared with the values obtained in the simulation of the present
climate. The maximum reductions are observed in the southern half of the Peninsula during the
summer months, and in some areas these reach values of around 60% in scenario A2 (figure
1.22), whereas in autumn they remain below 40%. In emission scenario B2, the decreases in
evaporation are more moderate, and in general these do not exceed 40% in summer and 20%
in autumn. In both seasons, a slight increase in evapotranspiration in the northern third of the
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Peninsula can be observed, which does not surpass 20% in the two scenarios simulated. In the
winter months, however, increases in surface evapotranspiration are projected for practically the
whole Peninsula, and in some areas the increases exceed 40%, although in most of the
territory, they remain below 20% (figure 1.22). No significant differences are appreciated
between the results obtained for the two emission scenarios considered. Lastly, in the spring
months, slight decreases in evapotranspiration are obtained in the southern half of the
Peninsula (less than 20%) and increases in the northern half, exceeding a value of 40% in the
Northeast. With regard to the Canary Isles and Balearic Isles, none of the simulations show
significant changes in the seasonal averages of water evaporated from the surface, compared
with the values simulated in the control experiment (present climate).
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Fig. 1.22. Projections of percentage change in evapotranspiration in winter (DJF) and summer (JJA)
months, corresponding to two SRES emission scenarios: A2 in the left-hand column and B2 in the right-
hand column. The values correspond to change percentages between the simulation of the scenario and
the control one in relation to the control one.

In relation to the surface wind module (10m above ground), the percentage changes projected
in the two scenarios in relation to the present climate present different signs depending on the
time of year, and also different ones on the Peninsula and the Balearic Isles in relation to the
Canary lIsles. Thus, in summer, a significant increase is observed in the average wind intensity
in most of the Peninsula, reaching increases of above 10%, except in the Northwest, where
slight decreases are obtained (figure 1.23). But in the other seasons of the year, there is a
predominance of negative changes in average wind intensity over the Peninsula and the
Balearic Isles, the biggest of these in autumn, with decreases exceeding 10% in the Northeast
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and 5% in most of the Peninsula. However, in the vicinity of the Gibraltar Straits, increases are
projected in the wind module in all the seasons of the year, except in winter. However, the
seasonal distribution of the change in wind intensity projected for the Canary isles area is
practically opposed to that of the Peninsula. Summer is the time of year in which the projected
changes show a negative sign, which means that there is a projected decrease in average wind
in the future climate compared with the present one, whereas in the other seasons of the year,
increases in average wind intensity are simulated, the biggest one being in spring and winter
(figure 1.23). In all cases, the positive and negative differences in the wind module projected in
Spain for the end of the century (2071-2100) in comparison with the values of the 1961-1990
period (present climate) are somewhat more accentuated in the simulation of scenario A2 than
in B2.
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Fig. 1.23. Projections of percentage change in the surface wind speed module for each season of the
year (DJF winter, MAM spring, JJA summer and SON autumn), corresponding to SRES-A2 emission
scenarios. The values correspond to change percentages between the simulation of the scenario and the
control one in relation to the control one.

e) Changes in the variability and extremes of temperatures and rainfall projected in the
scenarios of future climate

An aspect of the projections of future climate which is as important as changes in mean
temperature values or in any other climatic variable, is a possible change in variability in relation
to the present climate. Variability is understood as the standard deviation from the temporal
statistical average. Different time scales of variability can be considered: inter-seasonal,
interannual, or interdecadal. We now present the results obtained from the application of a
simple analysis of interannual variability, which consists of considering the value of the following
percent ratio:
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where o is the standard deviation from the distributions of monthly temperature averages in the
future period (2071-2100) and o, of the simulated period of the present climate (1961-1990).
Thus, a positive value (or negative one) of this ratio would indicate the percentage of the
increase (or decrease) in the variability of monthly temperatures or rainfall in the projected
climate, compared with that of the simulations in the control experiment (present climate). This
calculation is made for each season of the year. The results obtained from this simple analysis
are shown in figures 1.20 and 1.21 by means of isolines superimposed over the spatial

distributions of the increases in mean seasonal temperatures and rainfall.

This figure shows that the monthly variability in projected mean temperatures for the last third of
the century is generally greater than that of the present simulated climate, with positive
percentages of around 20% or below. Some differences can be appreciated, however, between
the two emission scenarios considered. Thus, in B2 the percentages of change in temperature
variability are lower than in A2. With regard to distribution according to seasons, the biggest
changes are observed in summer and the smallest in autumn. However, the spatial and
seasonal distribution of the percentages of changes in temperature variability is not regular over
the Peninsula. Scenario A2 presents increases of over 20% in the periphery of the Peninsula in
summer, whereas in the Northeast there is hardly any alteration in autumn. In scenario B2,
however, few changes are observed in variability in autumn, and those in summer are much
smaller than in scenario A2, more similar to those observed in winter and spring. Furthermore,
in the Canary Isles, the percentages of change in variability are similar in the four seasons and
the two scenarios, with values of around 20%, except in scenario A2 in winter, when values of
40% are reached. These increases in temperature variability would mean that the monthly
thermal anomalies in the climate projected for the end of the century will tend to be more
intense than in the present climate. Figure 1.24 provides an outline of the qualitative change
that the distribution of frequencies of mean temperatures in the future climate would undergo in
comparison with the present, according to the simulated climate change results. From this
figure, we can deduce that in the extremely hot months, the rise in temperatures in the future
climate will be somewhat greater than the values of the increase projected for the mean
temperatures of the present climate. The magnitudes of this percentage would be the values
indicated.

With regard to the change in the interannual variability of rainfall, applying the same simple
procedure as the one used for temperatures, no appreciable changes were observed in any
season of the year (figure 1.21). Increases of around 20% only appear in the Northeast of the
Iberian Peninsula during winter. These results appear to indicate that the frequency of
anomalies in the monthly or seasonal rainfall of the projected climate for the last third of the 21
century would be similar to that of the present climate. However, the application of the simple
statistical method used is questionable in the case of rainfall because its frequency distribution
does not adjust to a Gaussian type curve, as it mostly occurs with temperatures. For a more
correct analysis of the possible alteration in rainfall variability, we would have to consider the
frequency of daily extreme events, including rainfall intensity (IPCC 2001). An analysis in this
respect will subsequently be presented.
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Fig. 1.24. lllustration of the distributions of frequency of monthly temperatures in the present climate and
in the projected climate.

It must be mentioned, however, that the interannual variability that an AOGCM can simulate
depends to a great extent on the way in which it models atmosphere-ocean interactions. Thus,
although most AOGCMs seem to be able to project increases in interannual variability in
scenarios of disturbed climates, others present contradictory results (page 362 of the IPCC
report 2001). Which means to say that there is still great uncertainty regarding the possible
alteration of low-frequency variability in future climate scenarios. Consequently, as the
interannual variability simulated by any regional climate model is closely linked to the
information provided by the AOGCM in which it is nested, the previous results should be
considered with due caution.

A study complementing the one on alteration of low-frequency climate variability is the one
relating to the possible changes in the so-called climate extremes. Values of atmospheric
variable that are very distant from the climatological averages, occurring in exceptional
meteorological conditions, are understood as climatic extremes. The interest aroused by this
other type of study lies in the fact that it is believed that the impacts of future climate changes
due to changes in climate extremes will probably be more severe than those related to average
climate changes. Although these events are relatively infrequent, they can have a great impact
on the environment or on human health. There are many possible criteria or indices for
characterising extreme climatic events. The most used ones are chosen because of the
availability of the variables required for calculating them, the ease with which they are
interpreted and their applicability to impact studies, and also because they allow for an objective
and complete description of the frequency and intensity of climatic extremes.

Of the wide range of indices of climatic extremes applicable to temperatures, we could consider
those based on percentiles. Thus, as Jones et al. (1999) showed, in order to characterise the
intensity of extremely hot or cold temperature conditions, we would have to use, respectively, 90
percentile of the distribution of maximum daily temperatures (hereinafter T.,90) and 10
percentile of the distribution of minimum daily temperatures (hereinafter Tnin10). Using the
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simulations with the RCM PROMES these intensity indexes of daily thermal extremes were
calculated for each one of the two 30-year periods (1961-1990 and 2071-2100) and each
season of the year. The differences between the values corresponding to emission scenario A2
and the control experiment (present climate) are now presented. These differences between
percentiles are expressed in °C.

The biggest changes in T;,90 are observed in summer and spring in the inland area of the
Peninsula, reaching values of 7°C. In winter the differences are smaller, not reaching 5°C. The
spatial distributions of the changes in T,,2x90 are very similar to those of the average changes in
maximum daily temperatures (hereinafter T.), but the same is not so for the values. The
changes projected for T,,x90 are generally greater than for T, except inland on the Peninsula
in summer, where the latter ones surpass the former ones by a few tenths of a degree. What is
most noteworthy, however, are the changes T,.x90 obtained in spring, above all, and in autumn,
as they are clearly bigger than the changes in Tnax (figure 1.25). Thus, it can be seen that in
spring, the changes in Ty5x90 reach 7°C whereas the changes in T are around 2°C lower in
most of the Peninsula. In autumn, however, these differences remain at around 1°C lower,
although in the North and Northeast of the Peninsula, they reach 2°C.
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Fig. 1.25. Differences in seasonal averages of daily maximum temperatures (above) and in 90"
percentiles (below) between the simulation with A2(2071-2100) emission scenarios and the control one
(1961-1990) corresponding to spring (MAM) and autumn (SON).

For a correct interpretation of this different seasonal behaviour in the changes projected for Tax
and Tax90, perhaps a more detailed statistical analysis of these changes would be needed.
This result, however, could be an indication that in the climate projected for 2071-2100 there is
a greater frequency of extremely hot days at the end of spring and the beginning of autumn,
compared to the present climate. We must keep in mind that both T,.x and T..90 were
calculated for each season considering the days included in three-month: December — February
for winter, March — May for spring, June — August for summer and September — November for
autumn. The bigger increase of T390 in relation to that of T, in spring could therefore be in
accordance with the fact that the warming projected for the month of May is greater than what
corresponds to April and is more similar to that of the summer months. A similar explanation
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could be applied to the projections for autumn, because the increase in T in September is
also bigger than in the other months of autumn. In the results of projections of climate extremes
at the end of this century for emission scenario SRES-A2 obtained by Sanchez et al. (2004) an
increase in the frequency of heat waves in spring and autumn can be appreciated, and this
seems to be in consonance with what was previously established. Shéar et al. (2004) and
Beniston (2004) coincide in an increase in summer heat waves in Europe in future climate
scenarios.

With regard to the changes projected in T.,;,10, a very similar behaviour to that obtained for T,
is observed. But once again it can be seen that the increases in Tni,10 are somewhat smaller
than those in Ty, in spring and autumn on most of the Iberian Peninsula. The same thing
occurs in the summer months in the North of the Peninsula, but not in the rest of the territory.
However, the differences between the increases in T,,;,10 and in T, do not generally exceed a
value of 1 degree. Which means to say, that they are smaller than those mentioned in the case
of Tmax90 and Thax. Using the previous reasoning, it could be speculated that the fact that the
changes projected for T,i,10 are smaller than for T, might be an indication that in the climate
in the last third of the century, there would be less frequency of extremely cold days. However,
the results of Sanchez et al. (2004) indicate a higher frequency of cold spells, but this might
possibly be due to criteria considered by these authors to define the occurrence of these
extreme events.

We now include a brief analysis of the changes projected for daily rainfall extremes in the
emission scenario SRES-A2, in comparison with the simulation of the present climate. In order
to characterise the intensity and frequency of these extreme events, different criteria can be
considered (Jones et al. 1999). In this case, one of these was selected: Number of days with
accumulated rainfall, of over 1 mm for each season of the year, averaged over a period of 30
years. Hereinafter, this index will be know as NPr1.

For each one of the two 30-year periods considered (1961-1990 control and 2071-2100
scenario) we calculated the seasonal averages of NPr1 and the differences between the values
corresponding to scenario SRES-A2 and to the control experiment (present climate). The
differences were calculated as a percentage in relation to the values simulated in the control
experiment (present climate). On expressing the differences in percentage, the numerical
results thus obtained should coincide with those that would be obtained considering any
percentage of the distributions of daily rainfall. Thus, for example, as the number of days with
rainfall corresponding to the 90" percentile (indicated by NPr90) is by definition the total number
of days with rainfall (NPr1), then the percentage change of NPr90 between the two experiments
of scenario and control would be equal to the percentage change of NPr1:

N Pr90(A2)—N Pr90(control) 0.1-N Pri1(A2)—0.1-N PrI(control) N Pri1(A2)—N Prl(control)
N Pr 90 control ) 0.1-N Pr1(control) N Pr I(control)

Figure 1.26 shows the distributions of the changes in NPr1 projected for the Iberian Peninsula
for each season of the year. Therein, it can be seen that in spring and summer, the changes in
NPr1 have a negative sign, that is, a lower number of rainy days, throughout the whole
Peninsula. In summer, values of percentage differences for Npr1 are not seen in the
southernmost part of the Peninsula, because in the control experiment (1961-1990) NPr1 is
very small (< 10 days),which gives rise to unrealistic change percentages.

The negative changes in NPr1 might be related to the greater persistence and duration of the

periods of rainless days in the scenario of disturbed climate, than in the present one. However,
in winter, an increase of over 10% in the NPr1 can be observed in the Northeast of the
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Peninsula, and the same can be observed in autumn in the Northeast and the Levant. The
regions and time of year in which these positive changes in NPr1 are simulated essentially
coincide with those of increases in accumulated rainfall shown in figure 1.21. Sanchez et al.
(2004) present results of changes in rainfall extremes simulated for the disturbed climate
scenario, considering an intensity index of extreme rainfall (percentile 90) encompassing the
whole Mediterranean region. These authors show that changes in the torrentiality of rainfall on
the Peninsula present a high spatial variability in all the seasons of the year. This could be
related to the fact that simulated extreme rainfall shows a high degree of uncertainty. Likewise,
Christensen and Christensen (2003) present results of regional climate simulations for the end
of the 21%" century, in which an increase can be seen in torrential rains during the summer
months in Europe, although this result presents a high degree of uncertainty for the Iberian
Peninsula. A possible procedure for reducing these levels of uncertainty could be by analysing
the complete set of simulations made by the regional climate models used in the European
project PRUDENCE.
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Fig. 1.26. Changes in the number of days with precipitation over 1 mm between the simulation of A2
(2071-2100) emission scenarios and the control one (1961-1990), expressed in percentages in relation to
the present simulated climate, corresponding to each season of the year (DJF winter, MAM spring, JJA
summer and SON autumn). The grey colour in the summer figure indicates that in those regions there is
too little precipitation in the control experiment.

1.3.6. Conclusions

In order to analyse disturbance of Spain’s climate possibly deriving from global climate change
due to the accumulation of GHGs throughout the 21% century, the results were used of a set of
climate simulation models. In this analysis, six global models (AOGCM) were considered, along
with a regional model. The results obtained with them are not climatic predictions, but rather
projections of how future climate could be altered, taking current climate characteristics (1961-
1990 period) as a reference. Also taken into account were two possible scenarios of global
emissions of GHGs and aerosols, designed by the Inter-governmental panel of experts for the
study of Climate Change (IPCC), based on demographic, social and economic criteria. These
scenarios, known by the abbreviations SRES-A2 and SRES-B2, are the two that have been
most used to date to make projections of climate change.

In the results of the climate scenarios made by the six AOGCMs considered, there are
discrepancies regarding the magnitude of the changes projected in relation to temperatures and
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to the total amounts of rainfall in Spain in the 21 century, although notable qualitative
coincidences can also be seen. The most significant results obtained can be summarised as
following:

a) The models coincide in that the growing tendency of mean temperatures present a
regular behaviour pattern throughout the century, although this warming is more
accentuated in emission scenario SRES-A2 than in SRES-B2.

b) The models coincide in that the temperature increase projected throughout the century is
more intense in summer than in winter, and reaches intermediate values in the other two
seasons of the year.

c) Taking the average of the set of six AOGCMs, in emission scenario SRES-A2 the
average tendency of temperature over the century varies by approximately 1.2°C every
30 years in winter and by 2°C every 30 years on the |berian Peninsula.

d) In emission scenario SRES-B2 these mean temperature increases reach an
approximate value of 1.1°C every 30 years in winter and 1.8°C in summer.

e) The six AOGCM coincide in projecting a significant decrease in total annual rainfall over
the Iberian Peninsula, which is somewhat more intense in scenario A2 than in B2.

f) This decrease tends to be bigger in spring and smaller in winter.

g) The tendencies of change in seasonal rainfall are not generally uniform throughout the
century, although there are notable discrepancies between models. Some models
project more accentuated decreases in rainfall in some seasons of the year up to the
middle third of the 21 century, and other simulate more uniformly progressive
decreases throughout the century.

The discrepancies observed in the climate changes projected for the Iberian Peninsula by the
different AOGCMs are fundamentally considered to be related to the different spatial resolutions
used by each one (cell sizes between 600 and 250 km) and to the different degree of
complexity of the parametrisation schemes of atmospheric and oceanic processes that they
use. For this reason, an analysis has been made of the changes projected for future climate on
the Iberian Peninsula, considering the results obtained by one of the six AOGCMs, that uses a
relatively high resolution (more spatial detail) and which uses a more complete and updated set
of physical parametrisations. This is the case of the model HadCM3 developed in the Hadley
Centre for Climate Research in the United Kingdom.

Th results of the projected changes in mean temperature and rainfall obtained with the global
model HadCM3 allow for a certain spatial discrimination over the Iberian Peninsula. As an
outline, the most relevant conclusions of the projected climate changes in Spain obtained using
the aforementioned global model are:

a) The smallest temperature increases are obtained in the Northeast of the Peninsula and
the biggest ones in the South.

b) The greater upward tendency of temperatures throughout the century corresponds to the
summer months and the smaller one to winter, both of these more accentuated in
emission scenario A2 than in B2.

c) In the projections of change in rainfall, generalised decreases are obtained in annual
values, which are higher in scenario A2 than in B2, but the spatial and seasonal
distributions of these are not uniform in Spain.

d) For the last third of the 21% century, an increase in winter rainfall is projected in most of
the territory, and in autumn a slight increase in the Northeast of the Peninsula, whereas
it is in spring and summer when the biggest generalised decreases are obtained.

e) The absolute values of change in seasonal rainfall reach lower values in the
intermediate periods than in the last third of the century, although generally maintaining
the sign of the changes projected for the end of the century.

f) The downward tendencies in rainfall are more accentuated in emission scenario A2,
whereas the upward ones are somewhat greater in scenario B2.
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In order for the results of climate change projections to have greater spatial resolution, the
regional climate model PROMES was used, nested in the global model HadAM3. The cell size
of the regional model is 50 km, which allows for a more suitable reproduction of the orographic
features of the Peninsula and also to allow the bigger islands of the Balearic and Canary Isles to
be considered. Indeed, it has been seen that the PROMES model provides a more satisfactory
reproduction than the global model of the climatological distributions of temperature and rainfall
over Spain. This would seem to indicate that the projections of future climate obtained with the
PROMES model are more appropriate for analysing impacts at regional scale than those
derived directly from the global model.

The projections of climate change made with the regional model only correspond to the last
third of the 21% century (2071-2100), and they were deduced taking as a reference the climate
simulated by this model in the 1961-1990 period (control experiment). Likewise, the two GHG
emission scenarios were considered (A2 and B2). The results presented correspond to mean
temperature (in °C), rainfall (in mm), amount of water evapotranspired (in kg - m?) and wind
speed (in m - s). A summarised outline is now presented of the most relevant projections for
each variable, each season of the year and each emission scenario, with a discrimination of the
different regions of Spain to the extent permitted by the resolution of the model.

a) Changes in mean temperatures:

Season Scenario Changes projected for the 2071-2100 period compared with 1961-1990
A2 Increases of between 2 anq 3°C in the west and north of the Peninsula and the Canary Isles,
Winter and of between 3 and 4°C in the rest of the territory
B2 Distribution of warming similar to that of scenario A2, but 1°C less intense
Increases of between 4 and 5°C in the south-west of the Peninsula, of between 2 and 3°C on
A2 the Cantabrian fringe, northern Galicia and Canaries, and of between 3 and 4°C in the rest of
Spring the territory
B2 Increases of between 1 anq 2°C in the Canary I_sles, Cantabrian fringe and northern Galicia,
and of between 2 and 3°C in the rest of the territory
A2 Increases of bet\yeen 5 and 7°C inland' on the Peninsula, of between 4 agd 5°C close to coastal
Summer zones on the Peninsula and the Balearic Isles and of between 2 and 3°C in the Canary Isles.
B2 Distribution of warming similar to that of scenario A2, but generally 1°C less intense
A2 Increases gf between 2 and 3°C in the Cana}’y Isles, of between 3 and 4°C in the northern third
Autumn of the Peninsula and of between 4 and 5°C in the rest of the territory
B2 Distribution of warming similar to that of scenario A2, but generally 1°C less intense

b) Changes in accumulated precipitation:

Season Scenario Changes projected for the 2071-2100 period compared with 1961-1990

Increases by over 10 mm in the north-eastern quadrant of the Peninsula, decreases by over 10

A2 mm in the southern third and the peninsula Mediterranean regions, without any appreciable

Winter changes (£10 mm) in the rest of the territory

B2 Increases by over 10 mm in northern Galicia and without any appreciable changes (£10 mm)
in the rest of the territory

A2 Decreases by over 20 mm in practically all of the Peninsula, without any appreciable changes

Spring (10 mm) in the Balearic and Canary Isles

B2 Decreases by over 10 mm in practically all of the Peninsula, without any appreciable changes
(£10 mm) in the Balearic and Canary Isles
Decreases by over 40 mm in northern Galicia, Cantabrian fringe, Pyrenees and Northeast of

A2 the Peninsula, decreases by between 10 and 40 mm in the rest of the territory, except in the

Summer . )

Canary Isles, without any appreciable changes (£10 mm)

B2 Distribution of the changes in seasonal rainfall similar to that of scenario A2

A2 Increases by over 10 mm in the Northeast of the Peninsula, decreases by over 20 mm in the

Autumn south-western half, without any appreciable changes (+10 mm) in the rest of the territory

Distribution of changes similar to that of scenario A2, although somewhat less intense in the

B2 .
south-western half of the Peninsula
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c) Changes in evapotranspiration (en %)

Season Scenario Changes projected for the 2071-2100 period compared with 1961-1990
Winter A2 Increases by less than 20% in practically the whole territory
B2 Increases by less than 20% in practically the whole territory
Increases by over 20% in most of the north-eastern quadrant of the peninsula and the
Spring A2 Pyrenees, .increases by less thap 20% in the rest of the northern half, and decreases by less
than 20% in the rest of the territory
B2 Increases by over 20% in Galicia, and less than 20% in practically the rest of the territory
A2 Decreases by over 20% in t.he southern third of the Per.linsula, by less th;an 20% in thg centre
Summer and the Balearic Isles, and increases by less than 20% in the northern third of the Peninsula
B2 Distributiqn of the changes similar to that of scenario A2, but less intense in the southern third
of the Peninsula
Increases by less than 20% in the northern third of the Peninsula and the north of the
Autumn A2 Levant/Mediterranean coastz decreases by over ;0% in the southern third of the Peninsula and
decreases by less than 20% in the rest of the territory
B2 Distribution of changes in evapotranspiration similar to that of scenario A2

d) Changes in wind intensity (in %)

Season Scenario Changes projected for the 2071-2100 period compared with 1961-1990

Decreases by over 5% in the southern half of the Peninsula and the Balearic Isles, increases
A2 by over 5% in the Canary Isles, without any appreciable changes ( £ 5%) in the rest of the
Winter territory

Increases by over 5% in the Canary Isles, without any appreciable changes ( & 5%) in most of
the rest of the territory en la mayor

Increases by over 5% in the Canary Isles and in the Gibraltar Straits, decreases by over 5% in
A2 the Cantabrian fringe, inland Levant and the Balearic Isles, without appreciable changes ( +
5%) in the rest of the territory

B2 Without appreciable changes ( + 5%) in the whole territory

Increases by over 5% in the centre and Southeast of the Peninsula, without appreciable
changes (£ 5%) in most of the rest of the territory

Decreases by over 5% in most of the Peninsula and the Balearic Isles, without appreciable
changes ( £ 5%) in the southern third of the peninsula and the Canary isles

B2

Spring

A2

Summer
B2

Decreases by over 10% in the Cantabrian fringe Northeast and the Eastern Peninsula,
A2 decreases by between 5 and 10% in the rest of the territory, except in the southern third of the
Autumn Peninsula and the Canary Isles, where there are no appreciable changes ( + 5%)

Decreases by over 5% in the north-eastern quadrant of the Peninsula, Cantabrian fringe and

B2 the Balearic Isles, without any appreciable changes (£ 5%) in the rest of the territory

As a compliment to the analysis of the changes projected for the mean values of climatic
variables, we have also included an initial approach to a possible alteration of the interannual
variability of monthly values in the last third of the century (2071-2100) in relation to that of the
1961-1990 period. The most relevant results of this analysis can be summarised in the following
points:

a) Anincrease is projected in the range and frequency of monthly thermal anomalies in the
future climate in comparison to the present one.

b) Although this increase cannot be seen in a regular manner throughout the whole
territory, the increases in range remain at around 20% in all the seasons of the year and
in both emission scenarios. This means that in the anomalous hottest months in the
future climate, the temperature increases will be around 20% higher than the projected
values for average warming.
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c) The percentages of change in the variability of monthly temperatures are somewhat
lower in the B2 scenario than in A2, the same as what occurs with the magnitudes of
average warming.

d) No significant alterations can be found in the frequency of anomalies in monthly rainfall
in the future climate scenarios considered, although this conclusion is questionable,
because the statistical method used is not the most suitable one for this type of analysis.

Finally, an analysis has been included of possible alterations of the occurrence of extreme
climatic events in the future climate scenarios, in comparison with the present climate. To this
end, we considered the values of extreme percentiles of the daily distributions of maximum and
minimum temperature, as well as the frequency of days with rainfall higher than 1 mm. In this
case, only the results of emission scenario A2 were considered. The most relevant conclusions
can be summarised as:

a) The frequency of days with extreme maximum temperatures on the Iberian Peninsula
tends to increase very significantly in spring and to a lesser degree in autumn, whereas
in the Balearic and Canary lIsles, no appreciable changes have been observed, as
occurs in the other two seasons of the year throughout the whole territory.

b) The frequency of days with extreme minimum temperatures on the Peninsula tends to
decrease.

c) The persistence and duration of periods of rainless days generally tend to decrease in
the same zones and seasons for which negative changes are projected in seasonal
rainfall, an to increase in the cases in which increases in rainfall are simulated in the
future climate, compared to the present one. Although this analysis appears to indicate
that would be no significant change in the degree of torrentiality of rainfall in the
projected climate, this result presents a high degree of uncertainty.

By way of a conclusion, the following table provides an outline of the most relevant projections
of climate change in Spain, arranged according to the degree of certainty provided by the
results of the simulations by the set of models considered. To this end, we considered the
degree of consensus among the different climate models available, so that the highest degree
of certainty is assigned to those changes in which all the models coincide, the degree of
certainty decreasing along with a decrease in the number of coinciding models. The lowest
degree of certainty corresponds to the situation in which only a minority group of models
provides similar results.

Table 1.4. Level of uncertainty of the most relevant climate changes projected for Spain

Certainty Most relevant climate changes projected for Spain

**%%% | Progressive upward trend of mean temperatures throughout the century

*#%%% | The warming tendency is more evident in the scenario of more accelerated emissions (SRES-A2)

The increases in mean temperature are significantly greater in the summer months than in winter, with
intermediate values in the others.

i Warming in summer is greater in the inland areas than close to the coast or on the islands

Fekkehk

kdk Generalised tendency towards less accumulated annual rainfall in both emission scenarios throughout the century
i Greater range and frequency of monthly thermal anomalies related to the present climate
il More frequency of days with extreme temperatures on the Peninsula, especially in summer
f The biggest decrease in rainfall on the Peninsula is projected in the spring months in both emission scenarios
w* Increased rainfall in the West of the Peninsula in winter and in the Northeast in autumn.
i Changes in rainfall tend to be more significant in the scenario of more accelerated emissions (SRES-A2)

(*¥**** very high certainty, **** high certainty, *** medium certainty, ** low certainty)
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ABSTRACT

Spain presents a large variety of terrestrial ecosystems, many of them unique, and all of them
offering a wide range of goods and services. These ecosystems have been subjected to intense
climate change in the past, but the rhythm of these changes has accelerated in an exceptional
manner as a consequence of the anthropogenic emission of greenhouse gases. Accelerated
climate change is bringing about a series of direct and indirect effects which are accentuated by
the interaction with other motors of global change (changes in land use, pollution, biotic
exchange). The effects are different for the ecosystems of the Atlantic region, limited by
temperature, and for those of the Mediterranean region, limited by water. Whereas productivity
could increase with climate change in the former, it might possibly be reduced in the latter.

The ecosystems that are at their ecological or geographic limit (formations with zero water
balance, ecosystems dominated by relic species from past climates, high-mountain ecosystems,
certain formations in arid regions) are the ones that will be most affected by climatic change.

The areas and systems most vulnerable to climate change are islands in the broad sense
(including edaphic islands and high-mountain ecosystems) and ecotones or transition zones
between systems. The spatial situation of the latter could be used as an integrated indicator and
as a possible early warning of climate change.

There is scientific evidence that climate change will affect the phenology and interactions
between species, favour the expansion of invading species and pests, will cause changes in the
dominance, structure and composition of the communities, and will increase the impact of
disturbances such as fire. With climatic change, the capacity for sequestration of atmospheric
carbon of the ecosystems will decrease and altitudinal and latitudinal migrations of species will
occur, along with the extinction of local species.

However, it is currently unknown whether species will be capable of evolving and adapting to
climate change in time, whether plants will increase their efficiency with regard to water use in
times of drought and warming, and whether these processes will accelerate the biogeochemical
processes.

The management of terrestrial ecosystems should involve society as a whole and ought to seek
creative formulae for the funding of activities for the mitigation of effects, restoration and
research. The conservation of terrestrial ecosystems in a scenario of climate change clashes
with numerous human activities, especially in relation to the use of natural resources like water.
This conservation is at odds with management aimed at maximising production or at
sequestrating atmospheric carbon.

Noteworthy among the main research needs is the consolidation of long-term ecological follow-
up networks, making as much use as possible of the existing ones and favouring the
interdisciplinary participation of the scientific community, the study of interactions, both between
environmental factors and between species and trophic levels, along with the determination of
minimum tolerance levels (climatic, structural, functional) in systems vulnerable to climatic
change.
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2.1. INTRODUCTION

2.1.1. Human influence in terrestrial ecosystems: the multiple effects of a spreading
species

At an increasingly faster rate, humans are modifying the spatial distribution and functioning of
ecosystems. This modification is occurring at local, regional and global scale so that, currently,
the vast majority of ecosystems present a certain degree of degradation or alteration
attributable to human activities (Vitousek et al. 1997). Furthermore, these activities are changing
the biophysical properties of the atmosphere and of the climate, and there is irrefutable proof
that the ecosystems are responding to all these changes (Hulme et al. 1999, Hughes 2000).
Although much of this proof is based on the responses of particularly sensitive species, there
are more and more results that show effects at the level of the whole ecosystem. Although
these effects are not easily appreciable, they generally have a temporal time scale of several
decades and are frequently influenced by local conditions (Vitousek et al. 1997, Parmesan and
Yohe 2003).

2.1.2. The diversity of Spanish terrestrial ecosystems

Very much due to its geographical position and complex orography, Spain presents a great
variety of terrestrial ecosystems, one of the widest in Europe. Of the six biogeographical regions
contemplated in the Directive Habitats, four are represented in Spain (the Atlantic,
Mediterranean, Alpine and Macaronesian) encompassing 141 different types of terrestrial
habitats from a total of 264. This extraordinary variety of terrestrial ecosystems together with the
particular evolutionary history of Spain, has given rise to a great diversity of species, natural
resources and unique biological systems, which have led to the protection of 536 natural spaces
throughout the country. Approximately 20% of the country’s 50 million hectares (Mha)
corresponds to forest ecosystems in the broad sense (the figures oscillate depending on the
definition of forest ecosystem). The Mediterranean region is the largest, with 43 Mha, of which 3
Mha are forests, 2.9 Mha are shrubland and heathlands, and 2.6 Mha are natural or semi-
natural pastures. The Atlantic region takes up 5.5 Mha, including 1.1 Mha of shrubland and
heathlands, and 0.5 Mha of forests. The Alpine region occupies 0.9 Mha and is dominated by
natural and seminatural pastures (0.2 Mha) and by forests (0.2 Mha). The smallest region is the
Macaronesian (0.7 Mha) and here, forests and shrubland total 0.1 Mha (Reyero 2002). Apart
from climatic and biogeographic features, the degree and temporal extent of human intervention
are other intrinsic characteristics that must be taken very much into account in the description of
Spanish terrestrial ecosystems. The human intervention varies from intense and prolonged in
the Mediterranean and Atlantic regions to moderate and relatively more recent in the Alpine and
Macaronesian regions. The surface area of the Spanish Mediterranean region represents
17.3% of the whole Mediterranean region in the strict sense, which is distributed throughout 18
countries, and is only surpassed by Turkey (20.8% of the total).

Thus, Spanish terrestrial ecosystems are exposed to a great natural climatic variability, and are
the result of a noteworthy topographic and lithological complexity and marked gradients in land
uses and in water availability, and frequently accommodate a high level of biodiversity. As we
will see, these and other characteristics make many of these ecosystems particularly sensitive
to atmospheric and climatic changes. An understanding of the effects of climate change on
terrestrial ecosystems is crucial in order to take the measures necessary to guarantee the
multiple goods and services they provide us with, many of which are vital to our very existence.

2.1.3. Goods and services of the terrestrial ecosystems

From the anthropocentric point of view, terrestrial ecosystems are systems that fulfil three
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general types of functions: productive, environmental and social (Roda et al. 2003). In their
productive function, they provide renewable natural goods, such as food, medicines, timber
products and non-timber products (pastures, cork, pine cones, game, fungi, etc.). Among the
environmental and ecological functions are the ecosystem services provided free of charge, like
the maintenance of biodiversity, regulation of atmospheric composition and of the climate, the
regulation of biogeochemical cycles, soil conservation (e.g. prevention of erosion), the
regulation of the water cycle and of carbon storage. Among the social functions, the most
important ones are recreation, education and leisure uses, demonstrated health benefits,
opportunities for research, the traditional cultural and emotional values, and functioning giving
rise to important economic activities like tourism and hiking. It is clear that the alterations
caused by atmospheric and climatic changes will have an impact on many of these goods and
services, and consequently, an impact on the socioeconomic systems (Winnet 1998). Among
the ecosystem functions and services, we can highlight atmospheric carbon sequestration and
storage, because this is the basis of the plant production that sustains the ecosystems and
because it has direct implications in the balance of atmospheric CO,, one of the main agents of
climatic change. Other ecosystem services include the provision of pollinators and pest control.

Terrestrial ecosystems are considered to be important regulators of both global and local
climate, decisively influencing biogeochemical cycles and characteristics of the atmosphere.
Certain terrestrial ecosystems like forests affect relative humidity and even local rainfall
regimes, and can give rise to a feedback cycle in which the forest favours hydric conditions in
order to maintain itself. Although it has been established on numerous occasions that when
vegetation cover is high (when the leaf area index — LAl — increases), there is less water
available in the ecosystem due to an increase in transpiration (Rambal and Debussche 1995),
the forest can serve to capture water in certain Mediterranean conditions. Experimental data
and numerical simulations indicate that the presence of tree masses on coastal mountain
slopes significantly favours the formation of summer storms and the collection of water which, in
the form of more or less dense fog, rises from the sea (Millan 2002). Although these local
effects of the forest on microclimate and rainfall are evident and have been proven, their
influence on regional climate (macroclimate) is less clear. In simulations of the effects of
extensive deforestation in Spain and France, it has been found that the forest only favours rains
when these occur in summer by means of vertically developed clouds, in whose formation forest
transpiration can actively intervene (Gaertner et al. 2001).

2.1.4. Human impact on Spanish ecosystems

Intense human intervention is a characteristic typical of most Spanish terrestrial ecosystems.
These ecosystems have been very much modified by man from the start of the Neolithic,
specially since the Bronze Age, causing a general reduction of their original forest surface areas
(Pons and Suc 1980, Reille and Pons 1992). Within this process of intervention, certain
qualitatively new semi-natural and relatively stable ecosystems have been created, such as the
dehesas of species of Quercus (Stevenson and Harrison 1992). Anthropic action over the last
few millennia is a critical element that has determined radical changes in diversity and in tree
and shrub cover, and, in short, in the structure and functioning of many terrestrial ecosystems.
Carrién et al. (2003) reconstructed the history of the vegetation in the Sierra de Gador mountain
range in the Southeast of the Iberian Peninsula using a palaeo-ecological register. They
showed significant changes in the abundance of plant species, with the replacement in
dominance of deciduous Quercus by evergreen Pinus and Quercus around 3940 years BP, the
maximum rise of Pinus to the detriment of the evergreen Quercus between 1760-1629 years
BP, along with the diminished size of the forests accompanied by an increase in helophytes
until 1160 years BP. Among the factors that resulted in vegetation change during the second
half of the Holocene are the occurrence and frequency of fires, human activity, climate change
and the interrelation between these. Since that time, climate and human activity have become
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inextricably interrelated.

Within a more recent temporal framework, in Spain at the beginning of the 20™ century, large
reforestation programmes were started for production purposes, which coincided with the rural
crisis throughout the western world and the abandonment of the countryside, which was re-
colonised by communities of woody plants. The abandonment of crops on poor soils, a common
practice on the Iberian Peninsula, has led to a marked change in the structure and functioning
of the ecosystems, with an increase in floristic and faunistic diversity, an improvement in the
quality of the soil and of the hydrological cycle and reduced soil erosion. But the abandonment
of many traditional practices also leads to the crisis of production systems of great natural value
due to their high biodiversity, such as the dehesa, and to the ageing of the underwood
containing species of Quercus, which, on not being managed lose vigour and become more
sensitive to abiotic disturbances (drought and climatic extremes) and biotic ones (pests and
diseases). In turn, the accumulation of biomass favours fires. The general forest area increased
in the last third of the 20" century and there has been a rise in the number of protected natural
spaces, resulting from the spread of an ecological vision of the forest and of terrestrial habitats.
The natural recovery is observed of Holm oak forests and Cork oak forests in less dry, sub-
Mediterranean marginal areas, but there is an increase in the environmental deterioration of the
air and the waters, and in the rhythm of climatic change. There is little protection of natural
spaces outside the mountainous areas or historic or emblematic sites, and the forests,
shrublands and pastures become fragmented and disconnected (Costa et al. 1990, Valladares
2004a). Likewise, there are areas (certain abandoned crop fields, stipa-dominated grasslands)
and shrublands affected by overgrazing) in which, in spite of the abandonment of traditional
practices, the degree of degradation, combined with unfavourable climatic cycles, has
considerably hindered the spontaneous recovery of the vegetation.

2.1.5. Changes in the carbon balance, cause and consequence of climate change

The carbon balance of terrestrial ecosystems is the result of processes that trap atmospheric
CO. (e.g. photosynthesis) and processes that release CO, (e.g. respiration, fires). A vital aspect
at the present time is to determine to what extent terrestrial ecosystems can act as carbon sinks
thus attenuating global warming. But to make a detailed calculation of the carbon balance is not
an easy task, especially when different scales of time and space intervene in the analysis.
There is great uncertainty regarding how these affect the environmental conditions interacting
with the diverse processes involved. Furthermore, in order to understand carbon flows, it is
important to quantify the amounts of carbon existing in our ecosystems. For the aerial part,
good databases are available, like those provided by forest inventories, although there is a lack
of data on ecosystems not included in this initiative. The least known part corresponds to
subterranean biomass, which is considerable in Mediterranean ecosystems and, in the case of
a Holm oak forest, can account for 50 per cent of total biomass. To this carbon we must add the
necromass accumulated on the ground, which frequently exceeds the total carbon of the
biomass, although very little information is available in this respect.

Analyses based on national forest inventories reveal that, for much of the 20" century, Spanish
forests have acted as carbon sinks and that all the Spanish regional autonomies accumulated
carbon in their forests during the 1974-1987 period (Rodriguez-Murillo 1997, Rodriguez-Murillo
1999). This accumulation oscillated from 4.5 tons of carbon per hectare and year in Galicia (2.0
in the previous period) to 1.1 in Murcia (0.27 in the previous period). This effect is attributed to
the reforestation carried out in the 1940’s and to the most recent changes in agriculture and
livestock farming uses which have contributed to the increase in tree cover and in the density of
the forest masses (Rodriguez-Murillo 1999). With regard to the emission of greenhouse gasses
(CO,, CH., N,O) from forest fires in the 1970-2001 period, the average value is 21.5*10° tons
for the whole country for direct emissions; delayed emissions are, on average, 3.8 time higher
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than these (Prieto and Rodriguez-Murillo 2003). Galicia was the regional autonomy that most
contributed to the total emissions of greenhouse gasses as a consequence of forest fires.
However, it must be pointed out that the data on the total estimated emissions of CO, only
represent 1% of the total estimated emissions of this gas for Spain.

2.1.6. Methods of study of the effects of climate change

The study of the effects of climate change on our terrestrial ecosystems was carried out using
five types of activities covering different time scales: (1) the palaeoecological study of datable
sedimentary cores, with the use of biological and geochemical indicators (thousands of millions
of years), (2) the study of different types of historic material, like, for example, specimens of
herbarium, museum pieces, archives, tree rings (last few centuries), (3) the study of the
ecophysiological, biogeochemical and demographic changes in our ecosystems in response to
the changing climatic conditions (last few decades and years), (4) the experimental study of our
ecosystems, under more or less controlled conditions, simulating the changes predicted for the
next few decades by the climatic models and, lastly, (5) the modelling of past and future
changes, in space and in time. Apart from using palaeoecological and historical tools to travel
through time, the study of climate change and of its effects require to successively follow the
spatial scale upwards, from the leaf to the ecosystem, the region and the whole planet,
combining the modelling tools with those used for tele-detection. We must point out, however,
that the influences of climate change are difficult to separate from those of the other
components of global change, such as changes in biogeochemical cycles or changes in land
uses.

2.1.7. Contents of the chapter and clarifications

Given the broad scope of aspects included in this chapter, a certain overlapping with other
chapters is inevitable, especially with those dealing with forestry (Chap. 9), plant biodiversity
(Chap. 5), animal biodiversity (Chap. 6), and edaphic resources (Chap. 8). In order to minimise
this overlap, we have gone more deeply into the ecophysiological aspects of the vegetation and
into processes operating at the levels of community and ecosystem. We will highlight the
Mediterranean region, as it is the largest region of the Iberian Peninsula and because more
information is available on its sensitivity to climatic change. Indeed, this region contains
formations which have reached the limit of their possibilities, with hydric balances in which
rainfall is equalled by evapotranspiration. The freshwater and coastal systems are dealt with in
other chapters (Chaps. 3 and 11 respectively). By the term increased aridity, we refer jointly to
the decrease in rainfall, which in turn is becoming more irregular, and to the temperature
increase, which leads to an increased evapotranspiration.

2.2. SENSITIVITY TO THE PRESENT CLIMATE
2.2.1. History of climate change and of anthropogenetic influence in ecosystems

Our country, like the whole planet, is subjected to environmental change, a change that has
been very spectacular in different phases of the history of the earth, but which is currently
occurring at a particularly accelerated rhythm (IPCC 2001). European terrestrial ecosystems
have undergone multiple and profound changes related to equally profound climatic changes
accompanied in more recent times by alterations in the regime of disturbances (e.g. grazing,
fire, charring and extraction of timber). It must be pointed out that the adaptational and
competitive characteristics of the species and stochastic processes have been as important, if
not more, as the conclusion of the glacial phases and the climatic changes of the Holocene with
regard to the establishment of dominant species following each crisis (Carrién 2003).
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The Iberian Peninsula and the Balearic Isles have been of great biogeographical value in the
study of climatic changes during the last glacier-interglacial cycle. Following the so-called Riss-
Wirm interglaciation, between around 120,000 and 80,000 years before the present, the pollen
registers suggest the expansion of steppe landscapes that responded to low rainfall and
temperatures (Pérez-Obiol and Julia 1994). Nevertheless, during the last glacial crises, some
mountain and coastal areas in the South of the Peninsula maintained a climate that was warmer
and more humid which represented an important uniqueness in the peninsular environment and
reflects a landscape that was eventually more wooded with the inclusion of mesophyll and
thermophilic species (Carrién 2002, Carrién et al. 2003). The most noteworthy information on
centennial and millennial pulses from the last glaciar-interglacial cycle comes from the period
known as Lateglacial which began around 14-15,000 years ago. This period involved a global
climatic improvement, concurrent with the deglaciation process, which favoured the
development of tree and shrub formations in many regions of the Peninsula, although the nature
of this colonisation is transgressive. Subsequently, between 11,000 and 10,400 years, a climatic
anomaly occurred, which meant a step backwards by several centuries to the cold and arid
conditions of the pleniglacial. We are referring to the recent Dryas (in reference to the alpine
Rosaceae, Dryas octopetala). The end of the recent Dryas constitutes the start of the present
interglacial (Holocene) which is characterised by a rapid increase in temperature and humidity
reaching optimum level around 8,500-5,500 years before present. Between 5,000-4,500 years,
climatic parameters acquire a Mediterranean character in the South, the East and in the
Balearic Isles (Yl et al. 1997) and in many parts of Eastern Iberia, greater seasonality and a
more xeric landscape are observed. In the West and North of the Peninsula, this climate change
did not manifest itself in such an abrupt manner, but the bioindicators permit us to establish a
reduction in rainfall. The last 3,000 years are characterised by phenomena of generalised
deforestation, above all in the thermo-Mediterranean context, caused by the aforementioned
synergy of climate and anthropic action.

Although most of the pollen sequences do not reach the adequate resolution to distinguish
questions below multi-millennial change, some suggest that changes in vegetation may occur in
very few centuries or even decades, as a consequence of abrupt climatic changes. On the
Iberian Peninsula, only one Holocene pollen sequence revealed these dynamic plant responses
to climate change, that of Cafiada de la Cruz, at the upper forest limit of Sierra de Segura
mountain range (Jaén) (Carrion et al. 2001). These changes have forced the relatively rapid
altitudinal or latitudinal migration of different species. At even shorter temporal scales, the
studies of herbarium material show that in the last two centuries, stomatic density has fallen by
21% and the discrimination of the "*C by 5.2%, suggesting the influence of an adaptation
process (increased efficiency of water use) as a response to variations in selective pressure
determined by the warmer and more arid conditions of the present (Pefiuelas and Matamala
1990, Pefuelas and Azcon-Bieto 1992).

It ought to be mentioned that in recent years, evidence has been found of a rapid biotic
response (decades-centuries) to the abrupt climatic changes occurring at the heart of the glacial
phases (the so-called Heinrich and Dansgaard-Oeschger events, which can be seen in the ice
cores in the Antarctic and Greenland). These responses seem to include the continental
vegetation of the Southern Peninsula, as has been seen in certain marine sequences in Alboran
and on the Iberian Atlantic and North African coasts (D Errico and Sanchez Goii 2003). Very
recently it has been proven that the sign of climate change also appears in the geochemistry of
speleothemes (Genty et al. 2003). Given that the marine sequences provide a pollen rain of
uncertain spatial control and that they have a complex taphonomy, we should wait for the
appearance of continental records to confirm or reject the fact that the responses of vegetation
to interglacial events have been equally brusque. The preliminary reports on European
palaeovegetation during the Marine Oxygen isotopic stage 3 (OIS 3 Project ) are not conclusive
in this sense (Huntley et al. 2003).
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Among the country’s terrestrial ecosystems, forests and shrublands have spread over the last
few decades as a result of the temperature rise, of the increased CO,, and/or of the increase in
fertilisers in the atmosphere (diffuse eutrophication), but above all as a result of two processes
of anthropic origin: secondary succession based on pastures and abandoned crop fields, and
the superposition of successive severe disturbances upon the terrestrial ecosystems (Mesa-
Jimenez 2002, Costa et al. 1998). The different uses that humans have made of them have
produced a mosaic of ecosystems with varying degrees of maturity, forming heterogeneous
landscapes that favour the maintenance of diversity.

2.2.2. The “fingerprints” of climate change in the trees of the Iberian Peninsula

The growth rings in timber from trees reveal big inter-annual oscillations in response to the
climatic changes of the last few centuries, although these oscillations differ among species.
Species tolerant to drought, but which can make use of the phreatic water, such as the Holm
oak (Quercus ilex), show less oscillation than the species that elude drought, and depend more
directly on rainfall, like the Aleppo pine (Pinus halepensis) (Ferrio et al. 2003). Throughout the
20™ century, trees, forests and ecosystems have been responding to effects of climate change
like increases in CO,, global warming and climatic variability. The response of the trees to these
effects has been analysed in over 60 forests of conifers of different environmental
characteristics throughout the whole eastern half of the Peninsula. Most of the
dendrochronological variables (based on the thickness of the annual rings, their isotopic
composition and changes in the anatomy and density of the wood) showed a growing variability
during the second half of the 20" century, reflecting an increase in climatic variability and in the
frequency of extreme events (Tardif et al. 2003, Camarero and Gutiérrez 2004). Climate change
has restricted the possibilities for change of the trees, which show greater synchronisation in
their growth, both among individual trees and among species. This means a reduction in the
differences between sites due to local causes (slope, orientation, substrate, or influence of a
determined type of climate), which have acquired secondary importance in the last few
decades. These effects have been observed for different spatial and temporal scales. Among
the changes detected are: a) an increase in intra-annual variability in growth in the thickness of
Mediterranean tree species, in Pinus halepensis, related to the lengthening of the growth
period; and b) an increase in the inter-annual and inter-decade variability in the series of ring
thickness and of the isotopic composition in populations of sub-alpine trees at local and regional
scale (Camarero and Gutiérrez 2004).

During the 20" century, two very contrasted periods have been described, based on the radial
growth of Mountain pine Pinus uncinata in the central Pyrenees: (i) the first half of the last
century showed a low frequency of wide and narrow growth rings, low average sensitivity and a
low proportion of common variance among trees, whereas (ii) the second half presented the
opposite characteristics (Tardif et al. 2003). The lower variability in growth between 1900 and
1950 has been associated with a “relaxation” of the altitudinal thermal gradient due to the
greater regional warming observed during these decades and to a lower inter-annual climatic
variability of the temperatures. Further up, at the upper limit of the forest, the recent increase in
this climatic variability since 1950 has stopped the altitudinal limit of the tree from rising
(Camarero and Gutiérrez 2004). In contrast, in the climatically warm and stable period from
1900-1950 a clear rise in the limit of the tree was observed. The increase in climatic variability
since 1950 has slowed this rise, favouring an increase in density within the sub-alpine forest —
alpine pastures ecotone.

2.2.3. Sensitivity to temperature and direct responses of organisms and systems

The activity of all living organisms is strongly influenced by temperature. Thus, we cannot
expect anything other than alterations of this activity. And the first type of change provoked by
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warming is in the life cycles of plants and animals (Pefiuelas and Filella 2001). These
phenological changes have become the clearest symptom of the fact that climate change is now
affecting life (Fig. 2.1). At individual level, the most direct physiological effect of the temperature
increase is the rapid increase in the respiration rate. The respiration of the whole ecosystem,
the main component of which is plant respiration, is the determinant process of carbon balance,
at least in European forest ecosystems which have been studied with sufficient accuracy
(Valentini et al. 2000). The high temperatures affect the photosynthesis of plants, but these are
capable of becoming acclimatised and of growing even at extreme temperatures, provided that
water is not a limiting factor. The high temperatures increase the deficit of vapour pressure,
increasing the plants’ transpiration. But the closing of the stomata, frequently exacerbated by
the combination of high temperatures with drought and high levels of CO,, can even make
transpiration diminish (Kirschbaum 2004). The capacity of the plants to become acclimatised to
different temperatures, particularly during their development, stops respiration from increasing
as rapidly with temperature as could be expected, but in spite of the big impact of plant
respiration on the productivity of ecosystems, there are still many physiological uncertainties
(Atkin and Tjoelker 2003).
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Fig. 2.1. Frequency of plant species with life cycles that have been altered in the last five decades ( from
1952 to 2000) in Cardedeu (Valles Oriental, Barcelona). Before and After refer to the moment of the
event, that is to say, if this is advanced or delayed respectively during the period studied: ns = not
significant. (After Pefiuelas et al. 2002).

But it is not only organisms that are affected by warming, but also ecosystem processes. Given
that biogeochemical processes depend on temperature, eutrophication, or enrichment in
nutrients, is sensitive to warming, above all nitrates, a very worrying process at international
level. Although eutrophication is generally associated with the occasional or diffuse contribution
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of nutrients (e.g. excess of cattle faeces, fertilisers), increased temperature and droughts have a
great influence on the dynamics of nutrients, due to the fact that warming increases
mineralisation, and that the drought impedes the use of nutrients by the plants and facilitates
losses by the system with rain. Another similar biogeochemical alteration lies in the stimulation
of the decomposition of organic matter by warming (see chapter on edaphic resources). The
lack of water, conversely, retards this. It is therefore a situation in which two factors involved in
climate change have different effects (even conflicting ones) on the cycle of the material and the
functioning of our ecosystems (Emmet et al. 2004). In pastures in the Catalonian Pyrenees
which are not limited in the hydric sense, it has been seen that warming increases productivity
and accelerates the decomposition of organic matter (Sebastia et al. 2004).

2.2.4. Phenological changes and desynchronisation between trophic levels in a warming
world

Due to its situation and topography, Spain is one of the places in which the phenological
changes are expected to be biggest. The biological cycle of many common plants, migrating
birds and species of butterflies and other insects is changing significantly and climate change
seems to be the main cause of this alteration (Fig. 2.1). In Catalonia, the leaves of the trees
unfold, in general terms, 20 days earlier than fifty years ago. The leaves of the apple tree, the
elm or the fig tree seem to sprout a month in advance and the almond tree and the poplar,
fifteen days before, although some other trees, like the chestnut, seem impervious to changes
in temperature due to being more dependent on other factors such as the photoperiod or water
availability in the soil. Furthermore, plants are also flowering and fruiting an average of 10 days
earlier than 30 years ago (Fig. 2.1). And the life cycles of animals have also been altered. For
instance, the appearance of insects that go through the different larval states faster in response
to warming, with an average advance of 11 days (Stefanescu et al. 2004). All this premature
activity of plants and animals may endanger them by means of late frost episodes. But the
frequency of these episodes has also changed, generally diminishing in an environment that is
getting warmer and warmer. For example, in Cardedeu (Barcelona) there was frost around 60
times a year and now there are about 20 (Pefiuelas et al. 2002). Similar responses in the
advance of the phenophases of plants and animals (invertebrates, amphibians, birds....), by
around 3-4 days in spring, have been recently described in many other parts of the world
(Pefiuelas and Filella 2001, Walther et al. 2002, Parmesan and Yohe 2003), so that this seems
to be a generalised phenomenon, with the regional, local and specific variability typical of all
biological phenomena. All these phenological changes are not simple indicators of climatic
change. They are of critical ecological importance because they affect the competitive capacity
of the different species, the conservation of these, and therefore, the structure and functioning
of the ecosystems. As nature is not homogeneous, the responses to warming are different
depending on the species and even on the individuals. Such heterogeneous responses to
climate change may cause serious de-synchronisations in the interactions between species, for
instance, between plants and their pollinators, as in the case studied by Santandreu and Lloret
(1999), or between plants and herbivores, thus altering the structure of communities. A
paradigmatic example of the desincronizaciones between trophic levels can be seen in what
occurs with migrating birds. Given the advance in the flowering and fruiting of plants and in the
appearance of insects, and therefore, the advance in the availability of food for birds, we can
expect an earlier arrival of migrating birds. But this is not so, because the arrival of certain very
common and popular birds like the nightingale, the swallow, the cuckoo or the quail is being
retarded in certain areas by an average of two weeks in relation to thirty years ago (Pefiuelas et
al. 2002). This delay is surely determined by climate change in the place they emigrate from, the
sub-Saharan regions, or in the regions they pass through on their migratory routes. However,
studies already underway reveal a complex spatial pattern, with parts of the country where the
birds arrive earlier (see chapter on animal biodiversity).
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If we observe the phenological changes at global scale, we can see very important alterations
such as, for example, the increase by 20% in the biological activity on our planet in the last 30
years, very much due to this phenological retardation of the productive period (Pefiuelas and
Filella 2001). We can appreciate this increase both in the pictures from the satellites for
observation of the Earth, and in the data on atmospheric concentration of CO,. The normalised
data on the vegetation index (NDVI) corroborate the data from the observation of the Earth and
show how in the last 20 years the growth season of plants has been lengthened by 18 days in
Eurasia, which has led to an increase in green biomass, at least at latitudes 40° (Myneni et al.
1997). The increase in plant productivity in the last few decades which had been attributed to
the fertilising effect of the CO, and to nitrogen depositions, may also be partly due to this
temperature rise and to this lengthening of the growth season (vegetative activity). All of this is
corroborated by the data on atmospheric concentration of CO,, which show us an increase in
the range of seasonal oscillation of CO, in the last few decades due to the greater springtime
drop in the concentration of CO, (Keeling et al. 1996).

2.2.5. Another effect of warming: more emission of volatile organic compounds

The temperature increase has diverse direct effects on the activity of living organisms. One
environmentally important one is the exponential increase in the biogenic emission of volatile
organic compounds (VOC). These emissions affect atmospheric chemistry, not only in relation
to the carbon cycle (emissions of around 1500 Tm C year') and to the formation of aerosols,
but also to the role they play in the oxidative balance of the levels of OH, NOx and O3 (Pefiuelas
and Llusia 2001). Emissions of VOC are controlled by the factors that alter the tissue
concentration of these compounds, vapour pressure and resistance to diffusion into the
atmosphere. Temperature exponentially increases the emission of VOC on activating its
enzymatic synthesis and its vapour pressure and on decreasing resistance to emission.
Drought, however, reduces the emissions due to the lack of carbohydrates and ATP, and to the
decrease in the permeability of the cuticle to the exchange of gasses. At the present time, it is
difficult to estimate the final result of this antagonism between warming and drought. Other
factors linked to global change, like the increase in tropospheric ozone also affect the emissions
of VOC; these is a phenomenon of positive feedback from pollution by ozone, which requires
greater attention in order to correctly understand it (Llusia et al. 2002). One of the most
important apparent functions of some of these VOC, like isoprene and the terpenes, is to act as
thermoprotectors. Quercus ilex seems to use these compounds as stabilisers of the cell
membranes and also as deactivators of the of the oxidised radicals to protect itself from the high
summer temperatures (Pefiuelas and Llusia 2002). Furthermore, these emissions of VOCs
could provide a negative feedback for the warming of the atmosphere itself, on acting as
aerosols that decrease irradiance, although they could also provide positive feedback for
warming by means of their direct greenhouse effect, by absorbing infrared radiation, and of the
indirect one, that is, lengthening the life of methane and other greenhouse gasses (Pefiuelas
and Llusia 2003).

2.2.6. Sensitivity and response to drought

Hydric availability is a critical factor for evaluating the effects of climate change on most
terrestrial ecosystems. Warming and drought should be considered simultaneously. Indeed,
both the lengthening of the life of deciduous trees and the acceleration of the renovation of the
leaves of evergreens, phenomena associated with temperature increase (Gracia et al. 2001,
Sabaté et al. 2002), will lead to an increase in the water transpired which is added to the greater
potential evaporation resulting from the temperature rise. In those places in which the forest
avails of sufficient water to compensate for this greater hydric demand, forest production can be
expected to increase. However, in the places subjected to hydric deficit, which represent most
of the terrestrial ecosystems in Spain, changes can be expected which will range from a
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reduction in the density of the trees to alterations in the distribution of species (Sabaté et al.
2002).

Droughts can be moderate or extreme, chronic or acute, recurrent or sporadic, and the
responses of one same species can vary depending on these characteristics and on the
moment and speed with which the drought sets in. Predictions of climate change indicate an
increase in the duration and intensity of droughts during the 21" century, associated with a more
irregular rainfall regime and with more extreme and generally higher temperatures (IPCC 2001).
The spatial heterogeneity of these variables, especially of those related to the rainfall regime, is
high, and it is therefore currently difficult to make predictions for specific areas. This climate
change will undoubtedly give rise to local extinctions and changes in species dominance in
many terrestrial ecosystems. Drought limits plant growth and survival, acting as a selective
stress filter of plants, according to their tolerance to hydric stress. It also negatively affects
reproduction and alters the production rhythm of leaves, stems, flowers and fruits (phenology).
In spite of the apparent recovery of tree cover following unusually intense droughts, there are
indications that generalised droughts leave consequences that persist for several years
(Pefiuelas et al. 2000). The increasingly frequent repetition of drought episodes could
accelerate these changes at community level (Valladares et al. 2004c).

In a comparative study of the hydraulic architecture of nine woody species, it was seen that
whereas llex aquifolium, Phillyrea latifolia and Juniperus oxycedrus were resistant to the
cavitation of the xylem caused by drought, Quercus ilex, Arbutus unedo and Acer
monspessulanum were much more vulnerable (Martinez-Vilalta et al. 2002b). It was also
observed that this different vulnerability to cavitation was correlated to the hydric potentials that
each species showed in the field, confirming the existence of different hydric strategies that
make the species growing together spend the summer drought with different stress levels and
with different safety margins with regard to embolisms. Analogous differences have been
observed in Quercus coccifera and Pistacia lentiscus (Vilagrosa et al. 2003).

We can learn about the effects of heat and drought from examples of hot, dry periods such as
those of the summer of 1994. This summer severely damaged many forests and shrublands on
the Iberian Peninsula (80% of the 190 peninsular sites studied presented damaged species,
Pefiuelas et al. 2001). The Holm oaks, for example, dried up in many sites (Lloret and Siscart
1995). In parts of the Iberian System mountain range in Aragdn, intense defoliation was
observed, along with drastic changes in anatomy and growth, but the Holm oaks recovered after
the drought (Corcuera et al. 2004). Isotopic studies with "*C and "°N showed that in the following
years these Holm oak forests continued to be affected, so that they presented less use of the
water that was available to them, and the loss of soil nutrients was favoured (Pefiuelas et al.
2000), a serious secondary consequence, if we take into account that these ecosystems are
usually limited by nutrients (Roda et al. 1999). The different severity of the effects on the
different forests in the country was determined, among other factors, by 1) the orientation of the
slopes (greater damage on the sun-facing slopes) (Pefuelas et al. 2000), 2) soil lithology (less
damage in the deeper soils that were more penetrable by the roots, for example, soils on
schists) (Lloret and Siscart 1995), 3) the dominant species (Pefiuelas et al. 1998), and 4) forest
management (thinned forests less affected than the dense ones) (Gracia et al. 1999). The
degree of damage varied depending on the functional type and on the evolutionary history of
the different species (Pefiuelas et al. 2001). The genera, Lavandula, Erica, Genista, Cistus and
Rosmarinus, that have diversified under the Mediterranean climatic conditions (i.e. after the 3.2
million years of the Pliocene) were initially more affected by drought than genera that had
evolved previously (e.g. Pistacia, Olea, Juniperus, Pinus and Quercus), but recovered much
better after several years of greater water availability. An non-native genus Eucalyptus was
seriously damaged by the drought and did not recover in successive years. The post-Pliocene
Mediterranean species, therefore seem to be more resistant to an environment that is difficult to
predict, with great seasonal and inter-annual variability and subject to frequent droughts (Fig.
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2.5). An understanding of these responses is important in order to predict the future composition
of the communities in a scenario of climatic change.

2.2.7. The importance of disturbances and their interaction with climate

Many terrestrial ecosystems and in particular the Mediterranean ones, have been and are
exposed to disturbances that may be episodic, such as intense drought and fires, or chronic,
like overexploitation and herbivory. Fire, and subsequently, grazing, had a very significant
influence upon the evolution of the vegetation during the second half of the Holocene. The
increase in aridity was, in many cases, little more than a background influence. Given the
frequency and intensity of the disturbances suffered by Mediterranean ecosystems, the
differential sensitivity of the species to these is a very important mechanism in the composition
and spatial and temporal dynamics of plant and animal communities. But climate can cause
significant variations in the effect of the disturbances on the ecosystems. The effect of
herbivory, for example, can cause drastic changes under more xeric conditions (Milchunas et al.
1988). In the short term, overgrazing generates the consumption of much of the primary
production and accelerates soil erosion. In the long term, it may lead to an increase in the
abundance of unpalatable species, apart from a generalised collapse in the regeneration of
woody species. Damage by herbivory of woody plants depends on the amount of annual
rainfall, and the impact is greater in the dry years (Zamora et al. 2004).

The hotter and more arid conditions, along with the increase in biomass and in the
inflammability of this associated with the increase in CO,, the changes in land use, such as the
abandonment of crop fields followed by a process of forestation and accumulation of fuel, and
the activities of a growing number of visitors to our forests, increase the frequency and intensity
of forest fires. Mediterranean forests and shrublands, characterised by severe summer drought,
are ecosystems prone to fires. Fires, which increased throughout the 20" century, now
constitute one of the most serious disturbances in Mediterranean region (Moreno et al. 1998,
Pifiol et al. 1998). This increase is partly due to the abandonment of the countryside and to
previous reforestation programmes using pine species that result in very inflammable forest
formations. The vegetation-fire relationship, however, is a complex one (Moreno y Vallejo 1999,
Moreno et al in press a, Ojeda 2001; see chapter 12). Fire causes intense disturbance of
vegetation and landscape: at historic or evolutionary scale, it has acted as a selective filter of
plant and animal species; at ecological scale, it creates open spaces, changes the structure of
the habitat and the supply of food for the fauna, and determines spatial mosaics of regeneration
which, depending on the spatial scale and recurrence of the fires, can generate greater
diversity. The structural composition of the species, and therefore of the community as a whole,
is modified, as has been seen in the response of Mediterranean plant species in the different
conditions of fire recurrence simulated in the Garraf Nature Park in Catalonia (Lloret et al.
2003). Furthermore, the increased intensity and frequency of fires, the synergic effect of other
severe disturbances, such as excessive herbivory, causes nutrient losses in the ecosystem,
negatively affects species with strict forest requirements and those that have no suitable
persistence or dispersion mechanisms, and can finally lead to a simplification of the composition
and structure of the communities (Ojeda 2001).

2.2.8. Direct effects of increased atmospheric CO,

All the aforementioned factors, water availability, temperature, fires, VOC and nutrients, interact
with the main factor generating climatic change, the increase in atmospheric CO,. Given that
CO, is the substrate of photosynthesis, thousands of studies have been carried on the direct
effects of the increase in atmospheric CO,, mostly at short temporal scales, under controlled
conditions and with young plants (Kérner 2000). In general, an increase in photosynthesis rates
has been observed, along with less tissue concentrations of N and a reduction of transpiration
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which leads to the more efficient use of water (Kirschbaum 2004). The final effect of the
increase in CO, however, depends on the interaction with other environmental factors:
temperature, radiation, drought, availability of nutrients or the presence of atmospheric
pollutants. Responses to CO, are different depending on species, and even on genotypes
(Castells et al. 2002), which could lead to changes at community level, as the concentration of
this gas increases. It is still very unclear what may happen in the long term and even less under
the real complex conditions of the ecosystems (K&rner 1995, Kérner 2000). For instance, the
responses observed could be buffered in time; indeed, in some plants, acclimatisation of the
photosynthesis and the disappearance of the reductions in concentrations of N have been
observed after six years of growth at high CO, (Pefiuelas et al. 1997). The increase in CO,
could increase the synthesis of secondary metabolites in plants, which could provide protection
against pests and pathogens, but on increasing the C/N relationship, consumption by
herbivores may be stimulated and the quality of the organic matter in the soil could worsen
(Sebastia et al. 2003). In short, the tendencies to be expected in the photosynthesis rates with
an increase in CO, have been confirmed in recent reviews, but not the tendencies related to
primary production, which vary according to species (Poorter and Navas 2003) and interacts in
a complex manner with other resources such as water and nitrogen (Nowak et al. 2004). In the
scaling of ecosystems there is an increasing uncertainty caused by the diverse climatic factors
operating together with the increase in CO, (Norby and Luo 2004).

2.2.9. Capacity of species to evolve and to adjust to phenotypical plasticity

From the evolutionary point of view, species tend to be quite conservative and to respond to
disturbances by migrating rather than through adaptation. But migration in the currently
fragmented landscape is quite unlikely. The slowness of certain ecological processes, like the
natural regeneration of some species of the genus Quercus, compromises the long-term viability
of the ecosystem, as one of the characteristics of climate change is the acceleration of change
rates. Microevolutionary processes can occur on short time scales in dynamic systems such as
temporary lakes, thus compensating for the negative effects of a very rapid environmental
change rate. But these processes are not operative for long-lived, slow-growing species such as
Holm oaks and other oaks, essential in many of our terrestrial ecosystems (Rice and Emery
2003). The capacity for ecophysical adaptation to local environmental conditions is noteworthy
in most plant species, but the problem is the rapid rate of environmental change, above all for
woody species, in which evolutionary adjustments require 200-1200 years in order to be
effective, as has been estimated in Pinus contorta (Rehfeldt et al. 2001). If the plants cannot
follow climate change by evolution, they can attenuate its adverse effects by means of short-
term responses (acclimatisation, phenotypical plasticity). But plasticity has not generally been
maximised during evolution in adverse systems (e.g. arid areas or ones poor in nutrients or
subjected to climatic extremes), but rather the species in these areas tend to make conservative
use of the resources involved in moderate plasticity (Valladares et al. 2002). It could therefore
be thought that the capacity for physiological and morphological adjustment to new climatic
conditions is initially limited for certain species or populations in Mediterranean areas and
perhaps also for high-mountain species on oligotrophic sails.

2.2.10. Sensitivity of ecosystems to climate change within a framework of interactions

Ecosystems are, by definition, characterised by the existence of interactions both between biotic
and abiotic factors and among the living organisms. If the information on sensitivity to climate
change is deficient for many species, it is even more so if we want to take these interactions
into consideration. These interactions are crucial, however, for interpreting the sensitivity of
ecosystems. For example, if one determined species requires the intervention of another
species to complete its life cycle (e.g. a pollinator for a plant), knowledge of the sensitivity of the
former to climate change is of little use to us if we know nothing of the sensitivity of the latter.
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Changes in the phenology and distribution of many species will contribute to separating in
space and/or in time species that until now have coincided in the same habitats, but also to
make contact between species that had had no interaction until now. That is to say, climate
change is favouring both the rupture of interactions and the establishment of new ones. An
example of new interactions is being observed in Mediterranean mountains in the behaviour of
the pine caterpillar (Thaumetopoea pityocampa), a defoliator of diverse pine species (Hodar and
Zamora 2004). The interactions are crucial for interpreting the sensitivity of ecosystems to
climatic change, as in the case of the Scots pine, for example, the autochthonous populations of
the endemic variety Sierra Nevada seem to be able to resist well recent climatic changes, but
the rise in winter temperatures is causing the pine caterpillar to rise altitudinally, infesting the
native populations of Scots pine situated further up the mountain (Hodar et al. 2003). Studies of
the interactions among plants reveal a general pattern of change of sign from negative
(competition) in favourable conditions to positive (facilitation or mutualism) in adverse conditions
(Pugnaire and Luque 2001). In experimental reforestation carried out along a broad
environmental gradient in Sierra Nevada, it has been found that the magnitude of the facilitation
of pioneer shrubs towards seedlings of woody species increases at low altitude and in exposure
to sun-facing slopes, where there is greater abiotic stress (Goémez-Aparicio et al. 2004). To the
contrary, at greater altitudes and northern exposure, with lower temperatures during the
summer and above all more rainfall, the facilitation of the shrubland is much less evident.

Recent studies show that the type of interaction can also be negative when the stress level is
very high and not only when the conditions are favourable (Maestre and Cortina 2004) (Fig.
2.2). There is current evidence of temporal changes in the magnitude and sense of the
interactions, for instance between Pinus halepensis and resprouting shrub species, which are
probably related to the inter-annual variation in climatic conditions (Maestre et al. 2003). In any
case, it is clear that climate change will affect the intensity and sign of the interaction between
species and an additional source of evidence in this respect lies in the phenological studies of
temporal phase differences between trophic levels, with profound but unpredictable
consequences for the structure and functioning of ecosystems (Fig. 2.3).

Not only species interact, but also the factors influencing the processes. The two main climatic
changes, temperature increase and reduced rainfall, interact, giving rise to synergies, when
they both stop or accelerate a process, but more frequently to antagonisms, when the effect of
one has a sign opposite to that of the other (e.g. in plant productivity or microbial activity of the
soil, as, while temperature increases activity, drought reduces it). Other factors that interact and
merit particular attention are, for instance, radiation and drought. With the abandonment of the
countryside and the general darkening of the atmosphere by the increase in aerosols and
cloudiness, there is increasingly less light available for the regeneration and growth of plants
(Valladares et al. 2004a). The combination of this darkening with increased drought gives rise to
a growing frequency of dry shades which imposes a double limitation on the regeneration of
many plant species and about which we still know very little (Valladares and Pearcy 2002,
Valladares 2003, Valladares et al. 2004b).
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Fig. 2.2. Interaction among species according to abiotic stress. Whereas different studies show that, as
stress increases, the interaction among the different plant species of a community changes from
competition to facilitation (red arrow), in conditions of intense stress there may be competition in
conditions of little stress. The black line indicates the relative effect of Stipa tenacissima on the survival of
seedlings of Pistacia lentiscus according to the amount of rainfall in spring and summer in the semiarid
region of Alicante (After Maestre and Cortina 2004). Climate change therefore has effects which are not
only quantitative but also qualitative in the interactions between organisms (sign of interaction).

2.2.11. Sensitivity of terrestrial ecosystems of islands

The terrestrial ecosystems of islands are generally subjected to a higher risk of extinction and
functional alterations than their continental homologues, and the smaller the island the greater
this is. Spanish island ecosystems (mainly the Balearic and Canary Isles) are rich in endemic
species, many of which are sensitive to brusque climatic changes. Some of these species, like
Rhamnus ludovici-salvatoris on the Balearic Isles, present little tolerance to drought and a poor
photosynthetic performance if compared with the non-endemic species with which they coexist,
such as R. alaternus, Quercus ilex, Q. humilis, Pistacia lentiscus and P. terebinthus, which has
been interpreted as a consequence of their relictic and recessive nature (Gulias et al. 2002).

The plant species of the cloud forests of the Canaries, an ecosystem that currently occupies
small and fragmented areas, are relics from less arid climates, and their sensitivity to climate
change is therefore initially high. Indeed, some species of the cloud forest such as Persea
indica can be used as indicators of climate change (Larcher et al. 1991). Several of the main
species of these formations have very little capacity to regulate water loss through transpiration,
and are therefore very sensitive to a fall in hydric availability (Zohlen et al. 1995, Cermak et al.
2002). Intense land use changes, the pressure applied to the ecosystems by the development
of tourism and the reiterated introduction of exotic species, many of which become invaders, are
serious threats which make the terrestrial ecosystems of islands very sensitive to climatic
change. Other island ecosystems which share, to a certain extent, the aforementioned features
and sensitivities are systems that are isolated or fragmented in general and particularly those
called edaphic islands. Among the latter, gypsum ecosystems, those of serpentine soils and
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brine basins should be mentioned. These systems are very valuable due to their richness in
endemisms and constitute nature biodiversity reserves, which are under threat, not only due to
the low level of protection, and the total lack of awareness of their importance, but also to
climate change itself: these ecosystems are to a certain extent immobilised due to their edaphic
dependence and they contain numerous species with inefficient dispersion (Escudero et al.
2000).
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Fig. 2.3. Ecological effects of the phenological changes caused by climate change (Taken from Pefiuelas
and Filella 2001)
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2.3. FORESEEABLE IMPACTS OF CLIMATIC CHANGE
2.3.1. Altitudinal and latitudinal migration

Europe’s vegetation has migrated latitudinally and altitudinally in the different geologic periods
as a response to the climatic changes registered. The main European woody species migrated
latitudinally during the glaciations at rates of between 50 and 500 metres per year, and
exceptionally, over one kilometre a year with the genera Acer, Alnus, Carpinus and Ulmus
(Huntley and Webb 11l 1988). The upper limit of the forest, limited by temperature, advanced in
the most favourable periods of the Holocene by between one and three centimetres a year and
in the Central Pyrenees, advances have been recorded of between 20 and 80 centimetres a
year during the last century (Camarero 1999). The predicted climate change would allow for the
spread of thermophilic species, but the drop in rainfall would halt this advance, would harm
those species that were not tolerant to drought and would negatively affect the lower limit of the
forest (limited by hydric availability). Woody vegetation might spread towards the higher
mountain areas and the communities already existing in these areas would become rarer or
extinct. In many cases, the only possible migration is towards northern latitudes. But the
migration rates would not be efficient in the current scenario of global change because, on one
hand, the climate changes too fast, and on the other, the territory is very fragmented, which
significantly restricts the real possibility of latitudinal or altitudinal migrations of the vegetation. It
should also be pointed out that the Iberian Peninsula is the southern limit for the distribution of
many species (e.g. Pinus sylvestris, P. uncinata) whose southern relictic populations are
frequently isolated in mountain massifs.

In the mountains, species can respond to climate change by migrating vertically over short
distances (for example, 500 metres is sufficient to counteract an increase 3°C). In Spain, and in
general throughout the world, palaeoecological studies have shown numerous displacements
from the distribution zones of certain species and plant formations in response to past climatic
changes. But there still is not much evidence of responses to the present warming. Recently,
the distribution of the vegetation in Montseny was compared with that of 1945 and the
progressive substitution of temperate ecosystems (e.g. beech forests) by Mediterranean ones
(e.g. Holm oak forests) was appreciated (Pefiuelas and Boada 2003) (Fig. 2.4). Furthermore,
beech forests have increased at maximum altitudes (1600-1700 m). Heathlands of Calluna
vulgaris are also being replaced by Holm oak forests at medium altitudes, so that the Holm oak
is now found at the unexpected height of 1400 m (Penuelas and Boada 2003). Something
similar has been observed in the Panalara Massif, in the Guadarrama mountains, where the
shrubs (Juniperus and Cytisus) are becoming increasingly abundant at altitudes at which
pastures previously dominated (Sanz-Elorza et al. 2003) (Fig. 2.4). It must be remembered that
in relation to the mountains, migration towards greater altitudes is accompanied by a reduction
in the total area of each habitat, and the species with greater requirements related to area may
become extinct. However, these observations of altitudinal migrations of key plant species in
terrestrial ecosystems ought to be analysed with care, as the effects are not only attributable to
climatic change. The decrease in cattle, with the consequent decrease in pressure by
herbivores, and other changes in land uses, are to a certain extent involved in these migrations.

The analyses of the relationships between tree growth, the isotopic composition of the rings and
climate indicate that the increase observed in the variability of this relationship is associated
with an increase in the variability of meteorological oscillations at intra- and inter-annual, and
inter-decade scale (Camarero and Gutiérrez 2004). The synchronic response of the trees to a
lower number of environmental variables is seen as a reduction of the number of limiting
climatic variables, which are in turn more stressful. The effect can also be seen in a lower level
of successful establishment above the tree limit in places that have not been directly disturbed
by anthropic activity. Thus, the negative relationship between the advance rate of the tree limit
and the variability of temperatures in some months (e.g. march) suggests that the rise of the
trees to greater elevations due to temperature increase (in specific parts of the Pyrenees for
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which no information exists) is limited.
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Fig. 2.4. Altitudinal migration of plant formations in two mountains (Montseny Massif, Barcelona, and
Penalara, Sierra de Guadarrama mountains, Madrid) during the second half of the 20th century. In
Montseny, the changes are shown in the area of the beech forests for a period of 49 years of progressive
warming, along with changes in land uses (taken from (Pefiuelas and Boada 2003), whereas in Pefialara
the increase is shown in the number of patches of shrubs per hectare after 34 years (After Sanz-Elorza et
al. 2003).

2.3.2. Spread of pests and invasive species

Climate change will alter the interactions among species, bringing into contact many species
that had hardly interacted previously. Some of these new interactions will involve parasitism,
and the climate change will have a double impact (per se and through parasitism) in the host
species. In the predicted scenarios of climatic change, certain thermophilic pests like the pine
caterpillar could spread and in the case of the mountains reach species or populations that had
never been affected by them. For instance, the impact of climate change in the autochthonous
populations of Scots pine in certain Mediterranean mountains would be mediated by the pine
caterpillar, typical of lower altitudes, and the interaction would therefore be more frequent, and
not so much because of the direct effects of climate change itself on this species of pine (Hédar
et al. 2003).

Invasive species are exotic species introduced voluntarily or involuntarily by man, and are
capable of maintaining their populations in an independent manner, spreading and altering
diverse key ecosystem processes (productivity, biogeochemical processes, etc.) (Mooney and
Hobbs 2000). The invasive plant species have a great potential impact on the regeneration and
natural dynamics of many terrestrial ecosystems, but there is little specific information on the
impact that climate change could have on biological invasions (Valladares et al. 2004a).
Evidence indicates, however, an increase in these invasions (Dukes and Mooney 1999).
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Climatic alterations favour those invasive species that show a more plastic behaviour than their
non-invasive homologues. It has been seen that certain invasive species or populations present
greater phenotypical plasticity than the native species with which they coexist or than the non-
invasive populations of these same species. This has been observed in comparisons of relictic
populations of Rhododendron ponticum in southern Spain and invasive populations in Central
Europe (Niinemets et al. 2003).

In certain populations, the climate change per se, and not the variability of this, would favour the
invasive species. The spread of invasive plants can be predicted in clearings and underbrush,
particularly under conditions of high CO, levels and/or high nitrogen levels. Many invasive
plants are efficient colonisers of clearings and areas exposed to sunshine due to their high
photosynthetic efficiency in direct sunlight, and they are capable of actively displacing the
autochthonous species under these conditions (Pattison et al. 1998), whereas others efficiently
invade the underbrush partly because they benefit proportionally more from an increase in CO,
(Hattenschwiler and Korner 2003) or in soil nitrogen (Siemann and Rogers 2003) in shady
conditions than the native species. The direct effects of climate change on invasions through
ecosystem functioning could selectively favour the invaders over the native species, although
there is very little available information. Tolerance to drought of certain invasive plants may also
give them competitive advantages in dry shady conditions (Valladares et al. 2004a).

2.3.3. Changes in dominant species and reduction of productivity by drought

If the altitudinal and latitudinal movement of vegetation is unlikely, then drought and climatic
extremes will cause change in communities and could lead to the local extinction of the worse
adapted species. Changes in the dominant species of a community involve changes in its
productivity, as has been seen in the productivity of herbaceous plants growing under different
shrubs in semi-arid parts of the Iberian Peninsula (Pugnaire et al. 2004). These changes could
therefore significantly affect carbon storage by plants. The progressive water crisis can already
be seen in some Holm oak forests, and in pine forests and other Mediterranean forests at their
hydric limit, with evapotranspiration rates equal to those of rainfall (Pefiuelas 2001). In these
forests, the worsening conditions of aridity during the summer could be the main reason or at
least a factor of the mass decay of the trees. There are now clear indications that the increase
in aridity and in temperature will not only negatively affect the net primary production of existing
plant species, but will also lead to their substitution by other ones, more resistant to the new
climatic conditions (Pefiuelas et al. 2001, Martinez-Vilalta et al. 2002a). For instance, the
increase in climatic aridity could compromise the survival of several populations of P. sylvestris
in the Mediterranean basin (Martinez-Vilalta and Pifiol 2002) and species like Quercus coccifera
and Q. ilex could be gradually replaced by species that are more resistant to drought, such as
Pistacia lentiscus and Phyllirea latifolia (Filella et al. 1998, Ogaya and Pefiuelas 2003, Vilagrosa
et al. 2003). Based on the hydric strategies of the main functional groups of Mediterranean
woody plants, it has been suggested that the first local extinctions would threaten the relictic
lauroid sclerophylls of the Tertiary (e.g. Myrtus, Arbutus, Viburnum), followed by arboreal
sclerophyll plants (e.g. species of Quercus), whereas those that would be less affected or even
favoured would be the chamaephytes (e.g. species of thyme Thymus spp.), the xerophytic
malacophyllous plants (e.g. rock rose Cistus spp.) and in general the summertime deciduous
shrubs (Fig. 2.5). In the zones of the Peninsula that are now at their climatic limit for plant
formations like thyme and sage fields, climate change could involve the permanent
disappearance of plant cover and desertification, like what can now be seen in semi-arid
rosemary fields in Murcia, where no re-colonisation ahs been registered ten years after cutting
down the vegetation (Castillo et al. 1997). In the short term changes in the relative dominance
of the woody species of the forest are already being registered, which confirm the predictions.
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Fig. 2.5. Distribution of the main functional groups of Mediterranean woody plants according to climatic
conditions and impact related to climate change on their populations (arrow). The ordination of these
groups according to the regularity of rainfall (correlated to aridity) and thermal extremes (continentality,
heat waves) indicates that the lauroid sclerophyll plants (relics from the Tertiary) would be the first to be
affected by climatic change, and would disappear, at least locally. However, the chamaephytes like thyme
and malacophyllous shrubs like rock rose (which appeared following the establishment of the
Mediterranean climate in the Pliocene) would be the least affected. In situations of cold winters, the
sclerophyllous plants would be subjected to a proportionally greater impact than conifers and deciduous
frees. (Reproduced from Valladares et al. 2004c).

The experiments on drought and warming carried out in El Garraf (Barcelona) indicate that
drought reduces the number of seedlings and their respective short-term species richness. This
decrease also occurs, but in much lower proportions, in the treatment of warming in these same
experiments. This effect occurs mainly in germination, and once the seedling has become
established, its survival is affected little by the treatments. In general terms, the species that
currently produce less seedlings are those that have more probabilities of disappearing in a
drier climatic scenario (Fig. 2.6). When conditions are more severe, however, there are
indications that the response of the species might be independent from the current abundance
of their seedlings, that is, idiosyncratic (Lloret et al. 2004).

In an experiment consisting of the partial exclusion of rainwater and surface runoff, (15%
decrease in soil humidity), different responses were observed among the dominant species,
within the general tendency of growth reduction in drought in a forest dominated by Quercus
ilex, Phillyrea latifolia and Arbutus unedo. The drop in edaphic humidity retarded the cycles of
water, of C, of N and of P, and affected the ecophysiology and demography of the species.
Certain species are quite sensitive, like Arbutus unedo and Quercus ilex, whereas others like
Phillyrea latifolia did not undergo any appreciable decrease in diametric growth (Ogaya and
Pefiuelas 2003, Ogaya et al. 2003). The death rate of the individuals showed a similar pattern,
given that Arbutus unedo and Quercus ilex showed a higher death rate than Phillyrea latifolia.
Under these drought conditions, the accumulation of total aerial biomass diminished by 42%,
showing that under more arid conditions than the present ones, the growth rate of
Mediterranean forests may be reduced to quite a great extent. Furthermore, considering that not
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all the plant species are equally affected, in the long run there could be a change in the specific
composition of the forest, the drought-resistant species being more favoured. In this experiment
the appearance and survival of new seedlings of Quercus ilex and Phillyrea latifolia were also
studied. These species present different recruitment strategies in the forest studied: shoot and
seed germination seedlings, respectively. The results indicate that the appearance of new
seedlings of Phillyrea latifolia is more affected by the drought than the growth of new shoots of
Holm oak. However these differences disappear with the development of the new plants, so that
the survival of seedlings and shoots is similar not many years after. These results indicate that
the effects of drought are greater in the initial development phases. Even so, the differences
between species vary with the development phase: adult Holm oaks seem to be less resistant
to drought than those of Phillyrea latifolia, but the models of recruitment are the opposite.
Things become even more complicated if we consider that the survival of new seedlings of
many of these species, like, for instance, the Holm oak, depends on finding conditions in which
they are not excessively exposed to radiation, especially in the initial stages. If tree cover
decreases much, as a result of climatic change, the areas in which the seedlings can become
established may also decrease.
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Fig. 2.6. Effects of climate change on the diversity of seedlings in experimental simulations of drought
and temperature increase in Mediterranean shrublands in El Garraf (Barcelona). The results after four
years indicate that when climate change is moderate (A) the most abundant species in the present
climatic conditions have more chance of survival than those less abundant, giving rise to a foreseeable
impoverishment of communities, whereas when the change is more extreme (B) there is no relationship
between abundance in the present climate and abundance in new climatic conditions (After Lloret et al.
2004).

The studies based on rainfall reduction and passive nocturnal warming of the ecosystems
reveal that the magnitude of the response to warming and drought is very different depending
on the conditions of the study area. Cold and humid places, like Northern Europe, are more
sensitive to warming, whereas our county, hotter and drier, is more sensitive to drought. It also
depends on the season of the year: the processes are more sensitive to warming in winter than
in summer, and once again, the responses also depend on the species, and even on the
individuals (Pefiuelas et al. 2004b). Drought will also have similar impacts on grasslands and
herbaceous communities in general, in which the seasonality of rainfall is as important, if not
more, than the amount of rain that falls in the year. It has been observed that drought,
particularly in autumn, conditions the differential germination of species and leads to the
impoverishment of grassland species, with similar effects in communities in different
successional stages and topographic situations (Espigares and Peco 1995, Figueroa and Davy
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1981). Modelling of tendencies and fluctuations in the diversity of Mediterranean annual
herbaceous communities reveal that, although 33% of the species show successional
behaviour, the vast majority respond to the temporal heterogeneity associated with rainfall, and
to the spatial heterogeneity generated by the topography (Peco et al. 1998). The subalpine
meadows in the Pyrenees will also be affected by climatic change. Recent studies reveal that
warming impoverishes these communities, altering their function and inter-species competitive
relationships, favouring changes in dominance and an increase in aerial, as opposed to
subterranean, productivity (Sebastia et al. 2004).

2.3.4. Maladjustment in biogeochemical cycles and in the hydric reserves of the soil

In spite of the fact that in the short term, drought retards the decomposition of the forest litter, its
composition was not affected in the long term in experiments using rainfall reduction and
passive nocturnal warming. The changes in temperature and humidity not only altered the
carbon cycles, but also the N cycles and energy balances (Pefiuelas et al. 2004b). The most
complete simulations of the effects of climate change in Spanish forest systems were carried
out in Mediterranean formations (mainly Holm oak forests) In Catalonia, with structural
information on the forest obtained from the Catalonian Ecology and Forest Inventory (Gracia et
al. 2000). In simulations for the next forty years, the net production of the ecosystem will vary
little, in spite of the fact that there will be a considerable increase in its components (gross
production in the year 2040 will increase by 56% compared with the present, and total
respiration will increase by 58%). The increase in litter production, by 84%, contributes to the
increase in respiration, partly as a consequence of the reduction of the average life of the
leaves of evergreens, which will change from the current value of 2.6 years to a value of 1.9
years in the year 2040. These phenological changes involve important physiological change
and, in particular, an increase in annual transpiration. As a consequence, the hydric reserve in
forest soils, which is now 32 mm (I/m?) if we consider the annual average at each point, drops to
only 24 mm, which represents a decrease of 25% of hydric reserve; this is particularly critical in
an environment with a summer hydric deficit, like the Mediterranean region at present. In spite
of what has been revealed by eco-physiological studies at leaf level, the whole ecosystem’s
efficiency in the use of water diminishes with hydric stress, mainly due to the fact that decreases
in carbon gain by around 90% during drought, as has been determined in different European
Holm oak forests (Reichstein et al. 2002).

2.3.5. Decrease in the capacity for carbon sequestration

The estimation of the carbon balance of shrublands and forests becomes more complex due to
the effect of drought, which radically alters diverse eco-physiologial processes and functions of
the canopy. Experimentally induced droughts in Holm oak forests have shown that under more
arid conditions than the current ones, Mediterranean forest will reduce to a great extent their
growth rates and therefore, their capacity to sequestrate atmospheric carbon (Ogaya and
Pefnuelas 2003). In spite of the existing uncertainties, it seems clear that the efficiency in the
use of water of Mediterranean forests will decrease with drought and that the carbon balance
will tend to become positive (the forest becomes a source of CO, once again) not only in
summer, but also in hot, dry years (Gracia et al. 2001, Joffre et al. 2001, Reichstein et al. 2002).
Given the important role of the hydric and thermal conditions of the soil in the ecosystem’s
respiration, the net carbon balance during the dry periods will depend on the duration and
intensity of the drought and on the amount of water available for the tree roots in the deep strata
of the soil (Pereira et al. 2002). The results of the simulation of carbon balance in scenarios of
climate change in the forests of Catalonia reveal that the role they play as the carbon sinks of
our forest formations may be seriously threatened in the next few decades (see Chapter 9,
Forestry Sector). But not only forests sequestrate carbon. Although forests have the greatest
capacity to store carbon in their aerial parts, other formations, like grasslands, have great
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capacity to store carbon in their subterranean parts. In the case of the grasslands in the
Pyrenees, it has been shown that the abandonment of traditional practices leads in a decrease
in their capacity to sequestrate and store carbon (Casals et al. 2004).

2.3.6. Increased impact of disturbances

Disturbances, whether they be chronic or episodic, will have an increasing impact due to the
fact that they will occur in ecosystems subjected to stress by climatic change. The higher
frequency of episodic disturbance, like intense droughts, in combination with chronic
disturbances, such as herbivory, will probably exacerbate the degradation of Mediterranean
vegetation and accelerate erosion processes (Zamora et al. 2004). The disturbance for which
most information is available and for which most models and predictions have been made on
the Iberian Peninsula is fire. The climatic evolution towards hotter and more arid extremes, with
an increases in biomass and in inflammability in response to the increase in CO,, together with
the abandonment of crop fields, forestation and the accumulation of fuel, will increase the
intensity and, above all, the frequency of fires, restructuring the carbon balance (Pefiuelas
1996). The capacity of plant species to respond to these changes in the regime of fires will
determine to a great extent the alteration of the structure of the ecosystems and their response
pattern to changes in climate and in the regime of disturbances. Although it could be said that
many Mediterranean communities and plants are resistant to severe disturbances like fire or
clearing (Cruz et al. 2003, Calvo et al. 2002), the capacity of the plants to respond varies greatly
according to the type and duration of the fire, the basic type of regeneration of the constituting
species (e.g. resprouters versus germinaters, Ojeda 2001) or the level of resistance of the
individuals (resprouting species) and/or populations (germinating species) to very frequent fires
or fires followed by stress from excessive herbivory (Ojeda 2001). Thus, an alteration in the
regime of disturbance frequency could cause drastic changes in the composition and structure
of communities that are apparently resistant to disturbances, as, apparently, has happened in
oaks (formations of Quercus pyrenaica, a resprouting species (Luis-Calabuig et al. 2000) in the
Duero basin, and as has been established through the experimental increase in the frequency
of fires (Calvo et al. 2002). In general terms, the increase in the frequency of fires will increase
the spread of purely germinating species and heliophilous ones, intolerant to shade, like the
rock rose (Luis-Calabuig et al. 2000) and will reduce the presence of shade-loving species,
forcing the communities into early successional stages (Terradas 1996). In short, although
some Mediterranean plant communities may have evolved in the presence of recurring fires as
a selective pressure, to the extent that fire has become an inherent element in the system, the
increase in the frequency of fires as a consequence of climate change will have negative and
drastic consequences for the biodiversity and structure of these communities (see chapter 12).

2.3.7. Increasing impact of extreme events

Extreme climatic events are difficult to predict, but are very important, as their ecological and
evolutionary impact is very great (Gutschick and BassiriRad 2003). Both extreme droughts and
heat waves have profound effects on ecosystems which are felt for years (Pefiuelas et al. 2000,
Groom et al. 2004). A recent review showed that extreme events are the ones that determine
the evolution of many species through directional selection, and that the functional
characteristics selected are not only those that provide tolerance to extreme events, but also
those that optimise the harnessing and utilisation of resources (Gutschick and BassiriRad
2003). The concept of extreme event should, however, be contemplated from the point of view
of organism, including the functional features and capacity for acclimatisation of this, and not
from the environmental point of view, only considering the statistical rarity of a determined
climatic event. Which means to say that, one same heat wave may have a notable impact on an
organism that is active but not acclimatised to heat and a minimum impact on an organism in
the resistance phase which is well acclimatised because this event was preceded by a period of
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progressive warming. The recurrence of extreme events (droughts and heat waves) has an
accumulative effect, reaching threshold situations after which the impact of climate is
disproportionately high.

2.3.8. Impact on the terrestrial ecosystems of islands

Climate change will have a foreseeably greater impact on island ecosystems than on their
continental equivalents due to the limitation of regeneration and natural colonisation imposed by
isolation. The aforementioned impacts on the tree and shrub ecosystems of the Mediterranean
region can be applied to islands like the Balearic isles, but taking into account this multiplying
effect due to isolation, which is directly proportional to the distance from the continent and
inversely proportional to the size of the island. The Canary Isles maintain much of the current
vegetation because of the Trade Winds which bring humidity and are trapped by the mountains
on the islands with greater altitudes like Tenerife, Gran Canaria, La Palma and La Gomera.
Climate change could compromise formations like cloud forests which are sustained by this
orographic phenomenon involving the harnessing of humidity. Recent studies, however, reveal
that the tendencies observed and the emerging predictions are contrary to what was expected:
low clouds are increasing in frequency, which means that the potential area for cloud forest is
spreading to lower altitudes (Sperling et al. 2004). Nevertheless, given that the low zones are
densely populated, it is unlikely that the cloud forest will spread. The invasive species are
particularly problematic in Spanish island ecosystems (Vila and Mufoz 1999) and climate
change could favour the spread of some of these (Dukes and Mooney 1999).

2.3.9. Corollary: predicting the unpredictable

Simulations of climate change in plants reveal big differences according to the functional group
the species belongs to (Fig. 2.7). Both the natural climatic variability and that resulting from
climatic change, along with the climate change itself, simulated as a scenario of a 25%
reduction of rainfall and an increase in 4 °C, had effects that ranged from zero to very intense,
depending on whether it was a Mediterranean sclerophyllous species (Quercus coccifera), a
chamaephyte (Thymus vulgaris) or a perennial tussock grass (Stipa tenacissima), and these
effects also depended on whether the response variable was reproductive biomass, leaf area
index (LAI) or growth period (Fig. 2.7). Climate change per se and the climatic variability
associated with this change had negative effects on the growth period of Q. coccifera whereas
this parameter was hardly affected in the other species. The opposite occurred with LAI, which
was barely affected in Q. coccifera whereas it varied greatly in S. tenacissima. Climate change
had a very intense potential effect, reducing the reproductive biomass in Thymus vulgaris
(Mulligan et al. 2004). However, the shortening of the growth period of two of the species
contrasts with the phenological observations obtained for different species of trees and shrubs
for which data are available (Pefiuelas et al. 2002). These simulations, however, suggest
profound effects of climate change in the plant component of ecosystems, effects which are
manifested differentially in reproduction, eco-physiology or growth, and which depend on the
species.

But in natural systems, the species are not alone. The complexity of effects and interactions
between climate change and ecosystem processes makes it very difficult to predict the sense
and intensity of the responses of terrestrial ecosystems to climatic change, although all the
studies indicate that there will be important effects. What is certain is that any predictions of the
conditions of Spanish terrestrial ecosystems in future decades requires better knowledge of
their responses to climate change and of regionalised predictions of climate and land uses. This
is still far from being available due to the inherent variability and unpredictability of the climatic
system at regional level, and especially in the Mediterranean region. It must be remembered
that it is very unlikely that the changes and responses will be simple linear ones. With the
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combination of climate change and changes in land use, we can predict that in coming decades
there will be more ecosystems in early successional stages and with less ecological complexity.
The decreases in plant productivity and in reproduction in response to drought (and to a lesser
extent, also to warming) will be seen in a decrease in organic matter reaching the soil, and also
in the recruitment of new plants and in soil cover, all of these phenomena that reduce its
capacity to retain water. If the water content of the soil diminishes, plant productivity decreases,
reducing even more the entry of organic matter in a vicious circle which feeds on itself
(Pefuelas et al. 2003). Decreased water in the soil increases the risk of fire and decreased
plant cover and organic matter in the soil also increase the risk of erosion.
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Fig. 2.7. Impact of a simulated climate change (0.5% reduction of annual rainfall and annual increase of
0.08 °C for 50 years) in reproductive biomass (Kg m-2), leaf area index (LAl, m2 m-2) and growth period
(months year-1) in three plant species (Quercus coccifera — sclerophyll plant-, Thymus vulgaris —
chamaephyte-, and Stipa tenacisima —perennial herbaceous-). The three graphs on the right show the
effect of the natural inter-annual climatic variability and the variability including the climate change in a
period of 20 years for these same parameters and species. The impact of climate change differs
significantly among species with different forms of growth, although in general it provokes a decrease in
reproductive biomass, in leaf area and in the duration of the growth period. The influence of climate
change on inter-annual variability was also different among parameters and species, tending to cause an
increase in the variability of the leaf area but a decrease invariability in the reproductive biomass; with
climate change there is a noteworthy increase in variability in the duration of the growth period of the
sclerophylous shrub. The values are expressed as a percentage and were calculated with the PATTERN
model from the climatic data from the period 1940-1990 from La Alberca de Zancara and with the
conditions and parameters recorded in Belmonte (Cuenca). (Data based on the tables in Mulligan et al.
2004).
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The more arid the area considered, the longer the vegetation takes to recover after multiple and
prolonged droughts and/or fires, both because it takes a long time to create new biomass and
because the soil often becomes degraded, especially if there is overexploitation during the dry
periods or if there is a recurrence of the fires. Erosion is thus facilitated and, in extreme cases,
desertification can occur, a problem that already exists in which the soils of the degraded
ecosystems are incapable of retaining the water provided by the occasional storms and autumn
extremes, which provoke flooding and more erosion. In areas with terracing for agriculture,
erosion probably constitutes a less immediate threat than in similar areas without terracing. The
burnt areas of the Levante are more susceptible to erosion because many of them are located
in fields generally upon marlaceous substrates which are very sensitive to erosion, and where
rainfall is limited (350-600 mm, or less) and mainly concentrated in autumn, and where, given
the previous agricultural use, there is a lower number of resprouting species. These conditions
would aggravate the direct conditions of the drought and would create more arid conditions in
the ecosystem. The attraction of these systems for recreational activities like, for instance, the
observation of nature or hunting could diminish, along with the amount of stored and absorbed
carbon. This means that there could be a profound alteration of the goods and services
provided by the ecosystems.

In order to lend a dimension to the role of climate change in terrestrial ecosystems, it is
important to remember that all the changes described in the last few decades occurred in
conditions of warming that were only a third or less of that predicted for the end of the 21
century.

2.4. MOST VULNERABLE AREAS

The Spanish areas and terrestrial ecosystems most vulnerable to climate change are the
ecotones or contact areas between two or more systems, and islands in the broad sense
(including isolated ecosystems like edaphic islands -—gypsums, serpentine soils and brine
basins especially-, and high-mountain areas; (see section 2.2.11 for the vulnerability of island
ecosystems). Logically, not all the species of a determined ecosystem are equally vulnerable. In
studies of high-altitude grasslands in the Pyrenees of Catalonia, it has been observed that the
boreo-alpine components are the ones most affected by warming (Sebastia et al. 2004). The
ecotones are vulnerable due to their great sensitivity to environmental conditions, although
more than the ecotone itself, what is vulnerable to climate change is its geographic or
topographic location. Given the fragmentation of the territory, however, any climatic tension
applied to an ecotone cannot be alleviated by merely transferring it to other areas, as this
mobility is very restricted in practice. Among ecotones, the lower limit of the forest, determined
by aridity, is where the effects of climate change will be felt most rapidly. The responses
observed at the upper altitudinal limit of the forest in the Pyrenees suggest that certain variables
like recruitment or radial or longitudinal growth are more sensitive indicators of climate change
than the altitudinal position of the forest limit (Camarero and Gutiérrez 2004). The variables to
be measured in the ecotones should therefore be evaluated with care in order to detect climatic
effects. The contact zones between biogeographic regions, particularly the transition zone
between the Mediterranean region and the Atlantic or Eurosiberian, would also be affected very
rapidly by climatic change, which would increase the area of the former at the expense of the
latter. The oaks of Quercus pyrenaica would spread at the expense of oak forests and Atlantic
forests, and the isolated fragments of the latter remaining dispersed throughout the Central
System (Pefia de Francia, Gredos, Guadarrama) would tend to disappear. The transitions
between shrublands and Holm oak forests would undergo an analogous spread of the former at
the expense of the latter.

Whereas the ecotones will generally suffer gradual changes, the island ecosystems and the
riparian ones will most likely undergo brusque changes, or threshold-type changes. In the case
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of islands, the threshold will be determined by the minimum area, whereas in riparian
ecosystems, this will be determined by flow or minimum phreatic level. Below these minimum
thresholds, the ecosystems risk collapse, whereas above them, they might hardly show the
effects of climatic change.

The different reviews by D.M. Richardson, P. W. Rundel, B.B. Lamont, among others, on the
ecology of Mediterranean ecosystems in a scenario of global change appearing in the book by
Arianoutsou and Papanastasis (2004) indicates that, contrary to what might be expected,
Mediterranean ecosystems are very sensitive to climatic change. Decreased predictability of
rainfall (estimated as the opposite to the seasonal or annual variance in rainfall) is reducing the
diversity and the regeneration of determined Mediterranean ecosystems. Changes in the regime
of fires (frequency and intensity) together with general climatic changes are already having
profound consequences for these ecosystems and affect mostly strictly pyrophilous species
(e.g. serotinal species) which only recruit after fire. Recent analyses of the fire regime in
Mediterranean Spain have revealed that the increase in frequency and area burnt is associated
with climate, so that the fires are bigger and more frequent in years of dry summers, and that
rainy summers generate bigger amounts of fuel, giving rise to more catastrophic fires after two
years on average (Pausas 2004).

2.5. MAIN ADAPTATIONAL OPTIONS
2.5.1. Actions involving keystone species

Evidence from diverse studies coincide in highlighting the progressive decline of keystone
species in our terrestrial ecosystems, like, for instance, the Holm oak. The sensitivity observed
in the Holm oak to climate change lies in its mediocre eco-physiological tolerance to severe
droughts (Joffre et al. 2001, Martinez-Vilalta et al. 2002a), its poor efficiency in relation to water
use during drought (Reichstein et al. 2002), the ageing of the masses of Holm oak and of the
underwoods which are not managed through thinning and prunings, the episodes of “drought” of
the Holm oak, the negative carbon balance during the summer, the long regeneration period of
over 20 years of the carbohydrates used in resprouting after fire (Gracia et al. 1997, Gracia et
al. 2001), and the results of Ogaya and Pefiuelas (2003, 2003) which suggest the low level of
competitiveness of this species in conditions of intense drought. This gradual hydric crisis can
now undoubtedly be verified in some Holm oak forests, and also in pine forests and other
Mediterranean forests, which are at their hydric limit, with evapotranspiration rates equal to
those of rainfall (Pefiuelas 2001).

In these forests, the worsening of aridity in the summer, together with unfavourable climatic
periods, may be the main cause, or at least an important factor, of the mass decay of the
forests. The recovery and application of the basic aspects of management of Mediterranean
shrubland and forests, along with the implementation of new forestry techniques aimed at
improving the efficiency of water use both of individual stands and of the ecosystem in general,
are the main measures available for correcting the general downward and for preventing
brusque, threshold-type responses to the increase in aridity and in the irregularity of rainfall
(Gracia et al. 1997, Gracia et al. 2001, Joffre et al. 2001). The same type of analysis should be
applied to other keystone species of our ecosystems, more example of which are provided in
other chapters. However, actions involving one single species are quite inefficient if what we
want is to conserve more than this determined species. In many cases, even for the
conservation of this species, it is necessary to regenerate or conserve the environmental
conditions that allow for its existence and the measures should be therefore taken at the level of
the ecosystem, provided that this is possible.
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2.5.2. Actions involving key systems

An important aspect in the attenuation of the impacts of climate change is to avail of suitable
registers of the evolution of the different ecosystems over the years. But habitat loss confuses
the effects of climatic change. It must be kept in mind that this loss of habitats gives rise to rapid
changes in the distribution of frequencies of environmental conditions, both due to biophysical
changes in the habitat and to the effects of sampling (Pyke 2004). These sampling effects are
due to the fact that habitat loss is rarely random, so that the habitats that remain are a biased
sample of the region’s climatic conditions. Through the follow-up of these biased samples, one
can overestimate or underestimate the effect of climate change if the samples are in the hotter
and drier parts of the region, or in the fresher ones and wetlands, respectively. Thus, it is
necessary to consider climatically underrepresented zones in the follow-up of any action, and to
compensate for the tendency to protect and study small areas, unrepresentative of the general
environmental conditions of a region.

There is a range of systems that merit particular attention, either because of the key role they
play in the supply of goods and services or because of their endemic and relictic nature. These
systems require actions to counteract the effects of climate change and to apply effective
conservation therein. Among these we can highlight:

- Relictic forest formations from past climates (e.g. cloud forests of the Canary lIsles, forests of
Rhododendron ponticum in the “canutos” of Cadiz and Malaga, forests of Prunus lusitanica in
Extremadura)

- Tree or shrub formations in arid areas like those presenting Maytenus senegalensis, Ziziphus
lotus, Tetraclinis articulata, and Whitania frustecens.

- Fragmented or isolated formations like the birch forests and beech forests in central Spain,
the yew forests, holly forests and isolated woods of conifers like Pinus sylvestris in Sierra
Nevada, P. uncinata in the Iberian System, Abies alba in Montseny and those of Abies
pinsapo in the Serrania de Ronda.

- The aforementioned vulnerable areas (ecotones, island and high-mountain systems)

- Holm oak forests and dehesas of Holm oak showing signs of poor regeneration and
vulnerability to climatic change.

2.5.3. Integrated design of protected natural spaces

The design of new protected spaces and the restructuring of the existing ones should
incorporate the concepts dealt with here, which in short would include good representation of
both the size and the spatial distribution of the main ecosystems of a region, and would allow for
the migration and for changes in the distribution of species and systems through the inclusion of
altitudinal gradients and biological corridors between the different zones. More emphasis must
be placed on the management of the environment in the broad sense, because the protected
spaces may become obsolete, and the systems or species to be conserved or protected or may
change or disappear, especially in scenarios of climate change (Harrison et al. (Eds.) 2001).

2.6. REPERCUSSIONS FOR OTHER AREAS OR SECTORS

The sensitivity of many Spanish terrestrial ecosystems to climate change means that the
measures taken to conserve them have repercussions in different socio-economic sectors.
Some important examples are:

- Good management of hydric resources, indispensable for the maintenance of many natural

formations, conflicts with intensive tourism or the facilities of golf courses in arid areas.
- The conservation of high-mountain areas is incompatible with the mass and intensive use of
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the ski season.

- Intensive greenhouse crops in arid areas do not allow for the good conservation of the
natural systems or for good water use.

- The management of certain areas for big game hunting leads to systems with a high level of
pressure by herbivores, which are poor in species and vulnerable to climate change and
disturbances.

- Forestry based on single cropping threatens the functionality of the ecosystems, as well as
their long-term sustainability.

The conclusions of this chapter have clear repercussions on aspects that are dealt with in other
chapters (e.g. Forestry Sector, Edaphic Resources, Animal and Plant Biodiversity, among
others).

2.7. MAIN UNCERTAINTIES AND KNOWLEDGE GAPS

Cox et al. (2000) have estimated that the increase in respiration caused by temperature
increases could turn many ecosystems into sources, and not sinks of CO, by the year 2050.
The effect of drought, however, has not been taken into account, and, as Reichstein et al.
(2002) showed, this can profoundly alter the balances of carbon and water whose calculations
are based on models that only consider the stomatal response of the vegetation. In general,
interactions between both factors (e.g. temperature, water and light) and between species
(networks of trophic interactions, mutualisms, etc.) increase very much our uncertainty of the
effects of climate change on our terrestrial ecosystems. This fact, along with the lack of long
temporal series makes the predictions of the effects of climate change on these systems very
fragile. Furthermore, the low level of spatial accuracy of the predictions makes the uncertainty
even greater at local level, in spite of the fact that many processes operate at this level (e.g.
local extinctions). The lack of information on the eco-physiology of keystone species (e.g.
tolerance to drought in interaction with shade, the capacity for acclimatisation of respiration at
high temperatures, the global effects of volatile organic compounds) together with the lack of
genetic and molecular data makes it very difficult to calculate the capacity for evolution of the
species in a changing world. Besides, it is also difficult to isolate the effects of climate change
from those of the simultaneous participation of other motors of global change. In order to do so,
experimentation is needed, and not only observation and follow-up. Table 2.1 summarises the
level of uncertainty in relation to the main impacts that climate change will have on Spanish
terrestrial ecosystems.

2.8. DETECTING THE CHANGE

The effect of climate change on terrestrial ecosystems can be detected by means of different
types of indicators, ranging from the follow-up of particularly sensitive species of flora and fauna
to monitoring ecosystem variables in zones of special interest. With regard to the former,
specific recommendations can be found in the chapters on plant and animal biodiversity.
However, we must emphasise the suitability of the population viability analyses (PVA) in order
to detect the effects of climatic change. These analyses are already being carried out in the
case of rare or endangered species (e.g. almost 40 species of critically endangered plants
within the framework of the Atlas of Endangered Flora under the auspices of the Ministry of
Environment) and are enabling the detection of effects that can be attributed to a certain extent
to climate change. Here we propose a series of variables the follow-up of which has permitted
and will permit us to detect the effects of climate change in the functioning of ecosystems. The
variables differ with regard to their cost, both in economic terms and with regard to the technical
level required, and are valued according to this cost (C, costly, E, economical, E-C the cost
depends on the measurement protocol).
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Table 2.1. Level of uncertainty of the most relevant effects of climate change on terrestrial ecosystems in
Spain

Certainty Most relevant effects of climate change on terrestrial ecosystems in Spain

oAk Changes in species phenology

Ak Changes in the interactions among species

ok Expansion of invasive species and pests

oAk Changes in the species dominance of a community

Hokkx Changes in the structure and functioning of terrestrial ecosystems

ok Decreased productivity due to warming and drought

oAk Altitudinal migrations of keystone species

oAk Decreases nutritive quality of the plants

Ak Decreased capacity to sequestrate carbon

Ak Local extinctions

HAE Increased impact of disturbances and extreme events

sk Tolerance of new conditions through the acclimatisation and plasticity of keystone
species

** Lengthening of the real growth period of the vegetation

K Increased emissions of VOC

* Tolerance of new conditions through the adaptation (evolution) of keystone species

* Latitudinal migrations of keystone species

* Increased efficiency of water use by plants

* Collapse of trophic networks

* Acceleration of biogeochemical cycles due to warming and drought

* Readjustment of the ecosystems to the new climate

(*¥*** very high certainty, *** high certainty, ** medium certainty, * low certainty)

Phenological variables

Production of flowers and fruits of keystone species (enlargement of the Meteorology Institute
list to include representative natural and wild species; E), phenology of plant communities
(estimate of general dormancy moments, maximum production, maximum flowering, etc.; E),
appearance of insects and migratory birds species (enlargement of the Meteorology Institute list
to include representative natural and wild species; E),

Abiotic variables

Thermal changes and changes in rainfall in extreme zones, ecotones and habitats of relict
species or populations or those at the limit of their distribution (E), follow-up of erosion in zones
such as the previous one (C), follow-up of the phreatic level in zones like the previous one (C),
follow-up of soil temperature and humidity in zones representative of the main ecosystems (E),

Structural variables

Leaf area index (LAI; E-C), accumulation of biomass and necromass (C), root development (C),
altitudinal movement of ecosystems (upper and lower forest limits, ecotones, altitudinal limits of
keystone species; E), dynamic cartography of ecosystems (temporal follow-up of their area and
spatial distribution; C)

Ecological and physiological variables
Net carbon exchange of the ecosystem (Eddy Flux covariance technique; C), productivity (E-C),
reserve carbohydrates in plant tissues (starch, mobile carbon, particularly in resprouting

species; C), mineralisation of organic matter (C), natural regeneration of keystone species (C),
follow-up of the rhizosphere (diversity, productivity; C), experimental simulation of warming and
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drought (C), emissions of volatile organic compounds (VOC; C), follow-up of populations of
invasive species (E-C), follow-up of pests and pathogens (E-C).

In the case of any of the variables referred to, follow-up should include long temporal time
periods, due to the marked intra- and inter-annual oscillations both of the climatic variables and
of the responses of the ecosystems to environmental change. To this end, in the first place, the
initiatives existing in Spain ought to be used, and before any new action is initiated, it must be
ensured that no similar temporal series already exists. By way of an example, of particular
strategic value is the maintenance of the phenological observations by the National Institute of
Meteorology, of the forest health follow-up network (Ministry of Environment ) and initiatives like
the RESEL network for the physicochemical follow-up and the follow-up of soil erosion (Rojo
and Sanchez-Fuster 1996) (see chapter on edaphic resources). The power of the existing
initiatives is their seniority, and the series of uninterrupted data for long temporal periods should
be given priority. This support of existing series should also be completed with the support of
more recent initiatives and even of new initiatives to fill the big knowledge gaps or the badly
recorded geographic areas. Many of these series are backed by the collaboration of different
scientific groups and have certain moderate logistic requirements, which favours their continuity.
Special mention should be made of the follow-up stations of the carbon balance of ecosystems
by means of “Eddy flux” covariance, like the one in El Saler (Albufera Nature Park in Valencia)
under the auspices of the CEAM, and the experimental facilities for the study of the effects of
climate change in Montseny and El Garraf (Barcelona) belonging to the CREAF. Unlike the
aforementioned initiatives, these facilities are costly, but the information they provide is of great
value. In order for these facilities to be valued, and for the information they provide to detect the
effects of climate change in terrestrial ecosystems, it is not sufficient to keep them active for
long periods of time, but rather they should be integrated into other networks in order to
compare results with other systems (e.g. shrublands, grasslands) and with other regions.

2.9. IMPLICATIONS FOR POLICIES
2.9.1. The importance of social awareness

The introduction of multi-use strategies for the management and rehabilitation of terrestrial
ecosystems requires much education and research, and effort by the government, too, in order
to give hope to the future development of these terrestrial ecosystems and of their resources
within the framework of current climate change and land uses. In order to inform the public in
general of the problems related to climate change and its effects and interactions with terrestrial
ecosystems, we have phenological change as an easy-to-use and popular tool which shows
everyone how climate change can affect our lives. Use should also be made of events like the
1994 drought in order to make the public aware of the of water reduction on our ecosystems. In
these terms, and in all those terms previously referred to, all the research activity should be
disseminated through the media. The communication activities should also be supported, with
the joint participation of the stakeholders involved in research and in the forest management of
natural spaces.

2.9.2. Sustainable management of ecosystems, reforestation and ecological restoration

Management of terrestrial ecosystems and planning the type and intensity of human activity
should be based on a balance between the global vision of ecosystem processes, regional
knowledge and local action. The dynamics of our ecosystems, almost all of them semi-natural
ones, can be understood as a series of anthropogenic degradations and subsequent
regeneration. Indeed, both overexploitation and complete protection can lead to lower levels of
scenic attractiveness and economic utility in many terrestrial ecosystems like Mediterranean
forests and shrublands. These current Mediterranean formations cannot be understood without
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human intervention, and an obvious paradigm is constituted by savannah or dehesa systems.
Although changes in climate and in the regime of fires and disturbances could mean that the
dehesas are maintained through measures different from human uses, at present, both the
dehesas and the diversity they contain depend on correct forest and livestock farming
management (Diaz et al. 2003). The management of these systems involves the management
of high levels of biological diversity, and although in themselves, they may not contribute to the
sustainability of the system, they may very well contribute to its maintenance and conservation
thanks to value given by society to these systems, which are rich in species (Blondel and
Aronson 1995). In spite of the fact that the need for human intervention has been demonstrated
in order to maintain the local coexistence between grasslands and forests in the dehesa, the
processes and mechanisms have not yet been established through which human intervention
can be seen as important for the maintenance of this coexistence (Marafién et al. 1999). The
management of these systems should therefore be adaptational, and should be able to vary
according to the evolution of the system and to the effects of the management applied in each
case (Rojas 2001, Charco 2002, Valladares 2004b).

There is abundant evidence that in actions aimed at rehabilitating or restoring terrestrial
ecosystems, the optimum action lies in helping nature to recover, accelerating the natural
processes of ecological succession, and minimising intervention (Suding et al. 2004). These
actions should consider the tendency towards climatic change, and not just apply classical
protocols, adjusted to the predominant climatic conditions to date. Knowledge of the
mechanisms of the ecosystems’ resistance to stress enables us to understand the evolutionary
processes involved in the adaptation of the different species to environmental changes and to
predict, to a certain extent, their response to the increase in adversity associated with global
change (Valladares 2004b). This knowledge should be incorporated into the restoration
programmes, for instance by improving or selecting the characteristics of the plants to be used
in reforestation or restoration projects. Knowledge of these mechanisms may also enable us to
use sensitive species as bioindicators of the stress associated with climatic change.

The people managing our nature and our habitats, both rural and urban, should consider the
properties related to the emission of volatile organic compounds by the different plant species if
they aim to avoid the formation of secondary atmospheric pollutants. Indeed, while they must
consider the high-emission species as candidates for the reforestation of arid zones with high
temperatures, as they are the ones most resistant to these conditions, they will have to chose
the species with the lowest emissions for the reforestation of urban and suburban areas, as well
as industrial areas, subjected to high levels of anthropogenic pollution (for instance nitrous
oxides) if they are to avoid the formation of secondary pollutants like ozone. With the current
ecological and climatic information referring to the Mediterranean coasts, the correct
reforestation of the slopes of these coastal mountains could be used to reactivate the trigger
and feedback mechanisms of summer storms, thus guiding the system towards a configuration
with more vegetation, stabilising some of the anticipated effects of climate change (Millan 2002).
This could also be applied to other areas in which the vegetation significantly affects the local
characteristics of the atmosphere. In short, the forest management of natural spaces must not
ignore the role of forests and shrublands in the preservation of the atmosphere and as buffers
against polluting environments rich in CO,.

2.9.3. Carbon sequestration versus the biological diversity and functionality of
ecosystems against desertification

The management of terrestrial ecosystems ought to consider the important role played by the
emissions of gasses by plants in atmospheric chemistry and in local and global climate, and the
role of plants as sinks of such important atmospheric gasses as CO,. In order to mitigate climate
change by greater harnessing and less loss of CO, forestation and reforestation can be used,
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with the aim in mind of lengthening the immobilisation of carbon in forest products and of
protecting the soils. Forest management will also have to incorporate the change in
environmental conditions at the moment of defining the intensity and frequency of interventions.
For example, if we take into account the increasing conditions of drought, we will have to reduce
the density of shoots in high-density forests, a strategy which has proven to be effective for
reducing the impact of extreme droughts.

Almost 90% of carbon in the form of biomass is accumulated by forests, which is 50% of
terrestrial organic carbon. However, Kérner (2003) observed the temporal asymmetry caused by
the slow growth of a tree and the brusqueness of the disturbances (fire, logging, herbivory,
decay) which release a lot of carbon into the atmosphere. In the case of underwoods of Holm
oak and oak, dominant in many parts of the lberian Peninsula, industrialisation and rural
depopulation led to a brusque change. The traditional use of these forests for timber and
charcoal has been abandoned, with much longer periods between clear cuts. These aged
underwoods show very slow growth, which may imply greater vulnerability to the effect of abiotic
stresses (e.g. drought) or biotic ones (e.g. defoliating pests). An experiment carried out at small
scale (Luis-Calabuig et al. 2000) attempted to determine if the thinning of the underwoods
favoured the development of the tree shape of the oak (Quercus pyrenaica) from dense and
continuous shrub formations promoted by repeated fires. No differences were observed in the
growth of the oaks between the treatments applied to eliminate the shrubland and the original
situation. In the thinning, however, we observed that an increase in trunk perimeter was
favoured over the growth in height of the 10 shoots that remained, the competition for light
having diminished. With more long-term treatment it would be possible to improve the structure
of these ecosystems. The intense disturbance associate with traditional forestry treatments
causes a rapid release of carbon, but if no treatment is applied, there is a risk that the poor
growth rate of these aged forests and their greater vulnerability to stress situations may lead to
an acute decay and a high death rate, and, once again, provoke the abrupt release of carbon.
This paradox is currently insoluble due to our ignorance of the functioning of the underwoods,
and poses serious doubts about the role of these formations of Quercus species as carbon
sinks.

In general, the policies and actions aimed at increasing the sequestration of atmospheric carbon
by vegetation are incompatible with the conservation of biodiversity or the sustainable
exploitation of this. One of the few compatible solutions identified to date would be to select
unproductive areas for the maintenance of high-biodiversity forests and formations capable of
storing the sequestered carbon over long periods of time, and to use more productive areas for
other uses (Huston and Marland 2003).

2.9.4. Nature conservation and protected natural spaces

Palaeoecological models establish that the main centres of European postglacial dispersion
were the southern Iberian Peninsula, ltaly and the Balkans (Willis and Whittaker 2000).
Therefore, if a species of tree becomes extinct from southern Europe, the chance of continental
extinction in the face of future climatic changes are much greater if the extinction affects the
British Isles or Scandinavia (Carrién 2003). This is a solid argument to insist, both at national
and community levels, on the conservation of our terrestrial ecosystems and the application of
sustainable development policies.

With the foreseen climatic change, the vegetation could spread to the higher mountain zones,
but the communities already existing in these high zones will become extinct (Pefiuelas and
Boada 2003). In many cases, the only migration possible is towards northern latitudes. But the
migration rates would not be efficient in the current scenario of global change, as, on one hand,
the climate changes too quickly, and, on the other, the territory is very fragmented, which
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significantly restricts the real possibility of latitudinal or altitudinal migrations by the vegetation.
For this reason, when managing the protected natural spaces or selecting new spaces to be
protected, it is necessary to maximise the connectivity between the different units and
ecosystems in the zone in order to compensate for fragmentation. Besides, it is important to
conserve processes and systems, and to establish suitable spatial scales for the ecological
processes. In order to ensure efficient long-term conservation of many of these processes, we
must incorporate zones with different levels and types of human intervention and with different
levels of susceptibility to climatic change. The protected natural spaces should establish a “risk
reserve”, a component created specifically to reduce the ecological risk associated with climatic
change. Furthermore, the management of natural spaces should incorporate a landscape scale
that contemplates the combination of different types of spaces, favouring a multiple and
controlled use, but without suppressing the effect of disturbances like fire.

2.9.5. Need for co-ordination and a closer relationship between research and follow-up

It is necessary to bring together the organisms, institutions and human and technological teams
dedicated to the follow-up of environmental change, along with those dedicated to research into
its effects on terrestrial ecosystems. It is only possible to obtain reliable results related to these
effects through scientifically rigorous analysis of very diverse data, resulting from a necessarily
interdisciplinary approach, and this analysis is only feasible if these data (environmental,
ecological, physiological, etc.) are collected and stored in an equally rigorous manner over long
periods of time.

2.9.6. Corollary: the funding of the goods and services provided by ecosystems requires
creativity and flexibility of policies for greater social compromise

Climate change will exacerbate in a foreseeable way the environmental crisis the nature of our
country is undergoing in general terms, and the terrestrial ecosystems in particular. One of the
main causes underlying the poor sustainability of the current management of Spanish terrestrial
ecosystems is the unprofitability of many of them. When ecosystems are not profitable, no
investment is made in them. And it makes no difference whether they are publicly or privately
owned, as the surface area of terrestrial ecosystems is so great that not even the State
manages them if a minimum level of profitability is not ensured. This is evident in the case of
forest ecosystems, for which European policies are dominated by the timber-producing
countries, whereas Mediterranean forests, in spite of their considerable area, are considered as
marginal. Thus, Spain is the European country with the highest proportion of economically
unproductive forest, due, on one hand, to the abundance of unprofitable shrublands, above all
in the areas with a dry Mediterranean climate, and on the other, to the existence of protected
spaces. Society at present, however, assigns to terrestrial ecosystems a series of functions
which surpass by far mere production, and increasing value is being given not only to
hydrological regulation and protection against erosion, but also to the recreational use, the
conservation of biodiversity and landscape and carbon storage. All of these functions mean that
society recognises the benefits provided by terrestrial ecosystems, although they do not provide
direct economic ones. As the owners do not receive any income from these services, there are
no sources of finance to invest in the social functions of the ecosystems. The scientists do not
have the answer to this kind of problem, but the correction of the malfunctions that will be
accentuated by climate change will only be made if the funding problem is solved. The
administrations should therefore use their imagination to find new sources of resources. If the
ecosystem provides services, these should somehow be paid for by the beneficiaries
(sometimes society as a whole, sometimes specific groups or private individuals). If the forest
produces clean water, the societies supplied by this water and the municipal authorities ought to
become involved in forest management. If it used for conduits, so should the electricity
companies. The same can be said of the housing estates, hotels and other tourism
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establishments making use of the landscape. Social involvement is needed to develop new
forms of management, in accordance with the newly recognised services provided by terrestrial
ecosystems (Pefuelas et al. 2004a). The solution cannot come from the economy of
administrations or from the efforts of a few private owners, but rather from imaginative and
flexible policies involving greater collective compromise in order for the ecosystems to be
treated in accordance with the services they provide us with and with their intrinsic value.

2.10. MAIN RESEARCH NEEDS

New ecological studies constantly reveal new patterns, and modification and exceptions to the
known responses of species and terrestrial ecosystems to increasing drought and warming.
This shows that our knowledge is still very little and possibly insufficient to satisfy the urgent
need for accurate predictions and recommendations for the management of terrestrial
ecosystems in a changing world. From the vast amount of knowledge needs seen in this review,
we have established the following main lines of research, which need to be reinforced:

1. Attainment of long temporal series in order to establish tendencies and to analyse the
dynamics of responses and reactions. The long-term follow-up of ecosystems will enable
us to detect:

a. The physical bases of environmental change itself,
b. The impact of climate change on the ecosystems,
c. The results of the attempts to mitigate climate change and its effects.

2. Study of the interaction between climate change and changes in land uses.
Development of experiments and manipulation to separate the effects of both factors.

3. Study of the interactions between climatic factors (temperature, light, water, CO,) and
their effects on ecosystems.

4. Study of the interactions between species and of the sensitivity of networks of
interactions to climatic change.

5. Extension of ecological and ecophysiological studies to unknown ecosystems, not only
those dominated by unique species (see section 12.5.2), but also Mediterranean Holm
oak forests and shrublands situated outside Eastern Spain (e.g. moorlands and
continental zones, high mountain).

6. Analysis of the indirect effects of climatic change. Cascade effects. Synergic reactions
and autocatalytic cycles like, for example, the decrease in productivity, the increased
attacks by pests and the rising risk of fire.

7. Analysis of the expression time lag of the effects, of the reaction by the ecosystems and
of the adaptation and evolution in new scenarios.

8. Selection of early indicators of change.

9. Determination of minimum tolerance values (minimum area, minimum hydric availability,
minimum size and structure of the network of interspecific interactions) in vulnerable
systems, particularly in those with a propensity for threshold-type responses, like island
and riparian ecosystems.

10. Effects of climate change on the spread of invasive species.

11. Study of subterranean processes (C sinks, dynamics of roots and edaphic
microorganisms).

12. Implementation of complete carbon balances for the different terrestrial ecosystems
through the optimisation and parameterisation of accurate models and estimates, not
only of biomass (aerial and subterranean), but also of necromass.

13. Improvement of ecological restoration techniques for the recovery of plant cover and
other functions and services of ecosystems in degraded areas.
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ABSTRACT

Spanish inland aquatic ecosystems (SIAE) are very diverse, generally of a small size, are
located in very large watershed, often depend on groundwaters and undergo intense
hydrological fluctuations, related to the local water balance, which affect their ecological
functioning. Their importance on an international level derives from the fact that 1) the climatic,
geologic, physiographic, hydrological and landscape characteristics of the Iberian Peninsula
provide Spain with the greatest diversity of inland aquatic ecosystems in Europe; 2) there are 49
wetlands included on the list of the Ramsar Convention; 3) these are mostly environments
different from the cold temperate European ones, with a multitude of endorheic sites and
temporary ecosystems, as well as unique and very specific flora and fauna, some of these
dating from the Tertiary Period; 4) the alpine lakes of Sierra Nevada are the southernmost
glacial lakes in Europe; 5) the new European Framework Directive on Water includes them in
Iberian-Macaronesian Region, and also distinguishes the Pyrenees as a region of particular
interest.

With a high degree of certainty, we can state that climatic change will make many of the SIAE
lose their permanence and become seasonal instead — some will even disappear. The
biodiversity of many of them will decline and their biogeochemical cycles will be altered. We
cannot yet determine the magnitude of these changes. The ecosystems most affected will be:
endorheic environments, alpine lakes, rivers and streams (1600-2500 metres), coastal wetlands
and environments depending on groundwaters.

The possibilities of the SIAE to adapt to climatic change are limited. In order to attenuate the
effects, water-saving policies are needed, along with an improvement in the quality and
intensification of the conservation measures of the surrounding terrestrial habitats. If we take
into account the foreseeable conflicts over water resulting from climatic change, it is reasonable
to suggest that the SIAE will be given the lowest priority.

The changes the SIAE are likely to undergo will affect environmental conservation and the
tourism sectors, population protection and resources management, water supply and inland
fisheries. With regard to the relationship between climatic change and the SIAE, there is a
series of information gaps resulting from 1) a lack of reliable series of long-term data; 2) the still
very scant information on the ecological state and biology of the most important species; 3) lack
of knowledge of the hysteresis processes and 4) ignorance of the possible effects on the SIAE
of both the geology of the watersheds in which they are located and the abrupt or gradual
changes in surrounding terrestrial plant communities. All the preceding factors therefore have
implications for policies for the environment, tourism, sports fishing and science. There is a
great need for research, as there has been practically no treatment of the relationship between
the SIAE and climatic change.
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3.1. INTRODUCTION
3.1.1. The Spanish Inland Aquatic Ecosystems

The approximate number of continental aquatic ecosystems rises to over 1,000 large reservoirs
(Direccién General de Obras Hidraulicas — waterworks dept. - 1988), 2500 alpine lakes bigger
than 0,2 ha in the large mountain ranges (Pyrenees, Sierra Nevada, Central System, |berian
System, Cordillera Cantabrica), 50 karstic lakes in Ciudad Real, Cuenca, Girona, Huesca and
Lleida, 11 large watersheds with numerous temporary and permanent river courses, over 500
lakes generated by mining (Montes 1993) and around 800 wetlands of over 0,2 ha, including
shallow lakes and coastal pools (INITEC 1991; www.mma.es/conserv_nat/planes/plan_humed/
plan_humed.htm).

3.1.2. The dependence on subterranean waters

Many continental aquatic environments (above all rivers, lakes and wetlands) depend on
underground waters. The best example is the Las Tablas de Daimiel National Park, which
became disconnected from the underground aquifer in 1986 due to overexploitation, and has
since had to depend on water from another watershed to subsist. The regional and local flows
of subterranean waters (Toth 1963) not only supply lakes and wetlands (Montero 2000), but
also many river channels [see chapter on Hydrological Resources]. That is to say, many
reaches of Spanish rivers are "winners" and that the flows and hydrochemistry upon which their
ecological functioning depends are the result of the interaction between surface and
underground waters (Montes 1995). In any case, the quantitative hydrological relationship
between aquifers and surface waters has not been sufficiently studied in Spain to date (see
Benavente and Rodriguez 1997; de Castro and Mufioz Reinoso 1997). Furthermore, the
recharge of the aquifers depends on the relationship between the season of the year in which
this takes place (or the number of times it occurs) and the amount of water available for the
recharge (rainfall; Fetter 2001); these facts are particularly relevant in semiarid areas, found
throughout much of Spain, in which the biggest recharge usually takes place following intense
rainfall (Wood and Sandford 1994).

3.1.3. International importance of the Spanish continental aquatic ecosystems

This is based on the following aspects:

1) The climatic, geological, physiographic, hydrological and landscape characteristics of the
Iberian Peninsula provide Spain with the greatest diversity of inland aquatic systems in Europe.

2) There are 49 wetlands included on the list of the Ramsar Convention (www.mma.es/conserv
nat/acciones/humedales/html/comite/lista ramsar.htm; MIMAM 1999).

3) Most environments are different from the cold, temperate European ones, with numerous
endorheic sites and fluctuating seasonal ecosystems, containing unique and very specific flora
and fauna.

4) Although inland aquatic fauna are considered to be relatively recent, many wetlands contain
relics from the Tertiary Period (Alonso 1998).

5) The alpine lakes in Sierra Nevada are Europe’s southernmost glacial lakes.
6) The close dependence of our inland aquatic ecosystems on subterranean waters and on their

watershed surface makes them very vulnerable, and a preferential objective of the new
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European Framework Directive on Water (Directive 2000/60/CE), which includes them in the
Iberian-Macaronesian Region (map A, appendix Xl), although it distinguishes the Pyrenees as a
region of particular interest.

3.1.4. Sensitivity of the Spanish aquatic ecosystems to climate

Spanish aquatic environments are extremely sensitive to climate because the vast majority of
them has a very short water residence period and therefore depend on annual, or even
seasonal, rainfall. The levels and flows of most rivers, lakes, reservoirs and wetlands are
directly linked to short-term rainfall. Obviously, air temperature also conditions aquatic systems
by means of its direct influence on water temperature which, in turn, affects the metabolic and
biogeochemical processes taking place in aquatic ecosystems (Carpenter et al. 1992).

Furthermore, indirect climatic influences are very important in the continental aquatic
environments of the Iberian Peninsula, as these environments depend on the characteristics of
the watershed they are located in, and the effects of climatic change on the soils and vegetation
of the watershed would therefore have additional effects on the aquatic environments (Catalan
et al. 2002; Comin and Alonso 1988). In general terms, the watersheds are very big in
comparison to the aquatic ecosystems found therein, which are therefore very sensitive to the
influence of the landscape (Prat 1995). Changes in the evapotranspiration of the terrestrial
vegetation, for instance, can have a great effect on the availability of water in the watersheds
(Schindler 1997), as can be seen in the study by Begueria et al. (2003).

3.2. SENSITIVITY TO THE PRESENT CLIMATE

In relation to climatic change, temperature and rainfall will undergo a series of variations which
have not yet been clearly established [see the Chapter Climate in Spain: past, present and
climate scenarios for the XXI century], and whose general effects on the inland aquatic
ecosystems could be the following:

3.2.1. Effects of the changes in rainfall on water availability: averages and variability

There are two types of most likely rainfall tendencies for the future: a decrease in averages and
increased variability, although there could well be relevant geographic variations [see the
Chapter Climate in Spain: past, present and climate scenarios for the XXI century]; section
1.3.6]. Both phenomena have important consequences on the availability of water for the inland
aquatic ecosystems, because in the long term they could make many of the temporary systems
disappear and turn some the currently permanent ones into temporary ones. The increase in
the variability of the rainfall would determine a greater variability in flows (Arnell et al. 1996). The
seasonal factor, however, still remains very uncertain. The foreseeable decrease in summer
rainfall may not be very positive for the inland aquatic ecosystems, as their current values are
low. To the contrary, the variations in winter and spring could be determinant for environments
with a propensity for temporality, both lotic (for instance, streams and torrents) and lentic ones
(for example, lakes and ponds in semiarid areas).

3.2.2. Effects of global warming

Mean air temperature will also increase, probably more in the cold months and at night than in
the hot months and during the day. There will therefore be an increase in water temperature,
which will perhaps prolong the autumnal period of biological activity. In any case, it would be
reasonable to expect modifications in the rates of the biogeochemical and metabolic processes,
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which might eventually lead to changes in the structure of the biological communities. It is
foreseeable that the stratification of the lakes will be prolonged throughout the year (Livingstone
2003). In mountain areas, the duration of the layer of snow and of the lacustrine ice cover will
be shorter, advancing the spring phases in these systems, and these changes may affect the
functioning of the lake for the rest of the hot period.

3.2.3. Effects of an increase in sea level

Although a big change is not forecasted (0.11-0.77 metres up to 2100; Church et al. 2001),
there could be more important ones in the case of coastal wetlands, because they will either be
flooded and destroyed (because they do not reach very far inland), or saline invasion will
increase, thus changing the nature of the wetland. In any case, there will probably be very
varied effects on the coastal areas, depending on the different zones of the Iberian Peninsula
[see Chapter on Coastal Zones].

3.2.4. Effects of an increase in CO,

No significant effects from CO, increase are expected on the inland aquatic ecosystems. In
general, the variability caused by CO, is less relevant than that determined by seasonal
variations in nutrients and climatic factors. To a certain extent, inputs of allochthonous carbon
from watersheds that are very large in comparison to the limnetic ecosystems and the total or
partial oxidation therein could mean that the Spanish aquatic ecosystems are sources rather
than sinks of CO,. A better solubility of calcite in rocks and soil by COs-enriched rain is
expected, thus producing a higher input of calcium into lakes and streams (Roland Psenner,
personal communication).

3.2.5. Effects of decreased cloudiness

A reduction in cloudiness during the hot part of the summer would lead to an increase in the
amount of UV radiation reaching the aquatic ecosystem, with the subsequent possible effects of
photo-inhibition of photosynthesis, of metabolic alterations in plants and animals and of an
increase in the photo-oxidation of dissolved organic substances (Wiliamson and Zagarese
1994). But in any case, it does not seem that this effect of cloudiness will be significant
throughout the whole territory, as the most exposed mountain areas already contain flora and
fauna which are adapted to conditions of high radiation (Halac et al. 1997; Sommaruga et al.
1999). Whatever the case may be, these effects will likely be camouflaged by other more
relevant consequences of climatic change.Some alpine waters may even become better
protected from UV radiation, if the treeline moves upwards(Roland Psenner, personal
communication), as it is expected (see Chapters on Terrestrial ecosystems and Forestry).

3.3. FORESEEABLE IMPACTS OF CLIMATIC CHANGE

The effects of climatic change may interact with other anthropic effects resulting, for instance,
from changes in land use, removal of water or rubbish dumps. On occasions, it is difficult to
differentiate between these factors, but in any case, we should take into account the possible
interactions between them. For instance, extraordinary flooding is not provided for in the
regulation of water flows, and it seems likely that this flooding will increase along with increases
in extreme events. Although defining in detail the impacts of climatic change is a difficult task,
given the available current forecasts, it is not at all unreasonable to think that there will probably
be an increase in the socio-economic conflicts over water. In this sense, it is important to
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critically consider the arguments in favour of conserving the inland aquatic environments in a
country that has traditionally turned its back on these if they produced no direct profit.

3.3.1. Analysis of the Holocene sedimentation in lakes and wetlands

Throughout the history of the Earth, there have been no conditions analogous to the current
increase in atmospheric CO,, as during the last 400,000 years, in which we have had a set of
species and ecosystems similar to the current ones, there have never been concentrations of
this compound as high as can be reached when the present increase has been stabilised, even
in the best of possible scenarios. Nevertheless, it is very probable that we will experience
transitory situations of greater or lesser duration which will be similar to certain situations in our
recent past. In this sense, the records of the environmental conditions throughout the Holocene
(the last 10,000 years) preserved in the sediment of lakes and wetlands may provide
information on the situations and rates of change to be expected. The reconstructions of
variable environments based on lacustrine sediments provide references at temporal scales
higher than those derived from the use of instrumental measurements (maximum of two
centuries) and from historic documents (Barriendos 1997) and enables us to observe the effects
of sudden climatic changes in the past, which are impossible to evaluate experimentally in
specific ecosystems at the present time (Kelts and Talbot 1989; Gierlowski-Kordesch and Kelts
1994; Last and Smol 2001; Cohen 2003). In any case, the interpretation of the processes
observed is related to the local geology and geography, as the responses of lakes to global
changes is always very dependent on its own geologic, geographic and climatic characteristics,
and those of the local physical environment.

The climatic changes that took place on the l|berian Peninsula during the Holocene had a
greater impact on water balance than on temperature, although neither of these is absolutely
independent (Harrison et al. 1992, Cheddadi et al. 1997; Prentice et al. 1998). The
environmental reconstructions based on stratigraphic data from the Holocene which are of most
interest are therefore those related to water balance (Fig. 3.1). The reconstructions carried out
show that, between the Mediterranean and Atlantic areas of Spain, there was a hydrological
gradient during the Holocene similar to the present one, and that the ecosystems of the
Mediterranean zones in which the water availability was always relatively lower, reacted faster
to climatic fluctuations than those situated in the areas of Atlantic influence.

Reconstructions of lacustrine environments based on data from the Holocene are highly reliable
at a scale of millennia (Pérez i Obiol and Julia 1994; Luque and Julia 2002). Since the Neolithic,
the changes in the vegetation of the terrestrial ecosystems may have had an important
anthropogenic component, whereas hydrological changes originated by human activity are
limited to the last few centuries (Valero Garcés et al. 2000a-c). Although a change in vegetation
can modify the water balance due to changes in the evapotranspiration in the basins brought
about by variations in tree cover, the existing reconstructions are less reliable at more detailed
temporal scales. The lack of studies in the right type of lakes, the poor vertical resolutuion of the
sediment cores and the financial costs of a detailed study have all limited this type of studies up
to the present time (Battarbee et al. 2002). In spite of this, different studies show the extreme
sensitivity of lacustrine systems to fluctuations resulting from oscillations in the North Atlantic,
such as, for example, the 1,500 year cycles found in Sanabria (Luque and Julid 2002) and even
with teleconnections much further away, like the records of the oscillations of El Nifio in
Gallocanta (Rodo6 et al. 1997). There are hardly any studies at seasonal scale to analyse the
past or future impact of changes in the annual distribution of rainfall. There are indications,
however, that changes in wintertime rainfall have been decisive in the water balance and in
changes in plant communities (Valero Garcés et al. 2004).
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Fig. 3.1. Reconstruction of the evolution of the Salines lake (Alicante) and its comparison with the pollen
diagram of the sequence from the Padul bog in Granada (modified by Pons and Reille 1988) and with the
reconstruction of the surface sea temperature (SST) carried out in palaeo-ecological survey MD952043
(Alboran Sea; modified from Cacho et al. 1999). The black lines show the visual correlation between the
different sequences. The thick line on the Salines diagram shows the main evolution of the level of the
lake (5 terms moving average). Source: Giralt and Julia (2004).

The climate on the Iberian Peninsula during the Holocene underwent noteworthy changes,
particularly with regard to rainfall, which may have been related to latitudinal displacements and
to changes in the intensity of the Azores anticyclone and of the polar front (Valero Garcés and
Kelts 1997a). The spatial heterogeneity characterising the current ecosystems in Spain has
existed for the last 10,000 years, as can be seen in the pollen data in lake sediments (Burjachs
et al. 1997). In general, the lacustrine environments of Mediterranean influence have undergone
oscillations with regard to water levels (Pons and Reille 1988; Giralt et al. 1999; Reed et al.
2001), probably related to seasonal water balance, which have been more notable than those of
Atlantic influence (Pefalba et al. 1997; Allen et al. 1996; Sanchez Gofi and Hannon 1999;
Luque and Julia 2002).

The methodology used in the study of the reconstruction of climatic fluctuations during the
Holocene, based on lacustrine sedimentary records, is now a multidisciplinary one (Bradley
1999; Last and Smol 2001). To date, most studies have considered the analysis of biological
deposits independently from the stratigraphic and geochemical analysis, that is to say, that the
lake’s past biology was not included within the geological framework (Cohen 2003). Our
knowledge has been most advanced with the combination of Holocene studies of a biological
nature (remains of Diatoms, Ostracods, Chironomids and pollen of higher plants; Battarbee et
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al. 2002; Reed 1998) with the geological ones (geochemistry, sedimentary facies, isotopic
indicators, etc.; Valero Garcés and Kelts 1997b). In view of the study of the effects of climatic
change on inland aquatic environments, the ideal solution would be to interrelate palaeo-studies
of this nature with studies of the present-day aquatic ecology of the same ecosystem and its
foreseeable future responses.

There are several studies of Holocene reconstruction in Spanish environments included in the
Ramsar Convention. To our knowledge, studies have been published on Banyoles (Pérez i
Obiol and Julia 1994), Chiprana (Valero Garcés et al. 2000a-c), Gallocanta (Rodo6 et al. 2002),
Tablas de Daimiel (Dorado et al. 2002) and Zbéinar (Valero Garcés et al. 2004).

3.3.2. Effects on the number of ecosystems and their size

The number would obviously fall, if evapotranspiration increases in summer and rainfall does
not, but we do not know to what extent [[see the Chapter Climate in Spain: past, present and
climate scenarios for the XXl century; section 1.C.6]. Specifically, many temporary
environments could disappear, although the forecasted increases in rainfall in spring and
greater summer evapotranspiration could counteract this effect.

In general, it seems that there will be bigger variations in fluctuations in size. If we keep in mind
that: 1) the size of aquatic ecosystems depends on their water balance and 2) certain conditions
therein (rainfall, evaporation) will probably be altered by climatic change (Ayala-Carcedo and
Iglesias 2000; CEDEX 1997; MIMAM 1998), many environments will probably be subjected to a
reduction in size. This is especially true for semiarid environments, like most Spanish systems,
for which a good relationship can be established between the aridity of the area and the size of
the lake (Mason et al. 1994). This is why some lakes can change from deep to shallow, and
from being thermally stratified to undergo frequent mixing. This effect will not occur in most of
the mountain lakes situated in basins with a positive water balance; in these sites, the thermal
stratification will be reinforced and will be prolonged in autumn, as has been seen in Lake Redo6
in the Pyrenees (Catalan et al. 2002). Furthermore, many environments will change from
permanent to temporary, this applies to rivers and of lakes or wetlands. The reservoirs destined
to uses other than simple regulation (irrigation, supply, etc.) could spend years at very low
levels, practically dry.

The small karstic lakes could be affected to a certain extent by climatic change, due to their
extreme dependence on the underlying aquifers and on the recharge/discharge dynamics. With
regard to endorheic lakes, any possible effects on their size will depend on the local rainfall
regime, which will continue to be geographically very variable.

In the fluvial environments, it is very difficult for the time being to discern the effects of a
possible increase in sudden heavy discharge from autumn to spring. Changes in the seasonality
of rainfall will lead to changes in flows and hydroperiods, which can be expected to have
significant effects on the seasonality of the transport of materials and on the seasonality of
animal and plant populations (Carpenter et al. 1992).

3.3.3. Effects on water quality

Results unpublished (Alvarez Cobelas, personal communication) indicate that there is no
relationship between water quality and rainfall for the ten stream sites of the Confederacion
Hidrografica del Guadiana (Guadiana Water Board) en el Alto Guadiana (period 1973-2002),
which suggests that the possible effects of climatic change on water quality are uncertain for the
time being. The quality of the waters may worsen after springtime, the effects of dilution being
reduced due to increases in evapotranspiration and, secondarily, because perhaps there will be
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less contributions of water. Increases in torrential rainfall, associated to climatic change, could
also affect the quality of the water on specific occasions (Murdoch et al. 2000). Excessive
rainfall (above the inter-annual average) following prolonged droughts increases the
concentrations of substances in some wetlands, like the Tablas de Daimiel National Park
(Sanchez Carrillo and Alvarez Cobelas 2001).

Evidently, water quality is an applied aspect of climatic change that requires research, which
has been non-existent up to now in Spain. Nutrient retention and self-purification are inversely
related with streamflow under natural conditions (Butturini and Sabater 1998), but "polluted
streams do not follow this relationship (Marti et al. 2004); there are, however, many aspects to
be distinguished between flow, temperature, nutrient load and land uses in order to establish a
parameterisation permitting applications and predictions.

3.3.4. Effects on biogeochemical cycles

It has been suggested that an increase in temperature and a decrease in rainfall will lead to
diminished export of organic carbon and nitrogen from terrestrial ecosystems to river courses
(Clair and Ehrman 1996). However, certain observations exist which indicate that an increase in
rainfall over areas rich in accumulations of organic material in the watershed, like some of the
ones in the Northeast of Spain, has generated an increase, at lest a transitory one, in the export
of dissolved organic carbon and metals to the rivers (Freeman et al. 2001).

3.3.5. Effects on the biota

Although the summertime drought in many fluvial streams has favoured the existence of a flora
and fauna adapted to this extreme situation, and therefore the existence of endemic species of
macroinvertebrates, fish and riparian vegetation, it is likely that we are witnessing — at least
transitorily — a clear drop in biodiversity, if the area of extreme environments increases [see the
Chapters on Plant Biodiversity and Animal Biodiversity]. In the vegetation of riverbanks, an
increase in tamarisks (Tamarix) is expected, compared with salicaceae (Salix) and poplars
(Populus; Stromberg et al. 1996). The oleander (Nerium oleander) will probably spread. In many
areas, the tamujo (Flueggea tinctoria), typical of cold, acidic temporary rivers, could replace the
alder (Alnus). In the vegetation emerging from the wetlands, clearly amphibious species may be
favoured over the genuinely aquatic ones (for instance, Phragmites and Scirpus may end up
dominating in most of the wetlands over Typha or Cladium); whatever the case may be, it
seems certain that the competitive interactions will be substantially modified (Alvarez Cobelas et
al. 2001).

Mass proliferation of phytoplankton may occur in eutrophic and hypertrophic environments, like
many reservoirs and lakes, in which a higher temperature could favour sudden and excessive
growth (Carpenter et al. 1992; McKee et al. 2003).

In fluvial systems not subjected to dessication, the rise in temperature will generate more
primary production in the riparian zone, which —together with a higher concentration of
particulate and dissolved organic carbon of an allochthonous nature— may favour higher primary
and bacterial production in lakes, rivers and wetlands (Bazzaz 1990; Schindler 2001). It must be
remembered, however, that temperature has a greater effect on respiration than on
photosynthesis, and it is therefore foreseeable that the biogeochemical processes related to the
decomposition of materials will accelerate. In the same way, secondary production will increase,
because temperature is a key factor in animal metabolism (Benke 1993). The tendency towards
warming of the water mass seems to lead to the destabilisation of the composition of
communities of river macroinvertebrates and to a decrease in their global diversity due to the
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effect of the dominance of very few species, which may lead to a decrease in their faunistic
richness (Gutiérrez Teira 2003).

The rivers maintaining a subsurface flow during the summer period can accommodate
specialised limnephylic Trichopterans, which will live during the dry period as larvae in diapause
or as pupae. If the drought is more intense, many adapted species of aquatic insects will spend
this time as an egg; this capacity is noteworthy in endemic cryophilic species of Plecopterans
such as Thyrrenoleuctra and Guadalgenus. The species with a long life cycle (several years)
may have adaptation problems in mid-mountain rivers, due to the fact that these could become
temporary reaches. These problems will probably be more serious in the Central and Iberian
Systems, whose geological substrate is impermeable, which means that their baseline
discharge during the low water period (which is already low) will tend to disappear.

The larger river fish (barbel and Iberian nases) are capable of developing different types of
migratory strategies in order to tolerate the pronounced low water level, either swimming upriver
until they find permanent waters, or downriver to the convergence with the main rivers. The
most peculiar endemic fish are small-sized (Squalius alburnoides, Chondrostoma lemmingii,
Iberocypris) and their basic adaptation consists in waiting during the summer in isolated pools in
conditions of overpopulation (Carmona et al. 1999). Their isolation has led to the adoption of
parthenogenetic reproductive mechanisms, as in the case of the chub (Squalius alburnoides;
Fernandez Delgado and Herrera 1994) with triploid specimens. The habitat of the Salmonids will
be reduced (Eaton and Scheller 1996).

This can already be seen in the salmon captured in the rivers of Northern Spain (Fig. 3.2); in the
North Atlantic, these reductions in the salmon catches have been linked to temperature
increases in the sea water, resulting from climatic change (Friedland et al. 2003) [see also
Chapter on Animal Biodiversity]. The fauna of the mid-level reaches can progressively invade
the upper reaches of the rivers if the water temperature increases, thus substituting strictly cold-
water fauna of the more mountainous zones (Rahel et al. 1996). As a consequence, the
autochthonous trout populations will become fractionated due to the reduction of their habitat,
which would favour processes of genetic drift, and eventually, speciation. In this process, the
actions related to the reintroduction and management of species of fish-farming interest may be
determinant in the future of local populations.
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Fig. 3.2. Long-term annual catches of salmons (Salmo salar) in northern Spanish rivers. The line is a five-
terms moving average. Data source: Francisco Hervella, Galicia local government.
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In a general context, it is likely that the interactions between the benthic biota and the free-
swimming ones will be modified (Lake et al. 2000).

3.3.6. Specific effects on the different types of ecosystems
3.3.6.1. Wetlands

Given their variety and intrinsic heterogeneity, the effects of climatic changes will depend on the
particularities of each system, and it is therefore difficult to make a general evaluation. Given
the irregular morphometry of many of them, the changes in volume will have unpredictable
effects on their flooded area. However, there are certain predictable tendencies in some of the
relevant processes in this type of environments; the specific behaviour of a determined wetland
will depend on the local balance of these. Thus, temperature rises will increase the rate of
microbial processes (Schindler 1997), the evaporation of the water surface and the transpiration
of the emerging plants (Sanchez Carrillo et al. 2001). This increase in transpiration will probably
generate more saline environments, synergistically favouring the dominance of species more
tolerant to salinity (Lissner et al. 1999a) and to the lack of water, such as the reed (Phragmites),
and lagged effects may also occur (Fig. 3.3). In the water balance, the anthropogenic changes
in the uses of the water in the surroundings of the wetlands will also be very important. The
decreased water supply involves a decrease in the hydroperiod which, in turn, will limit the
recharge of the aquifer underlying the wetland (Sanchez Carrillo et al. 2005).

Changes in the types of vegetation will generate changes in the functions of the wetlands,
particularly in the more complex ones (Dofiana, for example, see Section 3.4.2), preferentially
favouring one of the plant components of the landscape, and therefore, reducing diversity
(Oquist et al. 1996).

In conditions of drought, erosion will be favoured. When there is abundant water, the rise in
temperature will favour the faster decomposition of organic matter (Poff et al. 2002).

There will be changes in the amount and the timing of methane- and nitrous oxide emissions
(Oquist et al. 1996). The permanent desiccation of many wetlands due to climatic change will
obviously decrease the emissions of these greenhouse gasses.

Increases in CO, will increase the fertilisation and primary production of helophytic vegetation,
but also the plant tolerance to stress (photoinhibition, drought, salinity; Lissner et al. 1999a-b).

The foreseeable droughts will promote fires, which may be very big ones in the case of wetlands
with big accumulations of carbon (peat; de Bustamante et al. 1995).

Changes in the vegetation and in the flooded surface, depending on alterations in hydrology,
will probably bring about modifications in the biogeochemical cycles and in the populations of
vertebrates and invertebrates that depend on the vegetation (above all, insects and birds;
Roshier et al. 2001).

3.3.6.2. Rivers

In general, the baseline discharge will decrease, which will lead to an increase in the number of
temporary rivers and reaches of rivers with flows that are only seasonal. Furthermore, the
warming will raise the water temperature, which can lead to the displacement upstream of the
zoning of the biocenoses. In this sense, it is interesting to take into consideration that the effect
of the increase in air temperature on the increase in water temperature is not independent from
rainfall. In this relationship, rainfall has a negative, quadratic influence (Jones and Thompson
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2003). Decreased rainfall would therefore favour an increase in river temperature, which may be
relevant in trout zones.
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Fig. 3.3. Annual cover (vertical bars, left-hand scale) of the two main species of vegetation emerging in
Las Tablas de Daimiel National Park and flooding area in the previous year (open squares, right-hand
scale) during the period 1945-2002. The representative covers are based on the aerial photography
available for the period 1945-1997. Although it is not shown here, there is also a different relationship
between flooding of the wetland in the preceding year and the cover of each species, which is a direct
one in the case of cut-sedge (Cladium) and an inverse one in the case of the reed (Phragmites). In
conditions of increasing aridity, resulting from climatic change, the spread of the reed would be favoured.
Unpublished data by Cirujano and Alvarez Cobelas.

A decrease in the flows would generate a drop in the concentration of dissolved oxygen, which
is of particular importance if, besides, there is organic pollution and an increase in temperature
(Jenkins et al. 1993).

Flooding, which causes an increase in suspended solids in the river channels, may be of

greater importance in arid environments, where the soils are subjected to more erosion and the
rainfall-runoff relationships are not linear (Arnell et al. 1996).
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The increase in evapotranspiration in small watersheds will lead to a decrease in flows, and the
effects will be more obvious in the reception reaches.

Changes in river hydrochemistry will be due to changes in the weathering of the rocky
substrates of the watersheds in the zones with more humid, hotter climates (Avila et al. 1996).
Temperature increase will lead to a rise in the nitrification of the soils and, through runoff,
increased nitrate in rivers (Jenkins et al. 1993). The same will occur with organic nitrogen in
predominantly agricultural basins (Bernal et al. 2003). This effect will be more evident because
of the intense flooding taking place after droughts.

In the rivers of the more arid areas (mainly in the Southwest of the Iberian Peninsula),
ecological dynamics will be very susceptible to changes in the variability of the flows resulting
from climatic change (Fisher et al. 1998), which can also affect seasonal rivers located in other
parts of the Peninsula.

3.3.6.3. Lakes and reservoirs

Climatic change will have important effects on the ice-sheet in mountain lakes, as suggested by
the simulation by Thompson et al. (2005), which shows that there are certain elevations that are
more sensitive than others to these effects, and that they may undergo big changes in
sensitivity (Fig. 3.4).

In the lakes with stable stratification (such as the Ruidera lagoons), the temperature of the
epilimnion may increase by 1 to 4°C with climatic change; however, if the stratification is
greater, the hypolimnion will cool by several degrees. It seems clear that the stratification will
last longer, and there will be a subsequent bigger consumption of oxygen in the deeper zones
and the likelihood of anoxic conditions will increase. In the alpine lakes (above 1,500 m.a.s.l.), if
the duration of the ice and snow cover is reduced, there will be less decreases in oxygen in the
deeper layers and less liberation of phosphorus from the sediment. Springtime production will
probably drop in favour of greater production in autumn.

In lakes the warming will increase primary production in the epilimnion if the stratification is
more prolonged. The oxygen will also diminish in the deeper layers due to the increase in
primary production and sedimentation, resulting from the increase in primary production, which
will generate changes in the benthic fauna (Schindler 1997).

The drop in the level of the lake will affect the littoral area in those lakes that can vary their level
significantly, this fringe is usually the most productive one and acts as a transition area between
the terrestrial ecosystem and the aquatic one (Wetzel 1990). During the periods of ecological
instability of the vegetation in the watershed, the overflowing of the smaller lakes located in
deforested areas could accelerate with the reduction of the coastal buffer that limits the input of
sediments of terrestrial origin.

The increased weathering of the rocks, resulting from simple thermal kinetics or from increases
in the metabolism of the plant communities, due to increased air temperature, probably
generates an increase in the alkalinity of the lakes.

With the thermal increase, the organic pollutants present in the water pass to the atmosphere
more rapidly, and reach the higher altitudes more quickly, and these will become polluted more
easily as a result of atmospheric deposition (Grimalt et al. 2001). The mobilisation of metals and
metalloids (arsenic, lead) from the basin to the aquatic systems of cold areas will increase
(Camarero et al. 2004), due to a greater mobilisation of these substances in the soils and to
their atmospheric transport.
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The possible effects of global warming on the trophic networks of the lakes are still to be
debated (Jeppesen et al. 2003; Scheffer et al. 2003).

Lastly, we are still unaware of those factors which will affect the future redistribution of the
lacustrine fauna because, in most cases, we know nothing of their dispersion in the past.
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Fig. 3.4. Simulation of the changes in the duration of the ice-cover of the lakes existing to the South of the
Alps, between 0 and 4000 metres altitude. Nine different scenarios of climatic change were tested, using
a simulation of one hundred years (cycles of one and a half years plus atmospheric time). Source:
Thompson et al. (2005).

In general, for the reservoirs we could apply the same assertions as for the lakes, but taking into
account their higher water renewal rate, the extreme dependence of this rate on the water use
of the reservoirs, and that they are usually subjected to greater eutrophication (Alvarez Cobelas
et al. 1992), it would be very risky to make any type of prediction (Toja, personal
communication).

3.4. MORE VULNERABLE AREAS

In accordance with the results presented in the Chapters Climate in Spain: past, present and
climate scenarios for the XXI century and Hydrological Resources, the following areas will
probably be the most vulnerable ones:

Endorheic environments

Many of these ecosystems are located in areas in which average rainfall will decrease and
where its seasonal distribution will be very altered (La Mancha wetlands, for instance); these
areas are therefore threatened with extinction.

High mountain lakes and ponds (1600-2100 m altitude) in the areas with deciduous forests
and in those bordering on the forest.
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High mountain rivers and streams (1800-2500 m altitude)

These ecosystems contain cryophilic endemic insects, whose distribution is already restricted.
The dimension of their habitats will probably be reduced, as a result of climatic change, to a size
that is critical for their survival.

Coastal wetlands

The coast will slowly reorganise itself in a natural manner if there are changes in sea level.
However, given that there are numerous civil works on our coasts, perhaps there will be
additional complications of the administrative kind which may limit this reorganisation.

Environments depending on groundwaters

The drop in groundwater levels, probably due to consumptive uses and to the decrease in
recharge because of climatic change, will affect those environments considerably.

In the spatial sense, and taking into account the projections of the climate models (Section 1.3.6
of the Chapter on Climate in Spain: past, present and climate scenarios for the XXI century), it
seems likely that there will be an increase in the rainfall in the NW of the Peninsula and a
decrease in the southern zone and in the Mediterranean in wintertime, which is the most
important time of year for the water recharge of the aquatic ecosystems.

3.4.1. Specific cases

Table 3.1 shows the information obtained on the incidence of the possible effects of climatic
change on certain morphometric and biogeochemical aspects of determined inland aquatic
environments in Spain, and was provided by the experts who have been working with these
ecosystems for a long time. The information is still at the early stages and must be considered
with care, as we still lack specific studies on these possible changes in all the ecosystems
considered. There is a particular lack of direct information related to climatic change for most of
the environments included in the Spanish list of Ramsar wetlands. A small section dedicated to
Dofana is also provided, this being the most internationally known wetland of the Iberian
Peninsula.

Table 3.1. Likely effects on the most studied Spanish inland aquatic ecosystems, related to climatic
change, based on the experience of the authors contributing to this chapter. These effects are
characterised as non-existent (0), rare (1), considerable (2), important (3) or very important (4). The
asterisk indicates environments included in the International Ramsar Convention for the Conservation of
Wetlands.

Name Geographic | Changes in | Changesin | Changes inthe | Changes
location permanence size biogeochemical in the
(central (temporary cycles biota
point) Vs
permanent)

Dofiana

National and 0 Al

Natural Parks %60 2?:14\/'\7 3 3 2 4

(Sevilla-Huelva)

(*)
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Tablas de
Daimiel National | 39°08' N 5 4
Park (Ciudad 3°43' W
Real) (*)
Albuferas de
g 36°45'N
ﬁ(;ra (Almeria) 20 47" W 3 4
Main lake of the
Albufera de 39° 20’ N 4 4
Valencia 0°20'W
(Valencia) (%)
Dune ponds of
the Albufera 39°20'N 3 >
nature Park in 0°20'W
Valencia
Lakes of
Alcazar de San
Juan (Yeguas 0 oA
and Camino de %90 1254\/'\;] 2 4
Villafranca)
(Ciudad Real)
(*)
Arcas Lakes 39°59'N 1 5
(Cuenca) 207"W
Banyoles Lake 42°7'N > >
(Girona) (*) 2°45'E
Lakes of 0 Ea!
Cafiada del 3;90 552?\,'\;' 3 2
Hoyo (Cuenca)
Lagoons of the 0 20
Ebro Delta 429, :;329 é\l 2 2
(Tarragona) (*)
Fuente de o AR’
Piedra Lake :Z 4%6\/0] 1 1
(Malaga) (*)
El Hito Lake 39°52'N 5 4
(Cuenca) (%) 2°41'W
Gallocanta Lake 0 EA"
(Zaragoza- 4;00 151(.)\/'\;] 4 4
Teruel) (*)
Manjavacas '
39°25'N
I(_*?ke(Cuenca) 20 50" W 2 4
La Nava Lake 42° 04'N 2 4
(Palencia) (*) 4° 44' W
El Prado Lake
. 38°55'N
ﬁ*C)ludad Real) 30 49' W 2 4
Puebla de
Belefa ponds
) 40° 53'N
guadalajara) 30 15' W 2 4
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Redo Lake 42° 38'N 0 > >

(Lleida) 0°46'E

Ruidera Lakes 0 Eat

(Ciudad 280 35;‘.5\,'\;' 3 2 4

Real/Albacete)

Sanabria Lake 42° 07’ N 1 2 2

(Zamora) 6°43' W

Sierra Nevada 0 AL

Lakes %Z 0%5\/5] 4 4 4

(Granada)

De la Vega 0 AQ!

Lake Ciudad 290 5%9\/'\;] 2 2 4

Real) (*)

Villafafila 0 AQ"

wetland %1 3%?\/'\;] 0 0 1

(Zamora) (*)

Aiguamolls de 0 4

I'Emporda 420 (13.3EN 1 0 0

(Girona)

Salburua
42°51'N

\(/:/)etland (Alava) 20 39' W 2 2 4

Platja d'Espolla 42°9'N 0 1 1

(Girona) 2°46'E

River Aglera 43°18'N

(Vizcaya- 30 16' W 2 2 2

Santander)

Chicamo River 38°12'N 4 3 3

(Murcia) 1°03 W

Riera de 0 Ao

Fuirosos 410 42, N 0 2 1
2°34'E

(Barcelona)

Mouth of the 36°40'N 0 1 1

River 4° 27 W

Guadalhorce

(Malaga)

Riverine wells in

the rivers Asén 43°10'N 1 1 1

and Saja 4°17"'W

(Santander)

Riverine wells in

the Parc Natural | 39° 20’ N 0 3 5

de la Albufera in 0° 200 W

Valencia

Aracena 0 £t

Reservoir 370 5? N 0 4 4
6°28' W

(Huelva)

Arrocampo o Aa

Reservoir 390 4? N 0 0 0

. 5°43'W

(Caceres)

Reservoir of El 0 40

Hondo %80 Pty 2 2 4

(Alicante) (*)
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La Minilla o Ao

Reservoir %70 1‘(1)3\/'\;] 0 0 4 4
(Sevilla)

Sau Reservoir 41°58'N

(Girona) 2°25'E 0 3 2 4
Torrején 0 A

Reservoir %90 4%7V'\7 0 0 1 0
(Caceres)

Arms of Ullibarri 0 EAY

reservoir ‘;20 3524\/'\;] 3 2 2 4
(Alava) (%)

Valdecafias 0 A0

Reservoir %90 2%9\/'\7 0 0 1 0
(Caceres)

3.4.2. Dohana and climatic change

Its main aquatic systems comprise a marsh (of a seasonal nature and with variable salinity,
supplied by rainwater and by surface runoff and with an area of around 40,000 ha), as well as a
complex of coastal lakes located on the coastal aeolean area (supplied by phreatic water with
low, very clean mineralisation covering 44,000 ha, including the National and Nature Parks).
Furthermore, between the coast and the Arroyo de la Rocina stream, some peaty lagoons
persist on siliceous sands, ranging from the Dofiana Nature Park to the NW zone of Dofiana
National Park. These constitute the most vulnerable aquatic environment of Doflana. The area
taken up by these ombrotrophic bogs has been considerably reduced since the beginning of the
XVIII century (Sousa 2004), although this reduction has been particularly intense since the
beginning of the XIX century (Sousa and Garcia Murillo 2002, 2003).

Will the aquatic environments of Dofiana undergo changes in their permanence? Yes. In
the coastal lakes of the coastal aeolian area of Huelva, the volume of surface deposits and the
piezometric levels will probably fall; the flooded surface will therefore probably decrease,
although this is not yet very predictable, as it depends on the changes in the seasonality of the
rainfall (Toja, personal communication). The water-rich peat heaths where Erica ciliaris
dominates, currently a valuable relic (see Allier et al. 1974; Rivas Martinez 1979; and Rivas
Martinez et al.; 1980; Cobo et al. 2002) will disappear and will be substituted by heaths of Erica
scopatria, of lesser value for conservation. This will most probably affect the peat environments
of Abalario and of Dofiana National Park, which house much of Dofiana’s unique flora, such as
carnivorous plants and sphagnum (Garcia Murillo et al. 1995; Garcia Murillo 2000, 2003).
Therein there will also be an increase in eutrophication. With regard to the marsh, this change in
conditions will result in an increase in helophytes and pastures, to the detriment of the
submerged macrophytes, this, in turn, will increase the sediment accrual processes, which will
create a positive feedback; in short, the sediment accrual speed of the marsh will accelerate.

Will the size of the aquatic ecosystems undergo changes? As we have said before, there
will be changes, but these will depend on the successional stage of each environment in
question. In general, the most plausible tendency will be towards the simplification of the natural
habitats and of the biodiversity of the marsh and of the inland lagoons.

Will the climatic change affect its biogeochemical cycles? Probably. These changes will be
particularly evident in the water-rich peat environments, characterised by a low concentration of
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nutrients and the accumulation of organic matter. The organic matter will cease to accumulate
and the concentration of dissolved nutrients will increase, giving way to opportunistic species. In
the marsh, as the submerged macrophytes diminish or disappear in a notable manner, the
biogeochemical fluxes will follow other routes, as the different elements will fundamentally
circulate through the helophytes and the pastures (Espinar et al. 2002).

Will the biota be affected by climatic change? There will be a decrease in biodiversity as a
result of the decreased heterogeneity of the habitat. Likewise, there will be more change of
invasion by exotic species (as is happening with the fern Azolla; Garcia Murillo 2003).

Will the rise in sea level affect Donana? Yes. Mush of the marshland is practically at sea level
and is only separated from the sea by small dune walls, less than a metre high. If the sea level
continues to rise at the present rates, a large part of Dofiana will probably be taken over by the
sea within a century.

Will there be marine intrusion? Currently, this does not exist (Lozano et al. 2002), but future
changes cannot be ruled out if there are conflicts over the use of groundwaters in an area of
intensive greenhouse agriculture and vast coastal tourist resorts.

3.5. MAIN ADAPTATION OPTIONS

The adaptations should be applied with regard to both the supply and the demand for water. In
the first case, we must attempt to ensure the amount of water available for the aquatic
ecosystems through water-saving policies, in the second case, by trying to reorient human
demand towards low-consumption uses.

At the regional or local scale, there are no signs of any human adaptations aimed at mitigating
or preventing serious effects (emissions of gases, carbon sequestration, etc.). At local scale,
there may be some attempts to control flooding, improve biodiversity and reduce pollution
(Arnell et al. 1996), both in lakes (Annadoter et al. 1999) and in wetlands (Zedler 2000; Angeler
et al. 2003). In any case, it seems wise to point out that in a system of flows that has undergone
as much intervention as in Spain, the water allocations to wetlands should be clearly defined in
the watershed management, as recommended by the Ramsar Convention (ramsar.org/key_res
viii_01_s.doc).

Having established that the adaptation of the inland aquatic ecosystems to climatic change is
limited (Poff et al. 2002), we believe that the following measures should be taken:

3.5.1. Promotion of water-saving in agriculture

A generalised water-saving policy is urgently needed, and the technology already exists for
increasing the efficiency of the irrigation systems. In this sense, we should consider a National
Irrigation Plan that takes climatic change into consideration. Furthermore, the private
management of the agricultural areas could be enhanced through agro-environmental
measures in the vicinity of the aquatic ecosystems.
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3.5.2. Promotion of aquifer recharge

This should be done in close consonance with the previous measure, and an attempt ought to
be made to ensure that the recharge exceeds the discharge. The initiation of Specific
Watershed Management Plans, within the National Hydrological Plan, should be used in this
sense. An example of this would be the development of a Special Plan for the Upper Guadiana
Basin to ensure the hydrological recovery and sustainability both of its aquifers and of the
aquatic environments depending on them.

3.5.3. Promotion of recycling of waste waters

This needs to be further developed, and many important water uses (irrigation, for instance) do
not require extreme cleansing. Much more attention must be paid to this point than has been
done up to the present; the creation of artificial wetlands could be contemplated.

3.5.4. Improvement in the quality of surface waters

The discharge of pollutants must be reduced, and an attempt must be made to prevent clean or
pristine ecosystems from being affected by pollutants in the future. The National Wastewater
Treatment Plan and the transfer and application of the European Framework Directive on Water
to Spanish law ought to facilitate this improvement, although the widespread problem of diffuse
pollution has not yet been dealt with in Spain (Thornton et al. 1998).

3.5.5. Recovery of the floodable space within the River Channel Public Domain

Most rivers are very constrained by agricultural and housing development activities, but if the
streams flow through public domain, they should be restored in cases of severe deterioration.
This would favour the natural development of the riparian environments with the advantage of
stimulating the development of this buffer zone to protect the inland aquatic environments from
terrestrial effects.

3.5.6. Mass revegetation (forest or shrub) in watersheds, favouring the occupation of the
space by autochthonous plants

Revegetation should be favoured to restore the riparian forest along those river banks where it
has been eliminated or has become very deteriorated, whereby the natural function of each
territory should be conserved.

3.5.7. Use of water transfers to provide minimum amounts to guarantee the survival of
the inland aquatic ecosystems (ecological flows, minimum flooding levels, etc.)

This measure need only to be applied to areas of special interest for Nature Conservation (for
example, environments included in the Ramsar Convention, habitats included in the Red Natura
2000, etc.) and only in exceptional cases, but always considering the needs of aquatic
environments in national hydrological planning.
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3.5.8. Promotion of the conservation of natural species and of the environmental
connection between them within the framework of a restoration programme at national
level

Special attention must be paid to the hydrological connection between ecosystems within the
same watershed in order to promote the dispersion of endangered species.

3.5.9. Favouring accretion in coastal wetlands

Accretion should increase at a faster rate than the rise of the sea level, and transport of
sediment by rivers in the case of deltas should be favoured. A clear case of anthropogenic
interaction with the effects of climatic change is the Ebro Delta. Over the last 50 years, the
construction of reservoirs on the middle- and lower reaches of the river has reduced the
transport of sediments to the delta, thus reducing its size (Ibafez et al. 1996); the forecasts for
in sea level rises in certain parts of Spain (Section 3.2.3) indicate an exacerbation of this
tendency in the near future.

3.6. REPERCUSSIONS IN OTHER SECTORS OR AREAS
3.6.1. Environmental conservation

If we do not mitigate the effects of climatic change, many ecosystems will disappear and we
may have to invest more money in the conservation of the most appreciated ones. At the very
least, it seems urgent to ensure the permanence of refuges and to prevent the fragmentation of
habitats, in order to promote the persistence of certain species. In some cases there may be a
need for active policies to generate new sites for habitats.

3.6.2. Tourism

The repercussions for tourism can be very serious, with more intense adaptation problems for
hostelry and tourism businesses than for the tourists (Wall 1998). In the case of the Tablas de
Daimiel marshlands, for example, there are around 200,000 visitors a year; in the years 1994-
1995, at the height of the drought during that decade, the number of visitors was less than
10,000. Effects of this type can also be expected in other wetlands with a high influx of visitors,
such as the Ebro Delta, Dofiana and the Aiguamolls de 'Emporda.

Some effects of an occasional nature can also be particularly harmful for certain aquatic
ecosystems. For instance, the Romeria del Rocio fair, which usually attracts one million people
every year, may end up affecting Dohana’s water supply if the water resources used to supply
these visitors diminish, which is likely in a context of climatic change (Garcia Murillo and Sousa,
personal communication).

3.6.3. Public protection (prevention of flooding)

As most of the fluvial streams of the Iberian Peninsula have been channelled, there will be less
natural reduction of the effects of floods, probably more frequent with climatic change. We can
also expect synergic effects: with an increase in flooding, malfunctions in the fluvial network
(biogeochemical changes, effects on flora and fauna, etc.) will become more obvious.
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3.6.4. Water supply

This is important in the case of water supply reservoirs and of aquifers used for supply (around
one third of the population uses water from wells in Spain; Custodio et al. 1998). Dammed water
with a higher number of "blooms" of algae —which will be favoured by climatic change (see
Section 3.3.7)— will have higher purification costs.

3.6.5. Inland fisheries

As we have already seen, the habitat of the salmonids will be reduced. It is not clear what will
happen to the autochthonous cyprinid fishes (barbel, Iberian naces). They may be replaced by
more thermophilic and, in general, alien ones ("black-bass", wels, etc.).

3.7. MAIN UNCERTAINTIES AND KNOWLEDGE GAPS

3.7.1. Lack of series of reliable long-term data for the study of the effects of climatic
change

Apart from tendencies, the short, medium and long-term scales of variability should be
identified, taking into consideration the close dependence of the changes in aquatic ecosystems
on those that occur in the terrestrial environments of the watersheds. There is a lack of long-
term observation and follow-up of the natural processes associated with inland aquatic
ecosystems. The existing series of long-term data were not designed for this; the water quality
records, for instance, deal more with the effects of pollution by urban waste waters. A series of
environments ought to be chosen for long-term monitoring in order to establish the effects of
climatic change, ruling out those sites subjected to pollution and flow regulation. The lack of
coincidence between the flow gauging stations and those engaged in sample collection in many
of our control networks limits our capacity to evaluate the relationship between quantity and
quality, with regard to certain details related to climatic change.

3.7.2. Still very little information on the ecological and biological state of the most
important species

Many valuable environments have hardly been studied at scientific level, but from the point of
view of the avifauna. As can be seen in Table 3.1, most of the Spanish Ramsar wetlands have
not been studied from the point of view of aquatic ecology; we only avail of data, sometimes
very preliminary ones, on 17 of the 49 national ecosystems included on the list.

The biological sampling has not been standardised. However, in order to implement the
European Framework Directive on Water in Spain, attempts are being made to fill this gap, with
methodologies for biological study, levels of reference of aquatic environments and periodical
reviews related to possible changes (among these, climatic ones) that might modify these
reference conditions.

3.7.3. Lack of knowledge of hysteresis effects

No ecosystem, and in particular, the aquatic ones dealt with here, ever presents the same
response to one same disturbance. There is always a certain degree of hysteresis in their
behaviour which is difficult to assess, but the bigger the system, and the more closed the
exchange of materials and species, the bigger the hysteresis effect will probably be. In this
sense, lacustrine systems and wetlands may present a greater component of hysteresis (Comin
et al. 1992). There are very few studies in this respect and, as an example, it is worth stating
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that in alpine lakes the production dynamics and populations of Chironomids seem to follow an
adjustment to the climate at scales of tens of years (Catalan et al. 2002). Thus, it is likely that
the incipient effects of the climatic change that is already occurring will manifest themselves in
the next decade.

3.7.4. Lack of knowledge of the effects of abrupt or gradual changes in terrestrial plant
communities and in the geology of drainage basins on aquatic ecosystems

Because drainage basins have so much influence on our aquatic ecosystems (Section 3.2), we
have to consider the effects of climatic change on drainage basins. We are, however, still
uncertain about the direction and magnitude of these basin effects.

3.8. DETECTING CHANGE

This is closely related to the previous section.

3.8.1. Long-term studies for the observation and follow-up of changes

Apart from tendencies, we should also identify short, medium and long-term scales of variability,
taking into consideration the close dependence of the changes in aquatic ecosystems on those
that occur in the terrestrial environments of the watersheds.

3.8.2. Use of models of inland aquatic ecosystems

In our case, and given the aforementioned dependence on the watersheds, the usefulness of
the models will depend on the reliability of models for the terrestrial environment of the
watershed. The better the basin models are, the better those of the aquatic environments will
be.

No empirical models on the distribution of species in inland aquatic environments exist that
explain species distribution on the basis of a limited number of environmental variables, among
which could be those associated with climatic change (water temperature, flow, hydroperiod,
etc.)

3.9. IMPLICATIONS FOR POLICIES
3.9.1. Scientific policy

The Ministry of Education and Science should promote research into the effects of climatic
change on inland aquatic ecosystems and of the mitigation of these effects by means of
ecological restoration. Most of the projects approved to date merely contemplate changes in the
past. Hardly any projects have been approved dealing with the monitoring or detection of the
effects of current climatic change. The Public Works and Agriculture Ministries should also
become involved.

3.9.2. Inland fisheries policy

The Regional Governments (depts. of Agriculture and Fisheries or Environment) must be
involved in fisheries policy. Given the foreseen changes in fauna (Section 3.3.5), the regulation
and management of the fish populations must be adapted to the changes we can anticipate.
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3.9.3. Environmental policy

This is the Responsibility of the Ministry of the Environment and of the Regional Autonomies
(depts. of the Environment and Public Works), and they should become involved in the
conservation of protected natural areas, many of which include inland aquatic ecosystems. This
policy should be applied at the level of watersheds, including subterranean waters, if they are to
be effective.

3.9.4. Regional and local tourism policy

To be implemented by the Regional Governments (Tourism Departments) and the Town
Councils (Tourism departments) located in the vicinity of protected natural spaces.

3.10. MAIN RESEARCH NEEDS

3.10.1. Long-term studies of the environmental effects of climatic change in Spanish
inland aquatic ecosystems in sensitive areas

Implementation of a series of long-term studies in standard ecosystems, located in
uncontaminated and unregulated watersheds, such as the Pyrenean lakes (e.g. Lake Redo),
Lake Sanabria, Sierra Nevada lakes, river environments of the Upper Duero and the Upper
Tajo, ponds on rafias in northern Palencia, Ramsar wetlands, etc.

3.10.2. Studies of water quality in relation to climatic change

To date non-existent.

3.10.3. Design of a system of biological indicators of the impacts of climatic change

In collaboration with the work groups transferring and applying the European Framework
Directive on Water for Spain, one ought to be designed for algae, macrophytes and aquatic
macroinvertebrates.

3.10.4. Implementation of the existing models for the detection of effects of climatic
change on inland aquatic ecosystems in Spain

To date non-existent.

3.10.5. Urgent finalisation of the inventory of the flora and fauna associated with aquatic
environments, particularly of non-vascular plants and invertebrates, together with a
description of their distribution on the Iberian Peninsula, Balearic Islands and Canary
Islands

Many of these have not been started, but they are fundamental in order to know what exists at
the present time and what might appear or disappear due to the effects of climatic change.
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3.10.6. Study of the dispersion and ecology of invasive plants and animals (Azolla
caroliniana, Eirocheir sinensis, Dreissena polymorpha, Micropterus salmoides, Esox
lucius, etc.) in relation to climatic change

Invasion by certain species from other parts of the planet is to be expected to increase. Yet,
little is known on the ecology involved in invasions of aquatic species on the Iberian Peninsula,
apart from the mere detection of these processes.

3.10.7. Study of impacts and adaptations to climatic change at genetic, eco-physical,
population and ecological levels

Crucial, given the existing lack of knowledge on the subject.

3.10.8. Studies of the changes in the biodiversity of macrophytes and vertebrates at local
level associated with climatic change

To be carried out at the Ramsar sites; these are relatively simple evaluations, but must be done
periodically over decades in order to assess what changes have occurred in biodiversity and
how these changes can affect the functioning of the ecosystems.

3.10.9. Simulations in situ of the possible changes in determined ecosystems (small
lakes, wetlands and watersheds), altering environmental conditions in an analogous way
to the predicted changes

These simulations could be used to appreciate in a realistic manner changes in the ecosystems
before they occur, and could generate very valuable information for the application of adaptation
measures.

3.10.10. Study and inventory of biological communities georeferenced at regional scale

To be carried out primarily in the plant communities, this study aims at establishing their present
environmental state in order to identify future transformations therein due to climatic change.

3.10.11. Study of the effects of the mitigation measures

Vital for evaluating their efficiency and necessary changes.
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ABSTRACT

The climatic system is defined by the interaction between atmosphere and ocean, and climate
change cannot be accounted for if we do not consider the role played by the ocean. In turn, the
ocean is altered by changes in wind, temperature and rainfall regimes and continental inputs
and evaporation. Temperature increases have been detected on all Spanish coasts, as well as
changes in the seasonality and intensity of certain oceanic processes, such as upwellings.
There is evidence that the change in oceanic climate has been accelerating over the last few
years. Climate change will also affect the exchange of greenhouse gasses between the
atmosphere and the ocean, reducing the solubility of carbon dioxide.

Spain presents a great variety of ecosystems and marine species, which provide resources (fish
and shellfish fisheries, recreation, marine farming), goods and services. Ecosystems are
affected by changes in the hydrographic and environmental conditions deriving from climate
change, as occurs with terrestrial ecosystems. The change is generating multiple direct and
indirect responses; some of these interact with other human uses (fisheries, developments on
coastline, etc.) and generate uncertainty with regard to each of the factors at play. The effects
will differ for upwelling ecosystems or those comprising stratified areas, and for coastal and
oceanic areas. Reduced productivity is predicted in Spanish waters, due to their characteristics
as subtropical or warm temperate seas.

Changes have been detected in species distribution, with an increase in species from temperate
and subtropical waters. Likewise, there has been a decrease in the abundance of
boreal/northern species. Changes have been detected in many groups of organisms, from
phytoplankton and zooplankton to fish and algae. It is very likely that there will be modifications
in the future abundance and distribution of many species. An increase has been detected in
invasive species, but the role played by climate change in this respect has not been studied.

Changes in ecosystems and in marine trophic networks are affecting resource species,
especially during the larval phase and recruitment. Certain species are fished less and others
more. We are unaware of the future balance between profits and losses caused by these
changes, which cannot be isolated from the changes caused by the exploitation of fish species.

Marine culture that is not provided with food supplements might be affected by reduced marine
productivity. Increases have been noted in the abundance of species of toxic phytoplankton or
of parasitosis in cultured species. The evidence appears to indicate increased losses in cultures
associated with the presence of these species, favoured by temperature increases in coastal
waters.

The areas and systems most vulnerable to climate change involve benthic communities,
comprising organisms attached to substrate, or associated species. Among the most affected
are seagrass meadows.

The management of coastal marine ecosystems and of marine species should be considered
from multispecific ecosystem point of view. The search for solutions should be promoted in
order to mitigate the effects of direct human activity, and to conduct medium and long-term
follow-up of interventions.

Among the research needs, we can highlight the consolidation of long-term environmental and
ecological follow-up networks, along with the use and improvement of existing ones. Accessible
databases should be promoted. Spanish participation in international programmes should also
be promoted, as well as research plans aimed at learning of the impacts of oceanic change on
species and ecosystems, from both a retroactive and prospective point view.
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4.1. INTRODUCTION

4.1.1. Brief description of the area and characteristics of the oceanic waters of Spanish
coasts

The Spanish coastline, including the archipelagos, measures around 7,880 km, which is quite
an appreciable figure. It is washed by the Atlantic and the Mediterranean, an ocean and sea,
respectively, of very different characteristics. The continental margin are generally narrow, as
the coastal waters are. There is a great diversity of environments, from Boreal-Atlantic
conditions on the coast of Galicia, to subtropical ones of the coasts of the Canary Isles. On all
Spanish coasts, a summer period of stratification has been detected, the duration of which is
variable. Much of Spain’s Atlantic coast is affected by upwellings, annual or seasonal, and by
the circulation of the Subtropical Gyre and the eastern limit of this. This circulation is modulated
on Spanish coasts by currents the direction of which varies according to the season of the year;
there is a noteworthy current associated with the continental slope in the West and North of the
Peninsula running in a northerly direction in autumn and winter. The Mediterranean coasts are
affected by slope currents (cold for much of the year) and by a prolonged period of stratification.
The different processes (physical, chemical and biological) taking place in the exchange thereof
between the Atlantic and the Mediterranean and their influence on the hydrological
characteristics of the ocean, have made Gibraltar a paradigm as far as Straits are concerned. In
the south of the Peninsula, upwelling processes are associated with these exchanges.

4.1.2. State of the resources exploited. Importance in the national GDP

The participation of the fisheries sector in Spain’s economic activities is very similar to EU
average, at around 1% of the GDP. It is of greater importance in the Northwest and North of
Spain, without forgetting other regions, in particular Andalucia and the Canary Isles.

The economy of certain regions depends to a great extent upon fisheries (which represents
10% of the GDP in the Galicia regional autonomy), which is of great strategic value for these
regions. Around the primary fisheries sector, a series of related complementary activities has
been generated, with a multiplying effect (marketing, transformation, shipbuilding, technology
transfer, auxiliary industry and services), and these comprise an inseparable economic and
social unit. In the areas where it exists, the fisheries sector constitutes a traditional activity, from
which a valuable source of food resources is derived, makes technology transfer possible and
promoting a geographic concentration of intersectorial relationships and activities. Fisheries and
marine farming are considered to be very important for many coastal areas, because
employment is associated with the capture and transformation of this resource, regardless of
the amount captures or the efficiency of the processes, especially in the case of artisanal
fishing.

The Spanish fisheries sector comprises a series of fleets working in national fishing grounds in
the Atlantic and the Mediterranean, in mid-distance fisheries (for example, waters of Scotland
and lIreland, Celtic Sea, Bay of Biscay, Northwest Africa) and more distant zones
(Newfoundland, Malvinas, Gulf of Guinea, etc.). The artisanal fleets fishing close to the coast.

Total Spanish production of marine fisheries resources showed a sustained downward trend
from 1970 (1.4 million t) to 2002 (1.1 million t) according to statistical data by the FAO (Figure
4.1.A). Spain’s fisheries in the Mediterranean is stabilised above 100,000 t. The production of
big oceanic pelagic species (tuna and swordfish) presented a sharp rise from 1970 to 1990, and
has remained relatively stable since then (Figure 4.1.B).
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Fig. 4.1. A: Marine fisheries production (fish, molluscs, crustaceans) (thousand of t) in Spain: total in the

Northeast Atlantic and the Mediterranean, 1950-2001. B: Total Spanish catches of pelagic ocean species
(tuna and swordfish), 1950-2001. (Source: FAO statistics).

Approximately one third of Spain’s fisheries production comes from the Northeast Atlantic, and
the current contribution of groups of pelagic species and demersal species is very similar.

The fishing grounds of the Iberian area of the Atlantic are being intensely exploited and Spanish
catches of the main pelagic and demersal species show a general downward trend which is
more evident in demersal species (hake, angler fish, dory and Norway lobster), but other
catches are increasing, such as mackerel, although these do not reach the same quantities.

Apart from fish, other marine products are taken from the Northeast Atlantic, such as algae,
crustaceans and molluscs. The evolution of these catches has presented a downward tendency
since the 70s, according to statistical data by the FAO (Figure 4.2). There appears to have been
a sight increase in recent years in the production of algae and molluscs, although these
statistics may not be reliable.

Spain’s marine aquaculture production (Figure 4.2) was 320,000 t in 2003. Much of this
production (approximately three quarters) corresponds to mussel culture in the rias of Galicia
(Labarta 2000). The production of farmed sea fish (gilthead, sea bass, turbot, tuna) represents
6%, with a big increase in recent years, and production of other molluscs (clams, cockles, etc.)
4%, this figure having remained the same in recent years (Labarta 2000).
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Fig. 4.2. Spanish production of marine aquaculture and economic value. (source: FA statistics) and
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Another series of activities, of which the main exponent is coastal tourism, in which sports
fishing, diving and sailing should be included, constitutes an important set of resources,
although these will be analysed in other chapters.

4.1.3. Marine biodiversity and protection

The great length of Spain’s coastline, and the fact that this is washed by different seas over a
wide latitudinal range, the Bay of Biscay, the Iberian Atlantic, the Mediterranean and the Atlantic
islands, means that there is a great diversity of environments, coasts with greater or lesser tidal
flow, upwelling areas (Canary lIsles, Gulf of Cadiz, Malaga coast, Galicia and Bay of Biscay),
coastal currents (Mediterranean and Atlantic coasts), areas of much exchange with the
associated structures (eddies in the vicinity of the Gibraltar Straits; filaments on the coasts of
the Canary lIsles), very stratified subtropical areas (West of the Canary Isles), all of this involving
very contrasted biogeographic situations. To this we can add communities of great specific
richness, and the presence of very specific environments, such as submarine canyons. In short,
all these characteristics confirm the fact that Spain has a great biodiversity in the marine
environment and great potentiality with regard to resources. Of the marine ecosystems
considered to be of great value as biodiversity reservoirs and protected by law in some regions
of Spain, we can highlight estuaries and marshlands and fields of marine angiosperms
(Posidonia oceanica in the Mediterranean; Cymodocea nodosa, Zostera noltii and Halophila
decipiens in the waters of the Canary Isles; Zostera marina and Zostera noltii on the Iberian
Atlantic coast, and the fields of algae in the intertidal and subtidal areas of the rocky coasts of
the Atlantic and the Mediterranean. The coastal area is also rich in birds, some of whose
populations are endangered; species of marine mammals are also frequent this area, most of
these protected, as well as turtles.

149



MARINE ECOSYSTEMS AND THE FISHERIES SECTOR

Unlike the terrestrial environment, the network of marine protected areas was very poor until
recently. According to data by the WWF in the years 1999, the Network of Marine Protected
Areas (MPA) comprised 38 spaces, only 13 of which could be considered to be truly marine,
whereas the rest involve protected terrestrial and coastal areas. The recent creation of the
Atlantic Isles National Park merits a whole chapter in itself. The same can be said of the
classification as Human Heritage of the fields of P. oceanica between the islands of Ibiza and
Formentera. Furthermore, there are 18 Marine reserves of fisheries interest, managed by the
Agriculture, Fisheries and Foodstuffs Ministry, by the respective Regional Autonomies or
through mixed management (http://www.mapa.es/). The recent implementation of the Red
Natura 2000 has led to a big increase in the number of protected coastal areas, particularly in
the regions of the Mediterranean basin and the Canary Isles. Thus, for instance, the Canaries
have 22 exclusively marine LICs and 3 terrestrial-marine ones. On the archipelago, there is a
total of 172,215.9 ha of marine LICs (Canary Isles Protected Areas Network, 1995; Natura
2000, Canary lIsles Regional Govt., 2000). All the protected marine areas, however, are on the
coasts, and there are no reserves on the high sea or on the platform in the waters of Spain’s
exclusive economic area. Neither has the design of the protected areas been homogeneous
with regard to territorial design, and the criteria used have not involved consensus among the
different regional autonomies, and certain doubt therefore remains in relation to the
complementary nature and optimisation of these areas.

There are protection measures specifically related to fisheries, in the form of reserve areas,
closed seasons and prohibited areas, minimum sizes, restrictions of the use of certain types of
fishing tackle and fisheries quotas for certain types of species (European, national or in regional
autonomies). These measures are aimed at the sustainable use of the resources, rather than at
the conservation of ecosystems in the strict sense. In any case, fisheries and conservation are
considered to constitute a binomial that should be jointly developed in order to maintain the
sustainability of the activity. Protection measures, in the case of migratory species (e.g. tuna,
cetaceans or turtles) should encompass all the geographic ranges of these species, such as
what is done with terrestrial migratory species. International regulation or co-operation should
be promoted.

4.2. SENSITIVITY TO THE PRESENT CLIMATE

The ocean affects climate and this, in turn, affects the characteristics and dynamics of the
ocean. Climatic variations and changes can directly affect the ocean, on varying flows of energy
and gasses with the atmosphere, the amount of heat and salts transported (temperature and
density), the formation and area of sea ice, and, as a result of all this, circulation. Modifications
in evaporation and precipitation patterns, or accumulation-melting in continental ice fields can
also make an impact. All these events can cause changes in the thermohaline circulation of the
ocean (Broecker 1997, Broecker et al. 1999), and heat transport between the equator and the
poles will therefore be reduced. This situation could give rise to very rapid climatic changes.
They could also have an indirect effect on marine organisms and ecosystems (Fig. 4.3)

A second indirect effect could derive from changes in the arrangement of high and low
atmospheric pressures and in wind intensity. This situation would generate change in sea
currents and in the distribution and seasonality of these, and also in wave patterns. Changes in
hydrodynamic conditions will have a direct effect on ecosystems and marine biodiversity, due to
modifications in the distribution of temperature and nutrients in the upper layers of the ocean, in
marine primary production, and, in short, the marine trophic network, where our main resources
are found — fish, molluscs and crustaceans. Changes in the arrangement of mesoscale
structures can influence the survival of the larval stage of multiple species, generating changes
in exploited fish populations. An example of the effects of mesoscale structures can be seen in
(Gonzalez-Quirds et al. 2004).
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Fig 4.3. Main channels through which climate change could affect marine populations and the exploitation
of these, which are core objectives of the programme GLOBEC of the IGBP (GLOBEC 2003)

To the modifications that could be generated by climate change, we must add the changes
deriving from direct human action, such as the capture of populations of multiple species, and
these should be framed within a term of higher rank, Global Change. Without any consistent
information, it will be difficult to demarcate the effects of the different causes.

4.3. FORESEEABLE IMPACTS OF CLIMATE CHANGE
4.3.1. Impact upon productivity

Analysis of the ecophysiological responses of marine microalgae, the photosynthetic capacity or
growth of these, or changes in the ocean associated with CO, increases and with Global
Warming, provides no clear information in this respect (Beardall and Raven 2004). However, the
series of consequences of these effects upon nature probably reflect the complex interactions
that can take place between the elements of climate change and other associated factors, such
as nutrient availability. The predictable increase in the stratification period (Richardson and
Schoeman 2004), or the change in mesoscale processes (upwelling, fronts, coastal currents)
could significantly modify the ocean’s production capacity, reducing or increasing primary
production. This effect could spread to the production of coastal ecosystems, communities of
macroalgae or to fields of phanerogams, although processes in the opposite sense might be
generated. An increase in CO; partial pressure in the atmosphere and in surface waters could
lead to increased productivity of the fields of phanerogams or communities of marine
macroalgae, as they would be limited by CO, availability.
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The change in marine productivity would directly affect food availability for the consumers, and
in a secondary way, the whole marine trophic network. Certain extensive cultures of filtering
organisms, mussels or clams, could be affected; other organisms of great economic interest,
like the goose barnacle, could also be affected. If climate change causes a change in the
intensity and frequency of waves, populations in the intertidal areas might be affected, some of
which may be of commercial interest (Borja et al. 2004).

4.3.2. Impact upon species distribution

Associated with changes in the thermohaline properties of the ocean, and with changes in other
related processes, we can expect changes in the distribution of many species, both pelagic and
benthic ones. A temperature increase would have the direct effect of displacing the geographic
ranges of many species (Southward and Boalch 1994, Southward et al. 1995, Alcock 2003).
The change might speed up or slow down according to the effect of atmospheric changes upon
currents or seasonality. Not all the changes will be negative ones, such as reduced species
production, and neither will these occur in all parts of the coast. There may be increases in
some species, although there is no analysis of the tendencies to be expected according to
climate change models.

This displacement will affect mot groups of organisms, both plant and animal, leading to the
appearance of species of southern origin, or to the disappearance of northern species. As an
associated effect, we cannot rule out the possibility of interactions between the old and new
species, biological relationships that have effects that do not directly depend on environmental
change. Among the species that could be affected, are the anadromous ones (reproducing in
rivers and growing in the sea), salmon, sturgeon or catadromous ones (reproducing in the sea
and growing in rivers), eels. Changes are also foreseeable in the geographic range of exploited
coastal species, or asociated to changes in abundance of the populations.

4.3.3. Impact upon fish populations. Recruitment and distribution

In the life cycle of exploited marine species, recruitment is a key process and is directly
influenced by climatic variability. Variations in atmospheric circulation affect sea currents, and
these can modify the transport and survival of larval and juvenile stages. At a greater scale,
there could be changes in the trophic chain. Climate changes also indirectly affect marine
systems. Marine, primary and secondary production could be affected, which in turn would
affect the food available for fish larvae, which would determine the degree of success of
recruitment, and, in the medium term, population size (GLOBEC 2003, ICES 2003). Described
among the changes are shifts in circulation regimes, sometimes very rapid ones (Hare and
Mantua 2002, Chavez et al. 2003), which can generate changes in the pelagic community, and
even in the benthic one. By way of an example, (Chavez et al. 2003) calls them sardine regime
and anchovy regime.

Another type of change is related to low-frequency modifications, like the North Atlantic
Oscillation (NAO index). Impacts have been described on the growth and recruitment of
commercial species of pelagic anddemeral fish in the Northeast Atlantic (Drinkwater et al.
2003). Climatic variation (represented by positive and negative phases of the NAO index)
govern the alternation of periods of great or little abundance of herring and sardine in the
Northeast Atlantic. The positive NAO index has increased in recent years, and we can therefore
probably expect associated changes in the future. Associated with the NAO are fluvial
discharges that present a relationship with species recruitment in the Mediterranean (Lloret et
al. 2001, Lloret and Lleonart 2002). Upwelling systems are also associated, in which the
production of pelagic species is controlled by processes of nutrient enrichment, food
concentration and larval retention (Bakun 1996).
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Changes in species can also occur as a physiological response to thermal or saline changes.
As an example, it has been suggested that likely changes in the distribution range of species of
anadromous fish, given that temperature change can influence proteic synthesis.

Indirectly, there could be alterations in the migration patterns and spatial distribution of certain
oceanic pelagic fish (Atlantic bluefin tuna, Albacore among many others) caused by changes in
the distribution and abundance of prey. Spanish Albacore fisheries in the Atlantic are seasonal
and are exploited during the feeding migration of this species from waters of Madeira and the
Azores to western Europe and the Bay of Biscay. The advance of the migration front is
associated with a gradual increase in surface temperature. Substantial modifications in the
seasonal distribution of the isotherms could affect migratory routes and, indirectly, fisheries in
the Bay of Biscay. To the contrary, species of subtropical origin may appear in waters of the
Iberian Peninsula (these are already present in the Canary Isles). Some of these species are
subjected to sports fishing, and could therefore indirectly affect coastal tourism.

Although less studied, many of the aforementioned factors could affect populations of demersal,
or benthic species, and even populations in very deep waters, such as populations typical of
canyons. The transport of material from the productive layers of the ocean to the deeper zones
may be very rapid. The indirect effects of climate change on exploited demersal populations,
however, have not been studied in any depth.

4.3.4. Impact on marine farming

The predictable changes in marine productivity are still quite uncertain. Although changes in
phytoplankton productivity associated with hydrographic modifications (Richardson and
Schoeman 2004), have been recognised, the predictions of the effects of these upon marine
farming are still quite uncertain. The culture of species that provide food supplements should
not be affected much, given that modifications in the ration ought to be sufficient to compensate
for changes in productivity. Another question is whether environmental change will exceed the
physiological limits of the species (dissolved oxygen, temperature, salinity), in which case
severe damage could be caused.

Cultured apecies with no food supplement and under an extensive system might be affected.
This is the case of molluscs: mussels, clams, oysters and scallops in the Rias of Galicia, the
Ebro delta and other places on the coast.

Extreme climatic events could have a potential effect on cultures. An intense and continued
supply of fresh water in confined areas, such as the Rias of Galicia, for example, could reduce
salinity, thus causing the mass death of organisms of the benthos, including molluscs in seabed
or mussel rafts.

Potentially serious effects upon coastal ecosystems, associated with modifications in
hydrographic conditions, but also with increased nutrient dumping by continental waters, involve
the proliferation of harmful algae. Among these effects, we should consider changes in the
stoichiometry of the dissolved nutrients, as an increase in N/Si relationship favours the
proliferation of dinoflagellates over diatomites, and an increase in N/P increases the toxicity of
certain species. This proliferation could affect certain sectors, such as mollusc aquaculture, and
might also have consequences for human health.

The increase in parasites in the clam and oyster mariculture could be another serious effect of

climate change on marine farming. The clam and oyster parasite Perkinsus on the coasts of
Galicia, possibly introduced by the farming of Japanese clams and oysters, was recently
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detected and is favoured by temperatures of over 20 °C. Summertime temperature increases
could facilitate the spread of these parasites, along with the damage they cause.

4.4. MOST VULNERABLE AREAS

4.4.1. Vulnerability and Sensitivity of marine ecosystems and fisheries (species and
alternatives)

Marine ecosystems are very vulnerable to the multiple simultaneous changes caused by climate
change, which mostly affect coastal or shallow ecosystems. A rise in sea level might threaten
the communities of marine phanerogams rooted on the seabed between depths of 0.5 m and 45
m, causing underwater erosion and habitat losses or increases, depending on the case.

Changes in seawater temperatures could make many species vulnerable whose temperature
limits cause, as has been pointed out, changes in the biogeographic ranges of the species, with
a tendency towards the proliferation of subtropical species, making the northern species of our
coasts vulnerable. These changes in species distribution do not only influence the appearance
of subtropical species, but also increase the risk of invasion by exotic species of subtropical
origin which have been accidentally introduced. An example of this is the presence in the
Canary Isles of the Australian species Caulerpa racemosa var. cylindracea (Verlaque et al.
2003). Furthermore, seawater temperature affects the life cycles of the species present on our
coasts, and, in particular, the intensity and seasonality of sexual reproduction. Variations in
recruitment deriving from these changes will cause changes in the demographic balances of the
species involved, giving rise to modifications in the composition of communities. Another cause
of vulnerability for many species or ecosystems is increased respiratory metabolism, which is
sensitive to temperature increase, as this would lead to increased oxygen consumption, and
CO, production in marine ecosystems and particularly in microbial activity.

The sustained increase in CO, partial pressure, on adjusting with the growing partial pressure in
the atmosphere, is causing the acidification of the seawater, which can be seen in the
detectable decrease in the pH of the water (Caldeira and Wickett 2003). This decrease is
expected, within the next 50 years, to be sufficient to clearly reduce, and even halt, the
deposition of carbonates in organisms with skeletons or calcified shells, such as bivalve
molluscs, reef-forming corals and coccolithophorids among other. This makes them
vulnerable. In the longer term, for the CO, concentrations expected for the end of the XXI
century, there will be a sufficiently intense decrease in pH to initiate the dissolution of
carbonates in coastal waters, which will affect CO, absorption by the ocean.

Variations in patterns of ocean currents and circulation brought about by changes in the
distribution of bodies of water and wind regime caused by climate change will undoubtedly
affect the recruitment of all the species depending on these currents to situate their propagules
in areas favourable for the growth and survival of the recruits. The vulnerability that this causes
in recruitment is difficult to predict, as the current patterns resulting from climate change are
subjected to great uncertainty, particularly at local scale.

The pressure caused by climate change cannot be isolated from the direct pressure of human
activity on ecosystems. The responses by the ecosystems and organisms to this simultaneous
pressure is not necessarily accumulative, and synergic responses could be unleashed that
magnify the effects of climate change in relation to those that would occur in ecosystems not
subjected to additional pressure. All of this considered, the prediction of the effects of climate
change upon marine ecosystems cannot be directly calculated as the sum of the responses of
each one of the dimensions of climate change.
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The additional pressure concurring with that directly caused by climate change in our country
involves: (1) increased transport of nutrients and organic matter to the coast, (2) the
impoverishment of fisheries stocks (3) the degradation of the seabed resulting from trawling and
mooring, (4) habitat destruction and damage resulting from the development of the coastal area
and the proliferation of structures and buildings on the coastline and (5) the increased risk of
pollution episodes associated with increased sea transport deriving from the globalisation of the
economy.

The most vulnerable ecosystems are therefore those where all these types of pressure concur,
and within these, those comprising the more long-lived, slow-growing organisms, like the
Mediterranean red coral and the Canary Isles black coral; the fields of algae at certain depths,
marshes and fields of Posidonia oceanica in the Mediterranean Sea, the fields of Cymodocea
nodosa and populations of Zostera noltii in the Canary Islands, and the fields of Z. noltii and Z.
marina of the Iberian Atlantic coast, and the fields of brown algae found on all of Spain’s coasts.

It is particularly complicated to establish which species will be the most vulnerable ones.
General criteria can be applied, such as the length of the life cycle, species associated with
vulnerable ecosystems, specialist species, but there will always be great uncertainty with regard
to the modifications caused by climate change.

4.4.2. Analysis of the vulnerability of coastal and long-distance fisheries

One aspect of the fisheries sector that cannot be forgotten is that part of the decreases in
catches could be due to overexploitation, and this should therefore be considered within a
higher framework, that of Global Change. But we cannot rule out an interaction between
increased fishing capacity and modifications in the environment caused by climate change,
which affect the lives of species subjected to capture (Francis and Sibley 1991). Faced with the
lack of definitive data, we can only suspect that the loss of some fishing grounds Is due to this
cause.

With the exception of species subjected to very fluctuating catches (anchovy, horse mackerel,
pacific sardine and japanese pilchard and abadejo de Alaska), most commercial species have
been globally subjected to overfishing since 1980. It is estimated that big subsidies will be
needed to keep the world fishing fleet afloat, as this is operating at an overcapacity of 30-50%.
The present state of the fisheries sector presents a very limited capacity for increase (fig. 4.4.A),
given that most of the world’s stocks are now at maximum capacity (FAO 2000) (fig 4.4.B).

A B

=
7

% Senescent
(Decreasing catches)

=
T

% Fully developed
(stagnating catches)

% Developing
(Growing caiches)

&
B

Arwaul rabwef ircrsamin fisheris prechedion
B
Percentage of resources

% Undeveloped
(Low catches)

=1 T T T T T
pLHL) (14 (Lh] Ll hL ] FCo 1

Yo

Fig. 4.4. Global tendencies in world fisheries, A: Annual rate of increase in fisheries production. B:
Proportion of stocks being exploited to the maximum capacity or overexploited (FAO 2000)
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There is an evident overexploitation, however, of certain resources, such as depredating fish,
throughout the world (Myers and Worm 2003), including in the temperate and tropical Atlantic.

Overfishing of adults can cause evolutionary changes in maturation age, and, in a secondary
way, the collapse of stocks (Olsen et al. 2004). In any case, the interaction between overfishing
of adults, evolutionary changes and changes in the recruitment generated by modifications in
mesoscale circulation could bring about the collapse of currently exploited populations of
species, or benefit other species. We can only speculate upon which species with long life
cycles and low reproduction rates, that is, a low population growth rate, will be most affected.

This is the case of sharks, but the tuna species may also find themselves in this situation.

The aforementioned effects of climate change on recruitment might be the cause of the decline
of certain species or could be influencing accessibility to traditional areas (Beare et al. 2004)

4.4.3. Analysis of the vulnerability of keystone organisms in the marine environment

Keystone species are those that organise or structure ecosystems. Among these are architect
species which, due to their morphology or degree of development, create new environments
that can be used by other species, or species which, due to their interspecific relationships, are
capable of altering the trophic networks within which they are framed.

Species of marine phanerogams, which form meadows constitute one of the significant cases
on Spanish coasts. The role they play ranges from sediment fixation to protection of the coast
from waves and storms to providing habitats to sustain the recruitment of a large number of
vertebrate and invertebrate species. The fields of phanerogams are registering a sharp decline
on Spain’s coasts and worlldwide; the global loss rate is 2 % annually. The loss rate of the fields
of P. oceanica in the Mediterranean is ever higher, with an average loss rate of around 10% per
year on peninsular coasts, somewhat (3 % per year) on the coasts of the Balearic Isles. The
field of Zostera noltii in the Canary Isles are also retreating. Half-way through the 90s, the field
was reduced to very few specimens, and was included in the Canary Isles Threatened Species
Catalogue (BOCA 23 julio 2991, Decreto 151/2001) with the category of “ Endangered”.

This loss of area reflects aspects of climate change, such as the generalised tendency towards
underwater erosion deriving from a rise in sea level, which uproots the rhizomes of these plants,
increasing their vulnerability to storms and intense waves. The degradation of the fields of P.
oceanica has also been associated with the proliferation of the invasive species of macroalgae
of subtropical origin Caulerpa taxifolia, accidentally introduced into the Mediterranean, and
Caulerpa racemosa, introduced through the Suez Canal, which reached the coasts of the
Balearic Isles a few years ago and which has recently been located in the Canary Isles
(Verlaque et al. 2003),where it is associated with fields of Cymodocea nodosa, a taxon with the
category of “Sensitive to habitat alteration” and Halophila decipens, with the category of “of
special interest”, included in the Canary Isles Threatened Species Catalogue. Although we
cannot blame climate change for the introduction of these species, it has been suggested that
the increase in sea temperature, as we are dealing with species of subtropical origin, could
favour their capacity to exclude the autochthonous flora, in particular the fields of P. oceanica
(Mediterranean) and C. nodosa and H. decipiens (Canaries).

It should be noted, however, that in the loss of these ecosystems, other causes intervene which
are related to human activity: deterioration of water quality due to dumping from land, the
proliferation of structures on the coastline which cause underwater erosion, and the direct
impacts of anchors and trawling tackle.
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Whereas the re-colonisation time for fields of species of marine angiosperms in the Atlantic is
approximately one decade, the recovery of the fields of Z. noltii and P. oceanica, slower-
growing phanerogams, involves time periods estimated at several centuries, and losses must
therefore be considered as irreversible with regard to the management of coastal ecosystems.
The loss of fields of P. oceanica leads to the loss of the species this houses, some of these
protected ones, such as the fan mussel (Pinna nobilis), a bivalve reaching 1 m long in the
Mediterranean, or the fields of Z. noltii in the Canary lIsles, containing the habitat of species of
protected fauna.

Although the long-term effect of climate change upon P. oceanica is unknown, recent data
suggest that no mechanisms exist to reduce these serious losses in the short term. There is
recent evidence of changes in the flowering and fruit and seed production of this species. The
compilation and reconstruction of the flowering process of P. oceanica in the Mediterranean sea
shows two episodes of increased flowering in two years with high temperatures: in the year
2001, following a summer in which seawater temperatures above normal ones were reached,
when no seed production occurred, and in 2003, when higher maximum surface seawater
temperatures were recorded, which led to the mass production and release of fruits and seeds
that are taking root on the seabed in the summer of 2004. If we extrapolate this relationship to
estimate the effect of warming of between 1 and 4 °C, which is expected for the year 2050, it
indicates that the prevalence of flowering should increase by between 10% and 40%. This
increased sexual production could increase the species’ capacity for re-colonisation, although
this will never be sufficient to compensate for the losses.

Other communities of marine macrophytes are also retreating, although the role played by
climate in this retreat has not been clearly established; this is the case of fields of brown algae
of the genus Cystoseira in the Canary Isles, which has been repeatedly indicated in reports and
projects.’

4.5. MAIN ADAPTATIONAL OPTIONS

4.5.1. Alternatives in exploited species, in fisheries structures, fishing species in other
areas, compensation with product price, intervention strategies in fisheries

The carrying capacity of the different stocks could be gradually modified as changes take place
in the ecosystems. Modifications (increased or reduced production rates) will involve
adaptational fisheries strategies. Modifications in reproduction rates will determine changes in
the biomass of stocks which will need to be adjusted to the fisheries effort. This becomes
complicated in the case of multi-species and fisheries with multiple fishing methods like those in
the Iberian Atlantic Region and the Canary Isles. No simulations, however, of possible scenarios
have been made. If climate change were to cause stocks to diminish in time, total annual
catches would decrease and the fisheries sector would present a long-term tendency towards
decline.

The problems deriving from reduced stocks could be camouflaged by price rises and profits for
the fishermen. In the long term and economically, the losses may be marginal. If the fisheries
sector is to seek maximum economic yield, the systems used for fishing the older age classes
(bigger, more profitable fish) might displace or eliminate the activity of other types of fisheries
aimed at the capture of smaller-sized fish. Other cases that might arise involve a drastic

I “Quantification of marine communities and assessment of the Biodiversity in the El Palmar coastal section”; “Bionomics
cartography of the Tenerife coastal fringe (1% part: Teno-Rasca)”; An inventory of the species inhabiting in the reefs and underwater
caves in the Canary Isles”; “Study of the biology and ecology of the sea urchin Diadema antillarum and of the succession
communities in the different pipe-clay areas of the Canary Isles”; “Binomics cartography of the coastal fringe of Tenerife (2nd part:
Punta Negra- Roques de Fasnia)
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reduction of carrying capacity and the collapse of stocks which would cause a significant
reduction of fishing, leading to marginal changes in reproduction capacity which would not affect
fishing capacity, or that there would be an increase in the stocks already exploited, or that
fishable species would appear that had not previously existed. In the latter cases, the
adaptation of the fleets or equipment would be much simpler.

A similar change to stock reduction occurs when some species modify the routes or the
seasonality of their migration (Beare et al. 2004), and when the fleets that fish them cannot gain
access to the stock in this new situation. The mechanisms for adaptation would be similar to
those needed when changes in reproduction rates occur. Planning the fleets’ activity would
require knowledge of the new routes and the reasons for the variations in these, and new
interventions would probably be established in European or international relations.

If the objective is the sustainable management of fisheries (Pauly et al. 2003) suggest two types
of considerations. Environmental ones, which would involve the regulation of subsidies aimed at
avoiding overfishing, which in turn, would require the reduction of the fleets. And considerations
related to foodstuffs safety, which would involve the discovery of new fisheries or the alternative
use of the existing ones, with the problem of affecting other, poor countries, or of transferring
environmental damage to their coasts. But we could contemplate alternatives that mix both
principles, promoting social equality and environmental regulation. In any case, all this would
involve changes in the fisheries regulation systems and agreements among the interested
parties.

The establishment of protection areas, in which fishing is prohibited or limited, acting in synergy
with the exploited areas, therefore mitigating the effects of fishing on populations or those of
environmental change, is a strategy that should be consolidated (Castilla 2003). Thus, the
sustainability of a functional and diverse ecosystem, in which the resource species develop their
life cycles, would be favoured (Pauly 2002). Advances are being made in the holistic vision of
fisheries, and consideration is being given to changes in the ecosystem containing the
populations subjected to fishing (Bostford et al. 1997), and to anthropogenic influences
(physical changes in the ocean resulting from climate change, habitat destruction, pollution,
harmful algae blooms).

4.5.2. Adaptation strategies in marine farming

The establishment of new species farming, both of animal and plant ones, could constitute an
adaptational response to changes in the environment. But we must keep in mind the dangers
posed by the introduction of foreign species for breeding to autochthonous populations and to
the ecosystems that contain these. Parasite control of introduced species should be a priority.
Parasites introduced with certain farming species can cause damage to the existing ones,
especially if their response increases with a temperature rise. The principle of caution should
always be applied to prevent the introduced species from escaping from the established
controls and from becoming established as invasive species.

Establishing the sustainable carrying capacity of the ecosystems in which the cultured species
are introduced, as well as the influence these can have in the environment could constitute a
basic adaptational measure aimed at sustainable production. Weather and coastal environment
forecasts providing sufficiently timely and accurate warning of possible extreme climatic events
(torrential rains that reduce salinity in the environment), together with action procedures, would
enable the damages to be limited.
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4.5.3. Strategies for the preservation of keystone species

There seems to be a pressing need for species preservation, given the influence of biodiversity
on the ecosystems’ capacity for resistance and absorption of changes generated by external
environmental pressure. In this respect, the preservation of keystone species plays a vital role,
given their capacity to affect the structure and functionality of the ecosystems.

Although the number of ecosystems studied on Spanish coasts from the functional point of view
is low, and has therefore not been well established, reducing the pressure therein appears to be
the best adaptational decision. Apart from the influence of environmental change, we must
consider the protection of spaces where these species are safe from human pressure and
production, tourism and recreation-related activities, or from development and population growth
in coastal areas. The definition of a network of marine protected areas (MPA) in waters of the
Exclusive Economic area should take these criteria into account, along with those related to the
complementary nature and uniqueness of these spaces, in order to promote conservation and
sustainability (see (Palumbi 2001, Castilla 2003).

4.6. REPERCUSSIONS FOR OTHER SECTORS OR AREAS

The increase in the flowering of harmful algae, but also of urticant animal species, such as
siphonopophorid jellyfish during warm months is at least partly related to an increase in water
temperature and in organic nutrients. This can be troublesome for the tourism sector. Increases
have been detected in the flowering of toxic dinoflagellates in coves of the Catalonia coast and
in the Canary Isles and of jellyfish in the Mar Menor. There may be more sightings of this kind in
the future. The effects of this upon tourism cannot be estimated, but it seems logical to think
that it would restrain demand. Increasing our knowledge of the causes thereof and correcting
these if possible would be the best adaptational strategy.

Water quality in tourist or production areas could be affected by urban or industrial dumping,
which are not directly related to climate change. Changes in local circulation caused by this
could alter the current situation. The best adaptational option is to establish and correct these
emissions.

4.7. MAIN UNCERTAINTIES AND KNOWLEDGE GAPS

4.7.1. Relationship between warming of the sea and the role played by this as a carbon
sink

For time scales of less than 1,000 years, the ocean is the main deposit of carbon dioxide.
Atmospheric CO, of natural origin and that produced by the burning of fossil fuels are only a
small fraction of that found in the sea and in sediments. Approximately 35% of anthropogenic
emissions of CO, in the last 100 years has been absorbed by the sea. Relatively small
adjustments in ocean circulation could significantly affect the amount of CO, in the atmosphere,
even if the emissions of anthropogenic origin were to become stabilised. If stratification
increases in the oceans, water convection will cease and the deepth mixing mezcla profunda
will be reduced. CO, will not be transferred to the deeper layers of the ocean, the storage
capacity of which will therefore be limited.

Another negative factor will be the change in pH caused by the dissolution of the CO; itself; this
could displace the CO, — bicarbonate balance, limiting the ocean’s CO, storage capacity (Feely
et al. 2004). Effects associated with the reduced pH would involve: 1) reduced calcification in
organisms with carbonated skeletons, which would limit the long-term (sink) withdrawal of
dissolved carbon and 2) the potential elevation of the lisocline (depth limit at which carbonates
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are dissolved), which might favour the dissolution of carbonates accumulated in the sediment; in
extreme cases, which cannot be ruled out, the lisocline would rise to the surface, which would
cause rapid and radical emission of CO, into the atmosphere, thus increasing the greenhouse
effect.

Although they have not yet been quantified, positive change in biogenic carbon storage would
increase CO, absorption and reduce the greenhouse effect.

4.7.2. Seasonal changes in winds and recruitment

We have already mentioned the described effect of changes in the NAO and recruitment,
whether through a direct relationship (effect on larval transport) or indirect (interaction with the
prey community).

4.7.3. Sea level rise and coastal communities

The rise rates in sea level are sufficiently slow to allow most species to make significant
changes in their distribution ranges. On rocky costs, this would involve the colonisation of higher
areas, on exposed sedimentary coasts, and if the sediments were to be rearranged, no
appreciable changes in communities could be expected, except in those where erosion can
occur (see the case of P. oceanica). The areas corresponding to estuaries or coastal lagoons
will possibly be the ones most affected. The impossibility of re-siting sediment deposits could
cause the disappearance of certain environments, or the modification of others, through
salinisation. In these conditions, the distribution area of some communities could easily be
restricted. Birds might be among the organisms affected.

4.7 4. Interactions between fisheries and climate change

Changes and tendencies related to catches appear to be related to a previous increase in
fishing, due both to technological capacity and to the bigger fleets in many countries. We could
therefore consider that they are the result of Global Change (GC), rather than climate
modifications. In spite of this, there is increasing evidence that, at least during larval stages,
changes in coastal circulation, thermohaline conditions, productivity and availability of prey
might be responsible for the tendencies observed.

The problem becomes exacerbated when we are dealing with multispecific fisheries. To the
responses by each species we must add the existence of interactions among different species,
which are not well-known at present. There is a need for more in-depth study of the concept of
the fisheries ecosystem (Large Marine Ecosystem) (Sherman et al. 1992), and to acquire
information that provides us with a more complete view of the synergic effects linking fisheries,
climate change and species interactions.

4.8. DETECTING THE CHANGE
4.8.1. Time series of oceanographic variables

Different types of information are available on the variability related to climate change in the
North Atlantic basin. Analyses based on temperature observations in the XX century in relation
to the calory content of the surface layer of the water (Levitus et al. 2000, Levitus et al. 2001), of
the origin or thermohaline properties of the Atlantic (Curry et al. 2003) are a good example. The
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study of data series at key points also reinforces the idea of a change in oceanic conditions,
such as decreased salinity in deep arctic waters (Dickson et al. 2002).

The detection of changes in temperature and salinity are based on the existence of databases
over prolonged time periods. The extension of the data series conditions these studies and their
capacity to make predictions of future variations. But circulation variability also has an influence,
as well as the alterations that can be caused by climate change itself, as both mechanisms can
give rise to the advection of the waters in different areas.

Using as a reference the series of COADS (1844-2000) of surface temperature in the Bay of
Biscay, certain oscillations can be appreciated in the last century. A surface temperature
increase from 1900 to 1960 was followed by a decrease up to 1980. Since then, the increase
has been continuous and accelerated up to the present (Southward and Boalch 1994, Planque
et al. 2003). It is in this framework that we should interpret the higher values detected on our
coasts in recent years and which are shown in table 4.1. In short, there is very consistent
information relating to surface water temperature increases around the Iberian Peninsula, of
approximately 0.4 — 0.5 °C per decade. Changes have also been detected in intermediate and
deep waters, a fact that tallies with the results obtained in studies covering a greater geographic
range.

Table 4.1. Temperature increase rate (°C per decade) and salinity at points close to the coasts of Spain,
with an indication of the length of the time series analysed, situation, depth and reference.

Site Situation Length of Depth Rate of Increase Author
the series (m) (°C decade)  (psu decade)
(years)
Bay of Biscay English 1860-1990 Surface 0.06 (Southward and Boalch
Channel 1994)
Bay of Biscay Ocean 1870-1990 Surface 0.13 (Planque et al. 2003)
1970-1999 Surface 0.6
Bay of Biscay Ocean 1972-1993 Surface 0.66 (Koutsikopoulos et al.
1998)
Donostia (San Coast 1947-1997 Surface -0.062 (Borja et al. 2000)
Sebastian)
Santander Ocean 1992-2002 10 0.60 0.04 (Gonzalez-Pola et al. 2003)
(Cabanas et al. 2003a)
1992-2002 200 0.54 0.084 (Gonzalez-Pola et al. 2003)
1994-2003  900-1000 0.1 0.06
Asturias Coast 1993-2003 10 0.43 No tendency (Llope et al. 2004)
Ocean 1993-2003 10 0.16 (Llope and Anadén 2002)
La Corufia Coast 1990-2003 10 0.53
Vigo Coast 1994-2000 200 0.28 (Cabanas et al. 2003a)
Murcia 1996-2001 200 > 0.54 (Vargas-Yariez et al.
2002a)
Malaga Coast 1992-2001 10 0.2 (Vargas-Yarez et al.
Coast 1914-2001 200 0.2 2002b)
Balearic Isles Coast 1994-2001 200 0.2 > (Vargas-Yariez et al.
2002a)
Gerona Platform  1974-2001 3 0.4 (Salat and Pascual 2002)
80 0.25
|Mediterraneo Ocean 1959-1989 2000 0.04 0.01 (Bethoux et al. 1990)
Subtropical Ocean 1957-1993 800 0.09 (Parrilla et al. 1994)
Atlantic (24,5 Ocean 2001-1993 100 0.57 (Vargas-Yanez et al. 2004)
N) 400 0.4 0.07
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Future predictions speak of sea surface warming in a range slightly lower than the modelled
changes in atmospheric temperatures (see chapter on climate), in consonance with a balanced
radiative balance between atmosphere and ocean. The increase would be greater in summer
and on the Mediterranean coast, where there could be, depending on the emission scenario, a
4 degree increase in the last third of the century. For the same reason, we can expect warming
of the North Atlantic Central Waters that washes Spain’s coasts (ENACW). A visualisation of the
foreseeable increase in surface temperature in the Northeast Atlantic can be seen in fig. 4.5
(Alcock 2003), based on the predictions of temperature rises generated by the NOAA-CIRES for
around 2025.

Climate Scenario 1
IPCC projection for 2025
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Fig.4.5. Projection of sea surface temperature on the Northeast Atlantic coast in summer and in winter
(taken from (Alcock 2003)

It should be considered that the temperature increase resulting from the reduced winter mixing,
caused by surface warming, could cause an upward tendency. The expansion of the tropical
eddy detected (McClain et al. 2004) might be an indication of this process.

Long-term variations in salinity are less evident, due to the high interannual variability..
Furthermore, there is a lower number of databases containing this variable. Salinity is a
magnitude that is very much related to the evaporation-precipitation balance, to inputs from
rivers and water convection. As an example, in the Bay of Biscay and the adjacent Atlantic area,
salinity oscillates according to the presence of water of subtropical origin (poleward current) or
subpolar waters in the area. Depending on the balances, salinity anomalies occur which are
displaced in the upper layer of the different Atlantic areas. This decadal variability is reflected in
the surface data on salinity in the Atlantic at our latitudes (Dickson et al. 1988, Hudges and
Lavin 2003) and has been associated with wind forcings (Cabanas et al. 2003b), constriction of
the subpolar eddy due to a negative NAO (Garcia-Soto et al. 2002).

In spite of these limitations, existing data indicate a slight increase in both surface and
deepwater salinity (table 4.1). This is the tendency detected in the whole North Atlantic at our
latitudes (Curry et al. 2003).

Predictions of changes in salinity are more difficult to make than those related to temperature,
as precipitation is one of the factors at play. The distribution of changes in precipitation is
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irregular in space and throughout the annual cycle, and changes in inputs should not be very
significant. In this panorama, evaporation should be estimated in order to get a clearer idea.

4.8.2. Sea level time series

The determination of changes in relative sea level is a complex task. In spite of this, there is
evidence of an increase in sea level at global scale and of the causes thereof (Miller and
Douglas 2004), and data also exist of variations at specific points of the Spanish coast
(Cabanas et al. 2003b, Miller and Douglas 2004, Marcos et al. submitted). Sea level has risen
by around 1.5 mm per year in the last century. Ice melting has contributed, with about 0.4 mm
annually, thermal expansion with around 0.8 mm a year and terrestrial movements account for
the rest (Douglas et al. 2001). The rise in relative sea level has increased in the last few
decades, and is currently estimated at 3 mm per year.

4.8.3. Change in climate forcing

Little information is available on the changes in circulation and seasonality in the oceanographic
conditions of Spain’s coasts. Empirical evidence derives from the analysis of meteorological
series, fundamentally of the distribution of centres of high and low pressures in the Atlantic
(NAO index), and of winds influencing coastal currents.

Variations have occurred in the last 100 years in the NAO; these have been notoriously
seasonal, with a predominance of a positive winter NAO in the last 25 years
(http://www.cpc.ncep.noaa.gov/data/teledoc/nao.html). These modifications have been
associated with changes in the intensity of coastal circulation in the North and Northwest of the
Iberian Peninsula (Garcia-Soto et al. 2002), or with modifications in winds, surface sea
temperature and with riverine inflow (Planque et al. 2003). All the changes generated by
modifications in the NAO can alter sea circulation at large scale, and therefore biological activity
in the Iberian environment.

Changes were detected in the intensity and duration of winds in the last decade of the XX
century in comparison to preceding decades, in particular an increase in south-westerly winds
on the coast of Galicia (Cabanas et al. 2003b) and a summertime decrease in easterly and
north-easterly winds on the Cantabrian sea (LIlope and Anadén 2002). These values coincide
with the increase in downwelling values after 1997 compared with the values for 1958-1976 and
are duplicated, (no tiene coherencia en espafiol) coinciding with high turbulence (Valencia
2004). Changes have also been detected in the seasonality of winds (Cabanas et al. 2003b,
Llope et al. 2004). All these changes have led to reduced spring-summer upwelling in the
Northwest (Lavin et al. 2000) and North (Llope et al. 2004) of the Iberian Peninsula. (Lavin et al.
2000) calculate reduced upwelling by approximately half between the 70s and the 90s of the
last century.

Based upon information on barometric changes predicted by the UCLM model, changes related
to seasonality are to be expected. In the last third of a century, the pressure gradient between
the Greenland-Iceland high pressure nuclei and the Azores may be reinforced in winter.
Consequently, there could be an increase in westerly and/or northerly winds. The response by
the ocean would involve reinforcing the currents passing the Iberian Peninsula towards the
poles, and a foreseeable advance in the termination of these. In summer, when upwelling
events predominate, the changes would be inverted, with pressure increases in the North and
decreases to the South of the North Atlantic, which would be that of the pressure gradient,
giving rise to generally gentler winds. In the ocean, this would be seen in less intense
upwellings on the west coast of the Peninsula, and also in the North. Furthermore, this would
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involve an advance in finalisation compared to the present. If the predictions are correct, the
tendencies that have been detected will become prolonged in the future.

4.8.4. Signs of Climate Change seen in Biological Responses

(Gregg et al. 2003) based on satellite data, described an average increase in chlorophyll at high
latitudes of the Atlantic, and a slight increase at medium latitudes. Using another methodology
and data on phytoplankton abundance (based on data from SAHFOS) (Richardson and
Schoeman 2004) concluded that abundance of phytoplankton is decreasing in areas of the
Atlantic with warm mean temperatures, whereas it is increasing in the cold areas; among the
warm areas are the Bay of Biscay and the coast of Galicia; this is possibly occurring in other
warm seas. Information based on time series, both in the Cantabrian sea and the
Mediterranean appear to back this up, although the series available are short and phytoplankton
variability is high, thus hindering any irrefutable conclusions.

Changes were noted in the abundance of zooplankton species in the North of the Bay of Biscay
from 1930 to 1990 (Southward et al. 1995) and in communities of pelagic copepods in the North
Atlantic (based on data from SAHFOS), including the coastal waters of the North of the Iberian
Peninsula (Beaugrand et al. 2000). This modification in the composition and size of zooplankton
organisms has affected cod recruitment in the North Sea (Beaugrand et al. 2003). Given the
positive relationship between the abundance of phytoplankton and of herbivorous zooplankton
in the North Atlantic detected by (Richardson and Schoeman 2004), we can expect a reduction
of zooplankton in the aforementioned areas of the Peninsula. Changes in the seasonality of
hydrographic processes have had an influence on the abundance of zooplankton in the Atlantic
(Beare and McKenzie 1999), and on the phenology of species or groups, causing trophic
decoupling among these (Edwards and Richardson 2004).

The reorganisation processes generated by climate change can give rise to permanent
changes, as can be seen in the relationship between the abundance of C. finmarchicus and the
NAO. Since 1989 the abundance of this species has declined in the North Atlantic (Fromentin
and Planque 1996, GLOBEC 2003) probably due to the reduction of the hibernation areas of
copepodites V.

There are few publications dealing with climate-.related changes in the composition of pelagic
communities on Spanish coasts. In the Cantabrian sea (Villate et al. 1997) detect changes in
the abundance of copepods, although the time lapse studied is very short, and (Llope et al.
2004) have also observed changes in the abundance of copepod species. Depending on
species, there may be a continued increase or decrease, or a sudden increase in abundance.
Similar responses are being observed in the Mediterranean (Molinero 2003).

During the last century, changes have been detected in the abundance and distribution limits of
species (spread and retreat) living on the coast, associated with environmental changes
(Anadon 1983, Southward et al. 1995). Although there are recent data on the appearance of
macroalgae in the warmer waters of the Cantabrian coast (Fernandez and Rico, per. Comm.), it
is difficult to justify the presence of these species by invoking climate change. The most notable
changes have involved the presence of Sargassum muticum in some communities dominated
by macroalgae. This invasive species has successfully colonised some communities in the N
and NW of the Iberian Peninsula, causing changes in the structure of the receptor community
(Sanchez et al. submitted).

(Alcock 2003) made a prediction of the distributrion of certain coastal species considering their

present temperature limits, along with the projection of these in future temperature scenarios
(Fig. 4.5). It was shown that climate changes can affect the distribution of many species whose
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distribution limit is on Spanish coasts. As has already been mentioned, the change could
accelerate if synergic effects occurring between temperature and coastal circulation, as these
could influence basic factors such as the concentration of nutrient salts.

Fucus vesiculosus
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Fig. 4.5. Variation in distribution limits of two species of macroalgae according temperature changes
predicted by the IPCC models (in Alcock, op.cit.).

There is evidence of mass deaths of gorgonians and of red corals in the Mediterranean,
associated with years of high water temperature (Cerrano et al. 2000, Garrabou et al. 2001). An
increase in sea temperature resulting from climate change could have a negative impact upon
these organisms.

Long-lived benthic organisms can provide vital information on the response of organisms to
climate change, filtering short-term oscillations and integrating environmental variations. By
reconstructing the production and growth of P. oceanica for the last 25 years (Marba and Duarte
1997), deduced a maintained increase during this period, which is probably associated with
climate change. It has been possible to reconstruct an increase in flowering frequency in the
same species, a very conspicuous phonological sign, in a similar period. This increase can be
related to a higher surface sea temperature; the predicted temperature increases could favour
flowering in this species. Changes in the area of these ecosystems also present a clear sign of
climate change. The upper limit of the fields P. oceanica in the Balearic Isles, established with
the use of aerial photography, appears to have retreated by around 25 m in the last three
decades. This is attributed to underwater erosion caused by the rise in sea level.

The presence has been detected of certain species of tropical and subtropical origin in the
Northeast Atlantic, both in the Canary Isles and on the Iberian Peninsula (Brito et al. 1996,
Quero et al. 1998, Brito et al. 2001, Stebbing et al. 2002). This is interpreted as a response to
large scale hydroclimatic changes, whjich would favour immigration of species towards the
North. Thus, for example, Dicologgossa cuneata and Boos boops showed increases in
abundance and range at their northern distribution limit in the Bay of Biscay (Poulard et al.
2003). The appearance and proliferation of species of subtropical affinity in the Balearic Isles
constitute another clear sign of the influence of climate change (Grau and Riera 2001).

There have also been sightings that push the limits northwards of other groups of organisms,
such as molluscs and cetaceans (Guerra et al. 2002, Williams et al. 2002). Unfortunately, the
systematic observation series in our country leave much to be desired, particularly in the
Mediterranean. Thus, many biological signs of climate change may be appearing without being
recorded, and these could provide an early warning of environmental changes associated with
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climate change. This prevents accurate predictions of future changes from being made,
although the observations made to date can be expected to become accentuated.

4.8.5. Climate change, fisheries and mariculture

Climatic variability in the North Atlantic is attributed to decadal and long-term fluctuations
governed by atmospheric forcings related to the in the North Atlantic Oscillation (NAO). The
NAO has been related to the frequency and intensity of storms in the Atlantic, significant wave
height, evaporation and precipitation patterns, regional fluctuations in temperature and salinity,
etc. These hydrographic changes have a great impact upon marine ecosystems and fisheries
production (Parsons and Lear 2001, Drinkwater et al. 2003). There is abundant information on
the relationships between the NAO index and catches or recruitment of exploited species by
Spanish fleets on our coasts; the anchovy in the Bay of Biscay, the Atlantic tuna or the
recruitment of the sardine in Galicia and the swordfish in the Atlantic (Santiago 1997, Borja et
al. 1998, Riveiro et al. 2000, Borja and Santiago 2001, Guisande et al. 2001, Borges et al. 2003,
Mejuto 2003). Something similar has been observed in recent years in the Canary Isles, with the
greater abundance of Sardina pilchardus (Carrillo et al. 1996).

Demersal fish (cod, haddock, whiting, saith) are also influenced by the NAO. The 60s (with good
recruitment rates) coincided with periods in which the NAO persistently remained at negative
values. In the 90s, the yields of these gadiform species declined to the verge of collapse,
coinciding with the change of the NAO to a positive phase at the end of the 80s and the start of
the 90s. Although the specific processes linking recruitment and environmental factors during
these phases are as yet unknown, global correlations have been established between the
tendencies of stocks, the NAO and sea temperature (ICES 1999), and relationships have also
been demonstrated that are governed by changes in zooplankton (Beaugrand et al. 2003).
Given the predictions that the NAO index will present an upwards trend, future changes in the
same sense can be expected.

Apart from the general influence of the NAO, the influence of other processes at smaller scale
has been noted, and these appear to act in a multivariate way on catches and recruitment of the
sea species caught. Among these, the following phenomena have been described: upwelling in
Galicia and the Cantabrian, slope currents in the North and Northwest of the Iberian Peninsula
and slope currents associated with fresh water inflow — Rédano, Ebro — in the Mediterranean,
filaments of the Canary isles upwelling, transport in Gibraltar, eddies in the Cantabrian,
temperature changes or turbulence. Among the species studied that present some type of
relationship with these conditions, are pelagic species — mackerel, anchovy, horse mackerel
(Lloret et al. 2001, Sabatés et al. 2001, Borja et al. 2002, Lavin et al. 2003, Lloret et al. 2004), o
demersal ones —hake- or benthic ones —dory, Norway lobster- (Sanchez et al. 2003a, Sanchez
et al. 2003b, Farifia et al. in press). The transport of the larvae of many ecploited species by
currents, and the dispersal or concentration of these, have very important potential effects
(Sanchez and Gil 2000, Sabatés et al. 2001, Gonzalez-Quirds et al. 2004, Lloret et al. 2004),
although detailed study thereof has only recently begun.

The effects of changes in hydrodynamic factors at mesoscale referred to in the 90s do not
appear to have had any great impact in community structure in the short term (Poulard et al.
2003, Sanchez and Serrano 2003).

One of the most notable variations that has taken place on Spain’s coasts and which affected
some fisheries is the change in the distribution of spawning or migration areas of some species.
In recent years, the anchovy in the Bay of Biscay appears and lays its eggs further North, and at
different times of year than previously (Borja, com. per.), and this phenomenon occurs parallel
to an increase in catches of anchovy and sardine to the North of the North Sea (Beare et al.
2004). There are indications of changes in migration routes and in the seasonality of certain age
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classes of tuna fish (e.g. Albacore Thunnus alalunga) situated further North than in previous
periods. In the Canary isles, this affected the seasonality of fisheries as well as the catches, and
therefore, the fisheries effort applied to other species (Carrillo et al. 1996).

Changes in the abundance of tuna fish could affect certain recently developed tourism activities,
such as sports fishing. The appearance of other species of tropical origin (marlin), subjected to
sports fishing on the coasts of the Canary Isles, and in the North of the Peninsula, could have a
compensatory effect. But no information is available regarding the importance of both of these:
the number of boats working professionally, the added value of the catches, the amount of
people temporarily employed in this activity, among other socioeconomic components.

The reduced catches of Atlantic salmon detected in the North of the Iberian Peninsula might be
a reflection of changes in temperature and marine circulation. We have no capacity, however, to
determine the intervention of other components, such as the pressure applied by fishing in the
sea and in rivers, or the effect of pollution in rivers on populations.

There is little available information on the direct effects of climate change on mariculture. There
is evidence that changes in the intensity of the summer upwelling are associated with the quality
(% meat weight in relation to total weight) of mussel culture in Galicia (Blanton et al. 1987).
Given the predictions of reduced primary production (see previous sections), changes in farming
yields are to be expected. We can also expect modifications in the growth and physiological
state of the cultivated organism.

But there is evidence of indirect effects, due to the action of harmful algae blooms (HAB), which
can affect some cultured species or the marketing of these or human health. Although the
spread of these could be due to transport by humans, their prevalence could also be associated
with water warming, which would favour their increasing appearance.

Since 1976, when cultured mussels in the Rias of Galicia, which had been fed on toxic
phytoplankton, caused numerous cases of intoxication causing paralysis in several European
countries, these blooms have been recorded and studied. After 1982, new cases of intoxication
caused by molluscs were recorded, in this case of the diarrhoeic type. This time, the identity of
the culprit species was known. The human response might have been confused with bacterial
infections, in which case we would not be dealing with a new case.

Given that the dynamics of phytoplankton populations depend upon water dynamics, changes
are to be expected therein. It has been suggested that an increase in the intensity of summer
upwelling, a consequence of increased winds, associated with changes in the NAO index
caused by climate change, could lead to an increase in the booms of dinoflagellates, such as
Gymnodinium catenatum (Fraga and Bakun 1993, Garcia et al. 1997, Hallegraeff and Fraga
1998, Gdmez-Figueiras and Reguera 2004).

Detected recently on the coasts of the Mediterranean and the Canary Isles are species of toxic
benthic dinoflagellates of the genus Ostreopsis (Ostreopsis cf. ovata) which could be
considered as tropical (Vila et al. 2001). In waters of the Canaries, another typically tropical
dinoflagellate has been observed, Gambierdiscus (Fraga, pers. comm., Ojeda, unpublished
data), which produces one of the strongest toxins known. Its tropical nature appears to indicate
a future increase in abundance caused by global warming, and a northward expansion of its
range and probable entry into the Mediterranean.

The change in conditions could be associated with the reduced abundance of certain toxic
species. This appears to be the case of Lingulodinium polyedrum on the coasts of Galicia,
which has caused the three oldest cases of red tides described in scientific literature. It is now
considered to be a rare species (Fraga 1989).
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Apart from the effects on farming, species of harmful algae could cause other types of economic
damage. Many very attractive beaches for tourism on the Mediterranean and the Atlantic are
affected by frequent blooms of algae, which tourists take to be dirt. Since the first observation of
the dinoflagellate Alexandrium catenella in waters of Catalonia in 1987(Garcés et al. 1999), the
mass presence of this has become a frequent phenomenon in the western Mediterranean (Vila
et al. 2001). The centric diatom Atteya armatus causes brownish-green colouring on some
tourist beaches in the Canary Isles. An increase has been described in the recurrence and
intensity of this in the last 4 years (Ojeda 2004).

The projection of future changes should follow criteria similar to those described in this section.
Increases in warm waters species, and decreases in cold waters species, with the
corresponding changes in abundance and distribution limits will be expected. More difficulty is
involved in predicting the time lags within which these changes will occur, as well as the
intensity of these.

4.9. IMPLICATIONS FOR POLICIES
4.9.1. Fisheries policies

Given that climate change can cause changes in the production of stocks, local or regional
impacts could be extreme. Climate predictions will have to be considered in long-term yield
projections of stocks of commercial species, and in relation to management systems and social
and economic structures (markets, structures, investment), in order to adjust to the new
conditions, which will possibly involve less available resources.

The present objective of fisheries resources management is the sustainability thereof, and it is
believed that the greater effect on the size of stocks is the result of fishing. Climatic variability is
believed to affect the short and medium-term abundance of some stocks of pelagic species and
should be considered in management plans in order to avoid collapses in abundance, and
losses, not strictly in relation to fisheries, but to investments associated with the sector. There
are EU proposals to implement plans for the recovery of certain species (hake, Norway lobster)
on the Iberian Atlantic coast and continued overexploitation is believed to prevent the recovery
of stocks.

The new ideas relating to the management of stocks of exploited marine species propose
basing this management on multispecific fisheries, as an intermediate step towards a type of
management based upon the ecosystem. The concept of “ecological approach” can be
subjected to two complementary interpretations: consideration of the effects of fishing on the
ecosystem, or consideration of the responses by ecosystems to fishing. This management is
developed through two channels: the production of adaptational models based on easy-to-
obtain information on stocks, or through indicators of the state of quality of the ecosystems
based on the definition of desired levels of conservation. All of these approaches lie within the
framework of Large Marine ecosystems (http://www.edc.uri.edu/Ime). Apart from the objectives
related to maintaining and recovering resources in the fisheries sector, this approach
contemplates other objectives related to the protection and recovery of habitats that are
complementary to fishing, the maintenance of biodiversity, or ones related to the economic and
social sectors (Castilla 2003). All of these aspects will affect a great deal of institutions, local,
regional, national and European ones. As much of Spain’s fisheries production comes from
long-distance fishing grounds, outside community waters, policies relating to international co-
operation will also be affected.

Placing more emphasis on product quality, with ecological labelling aimed at ensuring
sustainable fishing could also help to attenuate impacts and to support fishermen within a
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context of scarcity of resources. These measures will reduce collateral effects in ecosystems
and fish populations such as those caused by bycatch and others.

4.9.2. Marine farming policies

The policy on marine farming affects state policies and those of the regional autonomies,
because they refer to inland waters. The policy of intense development undertaken in the last
few decades should be evaluated, and attention should be paid to changes in productivity, and
therefore to yield and sustainability.

Policies relating to the introduction of foreign species should be reviewed in relation to farming,
and the principle of caution ought to be applied. The interaction between these and
autochthonous ecosystems and species could cause unforeseen negative changes if they were
to escape human control. Furthermore, if there is insufficient sanitary control, there might be an
increase in the number of pathogenic organisms, which would cause serious damage to the
pre-existing mariculture.

4.9.3. Coastal development policies

Coastal development policies will affect the EU, the central administration and the regional
autonomies. Local administrations will also be affected. Increased human activity in coastal
areas may cause many of these to be affected by change, particularly by a rise in sea level. The
combined effect of hydrographic changes and increased human activity could contribute to the
development of harmful algae blooms, thus affecting resources and human health.

The prevention of erosion and the negative consequences of this for ecosystems should be
considered with regard both to maintaining beaches and other elements of interest for the
tourism sector, and to conserving ecosystems that are vulnerable to changes in sea level. We
should therefore consider the impacts of the construction of infrastructures and housing on the
coast within the context not of current impacts, but rather of those generated by a rising sea
level. The maintenance of sediment balance should govern coastal development policies. The
impacts of climate change on the demand for infrastructures should also be considered.

There is much social pressure to develop new and better port facilities, both commercial ones
and marinas, and moderation is called for in this respect in order to avoid impacts upon coastal
sediment dynamics (e.g.: The construction of the future Granadilla Port in the Canary Isles). All
facilities should have the necessary infrastructures (tanks for collecting sewage waters, oils, etc)
to avoid the impact of the wastes that these facilities generate.

There seems to be a need for control networks dealing with the development of toxic or urticant
blooms, which have already been set up in some Regional Autonomies, and these should be
implemented immediately in order to establish a basis for future decision-taking. This need has
been recognised in other countries suffering from problems related to certain potentially
dangerous species for our farmed species or to humans (for instance Pfeisteria in the USA).

4.9.4. Ecosystem conservation and management policies

This will involve all levels of administration, from the EU to the administrations of the Regional
Autonomies. Given the precedents of the direct effects of human activity and the foreseeable
modifications caused by climate change, there appears to be a need for a policy for the
protection of exploited fish populations and of coastal ecosystems, which are the ones that will
foreseeably be most effected by the changes. Network design criteria should be considered
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relating to the complementary and unique nature of Marine Protected Areas (MPA). The
population should become involved and profits should be generated through complementary
conservation and fisheries strategies, along with the necessary dissemination of these.

4.10. MAIN RESEARCH NEEDS
4.10.1. Detecting changes in oceanic conditions

One of the main deficiencies in marine sciences in Spain, which have been highlighted in
numerous scientific forums, involves the scarcity of time series for the marine environment, in a
permanent observation system similar to the meteorological one, either with direct sampling
using boats or with the use of buoys and satellites. This is much more important if we are to
document and predict the response by the ocean to climate change.

This deficiency has been partially corrected through initiatives by some institutions, the Spanish
Oceanography Institute, State Ports, AZTI, or initiatives by other institutions (CSIC - higher
centre of scientific research - in Blanes, CSIC in Vigo, Oviedo University in collaboration with
the SOI), or private centres (San Sebastian Aquarium), and even personal initiatives (Josep
Pascual en L’Estartit, Girona). The establishment of a well planned and co-ordinated
observation network, suitably funded, with appropriate guarantees of quality and which covers
the observation needs of the marine environment in the long term is an unavoidable necessity.
To this end, an Oceanographic Data Centre would be needed.

There is also a need to increase the existing oceanographic databases and to promote the
compilation of the information available in existing databases or of that generated by research
projects, past or future ones, financed by the Public Administration. This would allow for more
rational and efficient use of oceanographic data, to respond more effectively to our
compromises with international programmes dedicated to climate change in the ocean, and to
make significant contributions to the management of our resources. Co-ordination with certain
international initiatives would be desirable. An example of this is the Open-source Project for a
Network Data Access Protocol (DODS) (http://helium.gsfc.nasa.gov/Data/portals/dods/index.
html) linked to oceanographic databases, (http://helium.gsfc.nasa.gov/Data/portals/dods/
param_search/OCEANS.html), or the French one, co-ordinated by IFREMER that attempts to
monitor ocean climate (http://www.ifremer.fr/merseaip//).

There is a need to develop satellite image databases (CREPAC-INTA, IEO, AZTI), and to co-
ordinate the way in which these are obtained and stored, and to facilitate the use thereof.
Variables such as surface temperature, chlorophyll, altimetry and winds are very useful for
analysing change at large scale. Systems similar to the Comprehensive Ocean Atmospheric
Data Set (COADS), widely used by the scientific community, which provide specific data on
meteorology and sea surface temperatures (SST) for our zone could be of great interest, if
rigour and quality are used in their implementation. New long-term control initiatives are also
needed, such as the European project FerryBox on the Porstmouth — Bilbao route
(http://www.soc.soton.ac.uk/ops/ferrybox_index.phppp), as these provide low-cost continuous
data.

The promotion of national programmes for the study of Climate Change and of the responses
by ecosystems and marine populations, defined in the International Programmes IGBP
(GLOBEC, SOLAS, JGOFS, GOOsS,....... ) could provide the necessary impulse to fill the many
knowledge gaps detected during the drafting of this report.
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4.10.2. Atmosphere-ocean interactions and climate system

Given the close relationship between atmospheric and oceanic processes, and their relevance
of these in the causes and intensity of Climate, it seems necessary to increase Spain’s
participation in the study of the interactions between both systems, within the framework of the
pertinent international directives and projects. Directives on Research plans should consider the
role played by the ocean as a modulator of change in the concentration of greenhouse gasses
in the atmosphere, or as a transporter of heat on the Planet.

There appears to be a need to consider changes in wind regimes, given they role they play in
forcing many mesoscale processes influencing primary productivity and in the recruitment of
multiple species. These changes are associated with climate change.

4.10.3. Relationships between the dynamics of marine ecosystems and hydrographic
conditions

As with oceanic conditions, one of the gaps detected is the absence of credible, contrasted and
standardised databases on fisheries production, which are very scare in the monitoring of
populations or ecosystems not subjected to fishing. Indeed, monitoring is almost non-existent if
this is considered in relation to climate change. Analysing inter-species interactions within the
framework of the ecosystem in which the species live and recruit, provided this is framed within
the context of environmental change, including fishing by humans, would provide information for
predicting future change and for designing management mechanisms to adapt the production
system, the conservation of resource species and ecosystems.

The behaviour of ecosystems, effects on inter-species interactions, or general changes,
depending on whether key species are affected or not, are fields for which very little information
is available, but we do know that climate change can cause big changes in ecosystems. The co-
ordination of the monitoring networks of biological responses existing in different regional
autonomies or in co-ordination with the aforementioned marine environment systems, would
provide knowledge practically in real time of the state and tendencies of these ecosystems and
would enable us to learn of the effects of climate change.

4.10.4. Metabolisms of significant species and interactions among species

Given the complex functioning of ecosystems, long-term monitoring of the physiological
responses of selected species, or phenological cycles (reproduction period and intensity) would
enable us to understand the mechanisms of environmental change. Study of certain long-lived
species would enable us to reconstruct species response to the change that has already
occurred (Marba and Duarte 1997, Kennedy et al. 2001), thus increasing our knowledge of the
times and speeds of the changes. Predicting the rhythm of the changes will facilitate
adaptational response and the adoption of consistent environmental policies.

Another urgent need involves defining the significance of biodiversity in ecosystem functioning,
and the use of this from the point of view of adaptational resources management, in order to
satisfy needs related to fisheries through environmental sustainability.

4.10.5. Summary

Table 4.2 summarizes the main foreseeable impacts and the probability that these will
materialize. Knowledge on these effects want be a research priority
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Table 4.2. Processes affected by global change in the future in Spain and Probability of occurrence

Processes affected by global change in the future in Spain Probability of
occurrence

Surface warming of seawater in the future *kk

Changes in the salinity of sea water *

Changes in carbon dioxide exchange between the *%

atmosphere and the ocean

Changes in mesoscale circulation hid

Rise in sea level ek

Changes in the distribution limits and abundance of plankton | ***

species

Changes in the distribution limits and abundance of benthic ik
species

Effects upon larval survival and the recruitment of exploited *%
species

Effects upon marine productivity *%
Changes in the composition and dynamics of communities *%
Effects upon the presence of toxic or stinging species *

*** Very high probability; ** Medium probability; *Little probability
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ABSTRACT

The direct impacts of climate change on plant biodiversity will occur through two antagonistic
effects: warming, which lengthens the period of activity and increases plant productivity, and the
reduction in water availability. The projections of the model Promes indicate the first will prevail
in the north of the Iberian Peninsula and in the mountains, while the second will affect mainly to
the southern half of Spain. Hence, the “mediterraneisation” of the North of the Peninsula and
the “aridification” in the South are the most significant tendencies for the next century. The more
severe scenario involves a climatic displacement of almost a whole bioclimatic belt, particularly
in the South, whereas in the more moderate scenario the change is equivalent to half of the
altitudinal interval of a belt. Such displacements exceed the migration thresholds of most
species.

The biggest indirect impacts are those deriving from edaphic changes, changes in the fire
regime and the rise in sea level. Interactions with other components of global change (land use
changes, modification in atmospheric composition) constitute another important potential source
of impacts for which evidence is now beginning to accumulate. The modification of the
interactions among species (competence, asynchronies, herbivory, pests, invasions) is also
being documented, although the dimensions of these kind of impacts is still uncertain. High-
mountain vegetation, forests and deciduous thickets sensitive to summer drought,
sclerophyllous and lauroid forests in the South and Southwest of the Peninsula and coastal
vegetation are among the most vulnerable types. Structural simplification of plant communities
and the predominance of local extinction over re-colonisation constitute recurring tendencies
identified for most of the expected impacts. The ecological role of plants as primary producers
determines that floristic and vegetational changes have direct or indirect influences on most
sectors commented in this Report. The loss of floristic diversity is of particular relevance in
Spain, given that our country contains a high proportion of Europe’s plant diversity.

Avoiding losses of biodiversity caused by the impacts of climate change requires global
responses. The sectorial strategies designed require a broader geographic framework than that
of regional or local administrations, upon which they currently depend. The network of protected
areas, conservation strategies, ecological restoration, forest management, the regulation of
livestock farming and hunting uses, land planning, environmental evaluation and education
constitute the policies most involved in the challenge of providing responses to the impacts of
climate change.

Future research on the impacts of climate change on vegetation can be structured in three main
and interconnected lines: monitoring of current changes, species and community responses to
change, and predictive modelling, which should be based on the information reported by the
former and on climate projections, to allow the adoption of mitigation measures for the
anticipated impacts. Concerning monitoring activities, support for the participation in
phenological networks, including aerobiology, for development of applications based on
dendrochronological databases and remote sensing approaches is advisable. It is also needed
the implementation of long-term monitoring programs aimed to the quantification of floristic and
vegetational changes. These programs could be implemented in the network of protected areas
and should be representative of the Spain’s biogeographical and habitat diversity. Threatened
species and vegetation dynamics after disturbances are issues to be integrated in these
programs. Concerning responses to climate change, the effects of the modification of species
interactions, identification of functional groups of plants with similar responses and assessment
of indicators of climate change impacts on biodiversity are the main issues for research.
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Predictive models of the dynamics of the floristic diversity under the pressures of climate
change will be the best tools for generating projections, adopt mitigation measures and evaluate
their efficiency. An effort is still needed for computerising the data available on Spain’s floristic
and vegetational diversity. Models must progressively incorporate resolution at landscape and
regional scales, fragmentation effects, dispersal and migration species thresholds, indirect
effects of climatic change and interactions with other components of global change.
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5.1. INTRODUCTION

The objective of this chapter is to evaluate the impacts of climate change upon the plant
components of biodiversity in Spain. The dimensions of these climate modifications are based
on the projections appearing in Chapter 1. The concept of biodiversity considered is the most
common one, which was proposed in 1992 in the Rio de Janeiro Convention on Biological
Diversity: “biological diversity is the variety and variability of all types of living organisms and of
the ecological complexes they form part of; it includes the diversity within each species, among
species and that of ecosystems” (CBD Secretariat 2001), and redefined by Gitay et al. (2002) in
terms of “the relative numbers and abundance of genes, species and communities or
ecosystems”. Knowledge of this variety and variability, even in territories as specific as a
country with the dimensions of Spain, is far from satisfactory, and neither is that of their different
components and levels of complexity (Noss 1990, Heywood and Baste 1995, Purvis and Hector
2000), at the different spatial scales to be analysed. For this reason, an evaluation of the
characteristics required by this Report should focus on those components and levels, the
degree of knowledge of which allow for a reasonable prediction of responses to climate change
like the ones analysed here. With regard to the plant components of biodiversity, we will
comment upon aspects related, on one hand, to vascular flora, paying particular attention to
endemic and threatened flora, and on the other, to vegetation as a more complex and
integrating level of plant diversity.

Plant diversity in Spain: vascular flora

Spanish plant heritage has a very relevant species diversity in the European and Mediterranean
context. Around 80% of the flowering plant species in the European Union are found in our
country. This richness is due not only to the geographic dimensions of the territory, but also to a
combination of factors that include an intricate orography, the variety of climates and
microclimates, the mosaicism of lithologies and soils and geographic location. The strategic
position of the Peninsula has historically favoured floristic richness therein, due to the fact that,
in the different eras in the past, it has served as a migratory junction in the northward movement
of North African flora towards Europe, as the western limit in the spread of flora from Southeast
Asia and the eastern Mediterranean, or as the southern refuge, acting as a cul-de-sac, when
climate changes associated with glaciation periods forced flora towards the warmer southern
climes. The accumulation of floristic contingents of different origin has found a suitable context
in which to subsist in the noteworthy spatial and temporal heterogeneity of Mediterranean
environments (Blondel and Aronson 1999), which, besides, are characterised by the recurrent
disturbances, both natural and anthropic, which have favoured the co-existence of species with
differentiated responses (Cowling et al. 1996, Lavorel 1999).

In spite of the relevance of Spanish flora compared with the surrounding areas, there is still a
lack of accurate figures in relation to the species it consists of. The most recent estimates
situate the vascular flora (ferns, gymnosperms and angiosperms) at around 8,000 or 9,000
species. Of these, there are around 2,200 in the Canary Isles (Santos 2001, Izquierdo et al.
2001), around 1,500 in the Balearic Isles and over 7,000 in the Spanish Peninsula (Médail and
Quézel 1997).

The map in Fig. 5.1 illustrates the patterns of floristic richness in the Iberobalearic territory. It is
based on the distributions of 1,400 taxa expressed in 10 x 10 km cells of the UTM grid,
constituting between 15-20% of the flora in the territory, estimated at between 7,500 and 8,500
taxa (Castroviejo 1995, 1997). The Iberian mountains are seen to have the greatest level of
diversity, which is not surprising if we consider the habitat diversity existing therein and the
lesser degree of anthropic transformation (Castro et al. 1996). Sierra Nevada is the most
noteworthy, with 14% of species mapped, followed by several enclaves in the Pyrenees, the
Cantabrian, Iberian and Central mountain ranges, the Catalonia-Valencia coastal mountains
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and the remaining Betic ranges. The plateaus and the large inland endorheic and river
catchments tell another story, presenting areas that have been transformed since ancient times
and which sustain a lesser variety of habitats for the flora. The analyses carried out on the
regional patterns of floristic richness (Lobo et al. 2001, Rey and Scheiner 2002, Pausas et al.
2003) show that the main determining factors are those related to environmental heterogeneity
(relief, substrates and climates). Plant species richness is also positively related to temperature
and to water availability (Lobo et al. 2001, Pausas et al. 2003).

This image of total floristic diversity becomes modified when its different components are
separately examined. Fig. 5.2 shows the richness patterns of ferns, a group of vascular plants
suffering from particular conservation problems in the l|bero-balearic territory. In this case,
added to the importance of mountain areas, among which we can highlight the Pyrenees, is the
oceanity factor, which conditions geographic richness patterns.

Plant diversity in Spain: endemic, rare and threatened vascular flora

Apart from its total floristic richness, Spain has been highlighted as the Mediterranean and
European country with the highest number of endemisms (Médail and Quézel 1997, Gémez
Campo 2002; table 5.1). There is a direct relationship between the endemicity percentage and
the degree to which a determined flora is threatened. Indeed, the levels of endemicity combined
with the sensitivity to diversity loss were the criteria used to designate biodiversity hot-spots at a
worldwide scale (Médail and Quézel 1999, Myers et al. 2000), among which the Mediterranean
basin or the Canary lIsles were included. Although there are Spanish plant endemisms that
occupy large areas and are not threatened at all, the high endemic densities present a clear
correspondence with those areas richest in threatened flora.

The figures for Iberobalearic endemic vascular plants, including species and subspecies, are at
around one thousand five hundred (Pita and Gdmez-Campo 1990; Moreno Saiz and Sainz
Ollero 1992, Sainz Ollero and Moreno Saiz 2002). Although this number will increase as the
drafting of Flora iberica progresses, the endemicity percentage of the flora could be expected to
remain at around the known value of 15-20%, one of the highest exclusivity figures in the
Mediterranean environment (Table 5.1). The Canary isles, with around 550 endemisms (20% of
total flora and almost 30% of the native flora), are in a privileged position, due to their historic
biogeographic isolation, their little involvement in the pleistocene glaciations, and to an abrupt
relief which provides varied habitats and climates.

Analysis of the areas with most stenochorous species once again highlights the grid for Veleta,
in the Sierra Nevada, as the one with the highest level of diversity, followed by other from Ibiza,
the Sierra de Algeciras mountains, the Segura-Cazorla massif and a whole series of enclaves
scattered throughout the Betic ranges (Castro et al. 1996).

A total of two thirds of the species included in the Spanish Red Book of vascular flora (Bafares
et al. 2003) are endemisms (321 over 478; Moreno Saiz et al. 2003). The distribution of these
indicates the large amount of stenochoric species existing on the islands or in the mountain
areas. The map in Fig. 5.3 shows the 10 x 10 km cells of the UTM grid in which populations of
some of the taxa included in the Red Book have been detected. Of approximately 5,600 grids of
this size covering Spain, a total of 727 contain at least one of the taxa dealt with. The
distribution of these shows clear similarities with the provincial map of the most threatened
species presented on the Red List (Aizpuru et al. 2000).
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Table 5.1. Number of species of vascular plants and endemisms in Spain and neighbouring countries
(modified from Médail and Quézel 1999)

Table 5.1. Number of species of vascular plants and endemisms in Spain and neighbouring countries
(modified from Médail and Quézel 1999)

Country Number of Number of
species endemisms

Ex—Yugoslavia 5000 320
Algeria 3150 320
Spain 8000-9000 1300-1500
France 5000-6000 900
Greece 5500 1100
British Isles 1443 17
Italy 5600 730
Morocco 4200 900
Portugal 2600 114
Tunisia 1800 40
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With regard to floristic originality, the Canary Isles have been considered as a biodiversity “mini-
hotspot” (Mittermeier et al. 1999), with endemicity percentages at around 30% if we consider
only the native flora (Santos 2001; Machado 2002) and the vast majority (58%) of endemisms
restricted to one single island (Humphries 1979, lzquierdo et al. 2001). The map of the 171
species studied on these islands shows that there is practically no grid on the Canaries without
at least one endangered plant species (Moreno Saiz et al. 2003).

The Balearic Isles also has endangered and critically endangered species on the five biggest
islands, although with a lower occupation density. The Pythiusian islands (lbiza and
Formentera) are relatively well represented, as are the Serra de Tramuntana mountains and
certain points of the coast of Majorca. This pattern coincides with those identified in recent
studies of the Iberobalearic flora threatened or protected by the Habitats Directive (Dominguez
Lozano et al. 1996, S4dez and Rosell6 2001, Banares et al. 2003). Clear evidence of the
importance of the islands in general and of the risks their flora is faced with, is what we can see
on the map 5.1.3, in spite of the small area, the Columbretes Isles, Alboran Island and the
National Park of the Atlantic Islands of Galicia, all of which contain endangered species.

With regard to the Spanish Peninsula, Fig. 5.3 highlights the importance of the Betic ranges and
the Levant for threatened flora. Not only do the Betic ranges have the highest percentage of
peninsular endemicity, but also the highest levels of stenochory, with numerous differential
species among their main massifs (Sainz Ollero and Hernandez Bermejo 1985, Castro et al.
1996, Blanca et al. 1998, 1999). There is a notable number of grids with threatened flora on the
coast and in the mountains of Galicia, the density of which had not been estimated through
previous analyses (Moreno Saiz and Sainz Ollero 1992), and which has not been proportionally
reflected in Spanish or European conservation legislation (Dominguez Lozano et al. 1996). The
other mainland Euro-Siberian territories are less clear, or are represented only by vulnerable
taxa, as occurs in some sections of the Cantabrian and Pyrenees ranges.

The central Iberian plateaus constitute the areas with the lowest number of threatened plants.
This is very much accounted for by the fact that they have been altered since ancient times, and
have therefore lost their naturality, but also partly because these are areas with low endemicity
levels. (Moreno Saiz and Saiz Ollero 1993). Together with the extraordinary accumulation in the
Canaries, the grids show a considerable and noteworthy dispersion of endangered species in
many parts of the country. Up to 80 taxa of the Red Book are present in one single 1 km? UTM
grid throughout Spain; for many of them, this constitutes their whole worldwide distribution,
given that they are endemic. Only 138 taxa have a distribution area divided among ten or more
grids of these dimensions.

Ibero-balearic endemisms as a whole are more related to intermediate successional stages, and
to the particular substrates and biotopes typical of mountain reliefs, than with late-successional
communities (Montserrat and Villar 1973, Gobmez Campo et al. 1984, 1987; Laguna 1999,
Melendo et al. 2003).

Plant diversity in Spain: vegetation types

Spain’s vegetation is also among the most varied on the European continent. Around 90% of
the vegetation classes included in European classifications currently in use are represented in
Spain (Mucina 1997, Rivas-Martinez et al. 2001, 2002). Recent compilations recognise over
2,500 plant associations on the Iberian Peninsula and its archipelagos, the diversification of
which allows for the evaluation of the internal diversity of the territories and the geographic
differentiation of the respective floristic ensembles.

186



IMPACTS OF CLIMATIC CHANGE IN SPAIN

Among the main patterns recognised in the distribution of most types of peninsular terrestrial
vegetation, in first place appears the North-South summer drought gradient, which marks the
separation between Euro-Siberian vegetation, which requires summertime water availability,
and Mediterranean vegetation. The North and Northwest of the Peninsula, including the
Pyrenees and Cantabrian ranges and Galicia, are currently dominated by the former, which
spreads, in a fragmented way, throughout the mountain ranges of the North half of the
Peninsula. Five sixths of Spain’s territory is biogeographically included in the Mediterranean
region. A second determinant factor for the vegetation is lithology, which separates the siliceous
substrates predominant in the West from the base-rich soils existing in most of the Levant and
the South of the Peninsula (Loidi 1999). The occurrence of particular, minority substrates
(gypsum, dolomites, ultrabasic rocks, etc.) is among the most important factors promoting the
endemicity of the flora (Gomez-Campo et al. 1984, Gbmez Campo 1985, Heywood 1995). The
complex relief, with the associated altitudinal climatic gradients and barrier effects, introduces
another level of biogeographic differentiation, in which the transversal orientation of the main
mountain ranges must be highlighted. Although these may have hindered meridian migration,
they have also favoured accumulation of species along ecotones and biogeographic
borderlines. Among the main effects caused by relief are the two main peninsular semi-arid
areas, the Ebro basin and the Southeast of the Peninsula; the latter contains a noteworthy plant
richness of Iberian-North African range (Alcaraz et al. 1991). Lastly, the insularity reaches its
maximum expression in the originality of the flora and vegetation on the Canary Isles; this
includes several classes of vegetation which is either endemic or is shared with the
neighbouring archipelagos (Rivas-Martinez et al. 1993). The biogeographic sector delimitation
of Spain’s territories adjusts to these factors (Rivas-Martinez and Loidi 1999a, b; Rivas-Martinez
et al. 2002).

The main structural types of vegetation on the Peninsula will be summarised in section 5.3.3,
along with an evaluation of the corresponding impacts of climate change. Riparian vegetation
and wetlands are dealt with in Chapter 4 of the Report.

Recent impacts on plant diversity

At present, Spain’s vegetation, except in a very limited number of small enclaves, is, like in most
of Europe, the result of a long history of human intervention which has been partially
superimposed over climate changes in the recent past, of which the most recent episode is the
Little lce Age (LIA). Among these interventions are extensive deforestation processes, either
mass or selective ones, which, together with the extraction of firewood or timber, reached their
height at the beginning of the last century, along with the establishment of agricultural or
livestock farming uses and the associated transformations. The composition of landscapes
shaped by these land uses, interfering with a complex vegetation which only partially adjusted
to the latest climate changes, must surely have suppressed those less tolerant components of
diversity, but must also have contributed to the joint maintenance of other components that now
characterise much of the biodiversity of European countries in general and the Mediterranean
ones in particular.

Over the last few decades, other impacts on vegetation have been recorded, which are part of
the so-called global change and which are actively contributing to the deterioration of
biodiversity. With regard to Spain, on one hand we can highlight changes in land uses, partly
caused by rural abandonment, and on the other, the intensification of farming systems. The
abandonment of the agriculturally less productive land (almost 2% in the last decade, a sixth of
which has been changed for urban construction and infrastructures), together with the reduction
or abandonment of extensive livestock farming, and firewood and charcoal extraction, have
favoured the spread of shrublands and semi-natural pastures, and the growth of forest, all of
which has also been promoted by reforestation policies (over 4 Mha in the last 40 years). The
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consequent accumulation of fuel in woodlands has led to the occurrence and spread of fires, as
is described in Chapter 12. In turn, intensified uses affect biological diversity through promoting
processes of eutrophication, pollution, erosion and desertification, the reduction and
fragmentation of certain habitats in some cases and the homogenisation of landscapes in
others, etc. Furthermore, anthropic transformation and the development of trade and transport
are believed to be favouring the introduction of exotic species, thus providing opportunities for
biological invasions. This concurrence of factors has not yet led to the extinction of vascular
flora to such a considerable extent as in other biological groups, but it does probably contribute
to increasing the proportions of flora threatened (Greuter 1991, 1994).

In a parallel fashion, in the last few decades, there has been an increase in the number of
protected natural areas, which currently represent around 6% of the national territory (Gémez-
Limdén 2000, Reyero 2002), and this area will rise to 23% with the Special Conservation Areas
established within the framework of the Habitats Directive (Orella 1999, Morillo and Gémez-
Campo 2000). The geographic distribution of this future network of protected areas (Orella
1999) is concentrated in the mountain areas, leaving big gaps on inland plains and depressions,
and in many coastal areas; the imbalances among territories are equally notorious.

The coincidence in time of the changes in land uses with the first symptoms of climate change
makes it particularly difficult to delimit the corresponding impacts. The changes in uses and
especially abandonment, favour in some cases the spread of more competitive types of
vegetation, and in others, there is evidence of adjustments by the vegetation to recent climate
change, which could not be expressed while the pressure of the respective land use was
maintained. In the case of flora and vegetation, we must also consider the superposition of
other effects deriving from changes in atmospheric composition, which have a direct influence
on plants, such as increases in CO,, tropospheric ozone, aerosols, atmospheric deposition of
nitrogen oxides, etc.

In the drafting of the Atlas and Red Book of Threatened flora (Bafares et al. 2003), an
individualised evaluation was made of the risk factors for each of the 2,223 populations studied,
which allowed for analysis of the threats recognised for the most vulnerable component of the
flora. The results obtained from the field surveyers are synthesised in Table 5.2. Although the
level of detail is now greater (populations instead of taxa), the most commonly indicated risk
factors generally coincide with the previously described ones (Gomez Campo 1996; Dominguez
Lozano et al. 1996). Whether it be a verified threat or a potential risk, overgrazing is the most
quoted factor (almost 40% of the populations), closely followed by human transformation of the
land, traditional gathering and plant collecting, or competitive displacement by other plant
species. Likewise, results indicate that the reduction, fragmentation and degradation of natural
and semi-natural habitats constitute the main risks for species persistence. What is noteworthy,
however, is that no consideration has been given to serious threats such as competition by
introduced exotic plants or climate change. The latter, however, has been identified as a threat
in Sierra Nevada (Blanca et al. 2002) and in the Canary Isles (Marrero et al. 2003).

With regard to the potential risks dealt with in the Red Book, the table shows a high level of
coincidence on indicating many of the disturbances associated with climate change or
susceptible to being exacerbated by it (Houghton et al. 2001): droughts, fires, storms, floods
and other geological risks. Although these disturbances are inherent to most of the ecosystems
comprising the endemisms and threatened flora, their presumable greater incidence in the
future under the available scenarios of climate change constitutes a certain risk factor for
floristic diversity.
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Fig. 5.2. Patterns of floristic richness of ferns in 10 x 10 km grids for the Iberian Peninsula (Moreno Saiz
and Lobo in prep.).
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Fig. 5.3. UTM 10x10 km grids in which populations of threatened species have been detected.
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Table 5.2. Most mentioned potential threats and risks for the threatened vascular flora included in the
Spanish Red Book, expressed as the proportion of the total number of populations sampled (2223) of the
478 species considered (Moreno Saiz et al. 2003).

Threats Number of % of the total of
populations populations studied (2223)
affected
Threats resulting from human action
Shepherding 851 38
Trampling and artificialisation 656 30
Traditional collecting or gathering 426 19
Threats of biotic origin
Natural plant competition 493 22
Depredation 475 21
Little ecological plasticity 441 20
Poor reproductive strategy 224 10
Threats resulting from the type of development
Improvement of roads network 527 24
Construction of new roads 324 15
Housing development 210 9
Indirect threats
Improvement of access by vehicles 398 18
Improvement of access by the 328 15
population on foot
Improvement of access to 239 11

neighbouring lands
Potential accidents due to:

Droughts 1192 54
Rockfalls 995 45
Fires 806 36
Storms 696 31
Floods 499 22
Landslides 475 21
Volcanic activity 448 20
Avalanches 426 19

5.2. SENSITIVITY TO THE PRESENT CLIMATE
5.2.1. Current relationships between climate and vegetation

The relationships between vegetation structure, primary productivity and plant distribution, and
climatic elements have constituted one of the classical themes of geobotanical literature
(Woodward 1987, Blasi 1996, Fernandez-Gonzalez 1997). Numerous authors have proposed
climate classifications that attempt to fit the former to values of the latter, which have generally
been derived from standardised weather records. Almost all these classifications coincide in the
importance of temperature variables (mean or minimum temperatures, positive temperature or
temperature sums, duration of the period of vegetative activity, etc.) on one hand, and variables
related to annual or seasonal water availability (precipitation, water balance, ombrothermal
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indices) on the other, on climatically fitting the distribution of plants or vegetation types.
Multivariate analyses of these relationships reflect similar results (Moreno et al. 1990, Gavilan
and Fernandez-Gonzalez 1997, Gavilan et al. 1998). Although the fits obtained are mainly
correlational, general models have been designed which are capable of predicting at a global
level the distribution of the main physiognomic vegetation types (Box 1981, 1996; Woodward
1987, 1992; Prentice et al. 1992, Haxeltine et al. 1996), which prove the existence of causal
relationships, among which the most obvious ones derive from the tolerance of plants to
extreme temperatures, minimum duration of the vegetative period, or the fit of the life cycle and
dependence on productivity in relation to water and energy availability.

In Spain, one of the most detailed climatic classifications available, especially with regard to its
relationship with vegetation types, is the one developed by Rivas-Martinez and collaborators
(1997, 1999, 2002, www.globalbioclimatics.org). This classification makes use of different
summertime ombrothermal indices to separate Mediterranean climates from the temperate ones
(without summertime water deficit). The bioclimatic belts corresponding to each type of
macroclimate are defined with the use of positive temperature summations (thermotypes) and
annual ombrothermal ratios (ombric types). The units of this classification will be applied in the
following section (5.3.2 and 5.3.3) to the evaluation of the projections of climate change.

Whereas the classifications mentioned are based on climatic regularities, irregularities or
interannual climatic fluctuations (Rod6 and Comin 2001), merit special attention because of
their effects upon reproduction (Herrera 1998), recruitment rates and plant mortality (Moreno et
al. 1999, Quintana et al. 2004), in the disturbance regimes (Chapter 12) and in the dynamics of
community diversity (Figueroa and Davy 1991, Peco et al. 1998). This type of effects,
documented in different types of habitats and species, although with much less detail, are
superimposed over average climate tendencies, and could interfere with these or even
camouflage them (Hulme et al. 1999).

5.2.2. Past climate changes and changes in vegetation

Since the appearance of Mediterranean type climates, between 3,2 and 2,3 MaBP ago (Suc
1984), climate change have become the norm during the Pleistocene, which, during the two
million years it lasted registered between four and six main glaciation cycles, interrupted by
several other interglacial periods, which were warmer, generally more humid, and, as a whole,
over ten times shorter than the former. It has been estimated that, during the glacial periods,
global temperature fell by between 6 and 8 °C, more sharply in the boreal and polar latitudes
than in the tropical ones. These periods, however, appear to have been characterised by great
climatic irregularity. Apart from the development of big icecaps at high and medium latitudes,
the sea level fell (180 m in the Mediterranean at the height of the last glaciation, around 18,000
years ago), as did global precipitation, due to the decrease in air humidity, although the
evidence in this respect is less clear, and there may have been considerable regional variation.

The effects of glaciation periods on the flora and vegetation were seen in migration towards
lower latitudes and local or regional extinctions. During the interglacial periods, the flora,
quartered in southern refuges, advanced latitudinally, at different speeds according to species
and periods, of between, for holarctic trees, 5-50 km/century for most zoochorous species and
up to (10)50-200 km/century for the anemochorous ones (Huntley and Birks 1983, Huntley
1991). Pinus, Corylus (150 km/century) and Alnus (up to 200 km/century) are among the most
rapid genera. Vegetation re-composition had different dimensions according to latitude, as in
the boreal and temperate northern territories, re-colonisation occurred following the withdrawal
of the ice, whereas in medium temperate latitudes, there was a predominance of displacements
(latitudinal and in many cases also longitudinal), and in the southern temperate latitudes there
were processes of accumulation and species packing, as well as altitudinal movements of the
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flora, favoured by the rejuvenation of the relief of these territories during the alpine orogeny. The
extinction mainly affected the flora of tropical affinities that had predominated in medium
latitudes until the end of the Tertiary. Following the first two glaciations, practically all this
contingent had become extinct in Europe, where the transversal orientation of the main
mountain ranges had hindered meridian migration more than on other continents. Little is known
of the changes that took place in the previous interglacial periods, but in some of these, the
Mediterranean pulses appeared to have had a great influence (Pons and Quézel 1985). There
is evidence that during the previous interglacial period, temperatures were reached of up to 4 °C
higher than at present.Although the Quaternary did not last long in evolutionary terms,
speciation processes must have played an important role, and were promoted, apart from
climate variations, by the fragmentation of the species’ refuge areas, the orographic diversity
and lithology of these, and processes of poliploidy, which operated effectively in different groups
of angiosperms during interglacial re-colonisation. With regard to the Mediterranean basin,
speciation was much more active among the “modern” Mediterranean element than among the
“pre-Mediterranean” one (see 5.3.3.3). Thus, the glacial periods were more effective with regard
to determining extinction, and those that provided the necessary evolutionary time. During the
interglacial periods, there were mainly processes of floristic redistribution, in which coasts,
valleys and mountains played an important role as refuges and migration routes.

Since the height of the last glaciation, around 18,000 years ago, the climate has become
progressively more temperate, but in a non-uniform fashion both in the temporal and spatial
sense. In the initial phases (14,000-10,000 years BP) acute warming episodes took place,
during some of which the big spread of sclerophyllous vegetation can be appreciated (Pons and
Reille 1988, Burjachs and Julia 1994), which was interrupted by sudden cooling periods such as
the old and recent Dryas. The final deglaciation began immediately afterwards, through the
Holocene, with moderate temperature changes, but big changes in rainfall (Pérez-Obiol and
Julia 1994, Burjachs et al. 1997, Jalut et al. 1997, Jalut et al. 2000, Davis et al. 2003). During
the first quarter of the Holocene, there was progressive warming, but within a framework of
moderate rainfall, at least in the western Mediterranean. In the second quarter (approx. 7,500-
5,000 years BP) there was a considerable increase in rainfall, while temperatures could have
been up to 2°C higher than at present during the warmer phases. In the third quarter, up to
2,500-2,000 years BP, rainfall decreased, especially in the southern and eastern half of the
Peninsula, and in North Africa (Cheddadi et al. 1998); to the contrary, in Europe and the North
of the Peninsula, a moderate cooling period was only detected. From half way through the
Holocene, in particular in the coastal regions, the first impacts upon vegetation by Neolithic
humans can be noted, which will also become generalised inland during the last two thousand
years, while the aforementioned tendencies continue with lesser oscillations, such as the
medieval cold and warm episodes or the Little Ice Age.

The changes in vegetation, documented mainly with the use of paleopalynological records,
have responded with diverse phase differences among territories to these climatic changes,
which were probably not uniform. In Europe, the first post-glacial warming periods caused the
displacement of the tundra regions, theretofore dominant, northwards and towards the high
mountain, and the spread, first of pines and birches, and then of hazel and other deciduous
fagaceae. Similar tendencies have been recorded in the North of the Peninsula (Penalba 1994,
Allen et al. 1996); to the contrary, in the western Mediterranean, the steppes and open conifer
forests (Pinus and Juniperus) that dominated the lateglacial landscapes (Pons and Reille 1988,
Pérez-Obiol and Julia 1994) remained relatively unaffected during the first quarter of the
Holocene. Only then did progressive migrations begin, of both deciduous and sclerophyllous
elements, slower and later in the South, until, with increased rainfall, there was a big spread of
the different deciduous forest formations. Mesophytic forests began to withdraw in favour of
sclerophyllous, and in general xerophytic, vegetation half way through the Holocene, when,
especially in the South, aridification was accentuated and the present Mediterranean climate
became established in the basin. In the North of the Peninsula, however, there was little or no
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Mediterraneisation, given that the spread of the beech was prolonged up to the last quarter of
the Holocene (Pefialba 1994).

Paleopalynological analyses only reveal a small fraction of the species involved in the changes,
but they show that the responses by the vegetation to climate change have relatively slow
phases, which can be prolonged for several centuries, and in which the migrations take place
and mechanisms for resisting the change are activated by the pre-existing vegetation. But there
are also alternating phases of changes in dominance that can be very rapid, especially when
synergies occur with certain disturbances or other causes that can break the resistance of the
theretofore dominant species. For example, changes in the fire regime associated with
intensified aridity and with anthropic intervention in some cases, have accelerated the
substitution of deciduous forests by sclerophyllous vegetation or conifer forests, or the
alternation among the latter two in different parts of the South and East of the Peninsula (Riera
and Esteban 1997, Carridn et al. 2001, 2003). These rapid changes in dominance can take
place in less than one century, once the immigration has occurred. Equally rapid is the spread
of the herbaceous and woody vegetation associated with anthropic changes in the territory as a
result of livestock farming or agricultural uses, which have been superimposed over the
environmental changes of the last few millennia, thus complicating the interpretation thereof
(Pons and Quézel 1985, Reille and Pons 1992, Carridén et al. 2001). The migration processes
probably were more limited in the Mediterranean territories than in more northern latitudes
(Huntley 1991), due to the abundance of refuges and to physiographic obstacles. For these
reasons, and within the framework of the individualistic responses by the species to climate
changes (Moore 1990, Graham and Grimm 1990, Huntley 1991), there has been a redistribution
of the flora that has determined the current rigid geographic compartmentation observable in
many types of plant communities.

5.3. FORESEEABLE IMPACT OF CLIMATE CHANGE
5.3.1. Types of foreseeable impacts upon flora and vegetation

As was documented in Chapter 1, meteorological records from the last few decades are
beginning to show clear signs of climate change in Spain, although these are still difficult to
resolve with the necessary spatial and temporal clarity. The thermic signal is clearer, with an
estimated increase for the last third of the century of between 0.3 and 0.6°C per decade, with
notable differences between territories, seasons of the year and maximum and minimum
temperatures. The signs of pluviometric changes are less evident due to their complex patterns
of spatial and temporal variability (inter and intra-annual). There appears to be evidence of
reduced rainfall throughout most of the Peninsula, except in the North and Northwest, where
winter rainfall might also have decreased. It cannot be said, however, that interannual variability
is globally increasing, although symptoms have been detected both of greater pluviometric
variability in the South and Southeast and a higher seasonal concentration of rainfall. The
analysis of dendrochronological series suggests an increase of thermal and pluviometric
variability during the last century (Manrique and Cancio 2000). Local reductions of snowfall and
of snow cover have also been indicated. As a whole, this weather signal can be seen in an
average warming rate of between 1-1.5°C, equivalent to an altitudinal displacement of around
200 m in the limits of many species.

5.3.1.1. Direct impacts

Projections of climate change for the end of the century in south-western Europe, documented
in Chapter 1, indicate a generalised temperature increase, with certain significant seasonal
differences; reduced water availability, caused by warming and by the reduction and seasonal
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redistribution of rainfall; and increased climatic variability, above all in relation to temperature
regime and to extreme heat events, although this is not so evident in the rainfall regime.

The direct consequences of temperature increase for plants will initially involve an extension of
the vegetative activity period, on reducing the restrictions caused by low temperatures. In the
absence of hydric limitations, biological activity will increase, which will lead to increased
potential productivity. The adjustment of the phases of the plants’ development cycle to the new
temperature regime will bring about phenological changes, both in wild and agricultural species,
and those that are to be most expected hereinafter will refer to foliation, flowering and fruiting
dates, or delays in leaf abscission in deciduous species in winter. We could, however, expect
different responses according to species and processes, given that the degree of
thermoperiodic control compared with other types of control (photoperiod, hydroperiod) is
variable, as well as the phenotypic plasticity (Kramer 1995). Thus, not all species will be able to
make use of the extension of the vegetative period in the same way (Kérner 1994, 1995), which
would involve modifications in competitive relations. To the contrary, this phenological advance
could give rise to a greater risk of exposure to possible late frosts, which would only have an
impact in mountain areas, given that the general occurrence of this phenomenon would be
reduced. Furthermore, warming provides the possibility, for the species that are capable of
capitalising it, of entering territories from which they had previously been excluded because of
temperature conditions. This latitudinal or altitudinal spread will become more effective if the
new habitats are not already occupied by other species, or if they are occupied by competitively
inferior species. For certain plants, however, especially cold climate ones (high latitudes or
altitudes), warming could cause the inhibition of the life cycle phases induced by low
temperatures (Kérner 1995, Larcher 1995), thus affecting the viability of the populations
involved, which might be subjected to serious retreat. Evidence of phenological changes caused
by climate change will be commented upon in section 5.8.

The direct consequences of a reduction of water availability are partially opposed to the
previous ones, given that they involve reduced potential productivity, which corroborates climate
change in the same projections (Chapter 1). The parallel temperature increase will increase net
primary productivity even more, on increasing respiration rates. This tendency will favour
drought-tolerant plants or those that avoid it, compared with other, potentially more productive
ones, and, in extreme cases, it will also favour the structural simplification of the vegetation
through reduced height of plant cover. Unlike warming, reduced hydric availability is much more
effective with regard to excluding less tolerant species, through impacts on reproduction and
recruitment rates, lesions in adult specimens or debilitation and susceptibility to predators and
pests. Indeed, in the distribution of Mediterranean flora and vegetation, hydric relations often
show greater discriminant power than the purely thermic ones (Gavilan 1994, Gavilan et al.
1998).

An increase in climatic variability and in the incidence of extreme events is one of the aspects of
climate change that involves the highest degree of uncertainty. If, as the projections appear to
indicate, the main tendency involves more frequent late spring heat waves, then the effects of
these could exclude the less drought-tolerant species.

In relation to preceding and documented climate changes, including the sharp oscillations of the
Alleréd and the last Dryas, the one that is currently occurring is of an extraordinarily abrupt
nature. The response capacity of species through micro-evolutive processes will be very limited
(Bradshaw and McNeilly 1991), although in certain relatively short-lived genera of plants which
have shown great capacity for recent evolutive radiation, responses of this type could be
detected. The magnitude of the changes projected indicates that the limits of phenological
plasticity of much of the flora will be surpassed in many territories (Holt 1990); furthermore, this
plasticity could be restricted in unfavourable environments, such as the Mediterranean and
high-mountain ones (Valladares 2001). For the more long-lived plants, apart from the
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impossibility of producing any micro-evolutive response, we must also consider the difficulty
involved in producing acclimatisation responses, at least in adult specimens. Thus, latitudinal
and altitudinal displacements will constitute a fundamental response in the readjustment of flora
to new climatic conditions, and could attenuate the proportions of foreseeable extinction
(Bakennes et al. 2002, Thomas et al. 2004).

The capacity to migrate under the pressure of a climate change is documented in the
Pleistocene for many species (see 5.2.2), but only the fastest ones will be able to deal with the
scope of future changes in this way, and only after a variable delay period. Latitudinal
displacements will be easier for short-lived species, with good dispersal skills and few demands
in relation to appropriate habitat. The latter condition will be a serious limiting factor for many
species in current, profoundly transformed and fragmented landscapes (Pitelka et al. 1997).
Altitudinal migration requires movement of less range, but involves reductions of the area
available for those species whose climatic space rises in altitude. There is much evidence of
altitudinal and latitudinal movement of flora attributable to climate change (Hughes 2000,
McCarthy 2001, Walther et al. 2002, Parmesan and Yohe 2003), including lichens (van Hark et
al. 2002). Whatever the case may be, these movements will involve a radical re-composition of
communities. Apart from their capacity for dispersal and their plasticity, other factors that will
favour the survival of species in relation to climate change are related to their altitudinal,
geographic and habitat amplitude and to the genetic diversity of their populations. Prolonged in
situ persistence could be viable in certain long-lived species able to take advantage of the
temporal windows of opportunity favourable for reproduction and recruitment, or characterised
by metapopulation or source-sink dynamics allowing the periodic recolonisation of available
habitats (Eriksson 1996).

5.3.1.2. Indirect impacts

Apart from these direct effects, climate change will also have an influence on other factors
which in turn will affect vegetation. Among these indirect effects are those involving soil as a
physical and nutritional support for plants, those related to the disturbance regime (Pickett and
White 1985) and the ones associated with a rise in sea level.

Soil organic matter content is a key factor with regard to the edaphic availability of water and
nutrients. The available projections of climate change indicate a generalised reduction of the
organic carbon content in soils, as a consequence of reduced rainfall combined with warming.
This tendency could become synergically accelerated through interaction with the accentuation
of the fire regime, caused by the new climatic conditions, and through erosion, caused both by
disturbances and by the reduction of soil organic matter. In the short term, mineralisation of
organic matter could rapidly affect certain dependent systems, such as bogs, which would be
easily displaced by other types of more productive vegetation. Increasing aridity of the climate
and loss of edaphic organic matter would also promote desertification processes, which at
present seriously affect one third of Spain’s territory, especially in the South and the East.
Lastly, soil salinisation can also occur rapidly, especially on irrigated agricultural land. Increased
salt content in surface horizons constitutes a very selective factor for the flora, which responds
rapidly in terms of impoverishment because of the low number of species capable of tolerating
these conditions. In the areas affected by aridification, the reduction or even the inversion of
leaching and the consequent pH elevation could favour the expansion of basophile or indifferent
plants, to the detriment of the acidophile flora.

With regard to the disturbance regime, the possibility of a greater frequency of heat waves has
already been mentioned. In relation to our latitudes, one of the consequences will be the
changes in the fire regime commented upon in Chapter 12. Greater incidence of fires could
accelerate replacements among species or vegetation types with different degrees of
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adaptation to the new climatic conditions, as these will govern the dynamics of post-fire
regeneration (Quintana et al. 2004, Rodrigo et al. 2004). Big or recurring fires could contribute
to making the resulting landscapes more homogeneous (Pérez et al. 2003), and to initiating
degradative dynamics that accelerate the structural simplification of the vegetation, or
increasing erosion, which in turn impoverishes seed banks (Garcia-Fayos et al. 1995) and soil
nutrient availability.

Another consequence of warming will be a rise in sea level, caused by the thermal expansion of
the ocean and by the fusion of icecaps and glaciers. Changes in the coastline, in the
geomorphological processes of this, in the water table and the associated coastal systems
(coastal pools, dunes) will affect the flora and the plant communities depending on them.

5.3.1.3. Interactions with other components of global change

One of the greatest sources of uncertainty in relation to the effects of climate change involves
possible synergies and antagonisms with other components of global change, and in particular,
with regard to plants, with changes in atmospheric composition and with changes in land use
(Moreno and Oechel 1992, Moreno 1994, Moreno and Fellous 1997, Lavorel et al. 1998), which
should play a modulating role with regard to the direct and indirect effects of strictly climatic
changes (Pefuelas 1996, 2001).

Changes in the atmosphere are the main cause of climate change, but these also have
independent effects on the functioning of plants. Atmospheric enrichment in CO, and the
deposition of nitrogenated compounds have a fertilising effect that increases photosynthesis
and biological activity in general (Woodward et al. 1991, Ceulemans and Mousseau 1994,
Strain and Thomas 1995, Kérner 2000). The former also improves the efficiency of the plants
with regard to water and nitrogen consumption (Pefiuelas and Matamala 1990, Pefiuelas and
Azcon-Bieto 1992), which could attenuate the impacts of aridification, especially from the
agricultural perspective (Hulme et al. 1999). It has also been shown that it favours advances in
flowering and increases flower and fruit production (Pefiuelas 2001). Although they were tested
in experimental chambers, these effects appear to have limited temporal efficiency due to
acclimatisation, to the attenuated responses by adult plants and to the limiting role of other
factors, such as water availability (Reichstein et al. 2002); their magnitude is diluted on
magnifying the temporal and spatial measurement scales, and it is possible that they may have
started to enter a stabilisation phase (Pefiuelas 2001). Nitrogen deposition is lower in the
Mediterranean than in other temperate latitudes, but it could hare a more important effect on
plant growth than CO,. As with the previous case, effects differ depending on species. An
example of the antagonisms involved in global change is that whereas CO, enriched
atmosphere will favour C; plants, warming or aridity will favour the C4 ones, which function
better in conditions of high irradiation, high temperatures and low hydric availability (including
saline soils).

Warming and increasing concentrations of CO, are also known to favour emissions of volatile
organic compounds (VOCs) by the vegetation. VOCs have different functions in plants: defence
against predators and against certain effects of climate change, interactions with other plants,
etc. (Pefiuelas et al. 1995). They have an important influence in atmospheric balances of C
(Pefiuelas 2001), especially in areas with Mediterranean-type vegetation. They also show
several types of interaction with greenhouse gasses and are, together with N oxides and
hydrocarbons of anthropic emission, among the precursors of formation of tropospheric ozone,
which is favoured by the high temperatures and irradiation typical of the Mediterranean climate.
Ozone has negative oxidising effects for organisms, which are accentuated in environments
with high levels of atmospheric humidity, such as coastal ones, and in turn, it stimulates the
defensive emission of VOCs by the plants. The final balance of this synergy is unclear, because
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the emission of VOCs could be limited in conditions of water stress, and its effects would at
least amplify some of the aforementioned direct impacts, and would also influence the balance
of interactions among species.

The increased UV radiation associated with atmospheric changes is considered to be a less
important factor in Mediterranean areas, because the flora therein is endowed with great
physiological protection against over-radiation. Possible effects, however, have been indicated
in relation to the chemical composition of the phytomass (Gehrke et al. 1995) and to edaphic
micro-organisms (Caldwell et al. 1999).

Changes in land use, with regard both to type and intensity, are considered to be the factor with
the greatest current impact upon biodiversity in general and that of Mediterranean ecosystems
in particular (Sala et al. 2000). This circumstance, which greatly hinders the detection and
interpretation of effects strictly attributable to climate change, will bring about new modifications
in distributions and types of uses (Parry 1992), with tendencies towards the abandonment of
agriculture and livestock farming in the territories in which climatic conditions become adverse,
the displacement of these uses to new territories with more favourable climatic conditions, an
increase in intensive use modalities as a way of attenuating climate changes, changes in
forestry uses, crises in certain traditional land use systems, new locations of urban housing and
infrastructures, etc. The distribution of uses determines other factors, such as the fragmentation
of landscapes, which will condition and limit the migration possibilities of species. Furthermore,
the characteristics of the fire regime are closely related to the composition of the landscape and
of fuels, and therefore to land uses. The synergic effects of climate change and of changes in
uses will constitute one of the main threats for biodiversity in the coming decades.

5.3.1.4. Impacts upon inter-species interactions

Apart from the aforementioned direct and indirect effects, the behaviour of species in relation to
climate change will be governed by the resulting modifications in the interactions among
species. Climate change will locally modify the competitive relationships among plant species.
Wherever the reduction of hydric availability is moderate, warming will intensify the aerial
competition among plants, which is mainly asymmetrical. Species displacement and local
extinction will also modify the role of competitive relationships. In places with a predominance of
aridification and other processes reducing productivity, aerial competition will become less
important, giving way to subterranean competition (Tilman 1988). Species with greater tolerance
or avoiding ability to stress will be favoured.

Both intensified competition and increased stress usually lead to a decrease in floristic diversity
(Grime 2001). Processes favouring the co-existence of species, and therefore floristic richness,
will also be subjected to changes, which are difficult to evaluate. In general terms, the
disturbance regime (fires, droughts, etc.) will probably be intensified, although varying from one
territory to another, so that it will foreseeable have a greater influence in some and a lesser one
in others. These changes in the disturbance regime could favour the exclusion of species less
tolerant to the new conditions and the subsequent spread of other better adapted ones. Species
displacement will alter the separations between established niches, and there will be periods of
instability while the new interactions become established. The new climatic conditions will also
affect, among others, facilitation processes, although the direction of the changes appears to
depend on the different situations (Pugnaire et al. 2001, Callaway et al. 2002). Goldberg et al.
(1999) found no consistent intensification patterns of these interactions along productivity
gradients.

In spite of their apparent self-sufficiency as primary producers, plants depend on many other
organisms for nutrition (fungi and symbiotic bacteria), reproduction and dispersal (pollinating
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and dispersing animals). Furthermore, they serve as food (Harrington et al. 1999) and house
and protect a multitude of dependent organisms. Local displacements and extinction will affect
the species involved in these interactions. Of particular relevance will be the impacts upon those
species that play important roles in ecosystems (keystone and engineer species), due to
cascade effects upon other species.

The occurrence of different phenological responses among species with relationships of a
mutualist, parasitic or competitive nature (for example, plants and pollinating insects, dispersing
animals, phytofagous) could cause maladjustment in the relationships, thus altering the
dynamics of the corresponding populations. Trophic asynchronies among birds, insects and
plants have been detected in Europe (Visser et al. 1998, 2001; Chapter 6). Maladjustment in
mutualist relationships will have negative effects on the species involved; these might be
partially attenuated by the functional redundancy among species, which appears to be frequent
in Mediterranean communities. Zoophilous and zoochorous plants will be more sensitive to this
asynchronies, this sensitivity increasing with dependence on pollinators or dispersers. Available
studies of Mediterranean vegetation indicate that these relationships often involve sets of
species, both of plants and animals (Herrera 1995, 2001; Zamora 2000; Zamora et al. 2001), so
that the mutual dependence is quite lax, which tallies with an environment characterised by
fluctuations. Phenological maladjustment could constitute an added disadvantage for the
species less tolerant to climate change, but it could also interfere with the possibilities of the
species more favoured by climate to spread. We can therefore expect ecologically less complex
structures, that is to say, with less interactions among species, in the new plant communities
that will become established as climate change progresses.

Herbivory has both positive and negative effects on floristic diversity (Zamora et al. 2001). The
negative ones will generally be accentuated with increasing aridity, especially for species
sensitive to browsing or seedling depredation, which is the case of many woody species of the
Mediterranean woodlands. In a reciprocal manner, the palatability of many species has
worsened due to atmospheric CO, enrichment (Pefiuelas and Matamala 1990, Pefiuelas 2001).

Climate change will also favour the spread of parasite species to new territories, as well as the
severity of the parasitism process upon individuals weakened by accentuated stress or even
competition. This seems to be the role of certain parasite fungi in the oak decline (Brasier 1992,
1996; Brasier et al. 1993, Montoya and Meson 1994). Hodar et al. (2003) documented a greater
incidence of pine caterpillars in relict forests of Scots pine in Andalucia; the sensitivity of this
type of pine forest to drought had been demonstrated in the Northeast of the Peninsula
(Martinez-Vilalta and Pifiol 2002). Increased mortality, especially among adults, could favour the
creation of niches that could be occupied by other species, either local or immigrated ones,
which are better adapted to the new climatic conditions.

A relevant role will be played in these interactions by the numerous plant and animal species
that humans have introduced, accidentally or deliberately, away from their native habitats. The
invasion processes by these exotic organisms are considered to be a component of global
change as important as habitat destruction or fragmentation (Vitousek 1994, Vitousek et al.
1997). Exotic species modify the ecological conditions and processes (nutrient recycling, soil
structure and properties, disturbance regime) of the communities into which they are introduced,
and it has been shown that they can affect the genetic diversity of related native species,
influence interactions among native species, cause extinction (Vitousek 1990, D’Antonio and
Vitousek 1992, McNeely et al. 1995, Mack and D’Antonio 1999, Parker et al. 1999) or contribute
to the homogenisation of the landscapes invaded (Dukes and Mooney 1999). Although invasion
processes in Europe are severe, plants are not yet among the worst invasive organisms. It has
been estimated that European flora contains around 5% of introduced species, mostly from the
Eurasian continent (Lévei 1997, Stanners and Bourdeau 1998). On the Spanish Peninsula, the
figures rise to almost 10% (Vila et al. 2002). Excluding the exotic plants restricted to artificialized
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environments, 75 invasive species have been identified affecting to natural or seminatural
habitats, and 45 of them show recent expansive tendencies (Dana et al. 2003).

Invasibility, the susceptibility of a community to invasion is a controversial theme, in which a key
factor appears to lie in the existence of fluctuations in the availability of resources (Davis et al.
2000, Grime 2001). Disturbances, natural or artificial, but also other events that temporally
increase the availability of resources, such as irrigation, fertilisation or eutrophication, initiate
periods with a propensity for entry of invasive species, until the subsequent recovery of the
community reduces the excess of resources. Invasive events are therefore of a clearly
intermittent nature. As climate change causes population decline and local extinction, or
accentuates the regime of certain disturbances, there will be periods characterised by
environmental fluctuations in which the exotic species will find opportunities to spread. Sobrino
et al. (2001) described signs of this type of spread, although it is still difficult to delimit the
influence of other components of global change. Insularity is considered as an added risk
related to invasive plants. This threat is particularly severe in the case of Canary Isles, with 45
species endangered or critically endangered for which competence with exotic species has
been indicated as a risk for survival of some or even all of their populations (Dana et al. 2003).

5.3.1.5. Changes in vegetation and climate change: feedbacks

Although vegetation may appear to be a passive witness to climate changes, changes in the
structure and composition of plant cover have an influence on climate, through the role they
play in the radiative balances derived from the albedo, in evapotranspiration and water
balances, in the production of organic matter and the composition of soil properties and in the
spatial configuration and characteristics of fuels, which determine important properties of fire
regimes, in emissions of VOCs, etc. Phenological changes and in particular the associated
lengthening of the period of vegetative activity, will also affect determinant factors of climate
change, such as carbon cycle and balances, and will also modify the water and nutrient flows of
ecosystems (White et al. 1999), interfering, in turn, with some of the indirect effects of climate
change.

We can conclude from this section that the predictable effects of climate change on plants will
affect, directly or indirectly, practically all of their demographic and ecological processes:
productivity, growth, chemical and genetic composition, nutrition, phenology, pollination and
reproduction, dispersal, germination and recruitment, mortality and interactions with other
species. These impacts will be dealt with through changes in the dynamics of the populations
affected, including local migrations and extinction, which will generate changes in the
composition, structure, distribution and functioning of the resulting communities. Most of the
impacts indicate the structural simplification and reduced cover of the new communities, which
will contain less interrelated species, with an abundance of those of great ecological amplitude,
wide geographic and altitudinal distribution, tolerance to water stress, good dispersal ability,
great phenotypical plasticity and genetic variability, etc. As current vegetation distribution follows
biogeographic patterns associated with climatic ones, and as the projected climate change is
not spatially uniform, the foreseeable impacts will be dealt with in different ways, depending on
territories and vegetation types. Although the possible floristic changes will be governed by the
individual responses of species, individualised predictions for the flora as a whole are beyond
the reach of current scientific knowledge. An analysis is therefore provided of the projections by
the Promes model, along with the consequences derived from this for each one of the main
types of vegetation represented in Spain. This type of approach, although imperfect, is useful
for identifying potentially significant effects in the different territories and habitats, insofar the
reduction of the areas climatically appropriate for a determined type of habitat determines the
magnitude of the risk of extinction of the typical species therein (Thomas et al. 2004).
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5.3.2. Analysis of the projections by the PROMES model

In order to develop the assessment of the climate changes most significant for different types of
vegetation, the projections by Promes (see Chapter 1) have been transformed to the units of the
bioclimatic classification most commonly used in Spanish studies of vegetation (see 5.2.1). This
classification (Rivas-Martinez 1997, Rivas-Martinez et al. 1999, 2002) makes use of
summertime ombrothermal quotients in order to separate Mediterranean climates from
Temperate ones (Fig. 5.4), an annual temperature sum (positive temperature) as a delimiting
variable of the thermic belts or thermal types (Fig. 5.5), and an annual ombrothermal quotient
(ombrothermal ratio) as a delimiter of the ombric belts or ombrotypes (Fig. 5.6). The results are
mapped in figures 5.4-5.6 with the resolution of the 50 x 50 km cells generated by the model.
The transition matrices are also shown between the units of climatic classification used in the
1961-1990 period, and the two SRES scenarios (B2 and A2) projected for the 2070-2100
period, based on demographic, socioeconomic, and technological tendencies similar to the
currently predominant ones. In these matrices (Tables 5.3-5.5), each bioclimatic classification
unit has been subdivided into two sub-units (upper and lower) in order to improve the resolution
of the transitions.

The projection of the same model for the 1961-1990 period was taken as a reference framework
for the present climate, as no other one with the same scale of geographic resolution was
available. This projection, transferred to the units of the climatic classification used, reflects
quite appropriately the relationships established between the vegetation and the present
climate, although it exaggerates certain contrasts which ought to be taken into account in the
comparisons. For example, the temperate climates are superimposed throughout the Iberian
Range, as are the semiarid ombrotypes in the South. With regard to the latter, it seems that part
of the lower dry ombrotype is reflected as upper semiarid by the model. To the contrary, the
present area of the thermomediterranean belt is underrepresented, and perhaps also that of the
thermotemperate one on the Northwestern coast.

Fig. 5.4 shows the change in the Mediterranean-Eurosiberian climatic boundary in the two
scenarios. The “mediterraneisation” of the Peninsula, which is the most notable tendency, is
more evident in the Northwest than in the Northeast, and it advances along three wedges: the
Cantabrian coast, the Ebro valley and perhaps the northern slopes of the Pyrenees. The
temperate climates are confined in the Cantabrian Range and the Pyrenees, and, although they
still maintain certain continuity in scenario B2, they show clear evidence of fragmentation in A2.

The modifications in the distribution of the bioclimatic belts (Fig. 5.5) highlight the big spread of
the thermomediterranean belt in the Southwest of the Peninsula and even the appearance of
the inframediterranean belt, the closest current representation of which is at relatively distant
latitudes in North Africa and in the Canary Isles. As a whole, the area of these warm
Mediterranean climates is multiplied by six in scenario B2 and by eight in scenario AZ2.
Furthermore, this spread over one century surpasses the maximum migration distances
documented, and warm Mediterranean flora could therefore be expected not to reach the new
northern distribution limits in this space of time. The spread of the thermomediterranean along
the eastern coast is more moderate and restricted to the coastal area, so that, in scenario B2, it
only slightly surpasses its real present limits towards the North and in the Ebro Valley. The
distribution of the mesomediterranean belt, currently the most widespread, suffers a big
displacement towards the North and the West of the Peninsula, but maintains a similar total
area.
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Fig. 5.4. Changes in the distribution of Mediterranean and Temperate climates according to the
projections by Promes (scenarios B2 and A2; A: present climate).

Table 5.3. Transition matrices (number of 50 x50 km grid cells) between Mediterranean and Temperate

climates in the two scenarios.

Scenario B2 Med. Temp.
Mediterranean 175

Temperate 45 41
Scenario A2 Med. Temp.
Mediterranean 175

Temperate 63 23
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Table 5.4. Transition matrices between bioclimatic belts (thermotypes) in the two Promes projections (B2
and A2). The rows indicate the number of grid cells corresponding to the current thermotypes and the
columns, the number corresponding to each of the projections. Two subdivisions have been considered
for the main thermotypes: lower or inferior (inf.) and upper or superior (sup.).

SCENARIO B2 IM TMi TMs MMiMMs SMi SMs TT MTi MTs STi STs OT Total
Inframediterranean 0
Thermomediterranean inf. 3 3
Thermomediterranean sup. 7 4 11
Mesomediterranean inf. 3 33 27 2 65
Mesomediterranean sup. 5 42 47
Supramediterranean inf. 9 27 36
Supramediterranean sup. 6 7 13
Thermotemperate 0
Mesotemperate inf. 2 5 1 8
Mesotemperate sup. 7 6 9 22
Supratemperate inf. 10 1 15 1 27
Supratemperate sup. 11 3 9 23
Orotemperate | 4 1 6

Total 13 37 34 65 49 19 3 1 9 15 11 4 1 261

SCENARIO A2 IM TMi TMs MMi MMs SMi SMs TT MTi MTs STi STs OT Total
Inframediterranean 0
Thermomediterranean inf. 3 3
Thermomediterranean sup. 11 11
Mesomediterranean inf. 38 25 1 | 65
Mesomediterranean sup. 10 22 15 47
Supramediterranean inf. 32 4 36
Supramediterranean sup. 13 13
Thermotemperate 0
Mesotemperate inf. 2 2 4 8
Mesotemperate sup. 2 17 1 2 22
Supratemperate inf. 2 17 6 2 27
Supratemperate sup. 5 11 4 3 23
Orotemperate 2 4 6

Total 52 37 27 71 40 11 0o 2 6 6 5 4 0 20l

The mesotemperate or coline suffers a loss of territory as a result of the Mediterraneisation
process, which is only partly compensated for by a gain in territory which is currently
supratemperate. The mountain belts will experience a notable reduction. The current area of the
supramediterranean is halved in B2 and reduced to a quarter in A2, and also suffers an almost
complete displacement towards areas that are supratemperate at present. The supratemperate,
that is to say, the Euro-siberian middle mountain, is reduced to one third in B2 and to one fifth in
A2. Mediterraneisation is responsible for most (50% in B2, 65% in A2) of this reduction of the
territory, the rest corresponding to warming (transformation to mesotemperate). Due to these
changes, Euro-siberian mountain climates become fragmented into one nucleus in the
Cantabrian region and another in the Pyrenees; the former is reduced to only one cell in
scenario A2. This sharp drop in mountain thermotypes should be interpreted as a rise in
altitudinal limits between belts, resulting from warming; the lesser proportion of area within the
cell means that the predominant belt therein changes. On average and in accordance with the
transition matrices, scenario B2 involves a displacement of almost half of the altitudinal interval
of most of the belts, whereas in scenario A2, the change is equivalent to almost a whole belt,
particularly in the South. It is interesting to note the more conservative thermal behaviour of the
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coast, and the accentuation of continentality (annual thermal amplitude) throughout the inland
area of the Peninsula.
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Fig. 5.5. Changes in the distribution of the bioclimatic belts (thermotypes) by Rivas-Martinez according to
projections by Promes (scenarios B2 and A2; A: present climate).

The projection of a sharp decrease in precipitation in much of the Iberian Peninsula is one of the
innovative contributions of Promes and determines that, in combination with warming, the
scenarios present a considerable spread of semiarid and arid ombrotypes (Fig. 5.3.3), the latter
heretofore restricted to very small enclaves on the coasts of Murcia and Almeria. The semiarid
ombrotypes enter well into the Ebro valley and also reach the Duero basin in scenario B2. The
upper semiarid of the current projection by Promes (A) becomes lower semiarid in scenario B2,
and practically the whole southern part of the Peninsula is framed within lower semiarid and arid
climates in scenario A2. The appearance of the arid ombrotype in the Southwest of the
Peninsula represents a considerable change, if we taken into consideration the greater stability
of the semiarid-arid areas of the Southeast of the Peninsula, which only show an evident spread
towards the South-eastern border of La Mancha in scenario A2.

203



PLANT BIODIVERSITY

Table 5.5. Transition matrices between bioclimatic belts (ombrotypes) in the two Promes projections (B2
and A2). The rows indicate the number of grid cells corresponding to the current ombrotypes and the
columns, the number corresponding to each of the projections. Two subdivisions have been considered
for the main ombrotypes: dryer or lower, and more humid or upper.

SCENARIOB2 A SAi SAs Si Ss SHi SHs Hi Hs HH Total
Arid 3 3
Lower semiarid 9 4 13
Upper semiarid 42 1 43
Lower dry 5 40 7 52
Upper dry 3 33 2 38
Lower sub-humid 9 20 1 30
Upper sub-humid 6 21 1 28
Lowe humid 7 15 9 31
Upper humid 17 17
Hyperhumid 3 3 6

Total 12 51 44 49 28 29 16 26

SCENARIO A2 A SAi SAs Si Ss SHi SHs Hi Hs HH T7otal
Arid 3 3
Lower semiarid
inferior 13 13
Upper semiarid 16 27 43
Lower dry 33 19 52
Upper dry 2 16 20 38
Lower sub-humid 22 8 30
Upper sub-humid 5 17 6 28
Lowe humid 17 13 1 31
Upper humid 9 8 17
Hyperhumid 2 3 1 6

Total 32 62 35 47 25 23 22 11 3 1

In the North of the Peninsula, the dry ombrotypes recovers much of the area lost in the South.
The sub-humid and humid ombrotypes undergo clear fragmentation processes throughout the
Central and Iberian ranges in scenario B2, which are accentuated in A2. As a whole, the upper
subhumid or more humid ombrotypes are reduced in area by 40% in scenario B2 and by 60% in
A2. The northern third of the Peninsula continues to be dominated by sub-humid climates, with
humid nuclei located in Galicia, the Cantabrian range and the Pyrenees, which even subsist in
scenario A2. Rainy Mediterranean climates (sub-humid and humid) are therefore the ones that
become predominant in the North at the expense of the temperate ones.

The increasing aridity in the South is more marked than in the North, and, once again, it seems
that the changes in the West of the Peninsula will be more accentuated than in the East.
Therefore, apart from the generalised “mediterraneisation”, the rainy Mediterranean enclaves
become drastically reduced in their present locations and are displaced northwards. Contrary to
what was stated in previous reports (Parry 2000), which predicted moderate impacts for
Mediterranean vegetation, the currently available projections indicate big changes in the main
climatic limits for vegetation, at least in the western Mediterranean.
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Fig. 5.6. Changes in the distribution of the bioclimatic belts (ombrotypes) by Rivas-Martinez according to
projections by Promes (scenarios B2 and A2; A: present climate).

Regardless of their reliability, the implications of the aforementioned climate change scenarios
may be very different for flora and vegetation depending on the trajectories that these changes
really follow. In the case of temperatures, the projections indicate more or less linear change
tendencies. In the case of precipitation, however it seems the fluctuations will be considerable,
which would hinder possible movements of vegetation due to the antagonistic effects between
warming and aridification. Several projections at mid term suggest in some peninsular territories
that aridification could be compensated by a seasonal redistribution of rainfall (del Rio 2003, del
Rio et al. 2004), which would act favouring vegetation changes opposed to those announced by
Promes for the long term.

5.3.3. Analysis of impacts according to vegetation types
5.3.3.1. High mountain vegetation

High mountain habitats above the timberline comprise diverse types of herbaceous and shrub
vegetation adapted to short periods of vegetative activity, intense cold, variable snow cover and
soils characterised by the high erosive energy of the relief (Billings and Mooney 1968, Beniston
1994). The geographic isolation and specificity of these environments have promoted their
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richness in endemisms, and, in the case of Iberian mountains, in taxa at the southern limit of
their distribution. It is therefore not surprising that many high mountain habitats are included in
the Habitat Directive (Romao 1996, European Commission 2003).

Their close relationship with high mountain climates and cryoturbated soils means that
generalised climate warming would be especially unfavourable for them. The spread of woody
vegetation (bushes in the cryorotemperate and cryoromediterranean belts, trees at the lower
limits and intermediate levels of the orotemperate and oromediterranean), accompanied by
herbaceous flora which is currently at its optimum at lower altitudinal levels, would reduce the
area available for high mountain vegetation and alter its composition, especially in relation to
psychoxerophile and chionophile pastures. Although the climate change projected suggests that
between half and practically all of the altitudinal interval currently assigned to the
cryorotemprate and cryoromediterranean belts could be affected, it is unlikely that in one
century there could be an altitudinal spread of several hundred metres of the current upper
limits of woody vegetation. Estimates for the Alps indicate that increases in mean annual
temperature of over 3°C would have serious impacts, but over a period of various centuries
(Kérner 1995, Theurillat 1995). However, on many mountains below 2,300-2,400 m altitude,
very considerable reductions and denaturalisation of mountaintop habitats are to be expected.
The flora of these habitats would avail of refuges in particular types of topography: crests,
snowfields, scree or abrupt and exposed slopes, depending on the ecological requirements, as
can be seen at present on more modest mountains (between 1,400 and 1,800 m), where similar
phenomena must have occurred following the last cold postglacial pulses. But the reduced area
and the competition between woody plants and herbaceous ones from lower levels will reduce
the high mountain floristic ensemble and increase the fragmentation of populations. Warming
will attenuate the differentiating effects of relief and microtopography, reducing the diversity of
the high mountain microhabitats. Although floristic diversity can increase locally, regional
richness will decline, due to the loss of flora exclusive to these habitats. In the Pyrenees, for
example, the more orophile vegetation of Loiseleuria procumbens or Arctostaphylos alpina,
currently relictic, will be probably jeopardized.

The foreseeable decrease in snowfall, both in terms of precipitation in the form of snow and
permanent snow cover, will determine the recession of all types of chionophile vegetation and
particularly of the Nardus stricta swards and chionophile pastures of calcareous substrates,
which will disappear from their current lower elevations in the surroundings of Cantabria and the
Pyrenees. They may possibly persist at higher elevations, but in small areas within the high
mountain mosaic. Furthermore, the spread of woody and herbaceous vegetation from lower
elevations will be easier in soils long covered by snow, which are deep, cool and more
productive. The relative proportions of xerophile and chionophile pastures will be modified in
high mountain areas; the former might benefit from the aridification tendencies of the climate.
The changes in the albedo caused by the decrease in snow cover will accelerate warming in the
high mountain; a similar effect has been attributed to the proliferation of woody vegetation (Betts
2000). The snowfield habitat in the higher zones will suffer even more, with local extinction in
the mountains more to the South (Cordillera Central, Sierra Nevada). Similar risks threaten
peaty Nardus swards and high mountain bogs, which, apart from depending on soil water
regimes, will undergo an acceleration of the mineralisation of organic matter caused by
warming.

Big changes in land uses are not to be expected in high mountain areas. The profitability of
many winter sports facilities will be negatively affected, although their conversion to other leisure
and tourism activities could be an alternative. The exploitation of springs for production of
artificial snow would alter severely soil hydrology. Livestock carrying capacity could be
increased on some mountains as the availability of summer pastures at middle elevations
decreases. A reversion of the predominant tendency in livestock during the last century could
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be used to control the proliferation of woody vegetation, but it would favour the spread of
herbaceous plants coming from meadows at lower elevations.

Floristic changes in high mountain vegetation and in the altitudinal limits of certain species are
among the first ones documented and attributed to the effects of climate change. Grabherr et al.
(1994, 1995, Gottfried et al. 2000; Pauli et al. 2001) detected changes of this type in
herbaceous species in the Alps throughout the last century, although with mean climbing rates
of 1-4 m/decade as opposed to the 10 m/decade that might be expected for an estimated
warming rate of 0.7°C. Sanz-Elorza et al. (2003) indicate densification processes in scrub plants
(gorse and dwarf juniper) at cryoromediterranean altitudes in the Central range for the
1957/1991 period. These rises in elevation are moderate and the influence of reduced pressure
by livestock cannot be fully ruled out (Archer et al. 1995). A rise in the upper forest limit would
probably require longer time periods (Burga 1988, Ammann 1995) and might react negatively to
climatic variability, as seen in studies of Pinus uncinata in the central Pyrenees (Camarero and
Gutiérrez 2003). Pefiuelas and Boada (2003), however, detected an ascent in the upper
altitudinal limit of beech forests in Montseny, evaluated by at 70 m for the last 55 years (13
m/decade), although this was not independent from the abandonment of livestock farming uses.
Rises in the upper forest limit have also been detected in Scandinavia (Kullman 2001), where
the signs of climate change are more notorious, in the Balkans (Meshinev et al. 2000) and in
New Zealand (Wardle and Coleman 1992).

5.3.3.2. Forest vegetation: forests

Forests constitute the natural potential vegetation of most of Spain, with the exception of high
mountain areas, the semi-arid parts of the Peninsula and the arid and desertic areas of the
Canary Isles (Rivas-Martinez 1987, Blanco et al. 1997). The diversity of our forests at present
and their diverse bioclimatic spaces mean that we can expect very varied responses to climate
change.

Deciduous forests predominate in the Euro-siberian area, but there are also large areas in the
Mediterranean mountains. The more ombrophile deciduous forests, such as beech, oak and fir
forests, mixed forests, etc., will be negatively affected by the aridification of the climate and the
accentuation of summer drought (Mediterraneisation). In some woodlands in the Pyrenees, the
pre-Pyrenees, the Castilian-Cantabrian transition, the northern Iberian range and the Central
range (Aylldbn, Somosierra), beech forests will suffer severe recessions with regard to area
which will cause them to become extinct or merely residual, as it also will with the oak forests of
Quercus petraea. In other territories, they will experience a noteworthy retrocession. Something
similar is expected for the Carpetan birch forests of Betula celtiberica, the oretan of B.
parvibracteata and the ones in the sub-Betic and Sierra Nevada ranges involving B. fontqueri.

Other deciduous forests with bigger areas at present and less hydric requirements will suffer big
losses of some of their territories, but they will have possibilities to remain in others and even to
spread, at the expense of more ombrophilous forests, such as beech or oak forests. It is the
case of the Quercus robur mixed forests of the Galicia-Cantabria regions, Quercus pubescens
Pyrenean forests from Pyrenees, and Q. pyrenaica and Q. faginea forests. The latter are best
represented in sub-humid or humid supramediterranean climates, in which they will become
reduced, while its role will become more prominent in the neighbouring supratemperate
territories. To the contrary, the forests of Quercus pyrenaica and Q. faginea subsp. faginea, as
well as the Andalucia Q. canariensis forests and the Portuguese oak forests (Q. faginea subsp.
broteroi) of the Southwest of the Iberian Peninsula, will suffer a severe crisis, with local
extinction due to a lack of refuge altitudes and the impossibility of migrating northwards. The
crisis will be more acute in the Southwest of the Peninsula than in the Ibero-Levantine area.
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The responses of these forests negatively affected by the projected climate change are complex
and will be verified at temporal scales that are surely longer than those of the projections. In
those species that have the chance to spread at the expense of others, it must be kept in mind
that the recession in areas affected by climate change could be quite rapid, as recurring
drought, the associated plagues and other disturbances decimate the adult trees and reduce
recruitment. The spread, however, will be much slower, due to the longevity of the dominant
species and to the fact that several generations are needed for a tree species to significantly
amplify its territory in a natural manner. It does not seem possible that the migration speeds
documented in the Quaternary post-glacial periods to be reached, due to the degradation of
present landscapes and to the fact that the destination habitats will, in many cases, be occupied
by other species. Disturbances could accelerate the change dynamics, but the foreseeable
balance indicates that the spread will not compensate for losses of territory, at least in the
medium term. The forests with the best chances of persisting will be those with sufficient
altitudinal or latitudinal continuity. In the forests located in territories subjected to retreat, refuges
might subsist in areas with favourable topography (ravines, shaded areas, northern exposures),
and topographic diversity will therefore be another important factor in the change dynamics. The
retreat processes governed by disturbances could give rise to the temporary disappearance of
the tree cover until new cover is generated which is in accordance with the characteristics of the
climate. In these periods, many species associated with the forest environment may become
jeopardized or rapidly disappear. Furthermore, the substitution of a deciduous canopy by a
perennial one will lead to changes in the light regime, which will affect the rich deciduous
underbrush. Pefiuelas and Boada (2003) described the progressive substitution of beech
forests by Holm oak forest in a relatively large altitudinal interval (700-1200 m) on the southern
slopes of Montseny during the last half century. The replacement dynamics appear to be quite
effective in the ecotone zones between both types of forest, and are supported by differences in
the recruitment by both species and by a greater incidence of defoliation or decoloration
symptoms in the beech trees situated in the retreat areas of the beech forest.

The casuistics of conifer forests are also varied. Generalised warming and aridification will
cause area reductions in high mountain species, such as forests of mountain pine (Pinus
uncinata), of Scots pine (Pinus sylvestris) and even of black pines (Pinus nigra s.l.). In certain
currently rainy areas, however, such as the Pyrenees, the Scots and black pine forests could
make use from the decreased water availability to gain ground from deciduous forests requiring
rainfall. The lower covering of snow will cause modifications in the composition of high mountain
forests; in the Pyrenees, for instance, a decrease is to be expected in forests of Pinus uncinata
with rhododendrons in favour of pine forests with Arctostaphylos. The increasing incidence of
plagues has already been documented in southern relictic enclaves of Scots pine (Hodar et al.
2003), as has been the sensitivity of these to drought in northern enclaves on the Peninsula
(Martinez-Vilalta and Pifiol 2002).

The behaviour of Spanish juniper woods (Juniperus thurifera) is more difficult to predict. Their
present territories, mainly supramediterranean and inland ones, will be exposed to warming but
also to decreased rainfall, which, in combination with edaphic characteristics, could constitute
an obstacle for them in relation to the spread of sclerophyllous or deciduous species of
Quercus. Furthermore, the Spanish juniper tolerates semiarid mesomediterranean climates, as
can be seen in their populations in the Ebro basin and in the Southeast of La Mancha. To the
contrary, they have little resistance to fire disturbances, and, indeed, their present distribution is
associated with regimes of low incidence and recurrence of fires (Vazquez et al. 2002).
Something similar can be said of Juniperus oxycedrus forests, currently very fragmented in
abrupt enclaves in the centre and west of the Peninsula. Both types of forests must have
occupied bigger areas in more arid but colder eras of the recent Pleistocene. The Arbor-vitae
woods (Tetraclinis articulata), now relictic in the Sierra de Cartagena hills, could, however, be
favoured by climate change, in view of its climatic preferences in Northwest Africa. The opposite
occurs with the pinsapo (Abies pinsapo), an endemic fir to the mountainous regions of Malaga
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and Cadiz (Arista et al. 1997), where, in most of its current altitudinal interval, conditions will
become too hot and dry for its present requirements.

The response by Mediterranean pine forests, which currently constitute most of the forested
area of the Peninsula, will also be varied. We have already mentioned the foreseeable decrease
in area of maritime and black pine forests, at least in some of the present enclaves, as a
consequence of aridification. Furthermore, the latter will become more susceptible to fire in its
present territories, as this type of disturbance leads to regenerative failure (Trabaud and
Campant 1991, Escudero et al. 1997, 1999; Rodrigo et al. 2004). Maritime pine forests respond
well to fire, although with big differences from one territory to another (Faraco et al. 1993, Pérez
et al. 2003). The Aleppo pine (Pinus halepensis) could benefit, at least in the East of the
Peninsula, as it resists semiarid climates relatively well, is capable of becoming established in
open areas, furthermore, and its competitive capacity in relation to Holm oak increases with
drought and with recurring disturbances (Zavala 1999, 2003; Zavala et al. 2000).

Sclerophyllous forests are exposed to diverging tendencies. The mediterraneisation of the
northern third of the Peninsula will favour the spread of Holm oak and cork oak forests —above
all in the Northwest- at the expense of other deciduous forests. Pefiuelas and Boada (2003)
documented a process of this nature at the mid-mountain level in Catalonia. The spread should
be more rapid in the lowlands, although the higher degree of deforestation would counteract
this. The fragmented enclaves of sclerophyllous forests on the coast and in inland valleys of
Galicia, on the coast and in the mountains in the Basque Country and Cantabria and on the
southern slopes of the Pyrenees, will constitute efficient nuclei for this spread. In the
Mediterranean region, however, although aridification will favour altitudinal rises of
sclerophyllous vegetation also at the expense of mainly deciduous forests, the potential losses
of territory will be greater, due to the spread of semiarid and arid climates, especially in the
South. The sensitivity of sclerophyllous forests has been confirmed in recent drought episodes,
due to their poor hydric efficiency in extreme conditions and to their slow subsequent recovery,
and these effects are accentuated on sun-facing slopes and in well-drained soils or soils with
little retention capacity (Pefiuelas et al. 2000, 2001; Martinez-Vilalta et al. 2002a). The
accentuation of symptoms such as the oak decline in holm and cork oaks, currently widespread
in the Southwest (Montoya and Lopez Arias 1997), will be one of the mechanisms intervening in
the retreat of sclerophyllous forests (Brasier 1992, 1996; Brasier and Scott 1994, Montoya and
Meson 1994). Increasing aridity will have a great impact on the main nucleus of Iberian
dehesas, an agro-forestry system of great biodiversity in which the regeneration of the trees is
problematic because of interactions with the livestock farming use (Pulido et al. 2001). Both the
structure of the dehesas, including the maintenance of the trees, and the livestock farming use
itself, will be negatively affected by the projected climate change.

The territory that might be lost by the holm oak forests in the South will be compensated for to a
great extent by territories gained in the North, to which they have easy access due to the
widespread distribution of this tree on the Peninsula. The recession of the cork oak will be more
irreversible, due to its greater hydric requirements, in the South and especially in the Southwest,
(western Andalucia, Sierra Morena, Extremadura and Montes de Toledo), where high-altitude
refuges are scarce and limited in extent.

5.3.3.3. Shrub vegetation

Tall shrublands and scrub involve extraordinarily varied types of vegetation in Spain, and
contain a notable floristic diversity. Indeed, in spite of their relative structural simplicity, their
floristic composition responds with high turnover rates to climatic, edaphic and geographic
gradients. As with forests, most types of shrubland vegetation are included in the Habitats
Directive, and some of these have been given priority interest.
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The responses by shrubland vegetation to climate change will depend in each territory on the
predominant direction of the antagonistic change tendencies. The increased productivity
promoted by warming and reinforced by growing CO, concentrations will favour the tree
development and the successional displacement of shrubland communities, but also
colonisation by shrublands from pastures or abandoned croplands, as has been occurring in the
last few decades. To the contrary, aridification will favour the spread of shrubby structures,
which are simpler and have less water requirements than forests. The intensification of certain
disturbances such as fire, the abandonment of agricultural and livestock farming uses on land
that suffers from decreased productivity as a result of climate change, and the collapse of
certain forests affected by drought, will be parallel processes favouring the spread of
shrublands, which, in any case, will undergo big readjustment processes in their floristic
composition and distribution.

Deciduous shrublands comprise different types of deciduous thickets and forest-fringes (with
perennial species in some cases, such as boxwood forests of Buxus sempervirens), which are
widespread as a pre-forest stage in many Euro-Siberian forests, in mountainous areas of the
Mediterranean and along river valleys. As a result of their hydric requirements, they could be
expected to suffer recessions in most of their present distribution areas, which could be
particularly acute in their southernmost representations in Andalusian ranges.

The current distribution of sclerophyllous shrublands mainly comprises the thermo and
mesomediterranean belts, as well as some enclaves isolated in southern Euro-Siberian
territories, which will act as expanding nuclei as mediterraneisation becomes accentuated.
Thus, climate warming and aridification will promote their spread, both in altitude and towards
more northern latitudes. Aridification will also favour the spread of formations typical of semiarid
and arid climates (kermes oak garrigues, thorn brushes in the Murcia and Almeria regions, etc.),
which will at least increase their potential distribution areas. Their possible spreads will not be
homogeneous because resistance to drought differs among species, both in adult individuals
(Martinez-Vilalta et al. 2002, Ogaya et al. 2003), and in seedlings (Ogaya et al. 2003, Vilagrosa
et al. 2003). Indeed, some types of sclerophyllous shrublands with high hydric requirements
could be expected to suffer losses of territory, especially in the South and Southwest of the
Peninsula: tree strawberry, (Arbutus unedo, see Martinez-Vilalta et al. 2002, Ogaya et al. 2003),
heathlands of Erica arborea, Quercus lusitanica scrub, etc. To the contrary, these same types,
or other similar ones (laurel groves, for example), will increase their territory in the
mediterraneised areas in the northern third of the Peninsula.

Whereas sclerophyllous shrublands are dominated by the so-called pre-Mediterranean element,
mostly consisting of resprouting species, with root systems that are relatively deep, long-lived,
zoochorous and demanding with regard to germination and establishment conditions, in the
remaining types of Mediterranean shrublands, there is a predominance of shrubs and scrub
which were more recently differentiated from the evolutive point of view, smaller and/or less
long-lived, with shallower roots, often deprived of the capacity to resprout, with non-specialised
or passive dispersal and diaspores that germinate easily in clearings created by disturbances
(Herrera 1992, 2001). Part of this flora also presents flexible leaf architectures, including the
capacity to lose some of the foliage during periods of greater drought (Valladares 2001).
Although adult individuals of certain species show vulnerability to drought, particularly due to
their shallow rooting systems, populations are capable of rapid recovery through germination
(Pefuelas et al. 2001). Responses of this nature are, however, closely dependent upon climatic
fluctuations (Quintana et al. 2004). The flora of these shrublands therefore present some of the
most typical symptoms of adaptation to drought and to other characteristics of Mediterranean
environments, and increasing aridity of the climate can therefore generally be expected to
favour their spread. However, the relationships between the different types of shrublands and
climate are very variable, and as a result, so are their responses to the projected change.
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Among silicicolous shrublands, the more ombrophilous types will suffer loss of area and retreat
at their current distribution limits, although probably in more moderate degrees than other, more
sensitive formations. This is the case of heaths (“jaral-brezales”) of Atlantic and Iberian-Atlantic
area, which are currently distributed throughout sub-humid or rainier climates. This retreat will
be more accentuated in the Southwestern quadrant: Cadiz sierras, Sierra Morena, Montes de
Toledo and Montes de Extremadura. Further north, in the Montes de Le6n and the Iberian and
Central ranges, and on the coasts of the Basque Country and of Cantabria, the reduction will be
less drastic but with changes in floristic composition caused by mediterraneisation. Brafias or
peaty heaths, given priority in the Habitat Directive, will be most severely affected and serious
local extinction processes can be expected. Similar tendencies can be expected in gorse
shrublands, especially in the more ombrophilous types occupying large areas in
supramediterranean and supratemperate belts. Broom fields (Retama sphaerocarpa), however,
will have possibilities to spread, due to the considerable expansion of the thermo- and
mesomediterranean belts and to their tolerance to drought.

The recessions suffered by other more ombrophilous silicicolous shrublands will favour Cistus-
shrublands (“jarales”), which will also be favoured by possible regional intensification of the fire
regime. Within these, the more thermophile types will show a notable increase, particularly the
types of Cistus ladanifer and other Cistus species capable of losing leaves in the dry season (C.
monspeliensis, C. salviifolius, etc.), to the detriment of the relatively more mesophytic species
such as Cistus populifolius o C. laurifolius.

Shrublands typical of particular lithologies, such as ultrabasic rocks (peridotite, serpentine),
dolomites or gypsum, contain a high proportion of endemisms associated with this kind of
substrates, which are selective for flora, and these will probably subsist therein with minor
adjustments, considering that they have resisted, in situ preceding climate changes of greater
magnitude. Their tolerance to stress induced by the unfavourable chemical composition of the
soils they inhabit, and the low level of competition that characterises these environments, will be
an advantage in the event of increased aridity. Nevertheless, monitoring of the future evolution
of these habitats is advisable because the combination of the projected warming and
aridification to which they will be exposed might be unprecedented in certain enclaves. In the
case of the Iberian gypsum steppes, given priority in the Habitat Directive, increasing aridity
could spread to gypsum outcrops in the Pyrenees and the North of the Iberian range, the
present climate of which is too rainy for any manifestation of the selective effect of this kind of
substrate on plants.

Shrublands typical of calcareous soils (rosemary, sage, lavender, gorse, thyme, etc), very
widespread in central and eastern Spain, will undergo an advance in general terms. Floristically,
they are richer than their silicicolous homologues, and contain more plants adapted to xericity.
Within these, the more xeric types, currently dominant in the semiarid Southeast, will be more
favoured and could spread to the inner La Mancha, South of Valencia, the Baza basin and
eastern Andalucia. The more thermophilous types, now mainly restricted to coastal regions, will,
spread in altitude and inland, although these spreads will filter only the elements that are less
dependent on oceanity and will be moderated by the barrier effect of the coastal mountain
ranges. The meseta types will not undergo big changes, except for peripheral reductions and
altitudinal rises at the expense of the mid- and high mountain types. In the Ebro valley, the
“romerales” (rosemary scrub) of the basin could spread at the expense of the peripheral types
(Gavilan 2003). Mid- and high mountain shrublands, rich in stenochorous endemisms and
cushion plants, will suffer a reduction in climatic space, although the displacement of these by
more thermophilous shrubland components will be slow and limited. However, the foreseeable
warming in these areas will increase productivity and could facilitate more effective
displacement of shrublands by trees and tall shrub vegetation. This problem will be more
marked in the Betic and sub-Betic ranges, subjected to greater warming and clearly richer in
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endemisms with little dispersal capacity, than in the Iberian range and in the coastal mountains
of the East coast, which offer greater possibilities for migration and which will not suffer such a
marked reduction in the mid- and high mountain areas.

Changes in shrubland types and areas involve other important relationships with climate
change. Mediterranean shrublands release considerable amounts of VOCs into the
atmosphere. Likewise, it is characteristic of many types of Mediterranean shrubland to rapidly
accumulate necromass, which favours the risk of ignition and above all the spread of fires
(Moreno et al. 1998).

5.3.3.4. Herbaceous vegetation (meadows and pastures)

Herbaceous plants constitute around four fifths of the total amount of vascular flora species in
Spain. In the temperate climates in the northern third of the Peninsula, the herbaceous flora is
dominated by perennial plants, and in the Mediterranean climates annual species dominate,
their life cycle enabling them to avoid summer drought while resisting disturbances. Although
the greater abundance and richness of herbaceous flora is found in the communities in which
woody cover is lacking or reduced, and especially in those shaped by practices associated with
grazing, large contingents of herbaceous flora are associated with forest and pre-forest
environments, and to other large types of habitat mentioned in this section, and their responses
to climate change will depend, to a greater or lesser extent, on the aforementioned tendencies
of each of these habitats. The predictions for flora and vegetation in relation to climate change
are varied, and will closely depend on what happens with land uses, and in particular with
livestock farming, which is the one that has the greatest control over woody plants and which
favours the development of different types of pastures.

The most noteworthy change tendencies for grassland vegetation will be the following ones. A
general reduction of mesophile and hygrophile meadows can be expected, including mid-
mountain Nardus swards and many forb mountain communities, dependent both on hydric
availability and on the abundance of organic matter. This reduction will be moderate in the
territories with temperate climates and greater in Mediterranean mountains. The representations
of certain particular types at the ends of their area, such as mown meadows in the Iberian and
Central ranges, might be almost completely substituted by meadows more tolerant to summer
scorching, such as “ballicares” (Agrostis castellana), “fenalares” (Brachypodium phoenicoides),
“gramales” (Cynodon dactylon), “juncales churreros” (Scirpus holoschoenus), etc.

To the contrary, different types of grassy steppes will gain ground, both in Euro-Siberian and
Mediterranean mountains and in the Mediterranean areas most affected by aridification.
Therein, there could be a spread of “espartales” (Stipa tenacissima), “albardinares” (Lygeum
spartum), “cerverales” (Brachypodium retusum), “lastonares” (Stipa spp., Helictotrichon spp.),
“berceales” (Stipa gigantea), etc. These pastures are quite tolerant to fire disturbance and
habitually contain great richness and abundance of therophytes. However, certain steppes
requiring relatively rainy climates, like the “cerrillares” of Festuca elegans in Ibero-Atlantic
Mediterranean mountains, will suffer reductions of potential area and might even disappear from
their present Oretan, Sierra Morena and Sierra Nevada refuges. We might also expect a
recession, at least in part of their present territory, of different psycroxerophile Mediterranean
pastures, currently abundant in the Betic ranges, and clearly associated with climates that
promote processes of soil cryoturbation. In this case, the recession would be governed by
competitive displacement by other types of vegetation favoured by climate warming, more than
by aridification.

The vegetation typical of more anthropised habitats (ruderal and weed communities) will be
displaced, but extinction is not to be expected, given the large climatic space typical of most of
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the species involved. To the contrary, in an unstable environment in which disturbances and
gaps in the vegetation cover become more common, these species can be expected to have
greater possibilities of spreading.

In short, the balance of the climate change projected will generally be favourable for
herbaceous vegetation, although there will be important conditioning factors derived from
possible changes in land uses. Climate change will generally favour xerophytic types of
vegetation, annual species and, in many cases, the relatively opportunist ones, with great
climatic (and therefore geographic) amplitude and agile dispersal mechanisms. Due to the short
generation cycle of most species, and the facility for anemochorous and zoochorous dispersal
of many of these, the changes could be relatively rapid, although the response to climate
change will be more resistant in relation to water availability than to temperature regime. It has
been speculated that the positive response by C, plants, more demanding with regard to
temperature and light requirements, and with more efficient transpiration, will be more marked
than that of C; plants, although the carboxylation capacity of these will be favoured by a CO,
enriched atmosphere.

5.3.3.5. Rock and scree vegetation

All the vegetation typical of fissures in rocks, stony ground and scree comprises a highly
specialised flora with a large amount of endemisms. Practically all these types are included in
the Habitat Directive. The peculiar conditions of these plant environments combine soils with
litle capacity for hydric retention and poor in nutrients, with particular disturbance regimes
associated with periodic earth slides or with the mobility of substrates, and they determine very
open pant structures with little competition for light. The tolerance to stress of rock flora includes
the capacity to resist long periods of physiological cessation or attenuation, and to concentrate
activity in the short and often irregular favourable periods. Thus, this type of adverse habitat is
among those less directly vulnerable to the projected climate change (Theurillat 1995).

The harshness of winter, however, is another adverse factor for these plants, and evident
altitudinal zoning can be observed in their communities. Under circumstances of climate
warming, the higher-altitude species (oro-cryorotemperate and oro-cryoromediterranean) could
therefore be affected by the immigration of species typical of lower elevations. In any case, this
process would be very slow, given the high staying capacity of this type of vegetation, as can be
seen in the presence in low-altitude rocky habitats of species whose optimum elevation is at
higher altitudes, reminiscent of previous cold periods.

Epiphytic vascular vegetation has certain floristic relationships with rock vegetation. It is poorly
represented at our latitudes, mainly by ferns and mosses. Its dependence upon climates with
high atmospheric humidity and rainfall seems to indicate a decrease in its optimum territory, with
recessions towards coastal oceanic areas.

5.3.3.6. Coastal vegetation (dunes, beaches, cliffs and salt marshes)

The vegetation dealt with in this section comprises different types of habitats conditioned by
coastal geomorphology and the influence of the salt spray. They are well represented in the
Habitat Directive, and many of them have been given priority status due to the clear retreat of
coastal ecosystems caused by the age old concentration of the human population in these
areas, and to the addition, in recent times, of housing and the construction of infrastructures
associated with tourism.

Climate changes should have quite moderate direct effects on coastal habitats, because the
warming process will surely be gentler on the coast, and aridificaiton will be partly compensated
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for by the high level of atmospheric humidity caused by the vicinity of the sea. The foreseeable
rise in sea level, however, could greatly reduce the areas occupied by these habitats, and there
could be other changes in the geomorphologic processes that maintain dune systems and
marshlands and coastal pools. Housing and infrastructures will make it difficult for these
systems to gradually retreat from the advance of the sea. This restriction will be even more
serious in areas like Galicia and especially Cantabria, where in certain areas, the dune and
post-dune zones have been occupied for quite some time (Basque Country) or will be occupied
quite soon (Cantabria). Mediterranean coasts are also affected by these processes, which
contribute to fragmenting coastal ecosystems and hinder possible migration routes. The current
locations of coastal wetlands will be affected by increased salinity, which will profoundly alter the
composition of the mosaic of communities in these systems; in extreme cases, the sea could
directly invade them. Dune vegetation and in particular woody plants, given priority in the
Habitat Directive, are also among those vulnerable to these processes. In this sense, vegetation
living on cliffs might prove to be the most resistant to changes.

Some psammophilous herbaceous and shrubland communities have interesting representations
in inland sandy areas. As with other types of vegetation associated with unfavourable soils, the
impacts to be expected are moderate, although, as these representations are very scant, any
tendency towards population decrease would give rise to quite rapid extinction processes. In the
case of brine basins, increased temperatures accompanied by decreased rainfall, or wintertime
concentration of this, would favour their advance, especially in the Southeast of the Peninsula,
the La Mancha plateau, the Ebro basin and the Duero basin.

5.3.3.7. Island vegetation

There has been speculation over whether the impacts of climate change will be greater on the
islands, due to the fact that the flora (and fauna) typically present, which has become
impoverished, with interactions among more fragile species and lower rates of genetic diversity
of species, both endemic and non-endemic (Frankham 1997). However, at least on the smaller
islands, the tempering and humidifying effect of the sea could attenuate climate change
tendencies. The projections by Promes (Fig. 5.5-5.6) for the British Isles show the effects both
of warming and of reduced hydric availability, although somewhat more moderate than in the
East of the Peninsula. Thus, the foreseeable impacts for this archipelago will be similar to those
that have been dealt with for the habitats represented therein, with the exception that there will
be a higher proportion of coastal refuges. The most vulnerable points appear to be mountain
vegetation in Majorca and increased aridity in Menorca.

The resolution of the projections of the Promes model for the Canarian archipelago are
insufficient due to the dimensions of the islands with regard to the grids, and to the difficulty
involved in interpreting the changes in the varied pluviometry of the bigger islands. The western
isles will be more affected by warming, but as a whole this will be more moderate than in the
mainland and has been evaluated in less than half of a bioclimatic belt for the scenario B2 and
just over one half for A2. The reduction of rainfall will imply a moderate spread of the arid and
semi-arid ombrotypes currently dominant in the lower altitudes of the isles. The conical
topography of the isles will determine the decrease in area of the different ombrotypes and
thermotypes to progressively increase in those at greater altitude. According to the peculiar
climatic and altitudinal zonation of the Canarian vegetation (Rivas-Martinez et al. 1993, Del Arco
et al. 2002, Reyes-Betancort et al. 2001, Rodriguez Delgado et al. 2004), it is foreseeable an
expansion of the inframediterranean arid and semi-arid vegetation types -“tabaibales”
(Euphorbia balsamifera) and “cardonales” (Euphorbia canariensis)-, whose more pioneer and
dynamic species could play the role of vanguard: “tabaibas amargas” (Euphorbia lamarckii, E.
regis-jubae, E. berthelotii), “aulagas” (Launaea arborescens), “salados” (Schizogyne sericea),
“vinagreras” (Rumex lunaria), “cerrillos” (Hyparrhenia sinaica), “panasco” (Cenchrus ciliaris),
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and even invasive species like the “rabogato” (Pennisetum setaceum). On the contrary, the
thermo-sclerophyllous woodlands with Canarian junipers (Juniperus canariensis), Canarian
olives (Olea cerasiformis), “almacigos” and “lentiscos” (Pistacia atlantica, P. lentiscus), whose
remnants are strongly affected by urban and agricultural land uses, will be negatively affected
by aridification and will not get much chance to reach refuges at higher altitudes. Concerning
the laurel forests or “monteverde”, dependent upon the mist swept by trade winds, a reduction
in area could be expected due to the warming of the ocean air masses and the lowering of the
upper subsidence layer of warm air. The shrublands with Hypericum canariense and Rhamnus
crenulata and the “fayal-brezal” of Myrica faya and Erica arborea could benefit from the retreat
of laurel forests, whose persistence in the summits of some eastern isles would be
problematical. The lowering of the mist-bound would favour to the Canarian pine forests (Pinus
canariensis) and their associated broom shrublands. Negative impacts on riverine vegetation,
and in particular “sauzales” (Salix canariensis) and palm groves (Phoenix canariensis), are also
foreseeable. These vegetation types are nowadays very affected by water extraction practices.
Coastal habitats are also decimated by touristic infrastructures and will suffer for the remodelling
of the coastline associated to the rise in sea level.

5.4. MOST VULNERABLE AREAS

The previous section highlights the fact that practically all Spain’s habitats and territories will
undergo relevant impacts as a consequence of the projected climate change. If we consider that
the processes induced by climate change will involve pressure that will exceed the plasticity and
acclimatisation capacity of many species, that the evolutionary responses are unfeasible in the
short term in which the changes will occur, and that the efficiency of species migration as a
mechanism of persistence will not be sufficient to compensate for local extinction, the only
conclusion is that climate change will determine considerable losses of floristic diversity, added
to those that are now being caused by other components of global change. This section
highlights the groups of habitats and territories the plant diversity of which could be most rapidly
or intensely affected, in accordance with what has heretofore been described.

High mountain

The decrease in the space climatically suitable for the flora typical of many high mountain
habitats will cause reductions in their floristic ensembles, particularly relevant because of the
high endemicity rate that characterises them. The risks are greater in those mountains that are
not excessively high, because the altitudinal interval currently occupied by typically high
mountain habitats is smaller. For the same reason, and because of the differential tendencies of
the warming projected, the problems will be more serious in southern mountains than in
northern ones, and more in Cantabrian Mountains than in the Pyrenees.

Mid-mountain mesophytic habitats

Most supramediterranean and supratemperate mesophytic habitats will also be subjected to the
pressure of altitudinal displacement, although in this case, they will avail of higher elevations to
spread to, at least in the main mountain ranges. Once again, the main risk for these ecosystems
is found in the more modest mountains, such as Sierra Morena, Montes de Toledo and many
foothills of other orographic systems and of the southern mountainous regions. While altitudinal
displacement is an alternative for subsistence for the flora of these habitats, latitudinal migration
will be very problematic due to the transversal orientation of most of the mountain ranges and to
the fragmentation and alteration of the intermediate lowlands. Reduction in area and the
jeopardization and local extinction of floristic elements therefore constitute foreseeable impacts.
This situation is aggravated by the fact that these habitats are characterised by containing taxa
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at their southern distribution limit that make a substantial contribution to territorial floristic rarity
(Fernandez-Gonzalez 1999). The recession of these mesophytic mountain habitats in the South
of the Peninsula will also involve a decrease in the abundance of certain woody species with
fleshy fruits, with possible repercussions for their dispersing animals. The recession and
consequent impoverishment of mesophytic flora in mountain ranges will reduce one of the
components of their current floristic richness; to the contrary, they will serve as refuges for the
flora of habitats that are now spread to piedmonts and which are sensitive to aridification.
Lastly, changes in vegetation in mid- and high mountain areas could involve serious additional
risks if the local collapses of certain populations cause temporal decreases in cover, due to the
intense erosive energy characterising mountain reliefs.

Warm mesophytic habitats

All Mediterranean vegetation rich in deciduous and lauroid elements associated with rainy
climates in winter and spring will be subjected to opposed pressures in the North and the South
of the Peninsula. In the North, the accentuation of summer drought will favour their spread from
the more or less relictic enclaves they currently occupy, although this advance will be strictly
conditioned by the degradation and fragmentation of the territory, forestry uses, competition with
invasive species and the extremely high incidence of deliberate fires in some areas. In the
South and above all in the Southwest, the lengthening of the summer drought period, combined
with an insufficient soil water recharge in wintertime, will be a disadvantage and evidence exists
of the sensitivity of Mediterranean deciduous and lauroid flora to the latest drought episodes.
The distances are too great for the natural migratory processes of flora in the southernmost
habitats. Impoverishment of the warm Mediterranean and mesophytic ensemble can therefore
be expected in the South and Southwest of the peninsula. Similar comments apply to the
Canarian laurel forest or “monteverde”. Invasive species will also be an important pressure for
island communities.

Mediterranean forests and southern dehesas

Large areas in the South of the Peninsula currently occupied by forest will experience a
considerable reduction of water availability, which will even fall below the requirements of the
least demanding forests. The effects of chronic droughts in these territories have been
appreciated in the last few decades. The crisis could be even more acute in the case of
dehesas, where the problem of tree regeneration will be exacerbated by aridification, a situation
that will also question the viability of its traditional agricultural and livestock farming uses.

In the South and above all in the Southwest of the Peninsula, climate change projections
indicate the appearance of new types of climate, such as the inframediterranean or the
continentalised versions of the thermomediterranean, and of combinations of substrates and
climate types heretofore unheard of in Iberian vegetation, such as semiarid and arid ones on
siliceous substrates. These new conditions will have a selective effect on the present flora,
which will be partially excluded due to intolerance. As the immigration of flora adapted to these
situations is unlikely, a “voiding” phenomenon may occur in regional floristic richness, along with
impoverishment of communities. In such circumstances, invasibility by exotic species would be
exacerbated, and these would include the cactus family and other xerophytic elements, such as
certain acacias, which would find space to spread.

Coastal habitats

We have already mentioned the particular risks affecting certain coastal systems, like dunes
and coastal pools, which have been accentuated by the long history of human occupation of the
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coast and the intensification of certain uses in the last few decades. During previous climate
changes, the coasts have played an important role as refuges, and they could also play this role
at present because the degree of warming is lower and the impact of aridification will be partially
compensated for by the greater atmospheric humidity. To the contrary, ozone toxicity is
potentially greater in coastal environments. The interactions between climate change and land-
use changes will therefore be especially decisive in the conservation of coastal habitats.

5.5. MAIN ADAPTATION OPTIONS

Due to their magnitude and scope, the impacts of climate change upon plant diversity will be
difficult to attenuate through the application of local measures. We will now enumerate some of
the options to be considered in this respect, encompassed within the framework of the
corresponding sectorial policies.

Review of the network of protected areas and of conservation policy

The present network of protected areas, including those proposed for the integration of the
European network Red Natura 2000, encompasses a considerable area, although this is mainly
concentrated in mountain areas and has big gaps in the intermediate plains and piedmont
areas. The conservation of mid- and high mountain areas is a recommendable measure for
dealing with the impacts of climate change, as it would favour the altitudinal displacements of
flora. However, it is also recommendable to review the delimitation of the protected areas in
order to ensure that these cover complete altitudinal intervals, up to the summit lines,
particularly in mountains of moderate altitude where the upper vegetation belts have narrow
elevation ranges. Furthermore, in these circumstances, the continuous and extensive
representation of natural and semi-natural habitats is of special importance, especially if they
are located along a broad altitudinal interval, because they will have greater possibilities for
conservation, at least in part of the territory. Attention should be paid on the conservation of
corridors and the connectivity between protected areas that are too far from each other for the
average dispersal thresholds of plant species. In situations of warming and aridity, northern
slopes and shaded areas will play an important role as refuges, and will therefore require
special attention with regard to conservation. In relation to lowlands, forest habitats should be
better preserved, as these will play an important role as nuclei of re-colonisation or as
milestones in migratory processes. Mixed forests, with a multi-specific tree layer, will have better
chances of conserving their forest structure throughout future climate changes.

With regard to other actions, an effort should be made to harmonise current figures relating to
protected natural areas, which are excessively numerous (Gémez-Limén 2000), especially in
relation to management, given that conservation of biodiversity will become an increasing trans-
border problem. The implementation of the Natura 2000 network of protected areas could
constitute an opportunity for advance in this sense. The generalisation of procedures of
adaptative management of protected areas (see subsequent section 10) will constitute another
vital requirement for the follow-up of the effects of climate change.

As a consequence of climate change, species protection will be subjected to a long
readjustment process, which will require monitoring of threatened populations and periodic
reviews of red lists and protected species lists. As species with narrower geographic distribution
ranges, altitudinal intervals and smaller population sizes presumably have lower levels of
phenotypical plasticity and genetic diversity, they are also the main candidates for
jeopardization or extinction in situations of abrupt environmental changes. Within the
conservation framework, the detection of serious population decline in species that are not
threatened at present will require special attention. The regional governments should take on
the main contribution to this work.
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Supporting ex situ conservation techniques could be crucial for the threatened flora. The
conclusions of the Red Book (Moreno Saiz et al. 2003) revealed that barely 40% of the more
endangered species are currently represented by at least one of their populations in germplasm
collections.

Ecological restoration and climate change

Ecological restoration should incorporate criteria for the prevention of the effects of climate
change. The use of exotic species in revegetation actions should be strictly regulated; indeed,
among future restoration measures we can expect the more frequent use of those aimed at
eradicating invasive species. Furthermore, restoration of plant cover should consider species
tolerant to climate change tendencies and the prevention of generalised failing episodes in
unfavourable years.

Review of forestry policy

As in the case of restoration, we should avoid reforestation practices involving species or
seedling sources that are intolerant to climate change or to the associated risks of plagues and
fires. Mixed plantations are recommendable, in order to prevent failures which are to be
expected in climatologically adverse years, the frequency of which can be expected to increase.
Criteria based on productivity should be abandoned in many parts of Spain, in favour of ones
related to the fight against erosion, post-fire regeneration and the conservation of biodiversity.
The use of shrub species in reforestation should become more frequent, for the same reasons
and because of the role they play in facilitating the regeneration of Mediterranean woody
species (Vallejo et al. 2003). Aridification will promote the abandonment of unproductive
agricultural land, in which the natural dynamics of secondary succession might be very slow
under the new climate conditions; reforestation of these areas with species tolerant to drought
and elastic with regard to fires, will be necessary in certain situations in order to avoid
degradation tendencies.

Forest management techniques ought to be adapted to a framework in which the risk of erosion,
fires, loss of edaphic organic matter and deficient regeneration of forest cover will be critical.
Forestry treatments should pay particular attention to enclaves that can play a role as refuges or
migratory stages in the displacement of flora, as well as in general to the floristic diversity of the
understorey. As we learn more about the processes of vegetation displacement, through
techniques of selective extraction and even planned reforestation, we will be more capable of
implementing the replacement of forests. A suitable selection of the species to be used in
afforestations, in particular those carried out under the CAP frame of subsidies, could contribute
to mitigate the migratory constraints of many woody plants, above all in territories affected by
aridification and land abandonment. In many Mediterranean types of woodland, there will also
be a need for forestry treatments aimed at improving stand structure in order to favour its hydric
efficiency (see Chapter 9).

Regulation of livestock farming and hunting uses in forest systems

Excessive pressure by livestock in forests and shrublands subjected to intense hydric stress can
accelerate the recession of these due to insufficient natural regeneration and to the damage
inflicted upon adult individuals through browsing. The regulation of carrying capacities is
important in the areas of Mediterranean woodlands which are still well-conserved and used for
hunting, as these have shown recent tendencies towards intensification. In the territories most
affected by aridification, however, decreased plant productivity will lead to the economic
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collapse of extensive livestock farming, which will give rise to the impoverishment of herbaceous
flora. The possible increase in livestock farming in high mountain areas could delay the
altitudinal progression of forest vegetation, although it would also accelerate the species
turnover of the herbaceous flora.

Land use planning and environmental assessment

Several of the adaptational options mentioned need to be planned from the perspective of a
type of land planning that takes into consideration the impacts of climate change, in order to
minimise the synergic interactions between climate change and changes in uses. Within the
new framework for sustainability to be established as the climate changes, environmental
impact assessment will have to consider the interactions between the environmental impacts of
projects and impacts deriving from climate change. With regard to plant diversity, and within this
new framework, we must begin to evaluate impacts such as the fragmentation and reduction of
habitats, the introduction of exotic flora, the intensification of uses, excessive water
consumption associated with certain uses (see Chapter 3), or effects upon habitats that are
unprotected but which could constitute important areas for the redistribution of vegetation. The
development of strategic environmental assessments and the application of these to the issue
of biodiversity conservation (Diaz et al. 2001) are tools that could contribute to the necessary
change in scale and perspective.

5.6. REPERCUSSIONS FOR OTHER SECTORS OR AREAS

The ecological role of plants as primary producers means that changes in flora and vegetation
will have direct or indirect effects on almost all the sectors considered in this Report. Loss of
floristic diversity will affect the different goods and services provided by biodiversity. These
losses are especially relevant in the case of Spain, because our country houses a high
proportion of Europe’s biodiversity as was pointed out in section 5.1. The following is a succinct
enumeration of these connections.

Changes in the structure and composition of vegetation in turn have effects on climate, through
modifications of the albedo, changes in carbon balances, emission of VOCs, and, through
interactions with the fire regime, they also contribute to CO, emissions. The relationships
between plant diversity and the functioning of terrestrial ecosystems, continental aquatic
ecosystems, coastal areas and edaphic and hydric resources in general have been described in
the corresponding Chapters (2, 4, 7 and 8) and in section 3. Interactions between plant and
animal species are particularly important for both of them, are sensitive to changes in phenology
and distribution caused by climate change, and they have been mentioned in Chapters 2 and 6
and in section 3. The relationship with natural risks is mainly established through fires and
surface erosion processes (Chapter 12). Phenological modifications, changes in plant
productivity and in the chemical composition of phytomass and flora displacement will have
repercussions for the agriculture and livestock farming (Chapter 10) and forestry (Chapter 9)
sectors; in turn, the interactions between changes in the uses associated with these sectors and
climate change, constitute one of the most important determinant factors of the future dynamics
of plant diversity. According to the World Health Organisation (WHO 2003), one of the
consequences of climate change that is insufficiently known and which requires continuous
follow-up refers to changes in air pollution and the associated aero-allergenic levels. With
regard to the latter, changes in the flowering schedule of many species (Garcia-Mozo et al.
2002a) would give rise to a prolongation of pollen in the air, with the consequent repercussions
for health: an increase in the number of patients with allergy and in the duration of the allergic
symptoms, the associated increased pharmaceutical expense, higher work and school
absenteeism, increased hospital emergency admissions and even changes in the temporality of
tourism. This health problem has implications at local, regional and even national level. Also
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related to tourism, it should be pointed out that certain degradation processes of plant cover that
could be caused by climate change, such as deforestation caused by drought, plagues or fires,
erosion, homogenisation of landscapes, etc., would involve losses of natural attraction for
potential visitors, and this could locally affect tourism demand and the economy that depends
on this sector.

5.7. MAIN UNCERTAINTIES AND KNOWLEDGE GAPS

Uncertainties involving the possible impacts of climate change are mainly based on our
ignorance of how the different factors in play will come together in time. Thus, for example, we
avail of reasonably reliable climate series that describe the situation of climatic elements within
one century, but effects on plant diversity might be substantially different, depending on the
temporal trajectories of the changes, especially in relation to rainfall. The incidence of extreme
events and changes in climatic stochasticity are more difficult to accurately predict, but, from
what we know, these direct and indirect effects could be more intense and irreversible than
those produced by average climate tendencies (Walther et al. 2002).

Synergies between climate change and other components of global change (related to
atmosphere and land uses) constitute another of the elements of uncertainty. The signs indicate
that the latter will generally accentuate the impacts of climate change, especially in relation to
aridification.

Responses by species also constitute another source of uncertainty, due to the variability to be
expected, which has been verified in the sign and magnitude, and in the response times. The
high number of species involved increases this uncertainty, and this is an aspect that therefore
requires great effort with regard to research, which should foreseeably be based on the
definition of the functional attributes of species conditioning their types of response. The
uncertainty is greater in that species interaction will play a decisive role (see section 3.1),
because the modification of these interactions can in many cases cancel out the individual
responses to be expected.

Lastly, the temporal and spatial scales of the impacts represent another of the challenges in
research of climate change. Most of the information on biological responses has been obtained
at individual, population or community scales, but effects at landscape or regional scales are
more difficult to model, and therefore, to predict. Furthermore, the spatial resolution of future
climate projections have not yet reached the detail of the mesoclimatic variations induced by
topography and relief, which could be vital for the subsistence of communities and species in
refuge enclaves.

5.8. DETECTING CHANGE

The signal of climate change confirmed to date is still moderate (see section 5.3.1) and the
effects are therefore beginning to be detected only partially. The most extensive and tangible
evidence concerning plants in our latitudes refers to changes in the phenology of certain
species and to the growth patterns detected in the annual rings of trees (Hughes 2000, Walther
et al. 2002, Gitay et al. 2002). There is also evidence of changes in the composition of certain
communities, of movements of flora, both autochthonous and invasive, and even of the
virulence of certain plagues, which have been interpreted as consequences of climate change.
This evidence, referred to in section 5.3.1.4, is often difficult to separate from other impacts of
global change and, in any case, there is not yet a sufficient body of data to constitute an
indicator. We also avail of studies that should how the impacts of climate change can occur in
plants, and of evidence of the effects of other components of global change (chemical
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composition of the atmosphere, changes in land uses) on plant diversity, which are also referred
to in section 5.3.1.

The magnitude and complexity of the foreseeable impacts therefore call for more detailed
follow-up, in order to confirm responses expected and to predict the unexpected ones in time.
The indicators of change assigned here are those that can provide information that is
disassociated from the effects of other components of global change, for which previous series
of data are available to establish references and projections, and that can provide in the short or
medium term values indicating the magnitude of the effects of climate change upon plants.
Furthermore, the interpretability of these data, the existence of international databases, the
comparability of these and the validation methods are now sufficiently established or can be
developed with little effort (Erhard et al. 2002). Other indicators the future development of which
is considered to be feasible and recommendable are described in section 5.10.

Phenological databases

Different phases of the life cycle of plants depend on the annual course of the climate,
especially in extratropical climates. This physiological triggering of these phases is controlled by
temperature in many plants, and the response by these to climate change is one of the first
ones to be recorded. It should be kept in mind, however, that, depending on the species and life
cycle phases considered, this control could be exercised by other factors, such as photoperiod,
water availability or even by combinations of factors (Larcher 1995).

But for sensitive species, flowering and foliation have been advanced in the last 3-5 decades at
a rhythm of between 1.4-3.1 days/decade in Europe and somewhat less (1.2-2(3.8)) in North
America (Ahas 1999, Chmielewski and Rétzer 2002, Menzel and Estrella 2001, Menzel et al.
2002, Walther et al. 2002). The changes are less consistent in the summer or autumn phases
(Bradley et al. 1999, Menzel et al. 2001, 2002), but in Europe, the withering of the leaves of
deciduous species is being retarded by between 0.3-1.6 days/decade. As a result, the period of
vegetative activity has been increasing by an average of 3.6 days/decade over the last half
century (Menzel and Fabian 1999, Pefiuelas and Filella 2001). These values do not deviate
greatly from those deduced from the analysis of vegetation growth periods through satellite
images (Myneni et al. 1997) and of annual cycles of atmospheric CO, concentrations (Keeling
et al. 1996), which also indicates that the lengthening of the period of vegetative activity has
become more evident in the last two decades. Phenological modifications do not occur in a
territorially homogeneous fashion, and allow areas to be detected in which warming does not
occur at the same rhythm, as happens in parts if SE Europe (Menzel and Fabian 1999,
Chmielewski and Rétzer 2002), or even cold spells recorded throughout the last century (Ahas
1999). The data available in NE Spain (Pefiuelas et al. 2002) show advances of 1-5 weeks in
foliation and of 1-10 weeks in flowering for the last half century, and delays in leaf shedding of
1-2 weeks, with mean values in the response that should be considered high in comparison with
those of the European context. The responses are very variable among species; with regard to
phenological advance, herbaceous and early flowering plants respond better than woody
species and, in general, late flowering ones (Post and Stenseth 1999).

Thus, phenological studies are a powerful tool for the follow-up of the biotic response to climate
change and, in spite of the fact that classical registers of phenological data have been criticised
by different sectors of the scientific community, they have now been very much revitalised for
this reason (Lieth 1997, Schwartz 1999, Wuetrich 2000, McCarty 2001, Menzel 2002). In the
European framework, the main initiative in this context is the European Phenology Network,
EPN, www.dow.wau.nl/msa/epn), created for the standardisation of procedures (Bruns and van
Vliet 2003), for the co-ordination and integration of information and work groups (Bruns et al.
2003, Schwartz 2003) and for the development of education programmes. An attempt has been
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made to promote international phenological follow-up networks by GLOBE (Global Learning to
Benefit the Environment) (Pefiuelas and Filella 2001).

Aerobiological databases

Aerobiology is being used as a tool for the study of the male floral phenology of many plants
pollinated by wind, due to the fact that the presence of grains of pollen in the air is a
consequence of the phenological state of flowering. In this sense, aerobiological databases are
proving to be useful for these studies, because temporal series of at least 20 years are available
in several countries. Aerobiological data are collected on a daily basis with devices that suck
constant volumes of air, which allows the evolution of floral phenology to be studied in detail.
These apparatuses have a weekly autonomy and a cover of around a 50 km radius, depending
on the topography and the capacity to disperse pollen grains of the species to be studied.

The Spanish Aerobiology Network (REA, Red Espafiola de Aerobiologia) manages about 50
sampling stations distributed throughout the country. Recently, it has been created the Red
Portuguesa de Aerobiologia (RPA, Portuguese Aerobiology Network) which, together with the
REA, provides knowledge of the airborn pollen content throughout the whole Iberian Peninsula.
Although the REA was formally set up in 1992, at certain sampling points it avails of continuous
data from 1982. This database is highlighting the sensitivity of the different species to climate
change.

Herbaceous species have a different behaviour pattern than woody plants. In the Mediterranean
area, development and flowering depend more on rainfall regime, and the effects of temporal
distribution are more important than the total quantity recorded (Emberlin et al. 2000). The
influence of climate change has not been very marked up to the present, as the main changes
have been seen in temperatures. A change in rainfall regime towards a greater torrentiality or a
seasonal redistribution of rainfall would increase the effects.

With regard to woody species, temperature is the factor which most affects the development of
the flower buds of trees that flower in early spring, such as the Holm oak, whereas the trees that
flower later, like the olive or the cork oak, are more affected by the photoperiod (Garcia-Mozo et
al. 2002; Galan et al. 2001, 2004; see also Osborne et al. 2000). An advance in budding date of
the trees and of flowering in general could make them more vulnerable to late frosts. An
increase in temperature would accelerate the development of buds and flowers. Likewise,
different responses have been observed in one same species depending on the geographic
area, which is to be expected if we take into account the different magnitudes and directions of
climate change according to territories.

At the European level, work is being done in this line using aerobiological data, through a
European network, the European Aeroallergen Network (EAN), to which the REA belongs, and
which is also co-ordinated with the EPN. Different studies have highlighted a generalised
advance at European level of the pollen season of different species (D’Odorico et al. 2002,
Emberlin et al. 1997, 2000). Most of the available pollen series in Spain are still too short, but
they appear to indicate an advance in the flowering of many tree species. This advance is more
consistent for the pollen season of Quercus at inland sites of the Peninsula (Garcia-Mozo et al.
2002a, b). Using aerobiological and meteorological databases it has been possible to build
models for the climatic determinants of flowering of some species. Applying these models to
climate projections for the next century, it has been foreseen advances of up to 6 weeks in
flowering time for early-flowering oaks in areas of central Spain like Le6én or Madrid.

The increase in productivity induced by the elevation of CO, atmospheric concentration also
implies a higher production of pollen by anther, as it has been experimentally proved (Rogers et
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al. 2004). Pollen series from different European stations show an increasing trend in the
airborne pollen concentration. Such evidence is not clear in Spain still, probably due to the high
interannual variability which will require the availability of longer series of pollen data.

The aerobiological data can be shown by means of tables and graphs that are easily interpreted
by the people in charge of evaluating the results of the follow-up. The REA has much
experience in the dissemination of aerobiological data, this being one of its main objectives
since it was set up. Data must be statistically analyzed to prove that tendencies are not the
result from interannual fluctuations of climate.

Dendrochronological database

Growth in thickness of trees, calculated using the annual growth rings, is related to climatic
conditions, and can be used to confirm the effects of climate change. Dendrochronological and
dendroclimatic studies are relatively recent in Spain, as they practically began with the studies
carried out by Creus and Puigdefabregas in 1976 and 1983. Since 1984 dendroclimatology has
been developed through studies of species of Pinus and of deciduous Quercus, apart from
some other genera of conifers and of the oak family. Among the researchers who have most
contributed to these activities, we can highlight J. Creus, A. Fernandez-Cancio, R. Génova, M.
Génova, E. Manrique, K. Ritcher, E. Trobajo, E. Gutiérrez, and A. Pérez-Antelo.

The dendrochronological database used as a reference for researching climate currently has
1,064 series, of which 940, corresponding to 574 trees, are of great interest due to their
longevity and sensitivity (Table 5.6). The chronologies cover a time interval from 1050 to 1997.
In dendroclimatic studies, the information supplied by the weather stations started to be of use
in the year 1945, and the 1945-1997 interval was used to calibrate and verify the models.
Spatially, the cover of the Peninsula is complete, as a new methodology has been developed
(Fernandez-Cancio and Manrique 1997) which, using the classical reconstruction systems of
the Tree Ring Laboratory (Tucson, Arizona), allows for the reconstruction of any monthly
meteorological variable in those stations that have at least 50 years of instrumental records.

This method is based on the selective reconstruction of each variable, correlating it with the
total from the database. The model applied is calibrated and verified and its statistical reliability
is analysed through comparison with random simulations from climate records, according to the
distribution of the data on the real variable. Thus, 57% of the variables can be reconstructed in
a reliable manner. In the year 1300, the variance started to become stable, and after 1500 the
reconstructions are valid for the whole of the territory. The scope of the climatic signal for
temperatures is very great, as it reaches the Canary Isles in the South and it has not been
determined to what part of Europe in the North. For precipitation, however, the degree of
reliability is much lower. The Little lce Age (LIA) is completely defined, as is the evolution of the
climatic variability (Manrique and Fernandez-Cancio 1999, 2000). Spatially, the whole Iberian
Peninsula can be reconstructed (Candelas 2000).

The signal (Fig. 5.7) tallies quantitatively with the tendencies detected in the climate evolution of
the Northern Hemisphere (www.ngdc.noaa.gov/paleo/recons.html). Some of the chronologies
obtained have been incorporated into the Geophysical Database of dendrochronological
character of the NOAA Paleoclimatology Program through the International Tree Ring Data
Bank (ITRDB). As can be seen in the standardised reconstructions of the millennium in 320
Spanish stations (Fig. 5.7), the precipitation and temperature episode in the last half century,
essentially warm and alternatively humid and very dry, appears to show unique characteristics
in Spain with regard to tendencies and variability of the last 1,000 years. From this point of view,
we can speak of present climate change in relation to the tendencies of the last millennium.
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Fig. 5.7. Representation of precipitation (above) and mean temperature (below) standardised and
dendrochronologically reconstructed for 320 stations and their moving averages over 10 years. The
temporal interval reconstructed (in abscissas) covers the period from 1050 to 1997. Patterns of high
variability are observed from 0 to 400 and the anomalous behaviour of the last 50 years, which

corresponds to real data.

Table 5.6. Zones and characteristics of the dendroclimatic database

Zone Number of Number of Species Maximum length of the
series trees series (years)
Guadarrama 259 134 Pinus nigra 505 (La Jarosa)
Cuenca 150 91 Pinus nigra 629 (Utia)
Galicia 59 40 Quercus spp. 432 (Invernadero)
Gredos 43 22 Pinus nigra 322 (Piedralaves)
Demanda-Urbion 129 76 Pinus uncinata 528 (Vinuesa)
Pyrenees 98 65 Pinus uncinata 690 (Aigiiestortes)
Alcaraz-Segura 74 50 Pinus nigra 409 (Paterna)
Cazorla-Filabres-Maria 60 40 Pinus nigra 939 (Sierra de Cazorla)
Teruel 68 56 Pinus nigra 410 (Bellena)
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It is possible to locally identify, in each weather station, the behaviour and evolution of the
present climatic episode. The additional reconstruction of the climate enables us to detect the
impact on vegetation, and, as a result, the changes tendencies therein can be analysed,
simulating current and future displacements. An ARIMA analysis of the temporal series also
enables us to get a qualitative idea of the predictions over the next ten years. The managers of
the forestry, hydrology and population protection sectors could be the main beneficiaries of
these predictions.

Remote sensing

The information provided by the remote sensors installed in the satellites has multiple
environmental applications, among which are recent and important contributions regarding the
impacts of climate change on vegetation. Analysis of the temporal series of the standardised
difference vegetation index (NDVI) has confirmed the lengthening of the vegetative period in the
northern hemisphere (Myneni et al. 1997, Chen and Pan 2002). Available since the 70s, the
series of satellite images also enable us to quantify, with increasing resolution, changes in uses
and plant cover in territories, and through these, changes in landscape structure, one of the
indicators of biodiversity considered to be most promising (Fernandez-Gonzéalez 2002). With the
use of temporal series, biogeographic limits can be characterised that are independent from the
different types of present vegetation (Lobo et al. 1997), and these could be used in the follow-up
of vegetation displacements brought on by climate change. With modern sensors, it is becoming
possible to evaluate with increasing resolution the water content, the physiological state or the
growth of the vegetation. Technology based on remote sensing therefore constitutes and
important tool for the follow-up of the impacts of climate change.

5.9. IMPLICATIONS FOR POLICIES

The objective of reaching sustainable forms of development has met with a big problem in
climate change. The European Union recently established, in the Géteborg summit (2001), the
commitment of halting losses of biological diversity within its territory by 2010, as an inherent
implication of environmentally compatible development. Avoiding the added losses of
biodiversity derived from the impacts of climate change, a global conflict requiring global
measures, is a challenge difficult to deal with through local measures, the efficiency of which is
always limited. The sectorial policies affected by the impacts of climate change on plant
diversity were mentioned in section 5.5 and are fundamentally related to the responsibilities of
the regional autonomies or local administrations. Thus, on one hand, the strategies designed in
this respect require a broader geographic framework in which they can be co-ordinated and
integrated. On the other hand, within the framework of the initiatives deployed by the EU, the
large proportion of European biodiversity contained in Spain should be highlighted. The
magnitude of the foreseeable impacts of climate change make advisable a thorough revision of
the Spain’s Strategy for conservation of biodiversity (MIMAM 1999).

Land use planning should incorporate consideration of the impacts of climate change, at least in
an attempt to minimise the negative interactions between these and changes in land uses, in
particular with regard to the effects of infrastructures and housing on the fragmentation and
degradation of habitats and the geographic displacements of other uses brought about by
climate change. The management of natural resources is faced with considerable changes in
the productivity of forestry, agriculture and livestock farming, in the future location of these and
in their modalities of intensification, in contexts that will be difficult to sustain in many cases.
The environmental quality and evaluation area will also have to assume the new framework of
interactions generated by climate change; the application of strategic environmental
evaluations, instead of evaluations of the individual impact of each project, could contribute to
the change in perspective.
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The protection of nature, together with ecological restoration in the broad sense, is the sectorial
policy most directly involved in the impacts of climate change on biodiversity, as has been
indicated in section 5. These impacts are starting, and will do so to a much greater extent in the
future, to throw light upon the value of ecosystems and the direct and indirect benefits the offer
to humankind, which, unfortunately, are too often underrated, especially with regard to
economic appraisal. It is therefore the time to call attention to this through environmental
education and awareness programmes, in order to pave the way for sectorial policies capable of
attenuating impacts and to involve administrations and citizens in their development and
implementation.

5.10. MAIN RESEARCH NEEDS

Research into the impacts of climate change on vegetation can be structured into three main,
interconnected lines: follow-up of the real changes occurring or that will occur, the responses by
species and communities to foreseeable changes and the design of predictive models, based
on the information provided by the previous ones and on climate projections, in order to
anticipate the floristic and plant changes to be expected. The continuity of the follow-up will
allow the degree of fit of the predictions by the models to be contrasted, and to introduce, where
necessary, and with sufficient advance, measures for correction or attenuation of the impacts.
Follow-up activity currently comprises several unequally developed levels. We should promote
the participation of research groups in the phenological follow-up networks, given that current
participation is very low (for instance, there are only two groups in the EPN, apart from the
REA). Furthermore, it is unlikely that research groups will become involved in long-term follow-
up without any guarantee of financial backup. With regard to aerobiological follow-up, although
there are a large number of aerobiological stations in Spain run by the REA, there are also big
geographical areas that are insufficiently covered, such as Castilla y Ledén and Castilla-La
Mancha. This, along with the costs of maintaining the collector equipment and in particular of
the interpretation of the samples, which require many hours of analysis at the optical
microscope, constitute the funding needs of the network, which have been heretofore provided
by the public administrations in exchange for the information generated for alergolology
applications.

The possibilities of applying the dendrochronological database as an indicator of climate change
still require methodological developments. Full comprehension of the scope of the present
disturbance and of its characteristics can be attained by seeking more long-lived trees over 500
years, and by analysing fossil and sub-fossil wood, with which to strengthen the signal of the
warm early-medieval period (1000-1300 AD) and the preceding big climatic episode (600-1000
AD).

Apart from the development of follow-up based on remote sensing, as was pointed out in
section 8, follow-up in the field of floristic changes and changes in vegetation constitutes
another vital element. The most interesting approach would consist of articulating a network of
plots for permanent follow-up, representative of different habitats and landscapes with differing
degrees of vulnerability to the effects of climate change, and suitably distributed according to
Spain’s biogeographic units. The network of protected areas could constitute a framework for
the location of the follow-up points, because these provide an acceptable level of control of land
uses and avail of backup cartographic and floristic information. The initiative could be co-
ordinated with the follow-up plans required by the Natura 2000 network and could benefit from
the possibilities of co-funding by the EU. Apart from periodic sampling of floristic diversity at
different scales of spatial resolution, the incorporation could also be contemplated of the
phenological and demographic follow-up of keystone species or of those selected and
representative of different models of response to climate change. The follow-up procedures
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should be able to be linked to procedures of adaptative management in order to evaluate the
effects on biodiversity of specific actions and the interactions of these with climate change.
About the monitoring of high mountain habitats the EU research project GLORIA-Europe is
functioning with a network of permanent plots in the summits of 17 European ranges, including
Sierra Nevada and the Pyrenees (Pauli et al. 2004; www.gloria.ac.at). This initiative is been
enlarged at the global scale through GLORIA-Worldwide. The network of plots for the follow-up of
forest damage (Montoya and Lopez Arias 1997), should also maintain its activities, which are
necessary for evaluating the effects of droughts and plagues.

In the same sense, and in the frame of the Atlas of Threatened Flora (Moreno Saiz et al. 2003),
a project of population monitoring has begun for 40 endangered plant species, which will allow
to detect future trends in these species and draw conclusions and management
recommendations. This demographic monitoring should be accompanied by genetic studies
(breeding systems, levels of endogamy, genetic diversity within and among populations) to
properly evaluate the vulnerability and the importance for conservation of the different
populations (Hampe 2004). Another complementary network we could consider is the one
dealing with the follow-up of post-fire regeneration after forest fires, because big changes are to
be expected following these disturbances.

In dealing with the responses by species and communities to climate change, experimental and
fieldwork approaches are needed. The latter, like the aforementioned follow-up systems, should
have a long-term focus, due to the characteristics of climatic processes and to the fluctuating
nature of Mediterranean climates. The lack of this type of long-term approach in our country has
been pointed out by numerous researchers (Moreno and Fellous 1997, Herrera 2001, Zamora
et al. 2001, Hampe 2004). Modification of inter-species interactions, the characterisation of
functional groups of plants with similar responses to climate changes and the evaluation of
indicators of the effects of climate change on biodiversity (Diaz 2002, Fernandez-Gonzalez
2002) are some of the priority themes in this respect.

Lastly, the development of predictive models of the dynamics of floristic diversity under the
pressures of climate change, will constitute the most elaborate tool for generating projections,
designing mitigation measures and evaluating their efficiency (Nualart 2003, Thomas et al.
2004). The models should progressively incorporate resolutions at landscape and regional
scales, the effects of fragmentation, capacities of the species for dispersal and migration,
indirect effects of climate change and interactions with other components of global change. All
these respects need technical development. The reliability of the projections depends upon the
quality of the information about floristic and vegetational diversity. Databases on the distribution
of floristic and plant diversity in Spain is beginning to gain importance, although there are still
shortcomings in relation to the spatial resolution of the data, and above all, in the compilation of
the very dispersed documental sources coming from publications, cartography and scientific
collections (herbaria). Support is needed for the initiatives aimed to computerize this kind of
data, among which are at the national level the project Anthos (www.programanthos.org),
carried out by the Botanical Garden of Madrid, that has compiled more than 700000 floristic
records in Spain, and the Data Bank on Biodiversity of Catalonia (BDBC,
http://biodiver.bio.ub.es/bioca), with similar aims but restricted to the Catalonian countries. At
the international level are the Global Biodiversity Information Facility (GBIF, www.gbif.org) and
the Biological Collection Access Service for Europe (BIOCASE, www.biocase.org). The Atlases
of Threatened Flora and of Natural and Seminatural Habitats, promoted by the Direction
General for Biodiversity Conservation (Ministery of the Environment), constitute other relevant
milestones in this direction, which still requires the compilation of the huge phytosociological
databases, only in part published, and the widening to other componentes of vegetal diversity.
The usefulness of these data in studies about the impacts of climate change will require a good
accuracy in both georeferentiation, with spatial resolution at 1 km? or more detailed, and in
chronoreferentiation (date) of the records.
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ABSTRACT

Spain, possibly the EU’s richest country with regard to animal species, has the highest number
of endemisms. The number of new species described every year indicates that a high
percentage of the fauna remains unknown. Greater effort is required in our country with regard
to taxonomic research. There exists much evidence of climatic effects on the biology,
abundance and distribution of vertebrates and of certain groups of insects of our fauna, and
there are very little data on most of the invertebrates.

There are two future scenarios of the effects of climate change on the biodiversity of
vertebrates: 1) Ecosystems will be displaced jointly in accordance with climate, and 2)
°Ecosystems will adapt and change. The first scenario is unrealistic, due to the tremendous and
growing fragmentation of habitats in Europe and the complexity of the responses by the
different species and of the interactions between them. A possibility of displacement of the
biocenoses only appears to exist in rivers. The second point does not allow for accurate
predictions in most cases in view of the current level of knowledge.

There is evidence of the direct effects of climate change to date, in spite of the scarcity of good
temporal series. Thus, large phenological changes have been detected in populations of
vertebrates and invertebrates, with advances (and in certain cases delays) in processes of
initiation of activity, the arrival of migratory species or reproduction.

The maladjustment between predators and their prey resulting from differential responses to
climate is another detected consequence of recent changes.

The distribution of certain species is being displaced towards the North or towards higher
altitudes, which for certain mountain species is involving a clear reduction of their areas of
distribution. Likewise, in rivers the displacement has been observed of thermophilous species
upstream (particularly of molluscs), whereas the proportion of cold water species is diminishing
(especially of insects). In lagoons and lakes it has been seen that altitude, latitude and depth
have similar effects upon communities, which appears to be related to temperature.

There is some evidence of greater virulence of parasites or of an increase in populations of
invasive species, in general more adaptable to environmental change that may be dependent
on climate change.

The deterioration of fragile habitats such as small bodies of water, springs, small streams and
isolated forests due to desiccation or fire or the disappearance of food plants of limited
distribution could seriously affect animal populations and even lead to species disappearance,
above all of invertebrates.

Neither the displacement of distribution areas (hypothesis 1) nor the rapid adaptation to new
ecological conditions (hypothesis |Il) appear to be viable solutions for most of the species
studied.

Among the areas most vulnerable to the effects of climate change, we could include coastal
areas, wetlands, permanent water courses that would become seasonal, seasonal ones that
would have a more irregular flow or would even disappear, high mountain areas and humid
pasturelands.

The main adaptational solutions should include the design of reserves and nature parks to allow

for the possibility of migration and changes in distribution by means of interconnecting biological
corridors. The network of protected areas should incorporate latitudinal and altitudinal gradients
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to enable the protection of populations with geographic distributions undergoing processes of
geographic displacement resulting from climate change.

It would be interesting to promote the classification or creation of “zones or areas especially
sensitive to climatic change”, for those areas with unique, original ecosystems or threatened or
endemic species that cannot opt to change their habitat and that may become extinct.
Examples of these zones are high-mountain areas or springs, streams or other water- courses
containing endangered or vulnerable species.

The conservation of biodiversity ought to pay attention not only to the protected areas, but also
very particularly to the generalised promotion of land uses that are compatible with conservation
and capable of counteracting the effects of climatic change.

The increase in the demand for water for human use, due to temperature increase and in a
possible context of prolonged droughts, might possibly determine an increase in technological
solutions that do not take into consideration the impacts on the biodiversity of animals that
depend on the maintenance of aquifers and of permanent water courses.

Reforestation could have positive or adverse effects on faunistic diversity depending on how it is
implemented. In any case, it will affect the taxonomic composition of the edaphic fauna.

It is necessary to promote research into taxonomy and in relation to long temporal series, both
at specific and community level, and to prevent the deterioration or progressive disappearance
of sources of information such as the phenological database of plants and animals (birds and
insects) initiated in 1940 by the Agricultural Meteorology Service, belonging to the National
Meteorology Institute (INM).
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6.1. INTRODUCTION
6.1.1. Vertebrate fauna in Spain

The number of vertebrate species existing in Spain has been calculated with a reasonable
degree of accuracy (see recently published Atlas and Libros Rojos - red books). Around 51,000
species or 4,1% of species described worldwide are vertebrates (Ramos and Templado 2002
and Table 6.1). On the Iberian Peninsula, approximately 1,180 species have been estimated,
including continental and marine fish and among the birds taking into account only the residents
and reproducers (Ramos et al. 2002), which would constitute less than 2% of all the animal
species existing in our country. There are around 118 species of mammals, 368 species of
birds, 61 species of reptiles and 29 species of amphibians. In amphibians, reptiles and
mammals, this figure can vary slightly, according to the taxonomic criterion used, but the
greatest discrepancy occurs with the least known and most diverse taxonomic group, marine
and continental fish, of which there could be around 750 species (Doadrio and Ramos, pers.
com.). With reference to the known number of different kinds of vertebrates in Europe, Spain is
the country with the highest number of described species and the highest proportion of
endemisms (8%, compared to the next ranking country, Italy, with 4%) (Ramos et al. 2002).
Unfortunately, it is also the country with the highest number of species in danger of extinction,
7% (Ramos et al. 2002). Spain is therefore a key country in the preservation of the biodiversity
of vertebrates in Europe. We must highlight the high rate of endemism of the vertebrate fauna of
the Canary Isles. All the 14 species of reptiles in the Canaries, except for one introduced
species, are endemic. With regard to birds, the number of endemic species is higher than in the
rest of the country, ranging from 4 to 6 species, depending on authors.

6.1.2. Invertebrate fauna in Spain

The extraordinary environmental variety in Spain, in which four of the six biogeographic regions
of the European Union are represented (Mediterranean, Atlantic, Alpine and Macaronesian), as
well as 60% of the habitats of community interest included in the Red Natura 2000 (Hidalgo
2002 and Chapters 2, 3, 4 in this book), endows our country with a high diversity of animal
species. The combination of causal factors of this biodiversity, in terms of geographic position,
orography, climatology, lithology and palaeobiogeographic and sociological factors, were
revised by Ramos et al. (2001) and are summarised in Chapter 5. The huge diversity of
ecosystems and unique habitats, both in the Peninsula and the archipelagos of the Balearic and
Canary Isles is not only seen in the high number of species (approximately 50% of those
inventoried by the projects Fauna Europaea 130,000 species, and European Register of Marine
Species (ERMS) 25,000 species), but also in a high percentage of endemisms (over 50% of
Europe’s endemic species), especially considering that our territory represents less than 6% of
European territory.

Although complete inventories of the species described in Spain (http://www.fauna-
iberica.mncn.csic.es/), are not yet available, it is estimated that in our country there are around
68,000 animal species (Ramos and Templado 2002 and Table 6.1). The invertebrates
undoubtedly constitute the greatest contribution to animal diversity in the terrestrial environment
and in the freshwater, brackish and marine ones of the Peninsula and the Archipelagos. Around
98% of the species of our fauna are invertebrates and of these, around 76% are insects (around
50,000 species). Although the figures for non-insect invertebrates are relatively low compared to
those for insects, they make a noteworthy contribution to the biodiversity and to the life
processes of the planet. With regard to life forms, whereas all the insects belong to one same
group of arthropods, with the category of Class in the Animal Kingdom, the remaining
invertebrates with representatives in Spain belong to 32 of the 33 groups with the category of
Phylum described on the planet, which indicates a large number of independent evolutionary
lines, corresponding to different structural plans within the Animal Kingdom.
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We have very little knowledge of our invertebrate fauna. In the last few years, certain studies
have been published that compile and analyse the new taxa described on the Peninsula and the
Archipelago in the Macaronesian region (Templado, et al. 1995; Fernandez 1996 1998 2000
2001 2002 and 2003; Esteban and Sanchiz 1997). These studies record, in the 1994-2000
period, a total of 2,152 new species described in Spain (1,737 peninsular ones and 415 in the
Canary lIsles) of which 609 (465 on the Peninsula and 144 in the Canaries) correspond to non-
insect invertebrates. This is equivalent to a description rate of 250-300 new species per year, of
which 72% are insects and the rest correspond to other types of invertebrates. The data from
the project Fauna Europaea (unpublished) corroborate the fact that the countries in the
Mediterranean Basin are the ones with the highest number of species in Europe. Spain,
followed by Greece and ltaly, are notable for their high number of new species described yearly.
The asymptote in the rate of new descriptions is still far from being reached.

Fourteen out of the 32 Phyla are exclusively marine, the representatives of the remaining 17
Phyla live both in marine and continental environments in our country (Table 6.1). Of these, nine
are represented in all the terrestrial and freshwater environments, whereas another seven only
live in marine and freshwater ecosystems. The Phyla with the greatest evolutionary success are
the Molluscs, the Nematodes (a group that is still poorly known) and specially the Arthropods
(which include the insects -Hexapoda- and therefore take up three quarters of the planet’s
biodiversity and, of our fauna).

Table 6.1. List of the Phyla of living animals with an indication of their relative presence in marine,
freshwater or terrestrial environments in the first column, number of described species at worldwide level
in the second, estimated number of species in Spain (Peninsula and Archipelagos) in the third. This
number of species is then split according to the main environments: marine fourth column, freshwater fifth
and terrestrial, sixth. A question mark after a figure means that the group has been insufficiently studied
and the number of species is just an estimate. An isolated question mark means that no data are
available to make an estimate. (Taken from Ramos and Templado 2002).

N° N° N° species | N°species | N° species
Environ described estimated M F T
ment species species

global Spain 7
PLACOZOA L 2 | 1? | 17 | — | — |
PORIFERA | mMf | 10000 | 606 | 600 | | — |
CNIDARIA | Mf | 10,500 | 650 | 647 | | — |
CTENOPHORA | Mo 90 | 20 | 20 | — | — |
MESOZOA | M-P 20 257 | 257 | — | — |
PLATYHELMINTHE | MFT | 19,000 | 800? | 5007 | 2007 | 100? |
GNATHOSTOMULID | Mo 80 | 15? | 15?7 | — | — |
GASTROTRICHA | Mf | 500 | 1007 | 75? | 25?7 | — |
ROTIFERA | mF | 2000 | 350 | 20 | 330 | — |
ACANTHOCEPHAL | MFT-P | 1200P | 50? | 50?7 | ? | ? |
CYCLIOPHORA | MP 1 | 1? | 1?7P | — | — |
ENTOPROCTA | Mf | 100 | 20? | 20?7 | — | — |
NEMERTINA | Mt 900 | 1467 | 145 | 1 | — |
SIPUNCULA | M 150 | 35 | 3B | — | — |
ECHIURA M 120 | 15 | 15 | — | — |
ANNELIDA | MFT | 13100 | 1,328 | 1,000 | 25 | 300 |
MOLLUSCA | MFT | 125000 | 2700 | 2250 | 120 | 330 |
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NEMATODA | MFT | 20000 | 10007 | 3007 | 100? |  600? |
NEMATOMORPHA | mF | 250 | ? | ? | ? | — |
KINORHYNCHA | Mo 80 | 15? | 15?7 | — | — |
LORICIFERA | Mo 20 | 1? | 1? | — | — |
PRIAPULA | Mo 17 | 3 | 3 | — | — |
ONYCHOPHORA | FT | 110 | — | — | — | — |
TARDIGRADA | MFT | 800 | 307 | 30? | ? | ? |
ARTHROPODA | MFT | | | | | |
Hexapoda | T | 800,000 | 50,000 | ? | ? | 50,000 |
Myriapoda | T | 15000 | 500 | ? | ? | 500 |
Chelicerata | mfT | 70,000 | 3,400 | 270 | 630 | 2,500 |
Crustacea | Mt | 100000 | 3550 | 2500 | 700 | 350 |
CHAETOGNATA | M | 60 | 30 | 30| — | — |
PHORONIDA | Mo 10 | 8 | 8 | — | — |
BRACHIOPODA | Mo 350 | 31 | 31 | — | — |
BRYOZOA | Mf | 450 | 300 | 300 | ? | — |
ECHINODERMATA | Mo 7,000 | 300 | 300 | — | — |
HEMICHORDATA | Mo 80 | 5 | 5 | — | — |
CHORDATA | MFT | | | | | |
Urochordata | M | 1,400 | 350 | 350 | — | — |
Cephalochordat | M | 25 | 2 | 2 | _ | _ |
Vertebrata | MFT | 51,000 | 1,792 | 1,180 | 108 | 504 |
TOTAL | | 1238535 | 68179 | 10,747 | 2248 | 557184 |

Abbreviations

M= marine, F= freshwater, T= terrestrial, P= parasite

M= exclusively marine group

Mf= mostly marine, with some species in fresh water.

Mft= mostly marine, with some species in freshwater and in the terrestrial environment.
MFT= well represented in all marine, freshwater and terrestrial environments.
mF= mostly freshwater, but also marine.

mfT= mostly terrestrial, with some aquatic species.

T= exclusively terrestrial.

FT= exclusively terrestrial and freshwater.

P= exclusively parasites +

Molluscs constitute the most diversified Phylum of the Animal Kingdom after the Arthropods.
Only the classes Gastropods and Bivalves are found in continental environments. They are
being studied intensively in Spain where there are a high number of endemisms (above all
among the terrestrial and freshwater gastropods). This number is particularly high among the
land snails Helicoidea (both in Canaries and in the Mediterranean region) and among the
freshwater Hydrobiids (with 90% of endemic species on the Iberian Peninsula and Balears). The
freshwater bivalves include, apart from the small Sphaeriids, present in practically all the
environments, the large-sized and threatened naiad species. All molluscs seem to be very
sensitive to climatic factors.

If there is a group of animals that has had unprecedented success and which has an important
role to play in all the ecosystems, it is the Arthropods. In addition to insects, the arthropods
include spiders, mites and scorpions (Chelicerata), most of which are terrestrial, and the
centipedes, millipedes, and their relatives (Myiriapoda) with around 500 terrestrial species
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described in Spain and a high percentage of endemisms. Crustaceans make up the other large
group of arthropods which, unlike the previous ones, dominates the aquatic environment. It
includes many different groups like crabs (Malacostraceans), water fleas (Amphipods), sow
bugs, pill bugs (Isopods), and many plankton forms, such as many Copepods. The latter are so
abundant in plankton that they constitute the animal group with the highest number of
individuals on the planet. The Isopods are the dominating crustaceans in the terrestrial
environment and have numerous endemisms in Spain. It should be noted that a high number of
endemisms and new crustacean species (Bathynellids, Copepods and Ostracods) have been
described from subterranean waters and caves, both in peninsular fresh water and in the
anchihaline environment (karstic cavities and volcanic tubes flooded with stagnant seawater) in
the Balearic and Canary Isles. There are also numerous endemisms among freshwater
Amphipods. Most of these groups are excellent indicators of water quality and environmental
changes produced directly by the climate and indirectly by anthopogenetic influence.

The insects are a particularly successful group. There is over one million currently known
species of Insects, which is around 75% of all known living species, and they are involved in
practically all ecological processes in continental habitats (Galante and Marcos Garcia 1997,
Samways 1994, Tepedino and Griwold 1990).

The Mediterranean Basin, one of the areas of highest diversity in the world (Myers et al. 2000),
hosts approximately 150,000 insects (Balletto and Casale 1991), and the Iberobalearic region in
Spain is the European geographic area with the highest level of diversity, it being estimated that
there are around 50,000 species of arthropods, which is around 81% of all animal species in
Europe (Ramos et al. 2001, and 2002, Martin-Piera and Lobo 2000). To this extraordinary
biodiversity in this part of Spain, we must add the great entomological richness of the Canary
Isles, with over 6,000 species of arthropods and an endemicity rate at around 45% (Machado
2002).

Iberian mountain ranges generally present a high number of endemisms in animal groups
associated with vegetation and altitude (Martin et al. 2000). Furthermore, there is a high level of
endemicity among other groups of species living in areas with more extreme climate or with
higher rates of aridity, like the coastal areas in the Southeast of the Iberian Peninsula (Verdu
and Galante 2002). This means that the Iberobalearic region has one of Europe’s highest
endemicity rates for insects (Galante 2002), and although the percentage varies greatly
according to groups (Ganwere et al. 1985, Guerrea and Sanz Benito 2000, Vives 2000, Mico
and Galante 2002), it could be said that almost 25% of the species associated with terrestrial
ecosystems in Spain are endemic. This percentage is surpassed by far in certain groups like the
Coleopteran Tenebrionidae in which 60.2% of the 522 species and 129 subspecies in Spain are
endemic (Cartagena 2001).

With regard to the freshwater entomological fauna of the Iberobalearic region, over 25% of the
species of aquatic insects known in Europe live here, with the exception of Diptera (Pujante
Mora 1997). One third of the species of Trichoptera, Plecoptera and Efemeroptera found in
Spanish water courses and lacustrian ecosystems are endemics with a very restricted
distribution (Alba-Tercedor 2002, Alba-Tercedor and Jaimez-Cuéllar 2003, Tierno de Figueroa
et al. 2003).

6.2. SENSITIVITY TO THE PRESENT CLIMATE

6.2.1. Role of the present climate in the distribution and biology of Vertebrate fauna

There is evidence about the impact of climate on the biology, abundance and distribution of
vertebrates in Spain:
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Inventories made over 15 years in 4 sites of a small river in Asturias reveal a clear
relationship between water flow in March (when the trout smolt of Salmo trutta emerge from
the spawning grounds) and the number of the year’s young trout in July (P. Rincén, com.
pers.). The relationship is non-linear, showing a maximum for intermediate flow values and
minimums for years of drought or heavy rainfall. These relationships have also been
established in other studies (Moore and Gregory 1988a, b). In turn, the amount of trout in
July accounts for over 70% of the variation in the number of adult trout 16 months later
(breeding season). The areas protected from currents, associated with the shore and
necessary for smolt, are more extended with intermediate currents. An increase in the
proportion of dry years would reduce population size by reducing the habitat available for the
smolt.

The captures of salmon Salmo salar in Spanish rivers has decreased from figures of around
10,000 specimens in the 60s of last century to 20% of that figure at present. This could be
related to increase in sea temperatures, although these effects could be confused with those
of the overexploitation and deterioration or destruction of the freshwater habitat. Specifically,
there is evidence of seriously negative effects on the capture of other species. If the
temperature changes in the freshwater and marine environments are not synchronised, the
death rate in post-smolt could increase (Hansen 2003). A critical period for salmon species is
embryonic development. In some phases of this, particularly during hatching, there is a very
high oxygen demand, and a tendency towards temperature increase in rivers could have
very severe consequences for survival. More information and research is needed in relation
to the genetic architecture of the characters involved (metabolic rate), the genetic
differentiation of populations associated with different thermal environments, and the
plasticity of the early development stages in response to changes in incubation temperature
and embryonic development.

The reproduction dynamics of the Natterjack Toad Bufo calamita (“a species of special
interest”, as indicated by the Catalogo Nacional de Especies Amenazadas) follows certain
natural cycles conditioned by spring rainfall which has a clear effect on the success of
metamorphosis (Tejedo 2003). These cycles can last for one decade, which suggests the
need to establish temporal series of longer duration in order to understand the reality of
demographic decline.

In Spanish populations of Chameleon Chamaeleo chamaeleon (“a species of special
interest”), the dry years give rise to a high death rate among females and a lower fertility
level (Diaz-Paniagua et al. 2002). Long series of dry years could reduce the populations of
this species. This problem is exacerbated by the reduced longevity of the species, which in
many cases only reproduces once in its lifetime, rarely twice or more. This species, like many
other reptiles, lays eggs covered by a flexible shell, very permeable to water. Increased soil
aridity during incubation (summer) is a direct risk for these animals, because it causes a
higher death rate of the eggs and less viability of offspring (apart from a higher death rate
among females and lower fertility levels). One prediction of climate change is precisely an
increase in the aridity of the soil, which could be particularly aggressive in the soft soils in
which the chameleon lays its eggs (sand). This environmental change could affect the
embryonic development and reproduction of reptiles with flexible shells in arid areas
(ophidians and saurians, excluding salamanders). Field data show an extremely high death
rate among eggs laid naturally, which in some cases surpasses 80% of all eggs laid, and
experiments corroborate this sensitivity (Diaz-Paniagua and Marco in prep.).

Rainfall is the best environmental predictor of the presence of several reptiles such as

Schreiber's green lizard Lacerta schreiberi (“a species of special interest’), a saurian
associated with mountain streams (Marco and Pollo 1993).
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Species like Carbonell's wall lizard Podarcis carbonelli present a distribution, which is very
much conditioned by distance from the coast (related to humidity) in the Dofiana area (J.
Roman, in prep.). These southern edge populations of certain distributions could be forced to
withdraw by a temperature increase and/or a reduction in humidity.

There is a high risk of extinction for certain populations of large-sized endemic reptiles in
restricted areas of some of the islands of the Canary lIsles, as is the case of the La Gomera
Giant Lizard (Gallotia gomerana), whose only remaining population survives in the crags of
Mérica (La Gomera) (Nogales et al. 2001), the El Hierro Giant Lizard (Gallotia simonyi, “an
endangered species”) in the crags of El Risco de Tibataje (Jurado and Mateo 1997) and the
Tenerife speckled lizard (Gallotia intermedia, “an endangered species”) in the Acantilado de
Los Gigantes, in Tenerife (Hernandez et al. 2000). Any alteration of environmental conditions
could force them into extinction.

Rainfall has a clear effect on the abundance of forest passerines in Iberian forests (Santos
and Telleria 1995). The northern and palearctic species (many of these “of special interest”)
become scarcer with less rainfall. At the level of all Spanish avifauna, climate accounts for
7% of species diversity, which increases with rainfall and decreases with insolation
(Carrascal and Lobo 2003).

On the Canary Isles, especially on the more arid eastern islands, several species of birds
appear to react to rainy years by advancing reproduction. In dry years, certain species (quail,
corn bunting) may even stop breeding. The laurel forest pigeons, especially Bolle’s laurel
pigeon (Columba bollii, “a species sensitive to habitat alteration”), practically stop breeding in
some years, which might be due to a low level of fruit production. A series of years with low
rainfall could affect population size. Displacement outside the forest in search of food could
lead to more damage to crops and greater vulnerability to poachers and poison. In the case
of the Houbara bustard (Chlamydotis undulata, “an endangered species”), the different levels
of rainfall among islands (Lanzarote, Fuerteventura, La Graciosa) can force movement from
one island to another, with the consequent displacement costs.

The abundance of waterfowl in the Tablas de Daimiel National Park during springtime is
closely correlated to the flooded area, which in turn depends on water level and therefore,
indirectly, on rainfall. This is not so for the wintering waterfowl (Alvarez Cobelas, personal
communication).

There is a correlation between the distribution of the Lesser kestrel Falco naumanni
(“species of special interest”) and rainfall in Andalucia, this species showing a preference for
areas with more rainfall within this region (Bustamante 1997). There is an optimum rainfall
level for the distribution of this species in Spain, close to medium-high rainfall levels (Seoane
et al. 2003).

In populations of common vole Microtus arvalis and Mediterranean pine vole M.
duodecimcostatus, strong positive correlations have been established between abundance
and spring and autumn rainfall levels in Central Spain (Veiga 1986).

Autumn rainfall initiates the production of the rabbit Oryctolagus cuniculus, a keystone
species in the ecosystems of Iberian maquis (Villafuerte 2002). Furthermore, torrential rains
can be disastrous for rabbit populations (Palomares 2003). A rainfall regime marked by a
higher frequency of extreme phenomena could condition the abundance of rabbits and of
their predators.

In populations of mountain goat Capra pyrenaica in southern Spain there is a close positive
correlation between the production of offspring and rainfall in spring. Long series of dry
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springs could negatively affect the productivity of these populations (Escés and Alados
1991).

¢ In populations in Andalucia of wild boar Sus scrofa, reproduction in years of drought is
minimal, with only 17% of females giving birth and an average litter size of only 3 offspring
(Fernandez-Llario and Carranza 2000).

6.2.2. Role of the present climate in the distribution and biology of Invertebrate fauna

Most of the studies of the effects of climate change on invertebrates have referred to insects.
The data published on the effects of climate on non-insect invertebrates and the distribution and
population dynamics of these are practically non-existent or occasional. Furthermore, with such
a great diversity of animal groups, our knowledge of the geographic and biological distribution of
the species is very deficient. Most of the few available data refer to experimental work,
occasional observations in faunistic studies and unpublished extrapolations and observations.
Molluscs are probably the best known.

It can generally be said that the vagility of the heterogeneous group of organisms that we call
non-insect invertebrates is low. Their dispersal capacity is often limited to passive transport. We
will therefore jointly review the few available data referring to the fauna associated with edaphic
and aquatic ecosystems (lagoons, wetlands, springs, streams and rivers), as these concentrate
the representatives of all the animal Phyla on the continent, and we will analyse the effects of
changes on the fauna itself or the influence of this upon the ecosystems.

e The nine animal Phyla with terrestrial species have representatives or spend some of their
life on the ground, although little is known of the genetic and taxonomic diversity of the
organisms, due to the abundance and complexity of these. Ground-dwelling fauna, together
with microflora, in turn, play a fundamental role in the functioning of the ecosystem: in the
decomposition of organic matter, the transformation of nutrients and (together with the roots
of plants) in the maintenance of soil structure and in the production of greenhouse gasses
(Ingram and Wall 1998). Soil is a dynamic and highly structured substrate, the result of stable
interactions among its own structure and the biota (Erhlich and Erhlich 1992). The effects of
global change, through alterations in temperature, rainfall or changes in land use, can
destabilise the system. Some of the alterations caused by brusque climate changes
(diminished stability, increased erosion, decreases in carbon levels and microbial activity) are
often masked by the effects of the chemical pollutants used in agriculture, these having a
more direct and drastic influence on the biota.

e The edaphic fauna is often more conditioned by the indirect effects of climate changes on
vegetation (in herbivorous species), nutrient availability and effects upon the soil itself, than
by the direct effects of climate change. All the direct and indirect effects of climate change,
however, cannot be disassociated from changes in land uses, which often mask or act
synergically with those caused by global change. Edaphic organisms are universally present
in all terrestrial ecosystems, and given the great variety of these organisms, their interactions
are tremendously complex. That is, although we can learn of the individual role played by
each one of their components in the ecosystem, or how they are affected by climate change,
it is difficult to predict the impact of a change upon the communities they form. There are
very few studies of edaphic biodiversity, although sufficient evidence exists to identify the key
groups in the functioning of ecosystems, which, consequently, can be used as indicators of
environmental change (Ingram and Wall 1998, Porazinska and Wall 2002). In relation to
fauna, these refer above all to earthworms in moist habitats, termites in dry habitats and
nematodes which, although existing in all types of soils, show a preference for certain
degrees of moisture. Nematode populations appear to be very sensitive to alterations in soils
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and show rapid response to environmental variations over short time series, which suggests
that they could also be affected by long-term climate changes (Porazinska and Wall 2002).
Stability in the structure of the earthworm community (proportion of sizes among species,
etc.) is essential for the maintenance of the physical properties of the soils. (Young et al.
1998). Ants constitute a potentially important group, although there are so few studies that
the only thing that can be said is that the role they play is less relevant than that of termites
(Lobry de Bruyn and Conacher 1990).

It has been established that alterations in cycles of humidity/drought or frost/thaw, which can
occur with an alteration in the intensity of the rainfall regime, have a direct influence,
increasing the risk of erosion, which is undoubtedly the main source of degradation among
the series of alterations that can be caused by climatic variables. The fauna most affected is
the one living in soils subjected to higher risk levels, which are found in the temperate areas
of the planet which includes the Mediterranean Basin (Young et al. 1998).

Experimental study has been made of the effect of two climate scenarios on a community of
terrestrial molluscs and their interaction with the meadow vegetation on calcareous land in
the United Kingdom (Sternberg 2000). The two scenarios consisted of: 1) warm winters with
increased summer rainfall and 2) warm winters and summer drought. The climatic
manipulations had a significant effect upon the relative abundance of molluscs, but no
changes were observed in species composition. The distribution and densities of snails and
slugs were affected by changes in the physical environment and the vegetation in the
grassland. The responses of the different species to the climate manipulations were strongly
influenced by their phenological traits and food preferences.

Experimental study was also made on the isolated and combined effect of an increase in
CO, and in temperature on the behaviour and population dynamics of a generalist
herbivorous mollusc, Helix aspersa. The number of juveniles recruited when CO, is high
does not differ from the control population, whereas less offspring were obtained with a
temperature increase. In the combined experiment (high CO, and temperature), however, the
number of juveniles was higher than the control. The emergence of juvenile was not affected
within each experiment, but these emerged 70 days earlier in the combined experiment than
in the one involving temperature. In no case was any relationship observed with the quality of
the foliage (C:N proportion), or with the abundance of the preferred food plant Cardamine
hirsuta. The abundance of the species was altered in the three experiments (Bezemer and
Knight 2001).

Seven animal Phyla are represented in the freshwater environments (rivers, streams, lakes,
lagoons, reservoirs, wetlands, springs). Invertebrates and the communities they comprise,
are the most sensitive to alteration of aquatic ecosystems, due to environmental stress
(warming of the water body) and human induced stress (pollution, overexploitation of
aquifers, etc.), and above all, to a combination of both. The composition of the invertebrate
community is consequently the best indicator of the health of the ecosystem. Increased
summer drought and a decrease in rainfall will reduce the area of wetlands and
biogeochemcial processes, the consequence of which for the fauna will depend on the
characteristics of each system. The great diversity of the wetlands in the Mediterranean area
makes it difficult to predict general patterns. We can, however, expect the more primitive,
and therefore the least specialised, animal groups and species to be favoured, as they have
greater plasticity and are more tolerant to stress. The consequent dominance of these
species does not necessarily involve a decrease in faunistic richness, although we could
expect an impoverishment of specific diversity. Some species or animal groups would
respond to drought by producing durable eggs or resistant forms (e.g. Turbellarians,
Branchiopoda and Rotiferans, among other), and others would do so by prolonging the pupa
phase (some insects, such as the Trichoptera).
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In the case of rivers, the only study known in Europe, involving long time series was made by
Daufresne et al. (2003). In the upper Roédano the fish (37 species) and invertebrate (92 taxa)
communities were compared and inventoried from 1979 to 1999. It was observed that
variability in the abundance of fish was correlated with flow and temperature in the
reproduction period: low flow and high temperatures coincided with a greater abundance of
fish (April-dune). It was also seen that the fish species and taxa of thermophilous
invertebrates gradually replaced the cold water fish and invertebrate taxa. In general, the
taxa of non-insect invertebrates, molluscs in particular, which prefer medium flows with slow
currents (Potamopyrgus, Corbicula, Theodoxus fluviatilis, Physella, Valvata, Pisidium, Radix,
Ancylus fluviatilis, etc., in this order) were favoured, showing an increase in individuals and a
spread upstream, compared with most of the taxa of insects studied, which show a
preference for fast-flowing currents (in particular, and in this order, Chloroperla,
Protonemoura, Nemoura, Rhyacophila, Stratiomyidae were the most negatively affected).
These patterns were the most directly correlated with temperature variables, implying the
causal effect of climatic warming. These in situ results support the predicted effects of
climate change on the upstream displacement of freshwater communities.
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Fig. 6.1. Evolution of the faunistic composition of invertebrate taxa of the Upper Rhone River from 1979
to 1999. Mean annual abundance per sample of invertebrate taxa (circle area and abundance are
proportional) classified according to the first axis of a correspondance analysis of invertebrate data
(CO1F1). Only the 10 taxa with the highest factorial scores and the 10 taxa with lowest factorial scores
are given. (Figure from Daufresne et al. 2004 and kindly provided by the first author)

In salmon and trout’s rivers, an evident decrease in fish populations can now be noted, a
consequence of habitat fragmentation (Chapter 3). Among the most noteworthy effects upon
invertebrates, we can highlight the negative effect of this on populations of large freshwater
bivalves, which require a host fish to terminate their life cycle, with the metamorphosis of
their larvae on the body of the host fish. Some of these species, such as Margaritifera
margaritifera and M. auricularia, show a high degree of specificity with the host fish. In the
case of M. margaritifera these are trout and salmon, and we can therefore expect a serious
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decline in their populations, which only live in the rivers in the North and in the Northwest of
the Peninsula (Ramos 1998). M. margaritifera is protected by the Berne Convention (Annex
[l), the Habitats Directive (Annexes Il and V), UICN (endangered). There is still uncertainty
with regard to the host fish of the larvae of M. auricularia in nature -River Ebro and adjacent
channels- (if it has not already become extinct), although it has been demonstrated that the
river blenny (Salaria fluviatilis), could be a potential host (Araujo, et al. 2001). It is, however,
a threatened species of fish, with fragmented populations, and the survival of both species is
therefore compromised. M. auricularia is protected by the Berne Convention (Annex Il), the
Habitats Directive (Annex 1V), UICN (endangered), National Catalogue of Threatened
Species (“endangered”). The species Unio elongatulus uses several fish species as hosts,
and is therefore not threatened to such a degree. This species is protected by the Berne
Convention (Annex Il) and the Habitat Directive (Annex V).

e The annual growth rings on the shells of Margaritifera margaritifera in Sweden were studied
along a North-South gradient and provided a record of the growth variation over 217 years
(1777 — 1993) (Schoéne et al. 2004). The pattern observed indicates that annual growth is
very much controlled by summer temperatures. The months of June-August are crucial in
the more northern populations, those of autumn for the southern ones. Growth is generally
greater at higher temperatures. This study highlights the fact that the shells of bivalve
molluscs, generally long-lived (around 70 years) constitute excellent tools for recording
climatic events, in particular, temperature variations.

Freshwater ecosystems are very sensitive to environmental stress and that caused by man, and
they therefore respond more rapidly than terrestrial ecosystems to alterations. The following
figure 6.2 illustrates this phenomenon.
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Species invasions ———
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Fig. 6.2. Differences in the temporal scale of processes in terrestrial and plankton communities. The
scale is logarithmic and the cellular processes in organisms of both environments coincides at
approximately 10-5 years (i.e., 5 min). Molecular Ecology of Aquatic Microbes, Successional change in
the planktonic vegetation: species, structures, scales, Reunolds, C.S., pp 115-132. 1995, (Springer
Verlag, Berlin).
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Certain data exist in Spain on the effects of climate on species of arthropods and on models
predicting changes in distribution or population dynamics resulting from climatic changes.

e There is evidence that the number of butterfly species in the Northeast of the Iberian
Peninsula is basically conditioned by two climatic variables, temperature and rainfall. Species
richness is negatively correlated to temperatures and positively to the rainfall index
(Stefanescu et al. 2004). These data indicate that in the context of climate change, a
temperature increase would lead to a clear loss of species diversity.

o The butterfly Parnassius apollo (Lepidoptera Papilionidae) is a species protected by the
Berne Convention (Annex Il), UICN 2000 (Vulnerable), CITES (Annex Il) and the Directive on
Habitat (annex IV). This species is widely distributed throughout Eurasia, although in a
fragmented and isolated way in small populations. Numerous subspecies have been
described (up to 160 throughout the whole distribution area and up to 24 in Spain). It has a
discontinuous boreal-alpine distribution throughout Europe, and spreads through Siberia to
Central Asia. On the Iberian Peninsula, it is found in the main mountain ranges between
altitudes of 800 and 3,000 m. The main population nuclei are on the Cantabrian coast (from
the Montes de Leon and Asturias to the mountains of Alava), the Pyrenees of Huesca and
Catalonia, Sistema Ibérico (from the northernmost provinces to Teruel and the Valencia
Regional Autonomy), Sistema Central (Guadarrama mountains) and the Betic ranges (from
Sierra Maria in Almeria to Sierra Nevada). According to the only existing study on the
movement of adults, displacements are short, between 260 m and 1,840 m (Brommer and
Fred 1999). Anthropic activities (especially ski resorts and high-mountain infrastructures),
along with climatic change, have been identified as the main factors accounting for the
regression of populations in the southernmost mountains of Spain (Baixeras 2002). It is a
species generally restricted to small habitats, and any factor directly affecting the species at
its lower distribution elevations would trap it within limits that are unsuitable for its survival in
many places. It has been estimated that in some southern, isolated populations, like those in
Penyagolosa (Castell6n), an annual increase of 0.1° C could bring about the disappearance
of these populations in around 30 years (Baixeras 2002).

e Culicoides imicola is a dipteran of the Ceratopogonidae family, a cattle arbovirus vector
which causes, among other diseases, bluetongue fever in ruminants and horse fever in
Africa (Wittmann et al. 2001), diseases included in the international lists of epizooties. It is
presently known to exist in the south western half of the Iberian Peninsula (Rawling et al.
1997). The distribution of Culicoides imicola is conditioned by mean annual temperature and
rainfall (Baylis and Rawling 1998). In accordance with the prediction model developed by
Wittman et al. (2001), this species has been seen to rapidly spread its distribution area
northwards. An increase of around 2° C in global mean temperature in this century could lead
to a 200 km extension of the northern limit of its distribution in Europe, which would
undoubtedly lead to the appearance of epizooties in Spain, which could reach northern
France and Switzerland (Wittman et al. 2001). The predictive data on the northward
dispersion of this species have recently been confirmed, with the capture of specimens in the
Balearic Isles, Catalonia, and the Valencia Regional Autonomy (Sarto i Montenys and Saiz
Ardanaz 2003).

o Linepithema humile is the so-called Argentine ant, an invasive species in many parts of the
world. This species originated in Argentina and has managed to penetrate numerous urban
and natural habitats of Mediterranean and tropical ecosystems. It causes serious damage in
ecosystems and damage to human resources, leading to large financial losses. This species
exists in Spain, and according to the existing predictive models, it will spread effectively to
Northern Europe in the next 50 years, which implies its generalised presence in Spain
(Roura et al. 2003). This would have serious consequences for the biodiversity of many
habitats, through competition in some cases and predation in others.
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Fig. 6.3. Modelling of the effects of climate change on the potential distribution of the Argentine Ant
(Linepithema humile), an invasive species. The black-grey tones indicate the areas with the suitable
conditions for the existence of the species at the present time, whereas the blue and pink tones indicate
the areas to be reduced and enlarged, respectively, in the future. The dots show the places where the
species exists at the present time (Extracte from Roura et al. 2003).

Existing data indicate that in Mediterranean ecosystems, the spatial distribution and daily
periods of activity of species of Scarabaeid and Geotrupid beetles depend on temperature
(Mena et al 1989, Galante et al. 1991, Galante 1992), and a thermal increase will therefore
have serious consequences for the species of these groups.

It has been observed in some species of Lepidoptera and Coleoptera in the Iberian
Mediterranean environment that a survival strategy during the most unfavourable times is to
retard ovarian maturation, thus avoiding immature phases at a time when food is scarce and
environmental conditions do not allow for development (Garcia-Barros 1988, Lumbreras et
al. 1990 1991). For instance, in studies by Galante and his group it was seen how in the
scarabaeid beetle Bubas bubalus, females appearing at the beginning of autumn copulate
and store the spermatozoids in their spermatheca, without the eggs being fertilised. The
ovaries reabsorb the ovules and mobilise fat reserves, which enables them to optimise their
energy resources during the winter phase, and they develop eggs anew the following spring,
which will probably be fertilised through further copulation (Lumbreras et al 1991).

It has been demonstrated that temperature has a large impact on populations of aphids
(Hemiptera Aphidinea), causing an alteration in flight periods. At present the European
network EXAMINE (Exploitation of Aphid Monitoring in Europe) has made a follow-up in 19
countries over 3 years of the migratory period of aphids, using suction traps (Harrington et al.
2001, Hulé et al. 2003). Reliable data have been established which indicate a clear
relationship between the population dynamics of aphids and environmental variables.
Climatic variables are a sound means of accounting for at least 50% of the variation in the
flight periods and range in aphids, although other factors operate at local scale, like changes
in land use and habitat fragmentation.

The EXAMINE project has shown that there is a clear relationship between increased winter
temperatures and less rainfall, with an advance in the annual flight periods of aphids.
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However, the main factor at work in this advance of annual flight periods appears to be
temperature increase (Harrington et al. 2003, Seco-Fernandez et al. 2003).

6.3. FORESEEABLE IMPACTS OF CLIMATE CHANGE

There are insufficient good temporal series with which to duly illustrate what has happened in
recent times. There is historic evidence of what has happened in the last 10,000 years, such as
the northward withdrawal of humid forests and the enlargement of the Mediterranean drought
areas (and the Sahara, which has spread 7 degrees of latitude northwards in the last 15,000
years). From this temporal perspective, what we are now observing may only be the
continuation, perhaps aggravated by human intervention, of a process that could have very
grave consequences to our country in terms of biodiversity. If the predictions of the models of
global circulation for the XXI century are correct, increased drought will lead to increases in
hydric stress in trees and shrubs that are currently at the limit of their possibilities due to the
preceding prolonged change processes. As Spain is situated in a peripheral and peninsular
region of the continent (Ramirez and Telleria 2003), this could lead to the regression of many
species of Atlantic origin (which would be the majority in the case of vertebrates), an increase in
insularity of relict boreal-alpine species and the extinction of many populations of these
“northern” organisms which currently present a noteworthy fragmentation towards the south. On
the other hand, the Gibraltar straight might constitute a barrier preventing northernwards
expansion of African species, which would lead to a considerable faunistic impoverishment.

Recently, the risk of extinction of 1,103 species of animals and plants in regions covering 20%
of terrestrial areas was modelled with the use of predictions of climate change up to 2050
(Thomas et al. 2004). In a conservative scenario with global temperature increases of 0.8-1.7 °
C these models indicate that 18% of the species would be extinguished, whereas in a dramatic
scenario of global temperature increases higher than 2° C, up to 35% of the species would
become extinct. According to this study, climate change may become the main factor of species
extinction in the XXI century.

6.3.1. Future scenarios and uncertainties according to different hypotheses

There are two future scenarios of the effects of climate change on the biodiversity of
vertebrates:

6.3.1.1. Hypothesis |I: Ecosystems will be jointly displaced

It is based on the idea that whole ecosystems will be displaced northwards or in altitude,
depending on changes in temperature and rainfall. This scenario is unrealistic due to the
tremendous and growing fragmentation of habitats in Europe and to the complexity of the
responses by different species and of their interactions. The impacts of global climate change
have been considered on occasions as mere displacements of distribution areas, but there is
evidence to indicate that displacements of distributions might increase the derived costs of
biotic interactions when species occupying habitats for which they are not adapted, or in which
new ecological interactions take place, are forced to live together (Martin 2001).

6.3.1.2. Hypothesis II: Ecosystems adapt and change

It contemplates the modification of present ecosystems with regard to their composition and the
relationships between species, due to differential response of these to the change. The
disappearance of certain species or the immigration of new species could lead to cascade
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reactions in relation to other components of the ecosystems. With our current level of
knowledge, this scenario does not allow for accurate predictions in most cases.

6.3.2. Detected changes that might affect the survival of populations
6.3.2.1. Phenological changes
6.3.2.1.1. Phenological changes in vertebrates

Advances or delays in natural processes caused by rapid climatic changes could give rise to
responses in the phenology of vertebrate populations. Many vertebrates’ prey organisms can
respond more rapidly than them to the change, bringing about a loss of synchronisation
between consumers and resources. Many vertebrate species respond to seasonal variation in
circadian rhythms in order to initiate processes of reproduction, migration or hibernation, and
this variation is not affected by climate change. However, the resources upon which they
depend may respond to climate conditions, which would cause a loss of synchronisation. One of
the most likely consequences of a loss of synchronisation between species at different trophic
levels is the maladjustment between food requirements and availability thereof for the species
at higher levels, and this could lead to reproductive failure or reduced survival (hypothesis Il).

Species with shorter cycles can respond to selection by means of very rapid micro-evolutionary
changes. For species with long generation time, response to rapid changes in the availability of
resources can only be by means of phenotypic plasticity. The degree of plasticity is modulated
by variability in the environmental conditions experienced by species in evolutionary time.
Genetic variability can also make adaptation to change by short lived species possible.

¢ One of the most notable changes detected in amphibians is the advance in reproduction of
many species in Europe and North America (Beebee 1995, Gibbs and Breisch 2001).
However, there has been no long-term study in Spain capable of detecting these advances.
Data have been collected for the last five years for populations of the common frog (Rana
temporaria, "species of special interest”) in low zones (< 600 masl) and high zones (>1600
masl) in the Cordillera Cantabrica mountains (A. G. Nicieza, pers. com.) During this time,
reproduction starts in high areas when the snow withdraws from the pools, but this had never
happened (even if there is no snow in the area) before the second or third week in March. It
would be interesting to obtain information on the genetic and environmental components of
the process determining the start of migration towards breeding grounds.

e With regard to phenological changes in birds, we can highlight those observed in
reproduction and migration. Research has been done into whether there are advances in the
initiation of reproduction attributable to recent climate change on the Peninsula. In the three
species studied (Great tit Parus major, blue tit Parus caeruleus and pied flycatcher Ficedula
hypoleuca, all “of special interest’) no change was noted in the laying date or size of the
clutch in the last three decades (Sanz 2002 2003, Sanz et al. 2003). This contrasts with what
has been observed for the rest of the western palearctic, where these changes have been
detected and attributed to recent climate change (Sanz 2002, Sanz 2003). This can be
explained by the fact that in the populations studied on the Peninsula, the temperature
increase detected in the last few decades occurred in the months following the start of
reproduction and not earlier, so effects on reproductive success could therefore be expected
(Pefuelas et al. 2002, Sanz et al. 2003). In the Canary lIsles, sporadic cases of reproduction
in October and November have been detected in the blue tit.

e There is evidence that the reproductive phenology of several species of Iberian birds is

affected by temperature or rainfall before reproduction is initiated. Thus Fargallo and
Johnston (1997) have shown that the start of reproduction in a blue tit population in the

260



IMPACTS OF CLIMATIC CHANGE IN SPAIN

centre of the peninsula is affected by temperature one month beforehand. With temperature
increases at the beginning of spring, these birds advance the laying date. In the Lesser
kestrel a relationship has been found between temperature and rainfall in spring and laying
date (J. Bustamante, pers. com.). We still have to learn, with the use of long series of data,
which are still unavailable, whether the temperature increase detected in the last few
decades has affected the reproductive phenology of these birds.

During the last 18 years, a decrease in reproductive success together with a loss of fledgling
condition and lower recruitment levels has been observed in populations of the pied
flycatcher in the Sistema Central (Sanz et al. 2003). This study was carried out at the
southern margin of the distribution of the species in Europe. Given that the Iberian peninsula
constitutes the southernmost part of the distribution of many bird species (Marti and del
Moral 2003), and that, as a response to climate change, many species may change their
distribution towards northern Europe, it is important to study this precisely in these areas.
The process may involve the colonisation of new breeding grounds or the extinction of
populations in the southern zone. There is evidence to indicate that the reproductive success
of many species breeding on the Iberian Peninsula is negatively affected by less rainfall
during spring (Carrascal et al. 1993, Zuberogoitia 2000, Garcia and Arroyo 2001) or by an
increase in temperature (Lucio 1990). However, no study has attempted to see whether
these effects, which are to be expected in a scenario of climate change, have occurred in
these species in the last few decades.

With regard to migration, changes have been detected, showing an average delay of 15 days
in the arrival of 6 trans-saharan migrating birds during the last 50 years (Hoopoe Upupa
epos, Common swallow Hirundo rustica, Cuckoo Cuculus canorus, Common nightingale
Luscinia megarrhynchos, Quail Coturnix coturnix and Common swift Apus apus, all of these,
except for the quail, “of special interest”). In this study, carried out in a site in Barcelona
province (Pefuelas and Filella 2002), it was seen that 5 of the 6 species showed a
statistically detectable delay, and in 4 species there was a relationship with temporal
changes in temperature, and in one species, there was a relationship with temporal changes
in rainfall. This delay in arrival at the breeding grounds on the Peninsula is in contrast with
the generalised advance observed in the same period in the phenology of plants and insects
(Pefuelas and Filella 2002). This suggests that these species must have a lower
reproductive success rate with the passing of time, as a result of the maladjustment between
their arrival and the availability of food (hypothesis Il). Predators specialised in hunting
migratory birds, like Eleonora’s falcaon (Falco eleonorae, “of special interest”), could suffer
maladjustment between their reproductive cycle and migratory transit.

It is known that arrival date of the Common swallow in England is related to the mean
temperature in March on the Iberian Peninsula (Huin and Sparks 1998). The greater the
temperature increases along the migration route, the lager the advance in the date of arrival
at the breeding grounds. The Iberian Peninsula being an important area of migratory transit
on a continental level, any changes that take place therein can be seen in phenological
changes in different species of migratory birds that breed in other regions of the continent.
Furthermore, certain species of birds, like the Common stork or the Common swallow, have
changed their migratory behaviour. Many individuals of these species spend the winters in
the south of the Peninsula, thus avoiding migrating across the Sahara (Ardeola ornithological
news). It is not clearly known whether this established fact is due to the increase in mean
winter temperatures on the Peninsula or to other causes. The constant presence of food in
rubbish dumps probably has a greater effect than temperature.

Drought conditions delay reproduction in the Deer Cervus elaphus, reduce fertility in females
and increase the death rate in offspring, especially in males (Clutton-Brock et al 1982,
Carranza 1999).
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6.3.2.1.2. Phenological changes in invertebrates

Using climatic manipulation in herbaceous habitats, in a community of molluscs in the United
Kingdom (Sternberg 2000) it has been shown that the different species of the snail and slug
community present different responses, which are mainly seen in their phenology and in their
feeding preferences. In conditions of summer drought, the increased litter cover on the soil
favoured the species that feed on this (e.g. Monacha cantiana) which showed an increase in
activity and population, whereas the species that feed on green leaves and tender shoots
(e.g. Candidula intersecta, Deroceras reticulatum) increased their populations with
supplements of rainwater in summer. It can be predicted that the species with an annual life
cycle (most Helicidae) will be more sensitive to changes during their growth period. It was
also experimentally observed that in Helix aspersa a simultaneous increase in CO, and
temperature leads to an increase in recruitment of juveniles and an acceleration in their
emergence (Bezemer and Knight 2001).

In the Northeast of Spain, it has been observed that, since 1988, the flight period of a large
number of butterfly species is starting increasingly earlier, which for some species constitutes
a significant advance of between one and seven weeks, with an average of 0.1 weeks/year
(Stefanescu et al 2003). This process is logical if we consider that the development periods
of the immature phases of insects very much depend on temperature (Ratte 1985), and that
in most butterflies the end of the diapause and the end of their development coincides with
the arrival of spring (a period in which greater temperature increases have also been
detected).

There is evidence that some species of Satyrid and Lycaenid butterflies show very marked
responses to climate change, varying greatly in their annual peaks of flight activity
(Stefanescu et al. 2003).

In some species of Satyridae a clear advance in the flight period has been demonstrated, like
in the case of Melanargia lachesis, Pyronia tithonus, Pyronia cecilia, Coenonympha
pamphilus and Lasiommata megera, all of these with a larval regime associated with grasses
(Stefanescu et al. 2003).

The temperature increase is expected to cause an advance in the start of the annual
migration of aphids. Many of these species cause plagues in crops, and the factor related to
their early arrival in many areas should be taken into account. An advance in the colonisation
of crops is expected, occurring at earlier development stages of these plants, which are
therefore more sensitive to attack by pests, which could cause either direct damage, or
indirect damage through viruses. This could cause an increase in the use of chemical
insecticides.

6.3.2.2. Changes in morphology, physiology and behaviour

6.3.2.2.1. Changes in the morphology, physiology and behaviour of vertebrates

One of the possible consequences of temperature increases might be a directional selection in
favour of smaller body sizes. According to Bergmann’s rule, in homeothermic vertebrates,
warmer climates would favour a smaller body size, due to its greater capacity to eliminate heat.
In certain birds in Israel, significant decreases in body size have been detected throughout the
last century (Yom-Tov 2001). There is no study of this nature in Spain, although there are
collections of specimens from different periods that could be used to this end.

Certain negative effects have been suggested regarding the effects of temperature increases on
the embryonic stage of vertebrates. In many species of reptiles, sex is determined by the
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temperature of the nest. An increase therein could lead to an exaggerated bias of sexes,
negatively affecting the capacity of individuals to reproduce (Dawson 1992). In mammals,
temperature increases could cause hyperthermia in pregnant females, and the consequent
thermal stress on the embryos, which in some species would determine a high death rate of
embryos (McLean 1991). These effects of temperature on the viability of embryos have been
proposed as a reason for the disappearance of many large mammals after the last glaciation
(McLean 1978).

In bats, a bioenergetic model predicts a closely related combination of temperatures in the
hibernacle and winter durations in order to allow for successful hibernation. This suggests that
the thermal dependence of the hibernation energetics constrains the biogeography of these
species (Humphries et al. 2002). The model predicts a pronounced spread northwards of
hibernnating bats in the next century. No study of hibernation bioenergetics has been made in
Spain. Furthermore, the capacity to regulate body temperature and to prevent hyperthermia in
their daytime refuges may become limited and lead to direct mortality (M. Delibes, pers. com.).

A general proposal that has been put forward is that ectothermic vertebrates would be more
sensitive to abrupt climate changes, given their lower level of autonomy in relation to the
thermal environment. In general, adaptation to climate change could derive from micro-
evolutionary changes based on underlying genetic variation or on phenotypic plasticity (Dawson
1992). At present, there are no studies in Spain to explore the viability of both routes to
adaptation in vertebrates.

e The age structures of several populations of Iberian cyprinid fish species show a greater
abundance of old age classes in relation to young ones (Rincén and Lobdn-Cervia 1989,
Velasco et al. 1990). This indicates that there are frequent inter-annual differences in
reproductive success and recruitment. No rigorous study has been made in Spain of the
correlations between climatic variables and the reproductive success of cyprinid species, but
studies in other countries of a widespread cyprinid which is also characterised by these
fluctuations in recruitment suggest that these variations are modulated by temperature, and
to a lesser degree, by rainfall, during the first stages of development (Lobon-Cervia et al.
1996).

¢ In the Pied flycatcher negative tendencies have been detected in energy expenditure
(reproductive effort) or in provisioning rate during the last few decades in populations studied
in the Sistema Central (Sanz et al. 2003). These insect-eating birds suffer maladjustment
with their main prey (caterpillars), due to recent climate change, and they have varied the
prey that they take back to the nest for their young (hypothesis IlI). Changes in the physical
condition of males and females were observed (Sanz et al. 2003). The daily energy
expenditure, an integrated measurement of the reproductive effort of these birds, has
dropped in recent years, mainly due to its negative relationship to environmental temperature
(Sanz et al. 2003). These changes in synchronisation with their prey (caterpillars) due to
recent climate change probably accounts for the changes observed in adult metabolism,
reproductive effort and reproductive success (see above).

e There is also evidence that rainfall in spring affects the condition and growth of the chicks of
nesting birds (Carbonell et al. 2003). With less rainfall, the condition and growth of the chicks
of Blackcaps (Sylvia atricapilla, “of special interest”), measured by means of fluctuating
asymmetry and feather growth, are impaired (Carbonell et al. 2003). This indicates that we
can predict effects on the growth of these birds in a scenario of climate change.
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Fig. 6.4. Temporal changes over more than one decade in the reproductive success of two populations of
pied flycatcher in the Sistema Central (blue dots: La Hiruela, Madrid; red dots: Valsain, Segovia) and in
the daily energy expenditure of adults during the end of the nestling stage(blue symbols: females, red
symbols: males) fom Sanz et al. 2003).

¢ In the Lesser kestrel, a bioclimatic model indicates that reproductive success is positively
affected by rainfall. However, despite the fact that rainfall has decreased significantly since
1966 in the study area, a retrospective analysis of the evolution of the size of several
colonies in Andalucia indicates that the effect of climate change on reproductive success
cannot be responsible for the historic population decline (Rodriguez and Bustamante 2003).

6.3.2.2.2. Changes in the morphology, physiology and behaviour of invertebrates

¢ A similar effect to the Bergmann’s rule, previously mentioned for vertebrates, has also been
observed in molluscs. In the gastropod Capaea nemoralis a direct correlation has been
described between the diameter of the shell (standard size measurement) and altitude in
three valleys in the Spanish Pyrenees (Ramos 1981). That is, size increases in populations
at greater altitudes where temperature is lower.

e On some occasions, experimental results in relation to terrestrial gastropods are

contradictory. Thus, the consumption of food in the juveniles of Helix pomatia increased in
environments with high levels of CO, (Ledergeber et al. 1998), whereas in another
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experiment with Helix aspersa consumption was not affected by CO, concentration (Diaz et
al. 1998). The different response of the two species could be due to intrinsic physiological
differences. In any case, these results suggest that predictions cannot be based on the
variation of one single factor (temperature, humidity or CO, concentration), and that there is
a need for the combined study of the different environmental factors that can vary
synergically as a consequence of climate change in natural conditions, and we should also
keep in mind microclimatic factors, the evolutionary history of the animal group and the
physiological characteristics of the species.

Both in natural (Potts 1995; Chevalier 1980 1992) and experimental conditions (lglesias et al.
1996), a latitudinal gradient has been observed in the life cycle of Helix aspersa. The length
of the hibernation period decreases with latitude, from seven months in Scotland to four
months in the Northwest of Spain. In Atlantic areas of Galicia, the species has a long
hibernation period without aestivation and reproduces during summer, whereas in the other
part of Galicia, with a Mediterranean climate, there is both hibernation and estivation and
reproduction takes place in spring and autumn (Iglesias et al. 1996). Reproduction in autumn
is typical in all Helicidae gastropods in the Mediterranean area, although the survival rate of
the autumn offspring is much lower due to wintertime cold than in those reproducing in
springtime. Furthermore, both in H. aspersa, and in H. pomatia and H. texta rainfall appears
to be the determinant factor in species activity in Mediterranean areas (the exit from
hibernation is related to rainy periods and entry into aestivation to the start of the dry
periods), whereas photoperiod might be more important at high latitudes. In any case, this
latitudinal cline is conditioned by the microclimatic factors affecting the population, which can
make it deviate from the general pattern.

The longevity of the individuals of the species Margaritifera margaritifera varies with latitude.
Thus, whereas the average life span of specimens in Spain is around 70 years, this can
reach up to 200 years in Scandinavia and on the Kola Peninsula (Araujo, personal
communication). In this case, water temperature may be an important factor.

The population dynamics of species of terrestrial arthropods is conditioned to a great extent
by the environmental conditions of temperature and humidity. The movement observed
towards the northern limit of the distribution area of insect species should be interpreted as a
response to an increase in mean annual temperature. Temperature increases also cause
greater variability in rainfall periods, in the intensity of these and in evapotranspiration rates
(Pifiol et al. 1998). The significant changes taking place in the amount and seasonal
distribution of rainfall may have negative effects on population viability, with a higher risk of
extinction (McLaughlin et al. 2002). In order to demonstrate this hypothesis, research would
be needed that took into consideration several orders of insects in which species with well-
known distribution and biology are selected.

Furthermore, we are aware of the existence of groups of insects, capable of regulating their
internal flight temperature, and which present activity during the cooler times of day, like dusk
or the early hours of the night (Heinrich 1993). These groups have well-developed muscle
masses, a high wing loading and their capacity for flight depends on the balance they
establish between the generation of body heat and its loss by means of external diffusion into
the surrounding atmosphere. These insects behave like endothermic ones during flight, and
have the capacity for thermoregulation, but when they are not flying, they are poikilothermic. .
An increase in temperature could seriously affect these species among which we find
lepidoptera like the Sphingidae, and pollinating insects like many hymenopteran Apoidea and
coleopteran Scarabaeidae. Many of these species have a very restricted distribution in
Western Europe, or are Iberian endemisms, and also have a low reproductive rate (Verdu et
al 2004a).
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e The changes observed in some lepidoptera in relation to the advance in their flight period,
could indicate that some insects have a type of response that enables them to adapt to the
new climatic conditions of global warming. This response is not a generalised one, however,
and our available data are very scarce and geographically local. There is a need for long
annual series showing the abundance of the populations affected; the historic fauna records
are scant and poor, due to a great extent to the lack of support for this type of studies from
Spanish scientific policymakers.

e The changes that may occur in the phenology of the appearance of adults in insects and
larval development periods could have serious consequences in the near future with regard
to changes in population abundance resulting from the possible desynchronisation in the
phenology of nutrient plants and insects. In the Mediterranean basin, many species of
rhopalocera butterflies lay their eggs at the end of spring or the beginning of summer, and
enter into a state of calm or aestivation that may last the whole winter, thus avoiding the
more environmentally unfavourable periods. An advance in the period of emergence of
adults causes an advance in the clutch period and birth of the larvae, which could represent
a critical lengthening of the aestivation period with fatal consequences for the survival of the
first larval stages (Stefanescu et al. 2003).

6.3.2.3. Changes in geographic distribution:

6.3.2.3.1. Changes in latitudinal or altitudinal geographic distribution in vertebrates:

The prediction of displacements towards the north or in altitude of species affected by climate
change (hypothesis 1) is based on the capacity for migration of the individuals towards more
favourable habitats (Root and Schneider 2002). It must be pointed out that this capacity differs
among groups of vertebrates. Whereas birds can fly over different types of barriers, amphibians
and reptiles have much less capacity for migration, and mammals are in an intermediate
situation. Besides, several human factors restrict this capacity, especially in Europe. The main
factor in this sense is surely the increasing fragmentation of habitats. Terrestrial environments
are interrupted by increasingly larger areas of infrastructures and urban environments, while
river environments are fenced in more and more by reservoirs. Spain has become modernised
in its transport infrastructures and has adopted the town planning model of large suburban
areas far from the city centres. Habitat fragmentation is one of the prices of economic
development and of the adoption of the new town planning models. Furthermore, Spain is one
of the countries in the world with most reservoirs per inhabitant, which does not seem to imply
any decline in the construction of new ones. As a result of all this, the tremendous and growing
fragmentation of natural habitats does not only impede the geographic displacement of
distributions according to climate (hypothesis |), but probably even any genetic exchange
needed to guarantee the viability of many fragmented populations in a scenario of no climate
change (a paradigmatic example is the Iberian Lynx Lynx pardina). In island ecosystems on the
Canary Isles, the species cannot respond in the same way as those on the continent, which
move northwards, and their potential capacity for response would be restricted to changes in
altitude, and only on islands with high elevations (for instance, the central and western islands
of the Canaries: Gran Canaria, Tenerife, La Gomera, La Palma and El Hierro). This type of
movement would be much more limited on the eastern islands, Lanzarote and Fuerteventura.

Certain species have a reduced possibility to react by means of changes in distribution. These
are the ones living in high mountain areas and the island populations. They have literally
nowhere to go. In Spain, the barriers constituted by several mountain ranges running from west
to east prevent northward displacements of some species. Those species highly specialised
with regard to certain climatic conditions would also be more sensitive.
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The simplistic model that predicts that plants will respond to climate and that animals will follow
the plants (hypothesis |) does not take into consideration that animals may respond directly to
climate in order to avoid physiological limitations (Dawson 1992) and may change habitats
regardless of vegetation. This could involve changes in biotic interactions, with effects on
survival and reproduction.

With the exception of northern Portugal, the rivers in Cantabria constitute the southern limit
of the distribution area of the Atlantic Salmon in Europe. Survival during the embryonic and
post-embryonic stages (previous to exit from the gravel pits) is closely related to
temperature. An increase of 3-4 ° C above optimum for survival leads to a drastic increase in
death rate and the proportion of deformed unviable individuals (A. G. Nicieza, pers. com.).
The same can be applied to the lamprey or the trout (Ojanguren 2000, Rodriguez-Mufoz
2000). A continuous or maintained increase in water temperature during the winter and
spring months could contribute to population decline and to the displacement towards the
north of distribution limits.

In general terms, and despite the lack of studies aimed at determining the effect of climate
change on populations of amphibians, the biogeographic islands represented by the
mountains (and certain areas with higher rainfall) in the centre and south of the Peninsula
are ceasing to serve as efficient refuges for the fauna of more northern distribution, and the
endemisms of these areas, like the Iberian midwife toad (Alytes cisternasii, “of special
interest”) and the southern subspecies of Common midwife toad (Alytes obstetricans, “of
special interest’) and Salamander Salamandra salamandra are seriously threatened (R.
Marquez, pers. com.). Thus, local populations of salamander have disappeared in Sierra de
la Demanda and Neila (Burgos, although here, the introduction of salmonids may be an
alternative or additional factor), Colomera and El Padul (Sierra Nevada, Granada) and
Puerto y Llanos de Zafarralla (Granada) and of the Alpine newt (Triturus alpestris, “of special
interest”) in Carrales and Pantano del Ebro (Burgos) (Pleguezuelos et al. 2002). Reductions
of salamander populations have been detected in Sierra de las Nieves (Malaga), Sierra
Bermeja and Serrania de Ronda (Malaga) and in the Sierra de Cérdoba, of the Alpine newt
in Northern Castilla-Ledn, Cantabria and Alava and of the Iberian frog (Rana iberica, “of
special interest”) in Pefialara (Sierra de Guadarrama, Madrid) and in Las Villuercas,
Guadalupe and Valencia de Alcantara (Extremadura) (Pleguezuelos et al. 2002).

There have been recent observations of low-altitude species in high-mountain habitats in the
centre of the Peninsula, which were previously the exclusive refuge of species of more
northern distribution (hypothesis 1). Thus, in the Laguna Grande de Gredos (Avila) the
Common Frog Rana perezi has only been sighted in recent decades, and the Common tree
frog (Hyla arborea, “of special interest”) can currently be found in some of the alpine lakes of
the Somiedo Nature Park (Asturias) (R. Marquez, pers. com.).

From the 50s to the 80s of last century, a change in the distribution of the Algerian sand
lizard (Psammodromus algirus, “of special interest”) was detected in a valley of the Pyrenees
(hypothesis 1), and its presence was recorded 30 km upriver from where it had initially been
seen (Bauwens et al. 1986).

In this context we must mention reptiles typical of mountain habitats with a distribution very
much associated with climate. Climate change would cause their rise in altitude and their
disappearance at low elevations (hypothesis ). One example is Schreiber’'s green lizard, an
Iberian endemic species which, in the Mediterranean area is associated with mountains and
in the Southern half is now found in more humid and cooler available habitats (Marco and
Pollo 1993, Brito et al. 1996). Climate change is threatening populations in the Montes de
Toledo, Sierra de Guadalupe, Sierra de Monchique, etc., because these cannot rise any
higher and are losing ideal low-altitude habitats, and it is very likely that this species has
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become extinct in the last few decades in Sierra Morena. There are very old references to
the Lizard in the Sierra de Andujar and some sightings in the 1980s, but in the last intensive
sampling sessions, it was not seen again in these places. In Andalucia, it is classified as
threatened, precisely due to these references from the 80s (Marco 2002). In a similar
situation appears to be the Spanish Algyroides (Algyroides marchii, “of special interest”), the
Viviparous lizard (Lacerta vivipara, “of special interest”), the Pyrenean rock lizard (Lacerta
bonnali, “vulnerable”), the European smooth snake (Coronella austriaca, “of special interest”)
and the Iberian rock lizard Lacerta monticola.

¢ GIS distribution models extrapolated to increases of 2-3 ° C up to 2080 predict a reduction of
the distribution area of the Long-tailed salamander (Chioglossa lusitanica, “of special
interest”) by 20% (Teixeira and Arntzen 2002);

¢ On the Iberian Peninsula, changes may occur in the distributions of birds, given that current
distribution and abundance patterns can be accounted for, along with other factors, by
climatic variables (Carrascal and Lobo 2003). Potential changes in temperature and rainfall
regimes must affect the distribution of these species, but no temporal study has been carried
out on the Peninsula aimed at contrasting this hypothesis.

¢ In the case of the Great bustard (Otis tarda, “of special interest”), the ecological niche was
modelled using 23 points of occurrence in Europe and twelve climatic and topographic
covers (Papes personal communication). The prediction of the present distribution was
subsequently intersected with the land use GIS covers, in order to only retain those areas
most convenient for the Great bustard. Likewise, the ecological niche model was projected in
the two scenarios of climate change and the average of the two was intersected with the
current distribution, assuming zero capacity of the species to disperse. Figure 6.5 shows that
the southern part of the current potential distribution of the Great bustard will disappear with
the future climatic conditions.

Fig. 6.5. Modelling of the effects of climatic change on the potential distribution of the Great bustard (Otis
tarda), a threatened species. The black-grey tones show the areas with the right conditions for the
species at present, whereas the blue tones indicate the areas that will be reduced in the future
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¢ In the case of the Capercaillie (Tetrao urogallus cantabricus, “vulnerable”) in the Cordillera
Cantabrica, the display sites or leks abandoned recently are at lower altitudes than those still
occupied by capercaillies (Obeso and Bariuelos 2004).

6.3.2.3.2. Changes in latitudinal or altitudinal geographic distribution or zoning in
Invertebrates:

¢ As was mentioned in section 2.2, we cannot expect the communities of terrestrial molluscs,
or the majority of unspecialised edaphic invertebrates (i.e. mites, nematodes, etc.), to be
seriously affected by the direct effects of climate changes. The most limiting factor is
humidity (Subias personal communication), whereas temperature changes could have a
long-term effect due to the buffering effect of the soils, provided plant cover is maintained.
Only a drastic alteration of the ecosystem, such as erosion, could have serious
consequences. An irreversible latitudinal and/or altitudinal displacement of plant communities
could cause modifications in the species composition of the malacofauna, and other edaphic
communities, although this will differ depending on whether we are dealing with herbaceous,
xerophilous habitats, or different types of forests.

¢ In the case of rivers, reduced flow and warming of the waters could cause the intrusion of the
fauna from mid-mountain to high mountain areas, as well as habitat fragmentation. In the first
case, there would be a displacement of the biocenosis upstream (Hypothesis |) (see Chapter
3), provided that other factors, such as substrate type of current speed do not limit the
survival of thermophilous species, and at the same time, the populations of cold water
species could be reduced and, in some cases, totally disappear. Fragmentation appears to
be the case of trout and salmon rivers, in which the decrease, already evident, of these fish
species would be accentuated. This would have very negative consequences for the highly
threatened species of large bivalves.

¢ Altitude, latitude and depth seem to play the same role on the distribution and diversity of the
malacocenosis (gastropods and bivalves) in 43 European lakes (Mouthon 1990). The
stations with the greatest species richness correspond to the littoral zones of medium to low
altitude lakes, and is greater towards the South. The littoral areas of mountain lakes and the
deep parts of all lakes are the places poorest in species. This distribution suggests that
temperature (and the associated climatic conditions) is the main factor associated with
species distribution and abundance. That is, unless a temperature rise, increased drought,
eutrophication by pollutants or desiccation of aquifers cause the disappearance of permanent
lakes and lagoons, or irreversibly alter them, the predicted change may not affect, or even
have a positive effect on the freshwater malacofaunas therein. This may even have a
positive influence upon the following links in the trophic chain. The mollusc species inhabiting
these environments, however, belong to more generalist and tolerant groups, in which
endemisms are rare.

The available data on insects indicate that alterations may occur in the ecosystems and show
the extent of damage caused by invasive species of medical-veterinarian importance and with
regard to crop plagues.

¢ Analysis of the whole distribution area in Europe of 35 species of butterflies, showed that
63% of them had spread to latitudes further north of their distribution area, whereas 6% had
spread southwards and 3% had done so in both directions (Parmesan et al. 1999).

¢ In the 70s of last century, of a total of 38 species of non-migratory butterflies living in Great

Britain, it was found that 47% of the species had spread their distribution area northwards,
whereas only 8% had done so towards the south (Parmesan et al. 1999). The magnitude of
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movement of the distribution area towards Northern Europe of some butterflies is, depending
on species, between 35 and 240 km, which cannot simply be attributed to the mere spread of
the species, as it significantly surpasses the distances of natural colonisation processes of
any of the species considered in this study (Parmesan et al. 1999).

On analysing the distribution of 40 species of butterflies (France, Spain, Morocco, Tunisia
and Algeria), a northward displacement was observed in the southern limit of distribution in
22% of the species and a southward spread in distribution in 5%, the rest remaining
invariable (Parmesan et al. 1999).

It has been observed that the southern distribution limit either remains stable in most of the
species studied (approximately 65%) or a small displacement towards the north of this
southern limit is observed (in approximately 35%).

Heodes tityrus (Lepidoptera Lycaenidae), a species whose southern distribution limit was in
Catalonia, has changed its range of distribution. It was an abundant species in Montseny
(Barcelona) throughout the last century, but it disappeared at the end of of the 1990s due to
causes that cannot be attributed to habitat alteration. At the same time it has been seen that
in Estonia, where sightings were sporadic throughout the last century, it has established
permanent breeding grounds (Parmesan et al. 1999).

In order to evaluate the possible consequences of climate change on many endemic species
of the Iberian Peninsula, we must remember that we are in an interglacial period which
began around 10,000 years ago, and during which the strips of vegetation and the
associated insects were gradually displaced northwards. It is important to keep in mind that
in many insect species, the populations isolated on mountain tops, and therefore without any
genetic exchange, are the result of a previous colonisation process during cold periods,
when population continuity existed, and that they are real glacial relicts of past times. In
these cases, although they have not given rise to new species during recent history, they
have generated numerous subspecies differentiations, as has happened, for example, with
Parnassius apollo (Lepidoptera Papilionidae), whose populations are found at the highest
elevations on the different Spanish mountain ranges. Species like the aforementioned one do
not have any possibility to make south-north migrations due to the transversal (latitudinal)
arrangement of the mountain ranges, and are restricted to small areas with the sole
possibility of emigrating towards higher elevations, if this possibility were, in fact, to exist.

In other cases, the consequence of the glacial period was a drastic reduction of geographic
distribution areas, so that many species were confined to authentic Iberian Pleistocene
refuges, as no subsequent recovery of their primitive distribution area has taken place. In this
way, species that had long been considered endemic of a certain area, are the remaining
legacy of an abundant and widely distributed population from before the last glaciation, the
geographic distribution area they currently occupy constituting their last refuge (Elias 1994).
Thus, in Spain we found insect species that are real evidence of past times and which are
currently confined to enclaves in Mediterranean Europe, like Aphodius bonvouloiri
(Coleoptera Aphodiidae), a coprophagous species very abundant in the pastures of the
mountains of the Sistema Central and the Cordillera Cantabrica and which we know lived in
Great Britain during the warm periods half-way through the last glaciation, where it was
associated with other species of insects typical of more temperate climates (Coope and
Angus 1975). Likewise, during the last interglacial period, many species of coprophagous
scarabaeid coleoptera (dung beetles) now considered as typical of the Mediterranean
regions in southern Europe, like Onthophagus furcatus or Euoniticellus fulvus existed in
Great Britain in the preglacial period (Coope 1990). Many other examples have been found
among the coleoptera because of the greater ease with which they leave subfossil deposits,
which is why we know that some species of carabids whose present distribution area covers
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part of the Iberian Peninsula and the South of France must have existed in much of Europe
before the last glacial period (Coope 1990). All these groups of insects can be expected to
be seriously affected by global warming.

¢ Although the species of migrating insects may be able to respond to a great extent to climate
change by means of variation and adjustment of their annual displacement periods in
accordance with new environmental conditions, most arthropods are sedentary, and
displacements are within a radius of, at the most, a few hundred metres. For sedentary
species, response to climate change will involve changes in the northern and southern limits
of their distribution areas. This will inevitably lead to changes in their population levels,
causing variations in the relationship between extinction and colonisation to the north and
south of the species’ distribution range.

6.3.2.4.Changes in ecological interactions
6.3.2.4.1. Changes in ecological interactions in Vertebrates

There are two possible effects of climate change on vertebrate populations that are of
increasing concern to specialists. One is the possibility that more benign climatic conditions will
favour displacements towards our latitudes of parasite vectors or of the parasites themselves
(Rogers and Randolph 2000, Patz et al. 2000). The interaction between the effects of changes
in temperature and rainfall is crucial in this sense. The conditions of temperature increases
accompanied by reduced rainfall do not necessarily favour parasitosis. Thus, for example, the
incidence of the viral haemorrhagic epidemic in rabbits appears to be less virulent, at both local
and regional scale on the Iberian Peninsula, in the dry areas than in the wetlands, perhaps
because there are more vectors in more humid conditions (M. Delibes, pers. com.). In relation to
this problem, it is possible that the virulence of existing parasites may be favoured by the
immunodepression of the hosts caused by environmental change. The spectacular global
decline of amphibians detected in the last few decades seems to be associated, among other
factors, with infections in eggs, larvae or adults by parasites, especially fungi (Blaustein and
Kiesecker 2002). In some cases, this could be related to immunodepression in the hosts. To
what extent climatic conditions favour the spread of parasites (hypothesis Il) still remains to be
seen.

The other problem associated with climate change could involve the spread of introduced
species due to more favourable climatic conditions. For example, the introduction of foreign
species of fish in our rivers for sports fishing is a problem for the conservation of our
autochthonous fish, regardless of climate change (Doadrio 2001, Elvira and Almodévar 2001). If
this increase were also to be favoured by the aforementioned climate change, the problem
would get worse (Elvira 2001). Many examples can be given of the dramatic effects on
biodiversity of species introductions (turtles, parrots, etc.). However, other introduced species
could be negatively affected by the foreseeable climate changes (for example, the American
mink). The introduction of exotic species or varieties favoured by climatic change could lead to
crossbreeding and the loss of endemic genetic diversity on the Peninsula. In the Canary Isles,
this type of species, especially parrots, are spreading rapidly, favoured by their commercial
value and by irresponsible practice of zoological nuclei (“escapes”) for tourism, which are
subjected to no control by the public authorities. This has led to a marked transformation of the
urban fauna in the last 20 years. However, we must consider that in the Canaries there are
forest of great scientific interest, the subtropical laurel forests that occupied the Mediterranean
basin in the Tertiary. This subtropical feature might be optimum for certain species of parrot
which are being introduced, while these relictic forests harbour two species of endemic pigeons,
Bolle’s Laurel pigeon (Columba bollii) and the Laurel pigeon (Columba junoniae, “sensitive to
habitat alteration”) (Martin et al. 2000), which could be negatively affected.
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A collapse has been detected in populations of Common midwife toad due to infection by
fungi, through the possible involvement of climate change (Bosch et al. 2001).

We know that, with an increase in temperature during springtime in the Sierra de Ayll6n
(Madrid), the number of nests of pied flycatchers attacked by ectoparasites has increased
(Merino and Potti 1996). In a scenario of temperature increase and/or reduced rainfall, some
nesting birds in our latitudes may be expected to show a drastic reduction in reproductive
success due to infestation of their nests by ectoparasites.

6.3.2.4.2. Changes in ecological interactions in Invertebrates:

Fluctuations in temperature and humidity and changes in land uses directly affect edpahic
fauna in the long term. This is often more conditioned by the effects of indirect climate
changes and CO, increases on the vegetation (in herbivorous species), nutrient availability
and effects on the soil itself. It seems that these direct and indirect effects could have a
cascade effect on herbivorous and decomposing organisms. The lack of good taxonomies
hinders research into these processes, which tends to be based on experimental models.
One hypothesis suggests that there is considerable species redundancy within each
functional group, although changes in the diversity of functional groups could have serious
consequences for the processes of ecosystems. Given the great diversity and adaptability of
soil organisms, these ecological concepts suggest that redundancy and/or substitution are
frequent in edaphic systems. One possible consequence is that the impact of environmental
changes might be less than what was expected from the extrapolation of the results of
studies to isolated organisms. To the contrary, bigger impacts that modify the bidiversity
threshold, with gains or losses in a given functional group, such as earthworms or termites,
could have a significant effect upon edaphic processes. While these alterations are more
likely due to changes in land uses and pollution, which lead to displacements of the
vegetation, the differential capacity of soil organisms to migrate could lead to changes in the
functional composition of edaphic communities (Ingram and Wall 1998, Swift et al. 1998).

Climate scenarios like the one expected for Spain include hotter and drier summers followed
by warm winters and more rainfall, which would create the ideal environment for a reduction
of the carbon available in the shallower layers of the soil. Given the direct relationship
between organic carbon and the structural stability of the soil, the likelihood of erosion
increases with a decrease in organic carbon, with the consequent impact and
impoverishment of the fauna. This effect would be greater in Mediterranean ecosystems.

Alterations in the annual period of activity do not affect all groups and species of insects in
the same way, which could therefore lead to a serious maladjustment in the necessary
synchronisation of the periods of activity of host and parasitoid insects (Hassell et al. 1993).

Likewise, global warming allows for the spread in altitude of species of phytophagous insects
that cause plagues, possibly affecting new plant species and relictic forest formations in the
south of the Iberian Peninsula. We found an example of this in the altitudinal penetration in
Sierra Nevada of Traumatocampa pityocampa, a lepidopteran that can cause serious
damage to the pines Pinus nigra, P. halepensis and that seriously affects P. sylvestris in the
populations situated at lower altitudes. In Sierra Nevada and Sierra de Baza the
southernmost populations of Scots pine considered as the subspecies P. sylvestris
nevadensis are found. Global climate change could very seriously affect this Iberian
endemism as a consequence of the altitudinal rise of T. pityocampa, given that an increase
in the population levels of caterpillars of this species causes a high level of defoliation that
reduces the growth rate of P. sylvestris by up to 50%, with the consequent reduction of seed
production and renovation rate (Hédar et al. 2003)
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o Furthermore, in groups like the aphids, an increase in mean annual temperature can cause
an advance in emigration periods and the early appearance of pests at a time when the
crops are most vulnerable (EXAMINE, Victoria Seco pers. com.).

6.3.2.5. Changes in area and quality of potential habitats (degradation, loss, fragmentation,
colonisation by invasive species)

6.3.2.5.1. Changes in area and quality of potential habitats for vertebrates

Climate change can determine changes in the availability of favourable habitats for many
species of vertebrates. For instance, droughts and longer periods of intense heat can be
expected to determine faster desiccation of ponds, wetlands and temporary water courses in
spring. For amphibians and fish, this could lead to the extinction of populations of greater
genetic isolation (Marquez and Lizana 2002). Some mammals that are widely distributed
throughout the Iberian Peninsula, like water shrews of the Neomys genus, the water rat Arvicola
sapidus or the Cabrera Vole Microtus cabrerae, could be seriously affected by this problem. The
Cabrera vole, endemic of the Peninsula, depends on small masses or bodies of water where it
does not compete so much with the water rat, and its populations are therefore very fragmented
and vulnerable to prolonged drought (M. Delibes, pers. com.).

Forest fires also cause the loss of forest habitats, as well as the desiccation and sediment
accrual in ponds and water points. The forest vertebrate fauna may suffer even greater
fragmentation of their habitats and amphibian and fish populations may be reduced even more
by a higher incidence of forest fires (see chapter ¢ ?) due to climate change.

The high temperatures may lead to a proliferation of aquatic plants like, for example, the tropical
fern of the genus Azolla recently detected in Dofiana (Garcia Murillo, pers. com.), which imply
anoxia in lagoons and water-courses, with negative effects for freshwater fish. The impacts of
these changes (hypothesis Il) are still to be studied in Spain. In aquatic ecosystems, the high
temperatures would also lead to an increase in the concentration of nutrients with a greater risk
of eutrophication (hypoxia, proliferation of algae and toxic bacteria) and also to an increase in
the concentration of many types of low-volatility pollutants (the very volatile ones might be less
soluble at higher temperatures) (see chapter ?).

The predictable increase in sea level could seriously affect coastal habitats. In important areas
for vertebrate species like the Dofiana National Park, the increased salinity could have a very
grave impact on many species.

¢ A loss of viability has been detected in the eggs of three species of amphibians (Common
toad Bufo bufo, Iberian spadefoot Pelobates cultripes and Common frog Rana perezi, these
two “of special interest”) in central Spain, due to natural levels of UVB radiation (Lizana and
Pedraza 1998, Marco and Lizana 2002, Marco et al. 2002). The incidence of these radiation
levels may be related to climate if decreased springtime rainfall reduces the level of water in
ponds and water courses, because the eggs of amphibians would probably be exposed to
dangerous levels of UVB radiation due to a lower protective volume of water. This effect
would be less serious for amphibians that lay their eggs on the surface. Thus the Common
frog usually lays its eggs on the shores, perhaps to make use of thermal radiation in order to
speed up development, so that, even if there is a large layer of water, they lay their eggs in
shallow waters. They apparently avoid deep ponds or the deeper parts of these, and the
greatest concentration of clutches is always found in the shallow areas, with large masses of
eggs “flowering” on the surface. The Common frog, when it breeds in reservoirs, mountain
lakes or lagoons, normally lays eggs on the shores or in the water, but in this case, the eggs
usually remain on the shallower layers (A. G. Nicieza, pers. com.).
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¢ In the Canaries, there is a serious problem with the population of Blue chaffinch living on
Gran Canaria (Fringilla teydea polatzeki, “in danger of extinction”), as it is only present in the
montes of Pajonales, Ojeda and Inagua, and its population has been estimated at around
200 individuals (Rodriguez and Moreno 1996). These pine forests are a geographic unit of
Pinus canariensis, of around 3.700 Ha, in the West of the island. A big fire would not totally
destroy this forest, as the Canary pine is quite resistant to fire, probably as a result of its
evolution in volcanic terrain, but the habitat would undoubtedly be seriously impoverished,
which would negatively affect the survival of this endemic subspecies.

6.3.2.5.2. Changes in area and quality of potential habitats for Invertebrates:

Alteration of habitat will be one of the determining factors either of the disappearance of species
or of their displacement. Many species of insects with aquatic larval phases, such as Odonata,
Trichoptera, Plecoptera, Ephemeroptera, Coleoptera, Hemiptera among others, would be
affected by the disappearance of pools, humid areas and water courses caused by an increase
in drought periods and in mean annual temperatures.

Likewise, given the interaction between many insect species and vegetation, the disappearance
of plant species or a change in their area of distribution would seriously affect many species of
invertebrates.

¢ In the upper Tajo region, a bioclimatic area has been described which is differentiated from
the neighbouring ones, with elements of flora and invertebrate fauna (molluscs, carabid
beetles, isopods) of a central European nature (Ramos 1985, Serrano 1984). This is an area
with conditions of marginality and the associated evolutionary phenomena, in several species
of molluscs (e.g. Cepaea nemoralis, C. hortensis) (Ramos and Aparicio 1984). This area
could disappear as a result of the loss of the associated deciduous forest, or might be
displaced northwards. The latter hypothesis seems unlikely because of the influence of
microclimatic factors, which would disappear towards the desertified area of the Ebro basin.

One of the effects of climate change, particularly in the Mediterranean area, is the risk of fire
(see chapter 11). The effects of fire have been studied in mollusc communities in the
Mediterranean region. The results show that the communities appear to be highly resistant to
fire, and to other types of anthropic alterations, provided that the alteration is not maintained for
several years and that there is sufficient time between two alterations to recover (see review in
Kiss et al. 2004). The response patterns to fire appear to be multifactorial. The composition of
the present communities of terrestrial molluscs is not only the result of a long history of recurring
fires since the Neolithic, but also of other anthropic alterations, of changes in the landscape
over centuries, of the structure of the habitat previous to the fire and of the influence of a
biogeographic gradient (Kiss et al. 2004). It should be mentioned that the Helicidae family (the
most numerous with regard to species) has undergone a particular diversification in the
Mediterranean Basin. The response pattern obtained may be due to the existence of cryptic
refuges in the burnt areas, which would allow for the survival and conservation of the
malacofauna following successive fire episodes. This hypothesis is reinforced by the fact that,
after fire episodes, the malacofaunas recover and even maintain the proportion of their central
European elements in the populations most distant from the Mediterranean sea. This pattern is
similar to what has been observed in other components of edaphic fauna, such as in the case of
Oribatid mites (Subias, personal communication). 15-20 years after the fire, an almost total
recovery of the oribatids community was observed, probably due to the existence of
microclimates of refuge areas that have conserved their faunistic elements, thus allowing for re-
colonisation.
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A unique ecosystem is constituted by springs and small streams. These are habitats with cold
and well-oxygenated waters and with a continuous current throughout the year which is not too
intense. Due to the mountainous nature of the Peninsula, these habitats are numerous and
diverse. They are rich in invertebrates and endemisms, as they are frequently isolated, or only
communicatethrough the phreatic waters by which they are fed. These habitats are therefore
very fragile, fragmented and sensitive, both to natural desiccation processes and to direct and
indirect human activity. The accumulation of wastes, the spillage of pollutant elements and
alteration (resulting from activities that cause desiccation or reductions of the phreatic level) are
the most common cause of the extinction of the invertebrate populations inhabiting therein.
Water scarcity resulting from long periods of summer drought and rises in mean annual
temperature, predicted for Spain’s Mediterranean area, will exacerbate the problem, either
through actions affecting aquifers or greater human intervention, with the consequent
irreversible disappearance of these habitats.

e The fauna of these ecosystems remains quite unexplored. Data on the freshwater mollusc
family Hydrobiidae indicate that most European species occur in the circum-Mediterranean,
area, with the highest species number around three centres of differentiation: the Balkans,
Italian and Iberian peninsulas. Numerous genera and new species are being described on
the Peninsula (Ramos and col. 2000, Arconada and Ramos 2001 2002 2003). Approximately
90% of the species are endemic, probably due to ancient processes of geographic isolation
and to their poor dispersal capacity. The systematic study of hidrobiids molluscs, over the
last ten years has indicated the disappearance of some populations and species due to the
desiccation of their habitats, even previous to their being described (Arconada and Ramos
2003, in press).

Invasive species constitute an important element of global change and a serious threat to
biodiversity. Three species of invasive freshwater molluscs are known in Spain: the gastropod
Potamopyrgus antipodarum (a native of Australia), and the bivalves Corbicula fluminea and
Dreissena polymorpha from Asia and the Caspian Sea, respectively. The latter two have a huge
potential for invasion (based on reproduction strategies and high environmental tolerance), both
in Europe and in America, with a tremendously negative impact, not only upon native fauna, but
also on the river ecosystems they colonise, and are of serious consequence for different
economic sectors (construction, water inlets of hydroelectricity, thermal and nuclear plants,
etc.). These invasive bivalves cause rapid changes in the benthic community. They displace the
native mollusc species, causing an increase in organic substrate cover (macrofouling) and
favour the presence of oligochaetes and leeches (Darrigran 2002) Corbicula fluminea has
already invaded the rivers of the Atlantic side of the Peninsula (Araujo et al. 1993 and Jiménez
et al. pers. comm.) and has recently been found in the Ebro (L6pez and Altaba 1997). In this
river, too, the first invasion of Dreissena polymorpha has recently been recorded in Spain. The
consequences of this invasion will be even more serious as this is a bivalve with byssus, which
produces large agglomerations of individuals, with planktonic larvae, which facilitates dispersal
and makes it extremely aggressive. The transfer of water from the Ebro to the rivers of the
Levant will undoubtedly cause invasion. According to the results of Daufresne, et al (2004 and
pers. comm.), these three species will be favoured by the increased water temperature in the
rivers resulting from global warming. Indeed, among molluscs, which is the group that will
benefit the most, the two species that most increased their densities in the 1979-1999 period
were Potamopyrgus and Corbicula.

6.3.2.6. Interaction between climate change, vegetation, herbivores, human management
and biodiversity in continental ecosystems.

The maintenance of biodiversity necessarily involves the maintenance of habitats. Changes in
habitats deriving from human activity are recognised as being the main cause of species
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extinction. Climate change can directly affect habitats by affecting vegetation, but it is important
to point out how activity by herbivores, exacerbated by human management, can accelerate
certain processes.

e Dehesas and Mediterranean forests. The main use of these areas has been for extensive
livestock farming, for which there has been a tendency to eliminate the shrub cover. Dehesas
without shrubland are unsustainable in the long term due to the lack of natural regeneration
of the trees. The main causes of the death rate of the seedlings are summertime drought and
the impact of herbivores (Pulido 1999). The temperature increase and/or reduced rainfall
lead to early withering of the herbaceous vegetation, which is associated with a greater
impact by herbivores on woody plants (Rodriguez-Berrocal 1993). If forest and shrubland
areas do not increase in comparison to dehesas, climate change could provoke less
regeneration of the trees and greater impact by herbivores on the areas occupied by woody
vegetation. If there is no intervention, the process could reinforce itself, leading to
desertification. The change in use from domestic livestock farming to wild ungulates for
hunting may favour management involving an increase in the areas with woody plants, with
positive effects for biodiversity (Carranza 1999 2001).

Changes in traditional uses in wetlands, caused by a progressive loss of surface water, have
led and lead to a decrease in the phreatic level of the waters by which they are fed, with their
consequent salinisation. To this alteration we must add the desiccation and pollution of many of
Spain’s marshlands. Enrichment in nutrients and organic matter from nearby croplands,
extensive farming, and industrial dumping lead to an increase in the degree of eutrophy of the
wetland, a reduction of diversity, and the homogenisation of the flora and fauna. In addition to
these threats, we must also consider others that have appeared in recent times, such as the
use of coastal wetlands to harvest species of economic interest, or the introduction of exotic
species like the American crayfish Procambarus clarki. This extremely voracious and
aggressive species has thrived to the extent that it is now a real pest and a serious threat to
many macrophytes. Furthermore, together with the aphanomycosis carried by the introduced
individuals, it has destroyed and/or displaced the only autochthonous species of river crab,
Austrapotamobius pallipes, which has been banished to pools or close to the source of the
rivers. Even though it appears that A. pallipes populations are recovering, an increase in water
temperature could favour the invasive species, allowing it to expand its distribution range
upstream. This would put the native species at a clear competitive disadvantage. This species is
protected by the Berne Convention (Annex Il), Habitats directive (Annex V), UICN (vulnerable).
The river crab has not been included in the National Catalogue of Threatened Species, although
it is protected in several catalogues of certain regional autonomies.

6.3.2.7. Conclusions based on detected changes

Both hypotheses of future scenarios are confirmed in some cases, whereas they are unrealistic
in others. The displacement of distributions would mainly affect species with a good capacity for
dispersal (birds, certain insects), whereas it does not seem viable in others (amphibians, fish
and most invertebrates). The new ecological challenges for the former in their new distribution
areas could prevent colonisation. The alteration of ecological interactions might already be
affecting many desynchronised populations with regard to their trophic resources, due to
phenological changes, but this has only been confirmed in some cases. Neither the
displacement of distribution areas (hypothesis |) nor the rapid adaptation to new ecological
conditions (hypothesis Il) appears to be viable solutions for most of the species studied.

With regard to future projections, no serious study has been done on this theme in Spain. It is

not easy to base distribution models of animals on climatic data only, given the complexity of
their ecological interactions with vegetation and with other animal species and of their patterns
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of habitat use for protection and reproduction. Studies done to date outside Spain present a
worrisome panorama with regard to possible impacts. With the current knowledge of Spanish
populations, we can state that if certain patterns detected up to the present continue, much of
our animal diversity will disappear during this century.

6.4. MOST VULNERABLE AREAS

Among the areas most vulnerable to climate change, we could include coastal areas, wetlands,
permanent water courses, which would become seasonal and seasonal ones that would have a
more irregular flow or might even disappear, high mountain areas and humid pastures. The
vulnerability is maximum for specific habitats (especially mountain ones) that are totally isolated
and contain endemic fauna that have no capacity to migrate or where there is no possibility of
creating natural corridors or where there is nowhere to migrate to. With climate change, large
populations could disappear in the short term, and all of their available habitats in the medium
term. There are several examples of this on the Peninsula, particularly in mountain areas in the
South and Centre. With regard to vulnerable reptiles and amphibians, we must mention
Algyroides marchii, Lacerta monticola cyreni, Podarcis carbonelli, Lacerta schreiberi and
Salamandra salamandra longirostris (subspecies endemic to the mountains in southern
Andalucia). Among the invertebrates, hydrobiid molluscs, which live in springs and small
streams are a clear example of the disappearance, now a reality, of some populations and even
species, previous to their being described (pers. obs.).

6.5. MAIN ADAPTATIONAL OPTIONS

There are several types of adaptational measures that can be taken in the event of climate
change, in order to dilute or mitigate its effects on the biodiversity of terrestrial vertebrates and
continental invertebrates.

6.5.1. Design of reserves and nature parks and habitat connection:

The design of reserves and nature parks should incorporate the possibility of migration and
changes in distribution by means of interconnecting biological corridors.

6.5.2. Latitudinal and altitudinal gradients in the network of protected areas:

The network of protected areas should incorporate latitudinal and altitudinal gradients in order to
allow for the protection of populations with geographic distributions in the process of geographic
displacement due to climatic change. We should consider the areas of greatest altitude in the
distribution limits of the species to be conserved (endemics, rare species, threatened and
endangered ones).

Biodiversity conservation should pay attention not only to the protected areas, but also very
especially to the generalised promotion of land uses that are compatible with conservation and
capable of counteracting the effects of climate change.

6.5.3. Genetic diversity and conservation

Another consideration is that the genetic diversity of affected populations should be given top
priority, because only this can ensure adaptation to climate change. It is important to support
research in this field. Crossbreeding with foreign species favoured by climatic change may
eliminate endemic genetic varieties in our country.
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6.5.4. Genetic diversity and use of species for sports and similar uses

Other possible measures of adaptation to climate change applied without conservation in mind
may exacerbate even more the situation of vertebrates and arthropods. Loss of certain species
necessary for the control of other populations or for sport uses may lead to the introduction of
foreign species, which could have pernicious collateral effects derived from competition with, or
depredation on threatened species of vertebrates. The introduction of biological control agents
for plagues of arthropods should be well controlled. The prevention of new or more virulent
plagues resulting from climate change may determine the use of more pesticides with the
consequent impact on the accompanying fauna and an increase of toxic compounds in the
environment.

Fragmentation and certain types of management of deer populations provoke a decrease in
allelic diversity and increases the degree of homozygosis (Martinez et al. 2002). For these
cases, recommendations are available for mitigating effects (Carranza and Martinez 2002).

6.5.5. Hydric demands, persistence of species and conflicts over the resource

The increase in demand for water for human uses due to temperature increases and in a
possible context of prolonged droughts, will possibly determine an increase in technological
solutions that do not take into account the impacts on the biodiversity of species of vertebrates
and invertebrates depending on permanent water courses (dams, canals, aqueducts, etc).
Communication between water-courses and diverse faunas by canals, has dramatically affected
populations of autochthonous species of river fish (Torralba and Oliva 1997, Elvira 2001, Elvira
and Almédovar 2001,) and has definitely affected populations of aquatic invertebrates. The
alteration of the structure of river courses (construction of dams and reservoirs) causes an
alteration of thermal and hydrographic regimes which itself causes changes in entire
communities (Power et al 1996). These effects can be exacerbated or counteracted (for
instance, when a warm and temperate aquatic community changes to a cold water one as a
consequence of the construction of a dam upriver) by tendencies to global warming.

Overexploitation of aquifers as a result of water scarcity will cause the permanent desiccation of
springs with the consequent loss of species and communities inhabiting therein. Wetlands, in
particular the inland marsh ecosystems of the Mediterranean region, mainly occupying
sedimentary basins, may suffer a serious impact. The supply could be considered of a wetland
with water from different basins, or with different physicochemical characteristics, in order to
maintain levels more or less stable for use by the bird community, or for use as a water
resource. These interventions could cause alterations to the ecosystem, in many cases
irreversible ones. Artificial water supply can cause changes in the environment that impede the
normal development of the biota characteristic of the wetland affected and even introduce
species that displace the autochthonous ones, with the consequent changes in the original
biocenosis. A clear example of this is the Las Tablas de Daimiel National Park, which, following
desiccation, receives water from another basin (see Chapter XX). Following this episode,
several sampling sessions have shown that the mollusc species described therein have
disappeared (Araujo and Ramos, personal communication), and only empty shells can be
found. The same thing might have occurred with other animal groups whose disappearance has
left no visible signs.

The clear decrease in the flow of Mediterranean coastline rivers in the last century,

fundamentally due to increased demand for water, may be responsible for the scarcity or lack of
the Otter Lutra lutra in these rivers (Jiménez and Delibes 1990, Jiménez and Lacomba 1991).
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6.5.6. Advantages and disadvantages of measures for the mitigation of climate change in
relation to reforestation

One of the main mitigation measures contemplated in the context of climate change and in
relation to the Kyoto Protocol is the creation of new forest masses that could serve as carbon
sinks. This could have positive effects on the fauna depending on forest ecosystems. However,
it could also cause serious problems for the conservation of terrestrial biodiversitiy. One of the
main ones involves reforestation with fast-growing foreign species or the establishment of
plantations with few species. The importance should be highlighted of conserving the existing
masses of mature, slow-growing forests, compared with the alternative of reforestation with fast-
growing species (if the priority objective really is carbon sequestration). Reforestation with fast-
growing species will sequestrate carbon faster, but this will also be released faster (Kérner
2001). It really seems quite frivolous to argue about which species is the most efficient for
capturing CO, from the atmosphere when, on the other hand, CO, is being released by the
massive deforestation of mature forests that constitute an important carbon store. Replacement
of mature forests by plantations would be of no advantage to our autochthonous fauna, but
would rather serve as an excuse to destroy whole masses of autochthonous forests and to
eliminate habitats of conservationist interest, like agricultural steppes, mountain pastures or
Mediterranean shrublands. Furthermore, substitution of mature forests with foreign species
could lead to the impoverishment of the soils, and of the associated biodiversity, due to
acidification and loss of plant organic matter that is vital for the balance of the ecosystem.
Grants for reforestation are having pernicious effects in tropical countries, where native forests
are being destroyed to justify the reforestation of barren land, funding agencies not being
informed that this land was previously covered with forest. The simplification of habitats caused
by plantations or single cropping with one or few species can only be bad for biodiverity. The
plantation of species that demand water in order to grow rapidly can only worsen the drop in
phreatic levels and the destruction of habitats of vertebrates or invertebrates depending on
aquatic habitats. In a scenario of climate change, it is important to conserve the Mediterranean
magquis given its low capacity for evapotranspiration compared to other forest habitats that lose
more water than they retain (see terrestrial ecosystems).

In Mediterranean ecosystems it is necessary to promote the natural regeneration of forests
(especially Quercus spp), by allowing for the ecological succession of the Mediterranean
shrubland in large areas inserted into the dehesa areas (Pulido 1999, Carranza 2001).
However, in relation to reforestation policies, we must point out that the Mediterranean
environment has been shaped and transformed by incessant human activity for thousands of
years, which has led to a landscape mosaic comprising fields of crops, pastures bordering with
herbaceous vegetation or shrubland, cohabiting with original plant formations which have been
managed by man for thousands of years (Diaz-Pineda et al. 1998). This historic process of
transformation of the environment has surely conditioned, to a great extent, the composition of
the fauna and vegetation currently found in the Mediterranean basin (Blondel and Vigne 1984,
Erhardt and Thomas 1991, Galante 1994, M&énkkdénen and Welsh 1994, Samways 1994). Thus,
the highest levels of entomological diversity and the highest percentages of endemisms are
found in open spaces (Galante 2002, Verdu and Galante 2002, Martin et al. 2000). Thus, a
generalised reforestation policy, along with the promotion of changes in land use, encouraging
the abandonment of traditional agricultural and livestock farming activities, may become a very
negative factor for the conservation of Iberobalearic biodiversity, which will lead to the rapid
disappearance of numerous species of insects and other invertebrates.

6.5.7. Interactions between the use of different types of renewable energy and fauna

Other possible mitigation measures considered involve opting for hydraulic or aeolic energy.
The former would be based on new dams and the fragmentation of our rivers, the latter on the
construction of windcraft parks, with annexed infrastructures which could contribute both to the
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possible death of birds during migration and to serious alterations or damage in the surrounding
environment resulting from construction. The main migration routes of birds from Europe to
Africa cross Spanish territory (Bernis 1966)

The few data available in this respect for rivers (Daufresne et al. 2003) suggest that artificial
warming foci, such as thermal and even nuclear power plants, can on occasions affect the
surrounding communities, although they do not appear to have a significant effect on the
tendency towards upstream displacement in the present zonal distribution of fish and
invertebrates in rivers.

6.6. IMPACTS ON OTHER SECTORS OR AREAS

Agricultural and cattle-raising activities can be seriously affected by climate change. Measures
taken against prolonged droughts (dams, containments, over-exploitation of aquifers) will have
adverse effects on animal biodiversity (see other sections). A greater incidence of pests could
imply an increase in pesticide emission into the medium. This, in turn, could favour the selection
of pests that are increasingly more virulent. Increased incidences of parasitosis in domestic
animals will require an increase in antiparasitic treatments, which could favour selection for
greater resistance in parasites and increase their virulence.

Sport hunting and fishing currently constitute economic activities involving many people and
which generate large amounts of capital, as well as affecting increasingly larger areas
fundamentally managed for the practice of these activities. The target species of hunting and
fishing will be affected in the same way as other species by the aforementioned potential
changes. The introduction of varieties or breeds which are poorly adapted to the Mediterranean
climate could cause further problems.

Supplementary food is given to the game to mitigate the effects of summer drought in the
southern half of Spain. The effects of this supplementary feeding system are usually
undesirable (Carranza et al 1995, Sanchez-Prieto et al., in press) and could be exacerbated
with climate change. An increase in the areas of forest and shrublands, along with the suitable
insertion of these in mosaics, might contribute to attenuating the need for supplementary food in
summer (Carranza 1999; 2001).

Management practices that are incompatible with the conservation of game species and
freshwater fish and their habitats ought to be controlled (Carranza and Martinez 2002), but the
use of the territory for hunting may be more compatible with conservation of certain species
than traditional uses like extensive agriculture and livestock farming (Carranza 2001), and it can
also be more easily used to prevent the effects of climate change than agriculture and livestock
farming.

6.7. MAIN UNCERTAINTIES AND KNOWLEDGE GAPS

None of the studies reviewed here can irrefutably demonstrate that climate change alone is
responsible for the tendencies detected in species and communities (Hughes 2000, McCarty
2001). The destruction, degradation, fragmentation and contamination of habitats caused by
changes in the models of economic development are occurring simultaneously with climate
change, and to separate the signs of these synergic processes would require much more
detailed and costly studies than those that the Spanish scientific community has been able to
implement to date. This does not mean that we cannot propose possible effects of climate
change, provided that the estimates upon which the climate model