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Summary 
 
The studies on anthropogenic climate change performed in the last decade over Europe indicate 
consistent increases in projected temperature and different patterns of precipitation with widespread 
increases in northern Europe and rather small decreases over southern Europe. These changes in 
climate patterns are expected to greatly affect all components of the European agricultural 
ecosystems (e.g. crop suitability, yield and production, livestock, etc.). 
  In northern areas climate change may produce positive effects on agriculture through 
introduction of new crop species and varieties, higher crop production and expansion of suitable 
areas for crop cultivation. Disadvantages may be an increase in the need for plant protection, the 
risk of nutrient leaching and depletion of soil organic matter. In southern areas the disadvantages 
will predominate. The possible increase in water shortage and extreme weather events may cause 
lower harvestable yields, higher yield variability and a reduction in suitable areas for traditional 
crops. These effects may reinforce the current trends of intensification of agriculture in Northern 
and Western Europe and extensification in the Mediterranean and Southeastern parts of Europe. 
 Adaptation strategies need to be introduced to reduce negative effects and exploit possible 
positive effects of climate change. Both short-term adjustments (e.g. changes in crop species, 
cultivars and sowing dates) and long-term adaptations (e.g. land allocation and farming system) 
should be considered. However, the differences in climate exposure, sensitivity, and adaptive 
capacity will affect in a different way the agricultural eco-systems across Europe. In particular, 
agriculture in the Mediterranean region seems to be more vulnerable than in other European 
regions. This calls for a considerable effort in research and development to deal with the changes, 
both at the continental and regional levels. European agricultural research and the agroindustry have 
considerable skills and know-how, which through technology transfer and promotion of innovation 
could be used for improving adaptive capacity in less well developed regions of the world, which 
will generally be more severely affected by climate change. 
 
Introduction 
 
Europe is one of the world's largest and most productive suppliers of food and fibre. In 2004 it 
accounted for 21% of global meat production and 20% of global cereal production. About 80% of 
this production occurred in the EU25 countries. The productivity of European agriculture is 
generally high, in particular in Western Europe, and average cereal yields in the EU countries are 
more than 60% higher than the world average. The EU Common Agricultural Policy has during the 
last decade been reformed to reduce overproduction, reduce environmental impacts and improve 
rural development. This is not expected to greatly affect agricultural production in the short run 
(OECD, 2004). However, agricultural reforms are expected to enhance the current process of 
structural adjustment leading to larger and fewer farms (Marsh, 2005). 
 The hydrological features in Europe are very diverse, and there is also a large diversity in water 
uses, pressures and management approaches. About 30% of abstracted fresh water in Europe is used 
for agricultural purposes, primarily irrigation (Flörke and Alcamo, 2005). The proportion of fresh 
water abstraction used for agricultural purposes is only 4% in Northern EU, but as high as 44% in 
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Southern EU and projected to increase to 53% by 2030 under baseline conditions (Flörke and 
Alcamo, 2005). Although the quality of river water is improving in most European countries (Nixon 
et al., 2003), the impact of agriculture on Europe's water resources needs to be reduced if “good 
ecological” status of surface and ground water is to be achieved as required by the EU Water 
Framework Directive. There are many pressures on water quality and availability, including those 
arising from agriculture, industry, urban areas, households and tourism (Lallana et al., 2001). 
Recent floods and droughts have put additional stresses on water supplies and infrastructure (Estrela 
et al., 2001). 
 Agricultural systems are not only sensitive to climate change; they are also among the main 
contributors to global warming through emissions of several greenhouse gases (primarily CO2, 
methane (CH4) and nitrous oxide (N2O)). These emissions began long before the use of fossil fuels, 
and may have contributed to the currently warm global climate compared with the climates usually 
seen at the end of interglacial periods (Ruddiman, 2003). Currently, agricultural activities are also 
among the major contributors to total EU greenhouse gas emissions (GHG) (up to 9% in 2000) 
(EEA, 2002). Thus, mitigation strategies will also be required within the agricultural sector to 
comply with the reduction targets of the Kyoto Protocol. 
 Global agricultural systems vary considerably in their sensitivity to climate and in vulnerability 
to change in the climatic regime. Intensive farming systems in North-western Europe are generally 
considered to have low sensitivity to climate change, because a given change in temperature or 
rainfall have modest impact (Chloupek et al., 2004), and because the farmers have resources to 
adapt and compensate by changing management. These systems may therefore respond favourably 
to a modest climatic warming (Olesen and Bindi, 2002). On the other hand some of the low input 
farming systems currently located in marginal areas may be most severely affected by climate 
change (Reilly and Schimmelpfennig, 1999; Darwin and Kennedy, 2000). In particular an increase 
in extreme events of both temperature and rainfall will affect the vulnerability of European 
agroecosystems to climatic conditions. 
 Climate change is expected to affect agriculture very differently in different parts of the world 
(Parry et al., 2004). The resulting effects depend on current climatic and soil conditions, the 
direction of change and the availability of resources and infrastructure to cope with change. There is 
a large variation across the European continent in climatic conditions, soils, land use, infrastructure, 
political and economic conditions (Bouma et al., 1998). These differences are expected also to 
greatly influence the responsiveness to climatic change (Olesen and Bindi, 2002). 
 The economic consequences may be considerable on a global scale, and it has recently been 
estimated that the costs of climate change greatly exceed the costs associated with reducing 
greenhouse gas emissions (Stern, 2006). However, the emissions and the related consequences 
occur on very different timescales, making economic evaluations difficult not only due to 
uncertainties in predictions of climate changes and impacts, but also due to uncertainties in the costs 
of technologies to mitigate change. Taking proper action on mitigating and adapting to climate 
change also requires long lead times, which have impacts on the way related policies are devised 
and implemented. 
 This paper briefly described the impacts of climate change on European agricultural systems, 
and further discusses how agriculture in Europe may adapt to climate change and how this may 
influence European agricultural policy. Agriculture is also a significant emitter of greenhouse gases, 
and the need and possibilities for reducing emissions are briefly described. 
 
Observed climatic changes in Europe 
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Most of Europe has experienced increases in surface air temperature during the 20th century, which 
amounts to 0.8 °C in annual mean temperature over the entire continent (Kjellström, 2004; Schär et 
al., 2004). However, the recent period shows a trend considerably higher than the mean trend 
(+0.4°C/decade for the period 1977-2001, Jones and Moberg, 2003). For the past 25 years, trends 
are higher in Central, northeastern Europe and in mountainous regions, while the lowest 
temperature trends are found in the Mediterranean region (Klein Tank, 2004). Temperatures are 
increasing more in winter than summer (EEA, 2004; Jones and Moberg, 2003). An increase of 
temperature variability has been observed, primarily due to increase in warm extremes (Klein Tank 
and Können, 2003). 
 There are indications of changes in the rainfall pattern as indicated by the frequency of drought 
events during spring and early summer (Fig. 1). There has been an increase in frequency of 
droughts in large parts of Western and Eastern Europe, with particularly large increases in the 
Mediterranean region. Mean annual precipitation is increasing in most of Atlantic- and Northern 
Europe and decreasing along the Mediterranean (Klein Tank et al., 2002). An increase in mean 
precipitation per wet day has been observed in most parts of the continent, even in areas getting 
drier (Frich et al., 2002; Klein Tank et al., 2002). 
 

 
Fig. 1. Observed changes in frequency of drought events in Europe for the period 1992-2006 
compared with 1977 to 1991 (data from EC-JRC Ispra). 
 
The changes in particular in temperature have led to observed changes in the performance of 
agroecosystems (Table 1). Most of these observed changes reflect a change towards a warmer mean 
climate. 
 Agroecosystems respond not only to changes in mean climate, but also to changes in frequency 
of extreme events (Porter and Semenov, 2005). Two such extreme events over the past ten years 
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may be taken as examples of change in frequency of extreme climate events: the flooding in Central 
Europe in 2002, and the heat wave in Southern and Central Europe in 2003. 
 
Table 1. Observed climate related changes in European agroecosystems during the latter part of the 
20th century. 

Region Observed change Reference 
Eurasia Lengthening of growing season by 1 

day/decade 
Zhou et al. (2001) 

Britian 
Southern Scandinavia 

Increased area of silage maize Olesen and Bindi (2004) 

Finland Advance of potato planting Hilden and Lehtonen (2005) 
France Increase in growing season of 

grapevine and changes in wine quality 
Duchene and Scheider (2005) 
Jones and Davis (2000) 

France Advance of maize sowing dates by 20 
days 

Benoit and Torre (2004) 

Germany Advance in flowering of winter rye Chmielewski et al. (2004) 
Germany Advance in flowering of fruit trees Menzel (2003) 
 
 Severe flooding affected parts of Austria, the Czech Republic and Germany for three weeks 
during August 2002. Heavy rainfall from storms crossing central Europe during early August 
triggered sequential flood waves that moved down the Vltava, Labe and Elbe rivers in the Czech 
Republic and Germany, and down the Danube river in Austria, Slovakia, Hungary, Croatia, Serbia 
and Romania. Estimated economic damages exceeded 15 billion Euro in the Czech Republic and 
Germany alone, of which only about 15% was insured (RMS, 2003). The rainstorms that led to the 
August 2002 flooding events have generally been successfully simulated using high-resolution 
climate models (Zangl, 2004). Recent results using high-resolution regional climate models have 
shown that global warming may be linked with a shift towards heavier intensive summertime 
precipitation over large parts of Europe (Christensen and Christensen, 2003). The precipitation 
events over central Europe may therefore occur more frequently in the future (Pal et al., 2004). The 
severity of the floods was probably enhanced by human management of the river systems, e.g. 
diking and installation of reservoirs (Helms et al., 2002) and possibly by the agricultural land use in 
the river basins (van der Ploeg and Schweigert, 2001). There are thus several management options 
to reduce the risk of floods in European river systems (Hooijer et al., 2004). 
 A severe heat wave over large parts of Europe in 2003 extended from June to mid-August, 
raising summer temperatures by 3 to 5 °C. The warm anomalies in June lasted throughout the entire 
month (increases in monthly mean up to 6-7°C), but July was only slightly warmer than on average 
(1-3°C), and the highest anomalies was reached between 1 and 13 August (+7 °C) (Fink et al., 
2004). Maximum temperatures of 35 to 40 °C were repeatedly recorded in most Southern and 
Central European countries (André et al., 2004; Beniston and Diaz, 2004). This heat wave has been 
found to be extremely unlikely statistically under current climate (Schär and Jendritzky, 2004). 
However, it is consistent with a combined increase in mean temperature and temperature variability 
(Schär et al., 2004; Meehl and Tebaldi, 2004; Pal et al., 2004). As such the 2003 heat wave 
resembles simulations by regional climate models of summer temperatures in the latter part of the 
21st century under the A2 scenario (Beniston, 2004; Beniston and Diaz, 2004). The heat wave was 
associated with annual precipitation deficits up to 300 mm, and this drought was a major contributor 
to the estimated reduction of 30% over Europe in gross primary production of terrestrial ecosystems 
(Ciais et al., 2005). This reduced agricultural production and increased production costs, giving an 
estimated damage of 13 billion euros (Fink et al., 2005). The hot and dry conditions led to many 
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large wildfires, in particular in Portugal, where 390.000 ha were affected (Fink et al., 2004). Many 
major rivers (e.g. Po, Rhine and Loire) were at record low levels, resulting in disruption of 
irrigation (Beniston and Diaz, 2004). 
 
Emissions scenarios and land use change 
 
The evaluation of climate change is usually based on simulations with global climate models 
(GCM) for the IPCC emissions scenarios (SRES scenarios), which describe very different socio-
economic futures (Houghton et al., 2001). The SRES scenarios are grouped into four different 
categories (A1: world markets, A2: provincial enterprise, B1: global sustainability, B2: local 
stewardship). The grouping relies upon two orthogonal axes, representing social values (ranging 
from consumerist to conservationist) and level of governance (ranging from local to global), 
respectively.  The SRES scenarios for socio-economic development have been adapted to European conditions 
(Parry, 2000; Holman et al., 2005; Abildtrup et al., 2006), and their main characteristics are outlined 
in Table 2. Assumptions about future European land use and the environmental impact of human 
activities depend greatly on the development and adoption of new technologies. For the SRES 
scenarios it has been estimated that increases in crop productivity relative to 2000 could range 
between 25 and 163% depending on the time slice (2020 to 2080) and scenario (Ewert et al., 2005). 
These increases were smallest for the B2 and highest for the A1FI scenario. 
 
Table 2. Adaptation of SRES scenarios to Europe (Parry, 2000; Rounsevell et al., 2005, 2006; 
Abildtrup et al., 2006). 

Scenario Characteristics for Europe 
A1. World market Emphasis on pursuing economic growth and free trade 

European economic inequalities eradicated and rising income levels 
Stable political and social climate with good health care and education 
EU enlargement to include new member states 
EU is a single market, functionally integrated with other markets 

A2. Provincial enterprise Society is dictated by short-term consumerist values 
Policy decisions are taken at national and sub-national levels 
Europe adopts protectionist economic and trade policies 
Declining equity between European countries 
EU competences remain as they are today and enlargement is restricted 

B1. Global sustainability Emphasis on international solutions to global environmental problems 
Enlargement of the EU and development towards a federal structure 
EU takes over responsibility to solve environmental problems 
International institutions will adopt social programmes 

B2. Local sustainability Focus on solving environmental problems locally (green technologies) 
In EU the principle of subsidiarity shifts governance to the local level 
The enlargement and the deepening of EU is abandoned 
Decisions are often taken at subnational levels 
Europe is more heterogeneous, including larger differences in regional incomes 

 
 Temporally and spatially explicit future scenarios of European land use have been developed for 
the four core SRES scenarios (Schröter et al., 2005; Rounsevell et al., 2006). These scenarios are 
based on supply/demand models of market forces, rural development and environmental policies 
based on qualitative descriptions in the scenarios and the characteristics of the European landscapes. 
The results show large declines in agricultural land area resulting from the assumptions about future 
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crop yield with respect to changes in demand for agricultural commodities (Rounsevell et al., 2005). 
Expansion of urban area is similar between the scenarios, whereas forest areas increase in all 
scenarios (Schröter et al., 2005). The scenarios showed decreases in European cropland for 2080 
that ranged from 28% to 47% (Rounsevell et al., 2005). The reduction in European grassland for 
2080 ranged from 6% to 58%. This decline in agricultural area will make land resources available 
for other uses such as biofuel production and nature reserves. However, over the shorter term (up to 
2030) overall changes in agricultural land use may be small (van Meijl et al., 2006), although 
specific regions may be severely affected (Schröter et al., 2005). 
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Fig. 2. Projected climate change by 2040-2069 relative to the baseline period 1961-1990 depicted as 
mean relative change in precipitation versus temperature change for the winter (December to 
February, DJF) and summer (July to August, JJA) periods for Northern and Southern Europe. The 
points represent simulated results of different coupled atmosphere-ocean models driven by four 
different IPCC SRES scenarios: A1 (∆), A2 (○), B1 (▲) and B2 (●) (Ruosteenoja et al., 2003). 
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Fig. 3. Projected changes in mean temperature (°C) over Europe for each of the four seasons for 
2071-2100 for the A2 emission scenario estimated by a range of RCMs driven by the HadAM3 
GCM (Christensen and Christensen, 2006). 
 
Scenarios of climate change 
 
Most of the recent global climate model (GCM) experiment results are based on coupled ocean-
atmosphere models (AO-GCM). The main modelling uncertainties stem from the contrasting 
behaviour of different climate models in their simulation of global and regional climate change. 
These uncertainties are largely a function of the relative coarse resolution of the models and the 
different schemes employed to represent important processes in the atmosphere, biosphere and 
ocean. There has recently been an increased effort in downscaling the coarse GCM results using 
regional climate models with spatial resolutions of 50 km or less (Christensen and Christensen, 
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models with spatial resolutions of 50 km or less (Christensen and Christensen, 2006). This has led 
to improved quality in projections of regional climate changes in Europe (Figs. 3 and 4). 
 The results of GCM simulations based on the SRES scenarios indicate that annual temperatures 
over Europe warm at a rate of between 0.1°C decade-1 and 0.4°C decade-1 (Fig. 2). The projected 
temperature increases are highest in Northern Europe during winter and highest in Southern Europe 
during summer. The general pattern of future changes in annual precipitation over Europe is for 
widespread increases in northern Europe (between +1 and +2 per cent decade-1) and rather small 
decreases over southern Europe (maximum -1 per cent decade-1). 
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Fig. 4. Projected changes in mean rainfall (% change) over 
Europe for each of the four seasons for 2071-2100 for the A2 
emission scenario estimated by a range of RCMs driven by the 
HadAM3 GCM (Christensen and Christensen, 2006). 
 
 There are marked seasonal and regional differences in the 
projected changes (Figs. 3 and 4). The warming is greatest over 
Eastern Europe during winter and over Western and Southern 
Europe in June-July-August (Giorgi et al., 2004). A very large 

increase in summer temperatures is projected in the southwestern parts of Europe (exceeds 6 °C in 
parts of France and the Iberian Peninsula) by the end of the 21st century under the A2 scenario (Fig. 
3). 
 Generally for all scenarios, the mean annual precipitation increases in Northern Europe and 
decreases further south (Fig. 4). But the change in precipitation varies substantially from season to 
season and across regions. There is a projected increase in winter precipitation in Northern and 
Central Europe, whereas there is a substantial decrease in summer precipitation in Southern and 
Central Europe, and to a lesser extent in Northern Europe. 
 Recent results indicate that variability in temperature and rainfall may increase considerably over 
large parts of Central Europe (Christensen and Christensen, 2002; Schär et al., 2004). Indeed heat 
waves and droughts similar to the 2003 situation may become the norm in central and southern 
Europe by the end of the 21st century (Beniston and Diaz, 2004). This heat wave led to substantial 
reductions in primary productivity of terrestrial ecosystems and large and widespread reductions in 
farm income (Fink et al., 2004; Ciais et al., 2005). 
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Key vulnerabilities and sensitivities 
 
Biophysical processes of agroecosystems are strongly affected by environmental conditions. The 
projected increase in greenhouse gases will affect agroecosystems either directly (primarily by 
increasing photosynthesis at higher CO2 (Drake et al., 1997)) or indirectly via effects on climate 
(e.g. temperature and rainfall affecting several aspects of ecosystem functioning (Olesen and Bindi, 
2002)) (Table 3). The exact responses depend on the sensitivity of the particular ecosystem and on 
the relative changes in the controlling factors. 
 Many studies have assessed effects of climate change on agricultural productivity in Europe (e.g. 
Harrison et al., 2000; Maracchi et al., 2005). However, relatively little work has been done to link 
these results across sectors to identify vulnerable regions and farming systems (Olesen and Bindi, 
2002). Such assessments are needed to properly identify needs for change in agricultural policy 
caused by climate change. 
 
Table 3. Influence of CO2, temperature, rainfall and wind on various components of the 
agroecosystem. 

Influence of factor Component 
CO2 Temperature Rain/wind 

Plants Dry matter growth 
Water use 

Growth duration Dry matter growth 

Animals Fodder yield Growth and 
reproduction 

Health 

Water Soil moisture Irrigation demand 
Salinization 

Groundwater 

Soil SOM turnover SOM turnover 
Nutrient supply 

Wind- and water 
erosion 

Pests/diseases Quality of host biomass Generation time 
Earliness of attack 

Disease transmission 

Weeds Competition Herbicide efficacy  
 
Crop production 
 
Increasing atmospheric CO2 concentration stimulates yield of C3 crops and to a lesser extent C4 
crops (Fuhrer, 2003). However, recent estimates of the yield benefit from increasing CO2 are 
smaller than earlier ones (Ainsworth and Long, 2005), and the average annual increase of the next 
decades is marginal compared with what has been achieved through conventional crop management 
and breeding (Amthor, 1998). Some model studies of CO2 effects are based on results from 
enclosure studies from the 1980's, which exaggerate the effects of increased CO2 on plant 
production (Long et al., 2006). These model predictions should be considered with caution, since 
they may substantially overestimate the positive yield effects of increased CO2. 
 Increasing temperature affects crops primarily via plant development. With warming, the start of 
active growth is advanced, plants develop faster, and the potential growing season is extended. This 
may have the greatest effect in colder regions. However, increased temperature reduces crop 
duration. In wheat, an increase by 1 °C during grain fill reduces the length of this phase by 5%, and 
yield declines by a similar amount (Olesen et al., 2000). Maize and soybean yields in the United 
States between 1982 and 1989 decreased by 17% with each 1 °C increase in growing season mean 
temperature (Lobell and Asner, 2003). Compared to temperate crops, sensitivity to warming may be 
even greater in tropical crops because they operate already close to the optimum. In contrast, 
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temperate crops are often temperature-limited and a mild warming (<3 °C) may have a net positive 
effect, provided that precipitation is sufficient (Easterling and Apps, 2005). 
 
Arable crops 
 
A climatic warming will expand the area of cereals cultivation (e.g. wheat and maize) northwards 
(Kenny et al., 1993; Carter et al., 1996). For wheat, a rise in temperatures will lead to a small yield 
reduction, which often will be more than counterbalanced by the effect of increased CO2 on crop 
photosynthesis. The combination of both effects will for a moderate climate change lead to 
moderate to large yield increases in comparison with yields simulated for the present situation 
(Ghaffari et al., 2002; van Ittersum et al., 2003). Drier conditions and increasing temperatures in the 
Mediterranean region and parts of Eastern Europe may lead to lower yields there and the adoption 
of new varieties and cultivation methods. Such yield reductions has been estimated for Eastern 
Europe, and the yield variability may increase, especially in the steppe regions (Sirotenko et al., 
1997).  Potato, as well as other root and tuber crops, has shown a large response to rising atmospheric 
CO2 (Kimball et al., 2002). On the other hand warming may reduce the growing season in some 
species and increase water requirements with consequences for yield. Climate change scenario 
studies performed using crop models show no consistent changes in mean potato yield (Wolf and 
van Oijen, 2003). For sugar beet yield the increasing occurrence of summer droughts may severely 
increase yield variability (Jones et al., 2003). 
 Climate-related increases in crop yields are only expected in Northern Europe, while the largest 
reductions are expected around the Mediterranean and in the Southwest Balkans and in the South of 
European Russia (Olesen and Bindi, 2002; Maracchi et al., 2005; Alcamo et al., 2006). In Southern 
Europe, particularly large decreases in yield are expected for spring-sown crops (e.g. maize, 
sunflower and soybeans) (Audsley et al., 2006; Moriondo et al., 2006). Whilst, on autumn-sown 
crops (e.g. winter and spring wheat) the impact is more geographically variable, yield is expected to 
strongly decrease in the most southern areas and increase in the northern or cooler areas (e.g. 
northern parts of Portugal and Spain) (Olesen et al., 2006a; Moriondo et al., 2006; Santos et al., 
2002). However, these results vary between SRES scenarios and climate models (Olesen et al., 
2006a).  Some crops that currently grow mostly in Southern Europe (e.g. maize, sunflower and soybeans) 
will become more suitable further north or in higher altitude areas in the south (Audsley et al., 
2006). The projections for a range of SRES scenarios show a 30 to 50% increase in suitable area for 
grain maize production in Europe by the end of the 21st century, including Ireland, Scotland, 
Southern Sweden and Finland (Hildén et al., 2005; Olesen et al., 2006a). Moreover, by 2050 energy 
crops show a northward expansion in potential cropping area, but a reduction in suitability in 
Southern Europe (Schröter et al., 2005). 
 
Perennial crops 
 
Many fruit trees are susceptible to spring frosts during flowering. A climatic warming will advance 
both the date of the last spring frosts and the dates of flowering, and the risk of damage to flower 
buds caused by late frost are likely to remain largely unchanged (Rochette et al., 2004). 
Additionally the risk of damage to fruit trees caused by early autumn frosts is likely to decrease. 
However, there may very well be increased problems with pests and diseases (Salinari et al., 2006). 
 Grapevine is a woody perennial plant, which requires relatively high temperatures. A climatic 
warming will therefore expand the suitable areas northwards and eastwards (Jones et al., 2005). 
However, in the current production areas the yield variability (fruit production and quality) may be 
higher under global change than at present. Such an increase in yield variability would neither 
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guarantee the quality of wine in good years nor meet the demand for wine in poor years, thus 
implying a higher economic risk for growers (Bindi et al., 1996). However, yields in grapevine may 
be strongly stimulated by increased CO2 concentration without causing negative repercussions on 
the quality of grapes and wine (Bindi et al., 2001). A climatic warming is also likely to lead to 
unsuitable conditions for currently economically important traditional varieties, at least at their 
current locations.  
 Olive is a typical Mediterranean species that is particularly sensitive to low temperature and water 
shortage, thus both the northern and southern limits of cultivation are conditioned by the climate. 
The area suitable for olive production in the Mediterranean basin may increase with climate 
warming (Bindi et al., 1992). 
 Several perennial crops are candidates for bioenergy crops (Sims et al., 2006). This includes 
willow for coppice and reed canary grass and Miscanthus for solid biofuel crops to be used in 
providing biomass for fuel in combined heat and power plants (Clifton-Brown et al., 2004) or for 
use in second generation bioethanol production (Farrell et al., 2006). The climatic suitability for 
many of these perennial bioenergy crops is projected to increase over most of Europe for the 21st 
century (Tuck et al., 2006). 
 
Grasslands 
 
Grasslands will differ in their response to climate change depending on their type (species, soil 
type, management). In general, intensively managed and nutrient-rich grasslands will respond 
positively to both the increase in CO2 concentration and to a temperature increase, given that water 
supply is sufficient (Thornley and Cannell, 1997). Nitrogen-poor and species-rich grasslands, which 
are often extensively managed, may respond differently to climate change and increase in CO2 
concentration, and the short-term and long-term responses may be completely different (Cannel and 
Thornley, 1998). Climate change is likely to alter the community structure of grasslands (Buckland 
et al., 2001; Lüscher et al., 2004), in ways specific to their location and type, and these changes will 
often depend on complex interactions between soils, plants and animals. Management and species-
richness of grasslands may increase their resilience to change (Duckworth et al., 2000). 
 Fertile, early succession grasslands have been found to be more responsive to climate change 
than more mature and/or less fertile grasslands (Grime et al., 2000). In general, intensively managed 
and nutrient-rich grasslands will respond positively to both increased CO2 concentration and 
temperature, given that water and nutrient supply is sufficient (Lüscher et al., 2004). As a general 
rule, productivity of European grassland is expected to increase (Byrne and Jones, 2002; Kammann 
et al., 2005). 
 
Livestock 
 
Climate and CO2 effects influence livestock systems through both availability and price of feed and 
through direct effects on animal health, growth, and reproduction (Fuquay, 1989).  
 The impacts of changes in feed-grain prices or the production of forage crops are generally 
moderated by market forces (Reilly, 1994). However, effects of climate change on grasslands will 
have direct effects on livestock living on these pastures. Results from a simulation study suggest 
that the impact on milk production for grass-based systems in Scotland would vary depending on 
the locality. Conversely, for herds grazing on grass-clover swards milk output may increase 
regardless of site, when the concentration of CO2 is enhanced (Topp and Doyle, 1996). 
 For animals, higher temperatures results in greater water consumption and more frequent heat 
stress (Turnpenny et al., 2001), which causes declines in physical activities, including eating and 
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grazing. Maintenance requirements are increased and voluntary feed intake is decreased at the 
expense of growth, milk production and reproduction (Mader et al., 2002). Livestock production 
may therefore be negatively affected in the warm months of the currently warm regions of Europe 
(Klinedienst et al., 1993; Mader and Davis, 2004). Warming during the cold period for cooler 
regions may on the other hand be beneficial due to reduced feed requirements, increased survival, 
and lower energy costs. Impacts will probably be minor for intensive livestock systems (e.g. 
confined dairy, poultry and pig systems) because climate is controlled to some degree. 
 An increase in the frequency of severe heat stress in Britain is expected to enhance the risk of 
mortality of pigs and broiler chickens grown in intensive livestock systems (Turnpenny et al., 
2001). Increased frequency of droughts along the Atlantic coast (e.g. Ireland) may reduce the 
productivity of grasslands such that they are no longer sufficient for livestock (Holden and Breton, 
2002). Increasing temperatures may also increase the risk of livestock diseases by (i) increasing the 
diffusion of insects (e.g. Culicoides imicola) that are the main vectors of several arboviruses (e.g. 
bluetongue, BT and African horse sickness, AHS); (ii) increasing the survival of viruses from one 
year to the next; (iii) improving conditions for new insect vectors that are now limited by colder 
temperatures (Wittmann and Baylis, 2000; Mellor and Wittmann, 2002; Colebrook and Wall, 2004; 
Gould et al., 2006).  
 Climate change will also affect the turnover and losses of nutrients from animal manure, both in 
houses, storages and in the field. Examples of this is the increase in ammonia volatilisation with 
increasing temperature (Sommer and Olesen, 2000; Sommer et al., 2003), and the increase in 
methane emissions from manure slurry tanks with increasing temperature (Sommer et al., 2004). 
 
Weeds, pests and diseases 
 
The majority of the pest and disease problems are closely linked with their host crops. This makes 
major changes in plant protection problems less likely (Coakley et al., 1999). 
 Conditions are more favourable for the proliferation of insect pests in warmer climates, because 
many insects can then complete a greater number of reproductive cycles (Bale et al., 2002). Warmer 
winter temperatures may also allow pests to overwinter in areas where they are now limited by cold, 
thus causing greater and earlier infestation during the following crop season. Insect pests are also 
affected directly by the CO2 effect through the amount and quality of the host biomass (Cannon, 
1998). Climate warming will lead to earlier insect spring activity and proliferation of some pest 
species (Alig et al., 2004; Cocu et al., 2005). A similar situation may be seen for plant diseases 
leading to an increased demand for pesticide control (Salinari et al., 2006). 
 Unlike pests and diseases, weeds are also directly influenced by changes in atmospheric CO2 
concentration. Higher CO2 concentration will stimulate growth and water use efficiency in both C3 
and C4 species (Ziska and Bunce, 1997). Differential effects of CO2 and climate changes on crops 
and weeds will alter the weed-crop competitive interactions, sometimes for the benefit of the crop 
and sometimes for the weeds. However, interaction with other biotic factors may also influence 
weed seed survival and thus weed population development (Leishman et al., 2000). 
 Changes in climatic suitability will lead to invasion of weed, pest and diseases adapted to 
warmer climatic conditions (Baker et al., 2000). The speed at which such invasive species will 
occur depends on the change of climatic change, the dispersal rate of the species and on measures 
taken to combat non-indigenous species (Anderson et al., 2004). The dispersal rate of pests and 
diseases are most often so high that their geographical extent is determined by the range of climatic 
suitability (Baker et al., 2000). The Colorado beetle, the European cornborer, the Mediterranean 
fruit fly and karnal bunt are examples of pests and diseases, which are expected to have a 
considerable northward expansion in Europe under climatic warming. 
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Environmental impacts 
 
Environmental impacts of agriculture under a changing climate are becoming more and more 
important. In particular, the role of nitrate leaching on the quality of aquifers, rivers and estuaries is 
globally recognized (Galloway, 2004). A warming is expected to increase soil organic matter 
turnover provided sufficient water is available, and experiment have shown that increases in net N 
mineralisation rates may be considerably higher than the increases in soil respiration (Rustad et al., 
2001). 
 Projections made at European level for winter wheat showed for the 2071-2100 time-slice that 
decreases in N-leaching predominate over large parts of Eastern Europe and some smaller areas in 
Spain, whereas increases occur in the UK and in smaller regions over many other parts of Europe 
(Olesen et al., 2006a). This in combination with longer growing seasons for the aquatic ecosystems 
would likely lead to higher risk of algal blooms and increased growth of toxic cyanobacteria in 
lakes (Moss et al., 2003; Eisenreich, 2005). 
 The climate change scenarios could also lead to increases in GHG emissions from agriculture. 
Increasing temperatures will speed decomposition where soil moisture allows (Davidson and 
Janssens, 2006), so direct climate impacts on cropland and grassland soils will tend to decrease 
SOC stocks for Europe as a whole (Smith et al., 2006). This effect is greatly reduced by increasing 
C inputs to the soil because of enhanced NPP, resulting from a combination of climate change and 
increased atmospheric CO2 concentration. However, decomposition becomes faster in regions 
where temperature increases greatly and soil moisture remains high enough to allow decomposition 
(e.g. North and East Europe), but does not become faster, where the soil becomes too dry, despite 
higher temperatures (Southern France, Spain, and Italy) (Smith et al., 2006). 
 
Extreme events and climatic variability 
 
Extreme weather events, such as spells of high temperature, heavy storms, or droughts, can severely 
disrupt crop production. Individual extreme events will not usually have lasting effects on the 
agricultural system. However, when the frequency of such events increases agriculture needs to 
respond, either in terms of adaptation or abandonment. 
 Crops often respond nonlinearly to changes in their growing conditions and have threshold 
responses, which greatly increases the importance of climatic variability and frequency of extreme 
events for yield, yield stability and quality (Porter and Semenov, 2005). Thus an increase in 
temperature variability will increase yield variability and also result in a reduction in mean yield 
(Trnka et al., 2004). Therefore the projected increases in temperature variability over Central and 
Southern Europe (Schär et al., 2004) may have severe impacts on the agricultural production in this 
region.  In addition to the linear and nonlinear responses of crop growth and development to variation in 
temperature and rainfall, short-term extreme temperatures can have large yield-reducing effects 
(Porter and Gawith, 1999; Wheeler et al., 2000). This is particular the case during flowering and 
fruiting periods, where short-term exposure to high temperatures (usually above 35 °C; Porter and 
Semenov, 2005) can greatly reduce fruit set and therefore yield. Exposure to drought during these 
periods may have similar effects. 
 
Adaptation to climate change 
 
To avoid or at least reduce negative effects and exploit possible positive effects, several agronomic 
adaptation strategies for agriculture have been suggested. Studies on the adaptation of farming 
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systems to climate change need to consider all the agronomic decisions made at the farm level 
(Kaiser et al., 1993). Economic considerations are very important in this context (Antle, 1996). 
Results of farm level analyses on the impact and adaptation to climate change have generally shown 
a large reduction in adverse impacts when adaptation is fully implemented (Mendelsohn and Dinar, 
1999). This often implies changes in agricultural land use (Darwin, 2004; Rounsevell et al., 2006). 
 The agronomic strategies available include both short-term adjustments and long-term 
adaptations. (Easterling, 1996). Most of the short-term adjustments in involve relatively little cost to 
the farmers, since they are often just extensions of the existing schemes to deal with climatic 
variability. However, long-term adaptations and changes in farming systems, institutions, land use 
etc. may carry considerably higher costs. Some of these costs can be reduced, if timely action is 
taken (Stern, 2006). However, there is a need at regional, national and international levels to 
analyse the needs for such planned adaptation options, their costs and their time horizon. 
 Most adaptations to climate change are triggered by extreme or rare weather events, in particular 
when these events become recurrent. It is therefore important to be aware not only of changes in 
mean climatic conditions, but also of changes in climatic variability and extreme weather events. 
 
Autonomous adaptations 
 
The short-term adjustments include efforts to optimise production without major system changes. 
They are autonomous in the sense that no other sectors (e.g. policy, research, etc.) are needed in 
their development and implementation. Examples of short-term adjustments are changes in 
varieties, sowing dates and fertiliser and pesticide use (Ghaffari et al., 2002; Alexandrov et al., 
2002; Tubiello et al., 2000; Chen and McCarl, 2001). In particular, in Southern Europe short-term 
adaptations may include changes in crop species (e.g. replacing winter with spring wheat cultivars 
grown during winter and spring) (Minguez et al., 2006), changes in cultivars and sowing dates (e.g. 
for winter crops, sowing the same cultivar earlier, or choosing cultivars with longer crop cycle; for 
summer irrigated crops, earlier sowing for preventing yield reductions or reducing water demand) 
(Olesen et al., 2006a). There are many plant traits that may be modified to better adapt varieties to 
increased temperature and reduced water supply (Sinclair and Muchow, 2001). However, the 
effectiveness of such traits depend on whether there is simultaneous change climatic variability, and 
a combination of traits may be needed to stabilise yield in poor years, without sacrificing yield in 
good years (Porter et al., 1995; Sinclair and Muchow, 2001). In Northern Europe new crops and 
varieties may be introduced only if improved varieties will be introduced to respond to specific 
characteristics of the growing seasons (e.g. length of the day) (Hilden et al., 2005). 
 
Long-term adaptations 
 
The long-term adaptations refer to major structural changes to overcome adversity caused by 
climate change. This involves changes in land allocation and farming systems, breeding of crop 
varieties, new land management techniques, etc. This involves changes of land use that result from 
the farmer's response to the differential response of crops to climate change. The changes in land 
allocation may also be used to stabilise production. This means substitution of crops with high 
inter-annual yield variability (e.g. wheat or maize) by crops with lower productivity but more stable 
yields (e.g. pasture or sorghum). Crop substitution may be useful also for the conservation of soil 
moisture. Long lead times in crop substitution are present for the perennial crops (e.g. grapevine, 
olive and fruit trees), and here adequate and region specific information on climate change and 
suitable species and varieties are critical for efficient adaptation. Other examples of long-term 
adaptations include breeding of crop varieties, new land management techniques to conserve water 
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or increase irrigation use efficiencies, and more drastic changes in farming systems (including land 
abandonment). Increasing the supply of water for irrigation for irrigation may not be a viable option 
in much of Southern Europe, since the projections show a considerable reduction in total runoff 
(Lehner et al., 2006). 
 
Changes in farming systems 
 
The farm is typically the entity at which adaptation to climate change and climatic variability must 
take place through introduction of new management methods and technologies. Because of the 
complexities of processes, management and inter-relationships of land use within a farm, studies on 
farming systems require a holistic approach (Rivington et al., 2006). Climate change will not only 
affect crop yield, but total farm-level production through effects on altered carbon and nitrogen 
flows resulting from changed crop and residue quality, crop resource use, or mineralisation of soil 
organic matter (Drueri et al., 2006). Adaptation will have to deal with all of these issues, and the 
links with water availability may be among the most important ones, affecting the need for 
improving irrigation efficiencies (Tavakkoli and Oweis, 2004) or the need for terracing (Wadsworth 
and Swetham, 1988; Fuhrer et al., 2006). 
 Recent studies at European level have demonstrated the need to include changes in climate and 
non-climate factors (technological, socio-economic, etc.) for assessing the changes in crop yield and 
suitability (Schröter et al., 2005). A different allocation of European agricultural land use seems to 
represent one of the major long-term adaptation strategies available. Rounsevell et al. (2005) 
estimate a decline of up to 50% in cropland and grassland areas under the A1FI and A2 scenarios. 
For the A1FI and A2 scenarios both the quantity and the spatial distribution of crops will change, 
whilst, for the B1 and B2 scenarios the pressures toward declining agricultural areas should be 
counterbalanced by policy mechanisms that seek to limit crop productivity.  
 Changes in farming systems may also play a fundamental role in the adaptation of European 
agriculture to climate change. The interpretation of four IPCC-SRES scenarios suggests that differ-
ent types of adaptation of farming systems (intensification, extensification and abandonment) may 
be appropriate for particular scenarios and areas (high latitude and altitude, marginal areas, etc.) 
(Berry et al., 2006). 
 The sensitivity to climate change of farming systems may depend on the degree of 
diversification. However, based on data from a large number of operations in Canadian prairie 
agriculture, farms have recently become more specialized, and this trend is unlikely to change in the 
immediate future (Bradshaw et al., 2004). A similar situation is likely to take place in Europe, al-
though the trend to organic farming in some areas and the urbanization of some rural areas may 
restrict this development. 
 Finally, the substitution of food production by energy production through the widespread 
cultivation of bioenergy crops (Tuck et al., 2006). Several temperate and Mediterranean crop 
species are suitable for various types of biofuels, including oilseed crops, starch crops, cereals and 
solid biofuel crops. All climate change scenarios show a northward expansion of these species with 
Northern Europe becoming more favourable for most species. However, the choice of energy crops 
in Southern Europe may be severely reduced in future, both due to increased temperatures and 
reduced rainfall. 
 Taking in to account both potential impacts and adaptive capacity, the vulnerability of 
agriculture based on “Farmer livelihood” (profit) have been analysed for EU15 (Metzger et al., 
2006). The results show the agricultural sector in the Mediterranean region as vulnerable under 
most climate change scenarios starting at different time slices, depending on the scenario used. The 
A1FI and A2 scenarios anticipate greater vulnerability throughout; whilst the B2 scenario seems to 
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be least harmful for farmer livelihood (Metzger et al., 2006). 
 
Changes in policies and institutions 
 
Climate change will impact food production very differently in different parts of the world (Parry et 
al., 2004). Therefore trade plays an important role in modifying the impacts on world food supply. 
Indeed global impacts on agriculture and food supply may be small, once the dynamics of economic 
adjustments and trade are considered (Fischer et al., 2005; Parry et al., 2005). However, several 
studies have shown that socio-economic drivers such as increased food and feed demand and 
improvements in production technology and efficiency need to be considered in order to real-
istically project climate change impacts on food supply (Fischer et al., 2005; Ewert et al., 2005). 
Without doubt, the trade policies and the associated institutions play a major role in ensuring an 
efficient adaptation to climate change. 
 It is indisputable that reforms of European Union agricultural policies will be an important 
vehicle for encouraging European agriculture to adapt to climate change (Olesen and Bindi, 2002). 
European agricultural policy increasingly focuses on multifunctionality as its target and its 
organising principle (Tait, 2001). The concept of multifunctionality requires different interpretation 
and variable balance among the environmental, social and economic functions in different European 
regions. Climate change will challenge the current balance between in the basic functions of 
agriculture in specific regions, and in some cases exacerbate existing regional differences. 
Agricultural support policies therefore need to adapt a flexible approach based on clear aims for the 
basic functions of agriculture in different European regions. Under severe climate change scenarios, 
even these basic functions may have to be re-evaluated, and some traditional European farming 
systems may have to be changed or abandoned (Olesen and Bindi, 2002). 
 
Other functions of farms and rural areas 
 
Farms do not only function as production units for food, fibre and biomass. They often also serve 
roles related to services, such as providing a healthy environment, housing for people working in 
cities and for leisure and tourism. Most of these activities will also be affected by climate change, 
although these aspects have been studied to a much lesser extent than the effects of climate change 
on crop production. 
 Large cities are increasingly causing an urbanisation of the rural areas near such cities (van der 
Vaart, 2005; Peyrache-Gadeau and Fleury, 2006). Whereas the farm sizes are projected to generally 
increase due to changes in the agricultural policies and the scale of economics (Marsh, 2005), this 
may not be the case in the peri-urban areas, where farms serve other important functions than food 
and fibre production. These rural and peri-urban areas are not a simple periphery determined solely 
by the town, but have their own priorities and development routes determined by expectations with 
respect to economic development, environmental and landscape management, cultural aspects etc. 
(Peyrache-Gadeau and Fleury, 2006). These areas will have vulnerabilities than the distinct rural 
areas, due to other priorities for the services provided by the agricultural landscape and due to other 
sensitivities, in particular related to water supply, water quality (Ragab and Prudhomme, 2002) and 
flood management (Schultz, 2006). 
 Like agriculture, tourism is closely linked to climate, both in terms of the climate at the source 
and destination countries of tourists and in terms of climate seasonality, defining the characteristic 
winter and summer tourism industries (Viner, 2006). For summer tourism, a warming will improve 
conditions in North and Western Europe (Hanson et al., 2006), and mountainous areas in southern 
Europe may become more popular due to their relative coolness (Ceron and Dubois, 2000). For the 
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traditional beach tourism along the Mediterranean, a warming may lead to a flattening of the season 
(Amelung and Viner, 2006). This may give opportunities for other sorts of tourism in rural areas, 
probably in the more cool regions. For winter tourism, the ski industry in Central Europe is likely to 
be disrupted by significant reductions in natural snow cover, in particular at the beginning and end 
of the ski season (Elsasser and Burki, 2002). This may increase the demand for winter tourisms in 
other areas, e.g. the Scandinavian countries. Another adaptation option for European tourism is 
promoting other types of tourism, such as ecotourism, which would involve utilising other parts of 
the rural landscape (Hanson et al., 2006). 
 
Greenhouse gas emissions from agriculture 
 
Agriculture contributed about 9% to EU15 GHG emissions in 2002, excluding changes in soil 
carbon stocks (EEA, 2005). A major part of these emissions originate from methane (CH4) and 
nitrous oxide (N2O) from livestock, manures and soils.  
 The intensive carbon and nitrogen cycling on livestock farms may cause these farms to be 
particularly large sources of both methane and nitrous oxide emissions (Oenema et al., 2005; Olesen 
et al., 2006b). A large proportion of global (and European) methane and nitrous oxide emissions 
originate from livestock and the manure produced (Hogan et al., 1991; Lelieveld et al., 1998; Mosier 
et al., 1998). However, the emissions are greatly affected by both environmental conditions and 
management, and there most likely is a considerable scope for reducing emissions by improving 
management and through introduction of new technologies, in particular in feeding and handling of 
manures (Monteny et al., 2006). 
 For arable land the most important greenhouse gasses are N2O and CO2 (Six et al., 2004) and 
management practices highly affects the emissions (Robertson et al., 2000; Desjardins et al., 2005). 
The CO2 fluxes are affected through the carbon inputs and through tillage, which affect the soil 
carbon turnover rate by affecting soil organic matter protection. The N2O fluxes are primarily 
affected through nitrogen inputs, with excessive N inputs giving particularly large emissions 
(Chatskikh et al., 2005). 
 Strategies for reducing emissions from mineral soils have to focus on carbon sequestration, 
reducing fossil fuel consumption and at the same time reducing N2O emissions (Freibauer et al., 
2004). Carbon sequestration may be accomplished by increasing the carbon input to the soil or by 
decreasing the turnover rate of organic matter. Emissions of N2O are primarily related to application 
of animal manure and mineral fertilizers, nitrate leaching and turnover of residues. Reduced tillage 
is considered to be one of the most effective management practices for carbon sequestration on 
arable land (Desjardins et al., 2005). In a comprehensive review, Alvarez (2005) estimated that 
direct drilling with residue retainment resulted in a long-term (20-30 years) carbon sequestration of 
12 t C ha-1. 
 
Organic soils 
 
Northern peatlands sequester carbon and emit methane and thus have both cooling and warming 
impacts on the climate system through their influence on atmospheric concentrations of CO2 and 
CH4. It has been estimated that the net radiative forcing impact of a northern peatland besing, at 
peatland formation, as a net warming that peaks after about 50 years, remains a diminishing net 
warming for hundreds to thousands of years, after which the net cooling impact will increase 
(Frolking et al., 2006). These effects are modified by temperature and rainfall, which have resulted 
in varying contributions to global concentrations of CO2 and CH4 in the atmosphere since the last 
glacial period (MacDonald et al., 2006). Climate change effects on net greenhouse gas emissions 
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from Northern peatlands are likely to be mediated primarily through the hydrological cycle, and a 
drying resulting from altered precipitation patterns and a warmer climate will CH4 and increase CO2 
emissions from the soil surface (Strack et al., 2006; Trettin et al., 2006). However, methane 
emissions are to a large extent also influenced by the vegetation type, and climate change may 
therefore have some secondary effects (Ström et al., 2005; Strack et al., 2006). 
 In a warming climate, permafrost is likely to be significantly reduced and eventually disappear 
from the sub-Arctic region. This is likely to significantly increase methane emissions, but may also 
increase CO2 absorption (Johansson et al., 2006; Wickland et al., 2006). The terrestrial ecosystems 
in northern high latitudes will be affected by climate change through several factors, including 
permafrost melting, CO2 fertilisation and fire. This is likely to almost double the current carbon 
emissions from these ecosystems, but these emissions remain relatively small compared with 
anthropogenic emissions (Zhuang et al., 2006). 
 Emissions of CO2 are particularly large from cultivation of organic soils associated with the 
drainage of such soils (IPCC, 1997), and an effective abatement strategy could be to convert some 
of these drained peatlands back to wetlands would significantly reduce CO2 emissions although 
methane emissions may increase (Merbach et al., 1996). 
 
Mitigation measures in agriculture 
 
The Kyoto Protocol under the UN Framework Convention on Climate Change commits 
industrialised signatory countries to reduce their emissions to below the level in 1990, and the EU15 
countries have a common reduction target for 2008-2012 of 8%. From 1990 to 2003 EU25 GHG 
emissions decreased by 5.5%, but emissions in the transport sector grew 23% in EU15 (EEA, 
2005). There is therefore a continued need to reduce emissions in other sectors, including 
agriculture.  The design of future agricultural production systems and agricultural policies need to consider 
the need for reductions in GHG emissions. The potential for changes in EU15 agricultural land use 
to reduce net emissions of CO2 and N2O have been estimated at about 8% of the total GHG 
emissions in these countries (Smith et al., 2000, 2001). However, realistically agricultural soils may 
be able to sequester less than a fifth of this potential by the Kyoto commitment period in 2008-2012 
(Freibauer et al., 2004). 
 There a number of possibilities for reducing emissions of methane and nitrous oxide emissions 
through improving management practices and introducing new technologies (Schils et al., 2006; 
Weiske et al., 2006). Advantage should be taken of the fact that some of the measures 
simultaneously may reduce the net emission of several greenhouse gases. Such measures may be 
combined with land management measures to also sequester soil carbon. A number of options exist 
to reduce or even reverse the emissions of greenhouse gases from agriculture. These options can be 
grouped according to gases and modes of action: 
• Reduction in direct energy use (fuel, electricity, heating) and indirect energy use (e.g. fertilisers). 
• Substitution of fossil energy through biofuel production and anaerobic digestion of manure etc 

(Farrell et al., 2006). 
• Increased carbon storage in soils through higher inputs (straw incorporation, manure, cover 

crops, grass in rotation) and reduced soil organic matter turnover (no-till) (Robertson et al., 2000; 
Alvarez, 2005; Smith et al., 2000, 2001). 

• Reduced methane emissions through improved diets for ruminant animals and through improved 
handling and storage of manures (including anaerobic digestion) (Moss et al., 2000; Sommer et 
al. 2004; Monteny et al., 2006). 
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• Reduced nitrous oxide emissions through tighter nitrogen cycling and through technical 
measures to reduce emissions from manure stores and from manures and fertilisers applied to 
soil (Smith et al., 1997; Monteny et al., 2006). 

In general, most of these management methods and technologies need to be further developed, if 
they are to be applied in a cost-effective manner. However, some of these methods provide 
additional social and environmental benefits, which need to the factored in (Freibauer et al., 2004). 
 
Links between adaptation and mitigation 
 
Many of the options available for adapting agricultural activities will influence the emissions of 
greenhouse gases either by enhancing or reducing the fluxes. However, it should be kept in mind 
that agricultural activities affect several greenhouse gases simultaneously, and it is the net effect on 
the global warming potential of all gases that should be considered. There may also be differences 
between short- and long-term responses to introduction of system and management changes, in 
particular for measures that involve changes in soil management and input of carbon and nitrogen to 
the soil (Six et al., 2004; Ogle et al., 2005). There are very few studies available linking adaptation 
and mitigation in agriculture, so only a few speculations can be made. 
 It may be particularly difficult to obtain increases in soil carbon storage or even maintain current 
stocks, since the global warming will inevitably lead to higher turnover rates of soil organic matter, 
which will only partly be compensated by increased inputs (Bellamy et al., 2005; Smith et al., 
2006). 
 Several water-conserving practices are commonly used to combat drought. These may also be 
used for reducing climate change impacts (Easterling et al., 1996). Such practices include 
conservation tillage, which is the practice of leaving some or all the previous season's crop residues 
on the soil surface in combination with non-inversion tillage (Holland et al., 2004). This may 
protect the soil from wind and water erosion and retain moisture by reducing evaporation and in-
creasing the infiltration of rainfall into the soil. These practices also have major impacts on GHG 
emissions (Robertson et al., 2000).  
 Irrigation is a commonly proposed adaptation option for coping with increased summer droughts. 
Irrigation management can be used to improve considerably the utilisation of applied water through 
proper timing of the amount of water distributed. When irrigation is applied this will increase crop 
productivity and usually also the amount of crop residues returned to the soil, which will increase 
carbon sequestration. However, the energy use associated with irrigation can often be a major 
component of the GHG balance of irrigated systems (Mosier et al., 2005). 
 
Implications for research and development 
 
Research will have to deal with some “unknown aspects” that due to their complexity have not yet 
been studied in detail. These include the effect on secondary factors of agricultural production (e.g. 
soils, weeds, pests and diseases), the effect on the quality of crop and animal production, the effect 
of changes in frequency of isolated and extreme weather events on agricultural production, and the 
interaction with the surrounding natural ecosystems. It should also be noted that for obvious reasons 
most studies on climate change impacts have so far focused on crop production. However, some 
livestock production systems, especially those involving grazing systems or use of fresh fodder, 
may be severely affected by climate change, and more studies on these systems are warranted. 
 Crop production in tropical developing countries will suffer more than in most temperate-zone 
ones, due to a combination of adverse agro-climatic, socio-economic and technological conditions 
already present today, and their continued poor state in coming decades, compared to developed 
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regions (Alexandratos, 2005). To cope with these changing conditions, there is not only a call for 
more research to improve the understanding of the underlying mechanisms, but also a need to 
improve technology transfer from more developed countries, and increasing the local innovation in 
cropping and farming systems to improve adaptation while improving sustainability and farmer 
livelihoods. These are areas, where European agricultural research in collaboration with the 
agroindustry could greatly assist in improving conditions in less developed countries. 
 There is a considerable need for an increased focus on regional studies of impacts and adaptation 
to climate change in agriculture, since effects and responses are likely to be regionally specific 
depending on interactions with soils, current climate and cropping systems (Olesen et al., 2006a). 
Such studies are now becoming more realistic with the arrival of detailed regional scale climate 
change scenarios (Christensen and Christensen, 2005). These studies should include assessments of 
the consequences on current efforts in agricultural policy for a sustainable agriculture that also 
preserves environmental and social values in the rural society. 
 There is a need to describe in more detail the needs for research to support adaptation and 
mitigation to climate change in agriculture. An example of some of the research needs is illustrated 
for agronomy in Table 4, but similar needs are present for many other fields, including animal 
science, environmental impact, plant breeding and land use planning. 
 
Table 4. Suggestions for research needs within agronomy proposed at the 9th Congress of the 
European Society for Agronomy in Warsaw 2006. 
Genotypic differences in response to CO2 and climate changes need to better understood 
Improved understanding of secondary effects, e.g. nutrient losses, weeds, pests and diseases, and 
their interaction with climate and CO2 change, and inclusion of these effects in crop models 
Improved understanding (including experiments) of the effects of extreme events (heat waves, 
droughts, floods, high intensity rainfall) for the entire agroecosystem functioning 
Improved models of climate effects on yield quality 
Better models of adaptation options and their applicability at farm and regional scales. 
Better understanding on how climate change should be linked with improvements in technology 
(e.g. biotechnology, tillage, pesticides) 
Improved understanding and tools to improve management across sectors (e.g. between the 
agricultural and the water sector) 
Development of models for bioenergy crops and their utilisation 
Development of water saving technologies and management practices 
 
 The research on adaptation in agriculture has not yet provided a generalised knowledge on the 
adaptive capacity of agricultural systems across a range of climate and socioeconomic futures. 
There is also a considerable need to better estimate the costs of various adaptation measures, and 
adaptation studies have to move from looking at potential adaptation to adoption, taking into 
account the complexity of farm-level decision-making, diversities at different scales and regions 
(including the entire food chain), and timelags in responses and biophysical, economic, institutional 
and cultural barriers to change.  
 The adaptation to climate change has in particular to be factored in as part of the ongoing 
technological development in agriculture, including plant breeding (also using molecular 
techniques), livestock feeding technologies, irrigation management, application of information and 
communication technology etc. This would be feasible utilising the main agricultural resources 
(Table 5). In some cases such adaptation measures would make sense without considering climate 
change, because they help to address current climate variability. In other cases, the measures must 



 22

be implemented in anticipation of climate change, because they would be ineffective if 
implemented as a reaction to climate change (Smith and Lenhart, 1996). 
 
Table 5. Suggested resource based policies to support adaptation of European agriculture to climate 
change (Olesen and Bindi, 2002). 

Resource Policy 
Land Reforming agricultural policy to encourage flexible land use. The great 

extent of Europe cropland across diverse climates will provide diversity for 
adaptation 

Water Reforming water markets and raising the value of crop per volume of water 
used to encourage more prudent use of water. Water management, that 
already limits agriculture in some regions, is crucial for adapting to drier 
climate 

Nutrients Improving nutrient use efficiencies through changes in cropping systems and 
development and adoption of new nutrient management technologies. 
Nutrient management needs to be tailored to the changes in crop production 
as affected by climate change, and utilisation efficiencies must be increased, 
especially for nitrogen, in order to reduce nitrous oxide emissions. 

Agrochemicals Support for integrated pest management systems (IPMS) should be increased 
through a combination of education, regulation and taxation.  There will be 
a need to adapt existing IPMS's to the changing climatic regimes. 

Energy Improving the efficiency in food production and exploring new biological 
fuels and ways to store more carbon in trees and soils. Reliable and 
sustainable energy supply is essential for many adaptations to new climate 
and for mitigation policies. There are also a number of options to reduce 
energy use in agriculture 

Genetic diversity Assembling, preserving and characterising plant and animal genes and 
conducting research on alternative crops and animals. Genetic diversity and 
new genetic material will provide important basic material for adapting crops 
species to changing climatic conditions 

Research capacity Encouraging research on adaptation, developing new farming systems and 
developing alternative foods. Increased investments in agricultural research 
may provide new sources of knowledge and technology for adaptation to 
climate change 

Information systems Enhancing national systems that disseminate information on agricultural 
research and technology, and encourages information exchange among 
farmers. Fast and efficient information dissemination and exchange to and 
between farmers using the new technologies (e.g internet) will speed up the 
rate of adaptation to climatic and market changes 

Culture Integrating environmental, agricultural and cultural policies to preserve the 
heritage of rural environments. Integration of policies will be required to 
maintain and preserve the heritage of rural environments which are 
dominated by agricultural practices influenced by climate 

 
 Few studies have so far attempted to link the issue of adaptation and mitigation in agriculture. 
This is primarily because the issues have so far been dealt with by different research communities 
and within different policy contexts. However, as both issues are becoming increasingly relevant 
from a policy perspective, these issues will have to be reconciled. Dealing with these issues requires 
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a interdisciplinary approach, where the research on adaptation in agriculture will need to deal not 
only with the effects on changes in productivity and economic viability, but also on the related 
environmental impacts of climate change and adaptation measures. On the other hand the research 
community dealing with mitigation measures will need to be concerned not only with the 
efficiencies of mitigation measures, but also with the extent to which these measures and 
technologies are compatible with changes in climatic conditions and resulting changes in farming 
systems. 
 
Conclusions 
 
The results of the studies on anthropogenic climate change performed in the last decade over 
Europe indicate consistent increases in projected temperature and different patterns of precipitation 
with widespread increases in northern Europe and rather small decreases over southern Europe. 
These changes in climate patterns are expected to affect all the components of the European 
agricultural ecosystems (e.g. crop suitability, yield an production, livestock, etc.). Thus, adaptation 
strategies should be introduced to reduce negative effects and exploit possible positive effects of 
climate change. Both short-term adjustments (e.g. changes in crop species, cultivars and sowing 
dates) and long-term adaptations (e.g. water management, land allocation, farming systems and 
institutions) should be considered. However, the differences in climate exposure, sensitivity, and 
adaptive capacity will affect in a different way the agricultural eco-systems across Europe. In 
particular, agriculture in the Mediterranean region seems to be more vulnerable than in other 
European regions. This calls for a considerable effort in research and development to deal with the 
changes, both at the continental and regional levels. 
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