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Abstract: This paper reviews expected impacts of climate change on agriculture, both rainfed and irrigated, and critically 
analyzes the vulnerability of agriculture to climate change. First, main aspects characterizing climate change are 
briefly dealt, including its causes and main anomalies relative to temperature and precipitation. The impacts of 
temperature changes on some crops are analyzed referring to models that consider cold requirements, including 
chilling needs for some crops. The impacts of diminished precipitation are analyzed in relation to the predicted 
increase of the climatic demand for water due to the foreseen increase of the reference evapotranspiration and higher 
irrigation requirements. Finally, predictable economic and social impacts are discussed together with required 
adaptation and mitigation measures which need particular research efforts. 
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1. INTRODUCTION 

Climate change refers to a change in the state of the climate that can be identified (e.g. using 
statistical tests) by changes in the mean and/or the variability of its properties and that persists for 
an extended period, typically decades or longer. It refers to any change in climate over time, 
whether due to natural variability or as a result of human activity (IPCC, 2007). The temperature 
increase is widespread over the globe and is greater at higher northern latitudes. Average Northern 
Hemisphere temperatures during the second half of the 20th century were very likely higher than 
during any other 50-year period in the last 500 years. Some extreme weather events have changed 
in frequency and/or intensity over the last 50 years, mainly: cold days, cold nights and frosts are 
now less frequent over most land areas; hot days and hot nights became more frequent as well as 
heat waves, and heavy precipitation events have also increased the frequency over most areas 
(IPCC, 2007). Precipitation regimes, wind extremes or air humidity regimes may also have changed 
due to changes in climatic forcing but, differently to temperature, evidence is not possible. Natural 
climate variability occurs with large or short periods depending on the region and on the variable 
considered and their effects may mask those of climate variation and vice-versa.  

The greenhouse effect is often considered the cause for climate change, but the greenhouse effect 
is a natural process that allows keeping in the atmosphere a large fraction of the solar energy, so 
making it possible life in the Earth as we know it. However, anthropogenic activities are emitting 
gases whose concentrations modify the greenhouse effect. The emitted greenhouse gases (GHG) 
produce an increase of the energy absorbed by the atmosphere, a process named positive radiative 
forcing, leading to warming of climate. Global atmospheric concentrations of CO2, CH4 and N2O 
have largely increased as a result of human activities and now far exceed pre-industrial values 
(IPCC, 2007). Increases in CO2 concentrations are due primarily to fossil fuel use, increase in CH4 
concentration is likely predominantly due to agriculture and fossil fuel use, and the increase in N2O 
concentration is primarily due to agriculture (IPCC, 2007). The IPCC Special Report on Emissions 
Scenarios (SRES) defined four scenario families (A1, A2, B1 and B2) that are commonly used in 
impact assessment: A1 assumes a world of very rapid economic growth, a global population that 
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peaks in mid-century and rapid introduction of new and more efficient technologies; A2 describes a 
very heterogeneous world with high population growth, slow economic development and slow 
technological change; B1 refers to the same global population as A1, but with more rapid changes 
in economic structures toward a service and information economy; B2 describes a world with 
intermediate population and economic growth, emphasising local solutions to economic, social, and 
environmental sustainability (IPCC, 2000).  

Climatic models based upon GHG emissions are explored together with General Circulation 
Models (GCM), and Regional Climate Models (RCM) are forced using border conditions generated 
by GCMs to consider impacts of climate forcing at the regional scale in relation to orography, large 
water bodies, ocean dynamics, ice and snow masses. Thus simulation models are explored in 
relation to given emission scenarios and results depend upon the type of GCM and RCM used and 
assumptions supporting the simulated forcing. Results may then be used to assess potential impacts 
on various human activities at various time scales and to define the required adaptation and 
mitigation measures. An example is the study on hydrological impacts of climate change on the 
Tejo and Guadiana Rivers, which shows that, despite uncertainties, projected major reductions in 
rainfall and streamflow are expected to cause major threats to the application of bipartite water 
treaties between Spain and Portugal and the supply of water to southern regions of Portugal (Kilsby 
et al., 2007). However, uncertainties with hydrologic and agricultural impact studies are high and 
relate with the emission scenarios, GCM and RCM, as well with applied models and respective 
parameterization (Xu et al., 2007; Droogers et al., 2008; Yao et al., 2011).  

Challenges on water resources and their use in agriculture aiming at adaptation to climate change 
include technological and non technological issues. Among the latter, the following may be 
considered: (1) to face uncertainties related with climate change and related impacts, we need more 
dialog between different scientific disciplines aiming at developing appropriate adaptation 
measures; (2) in this perspective, it is likely that we need improved connections between research, 
policy-making, and decision making at country and regional scales; (3) social and economic issues 
require peculiar attention when dealing with climate change impacts in agriculture. In view of 
discussing a variety of challenges including those referred above, this article aims at reviewing 
advances in assessment of climate change impacts in agriculture, particularly irrigated agriculture, 
and at discussing adaptation in the joint perspectives of water resources management and 
agriculture. 

2. IMPACTS, VULNERABILITY, ADAPTATION AND MITIGATION 

Recent warming of the climate system, irrespective of the causes, is indisputable, and is now 
evident from observations of increases in global average air and ocean temperatures, widespread 
melting of snow and ice, and rising global mean sea level. Beniston et al. (2007) provided forecasts 
on temperature changes over the Europe. Impacts of climate change are of diverse nature (IPCC, 
2007). They refer to losses in biodiversity due to changes in environmental conditions affecting the 
ecosystems. The present boundaries of natural ecosystems may change due to modifications in 
climate regimes; actual crop patterns may have to be modified due to changes in environmental 
conditions influencing the crop cycles, development and production.  

Rainfall during the XX century does not show evidence of changes at the global scale. However, 
it augmented in some regions and decreased in others such as the Sahel, the Mediterranean region 
(e.g. Xu et al., 2007), and some parts of southern Africa and Asia. Evidence exists of increased 
frequency of episodes of high intensity rainfall and of longer dry spells. In general, extreme events 
of short to medium duration became more frequent (Beniston et al., 2007; Lehner et al., 2006). 
However, changes detected are not sufficient to identify harmful consequences for crops (Moonen 
et al., 2002). Often it is said that droughts augment but in certain drought prone areas there is no 
evidence of such behaviour. In Alentejo, southern Portugal, using data from 1932 to 2000, no 
evidence of increased droughts was detected (Moreira et al., 2006, 2007). Results by Moonen et al. 
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(2002), Bordi et al. (2009) and Raziei et al. (2011) are in agreement with the hypothesis that 
droughts are not in augmentation.  

Changes in rainfall regimes will induce changes in streamflow regimes and lower baseflow is 
expected. Moreover, the water quality regimes will also change and contamination impacts may be 
larger, affecting public health. Overall, the water availability is expected to decrease thus enhancing 
competition among users and making it more difficult to satisfy the increased urban water demand 
including for tourism. 

Rainfed crops are more vulnerable than irrigated ones due to changes in precipitation, 
infiltration, evapotranspiration and soil moisture regimes in addition to temperature (Rosenberg et 
al., 2003; Maracchi et al., 2005). Food security is therefore threatened in more vulnerable regions 
and countries of the world. Impacts of climate change (Fig. 1) are already visible in the biosphere, 
with some plants flowering earlier, and others moving North in the northern hemisphere. Similarly, 
there are pests and diseases now appearing in higher latitudes (Anderson et al., 2004). Some 
animals are also moving to higher latitudes, particularly migrant birds changed their habits and 
don’t need to spend the winter in lower latitudes. Many impacts are expected for natural and man-
made ecosystems, thus it is wise trying to understand how climate change will impact agriculture 
and what kind of adaptation measures are required to keep high standards of production and to limit 
unfavourable impacts on farmers and rural populations. 
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•Precipitation change
•Extreme events
•Sea level rise

Impacts and vulnerability
•Ecosystems
•Water resources
•Food security
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•Human health
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•Socio-cultural preferences
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Figure 1: Climate change, impacts, mitigation and adaptation responses with focus on measures with particular 
interest for agriculture and water resources (Pereira et al., 2009) 

Mitigation and adaptation measures are required to reduce both the process drivers and the 
impacts and vulnerability to climate change. However, due to the wide nature of these measures 
(Figure 1) large efforts are required from politicians and decision makers to create a sustainable 
process of mitigation and adaptation. Innovation is needed to develop technological, economic, 
managerial, cultural, educational and social measures appropriate to each country and environment 
to efficiently reduce vulnerability and impacts of climate change. 

It is important to recognize climate change as a process driving exacerbated water scarcity and 
threatening development. Unfortunately, many other processes and driving forces are contributing 
to degradation of Earth’s environment and peoples’ welfare, including devastating wars. Water 
scarce regions are highly vulnerable to climate change impacts. Coping with water scarcity requires 
that such impacts be recognized and appropriate mitigation and adaptation measures be developed 
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and implemented to effectively cope with it (Figure 2). Changes in the hydrologic regimes refer to 
the likely increase in frequency of floods, which tend to have a smaller time of concentration and 
carry more sediment, thus affecting the life and management of surface reservoirs. Expected 
decreases in infiltration impact groundwater recharge and river baseflows. Water quality problems 
increase due to the reduction of flows and higher water temperatures, particularly where there is less 
flow to dilute contaminants of natural and anthropogenic origin. Overall, water availability will be 
diminished but the demand for water is likely to increase. Thus, there is a pressing need to better 
understand and cope with the issue of climate change, especially in regions facing water scarcity 
(Pereira et al., 2009). Predicting impacts of climate change on the hydrological cycle and 
hydrologic extremes is required to improve the management of natural and man-made resources. 
Management strategies, adaptation measures, services and tools need to be developed for coping 
with droughts and water scarcity (Figure 2). These include technical measures and practices as well 
as policies of social and political nature. Among the later are those referring to increase water users 
and populations awareness of water values; and improved institutional arrangements for water 
management, including users participation and governance respecting the values of democracy. 
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•Heavy precipitation events Impacts on water related process 
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•More frequent flash floods
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Figure 2: Climate change impacts on water related processes and type of required mitigation and adaptation measures 
with main interest in agricultural use of water (Pereira et al., 2009) 

3. IMPACTS IN AGRICULTURE 

Climate change will impact agriculture in different ways particularly related with increasing 
minimal and maximal temperature, changes in precipitation regimes through decreased rainfall or 
increased rainfall intensity, as well as less known variations in availability of solar energy and 
changes in wind and air humidity regimes. Most affected aspects refer to: 
 changes of phenological dates 
 growth and yield of crops 
 crop water requirements  
 water availability for crop production 
 crop irrigation requirements 
 biotic stresses, such as competition by weeds and pests and diseases  
 farming economic and social issues 
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3.1. Changes of phenological dates due to increases in temperature 

The development of any plant depends on environmental conditions offered to fulfil the various 
phenological stages, from germination to maturity of seeds and fruits. Each crop has peculiar 
requirements in terms of temperature, water availability, nutrients and other factors such as soil 
fertility. All these factors may be affected by climate change, with particular importance for 
temperature in terms of its impacts on the phenological development. Many seeds do not germinate 
and some plants do not flower if they are not subject to a given period with low temperature; 
however, there are various types of cultivated plants relative to the need for cold temperatures 
(Pereira and De Melo-Abreu, 2009). Plants with chilling requirements, i.e., when seeds require low 
temperatures before germination, or trees needing low temperatures before flowering as for various 
deciduous fruit trees and olive trees. The amount of chilling depends on the plant/crop and variety. 
The model by Melo-Abreu et al. (2004, 2005), proved for peaches, olive and pear trees, assumes 
that dormancy is broken when given quantities of cold units are cumulated; after, phenological 
development progresses following the above referred thermal time approach. Temperature increases 
would make crops unviable in areas where they presently produce, as it would be the case of pears 
in their traditional area of production in Portugal (Pereira and De Melo-Abreu, 2009). Adaptation is 
extremely difficult for these crops and would require moving production to other areas, which 
would cause enormous social and economic impacts on rural populations, or developing less 
chilling dependent varieties.  

For plants without cold requirements, whose growth rate varies linearly with the air temperature, 
namely the thermal time, i.e., the cumulated temperature required between one development stage 
and another, and the base temperature, i.e., the temperature above which the phenological 
development phases start. This behaviour is typical of most field crops. When global warming leads 
to increased temperatures, the duration of the phenological phases will change and advance relative 
to present climate. An example for wheat is given in Table 1, where results for the present climate 
are obtained from a series of 36 years of data (De Melo-Abreu, 1994.). Results show that flowering 
and maturity would be attained much earlier than at present and the crop would then not have 
enough energy for full growth and yield, thus resulting in much lower harvestable yield. Adaptation 
required to face that situation would include adoption of new varieties through plant breeding, or 
new planting dates in spring but requiring irrigation. A review on heat impacts on wheat crop and 
its distribution throughout the world is presented by Ortiz et al. (2008). The authors analyse then the 
past achievements in plant breeding and future perspectives aimed at adapting wheat to face heat 
and the need for radiation-use and water-use efficiency.  

 
Table1. Average dates for the phenological phases of a wheat crop not requiring vernalization for the present climate 
and for the end of the XXI century relative to the SRES scenarios B2 and A2, including the respective advances in days 

(Pereira and De Melo-Abreu, 2009). 

Present climate Scenario B2 (+ 3ºC) Scenario A2 (+ 5ºC) 
Event 

DOY 
Average 

date 
DOY 

Average 
date 

Advance 
(days) 

DOY 
Average 

date 
Advance 

(days) 
Emergence 348 13 Dec 345 10 Dec 3 343 8 Dec 5 
Flowering  98 8 Apr 62 3 Mar 36 46 15 Feb 52 
Maturity 157 6 Jun 118 28 Apr 39 95 5 Apr 62 

 
Other plants are sensitive to over-optimal temperatures, case of many spring-summer crops, 

where those high temperatures would produce delay in pods development in case legume 
horticultural crops (e.g., green beans), so affecting production through heat stress. Adaptation then 
refers to early planting to avoid cultivation under high temperatures and plant breeding for shorter 
cycle varieties and resistance to heat. This is also the case of some tropical crops as coffee. An 
example for coffee production in Vera Cruz, México, refers to predictions of yield decreases due to 
over-optimal temperatures, both in summer and winter, account for 34% yield losses by the year 
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2020 (Gay et al., 2006). An overview on changes in the duration of crop cycles of main crops in 
Europe is reported by Maracchi et al. (2005). 

3.2 Growth and yield of crops and impacts of CO2 concentration 

Plant growth depends upon assimilation of CO2, which in turn depends on genetic factors, solar 
radiation and other climatic environmental conditions, water and nutrients availability. Biotic 
stresses, such as pests and diseases, and abiotic stresses, e.g. soil and water quality, also impact crop 
growth and yields.  

The accumulated dry matter depends on the crop/plant photosynthetic or radiation-use 
efficiency, , i.e., the quantity of dry matter produced by unit of radiation intercepted by the canopy 
(Monteith, 1977). This efficiency is affected by the concentration of CO2 in the atmosphere 
increasing with the latter. Such increases are larger for C3 plants, up to 30%, and smaller or null for 
C4 plants.  is about constant for temperatures ranging 15 - 30 ºC for C3 plants, and 25 - 40 ºC in 
case of C4 plants, but it is affected by the temperature when very high or very low.  may also be 
affected by the vapour pressure deficit (Kiriny et al., 1998; Sinclair and Muchow, 1999). For a 
given concentration of CO2, there is a close relation between the amount of CO2 that diffuses inside 
leafs and the quantity of water that is transpired (Tanner e Sinclair, 1983), thus resulting that the 
accumulated dry matter increases with crop transpiration and decreases with vapour pressure 
deficit, The proportionality factor K is crop specific and relates to crop water use efficiency. When 
the atmosphere is richer in CO2, for a given stomatal conductivity, plants increase dry matter 
production. Then K is higher as well as water use efficiency. Thus, CO2 induces higher efficiencies 
of radiation and of water use.  

Mechanisms and impacts of plant water use in an atmosphere rich in CO2 are not entirely known 
and results are controversial, mainly because experiments are conducted under controlled 
environments. It is observed that the increase in dry matter response to CO2 is slow after the 
reference concentration of 370 ppm, and attains a plateau after a concentration of near 700 ppm. 
Results for wheat are presented by Tubiello et al. (2007). Lovelli et al. (2010) report impacts of 
rising CO2 for concentrations on wheat and tomato but apparently their results are not in agreement. 
However, impacts of increased CO2 may be considered as potentially positive. 

3.3. Biotic stresses: weeds and pests and diseases 

Increases in CO2 generally favour impacts on improving crop resistance to pests and diseases, as 
well as on the degradation of residuals of pesticides, but also favour weeds development and their 
resistance to herbicides. On the other hand, increases in temperature favour the development of 
pests and diseases and may reduce the efficiency of pesticides. 

Most of weeds are C3 plants, which respond very well to increases in CO2. In a scenario of 
higher concentration of CO2 only the combination of a C3 crop with a C4 weed is favourable to the 
crop. To add to the problem, the weeds resistance to herbicides is higher when CO2 increases (Ziska 
et al., 2004).  

There is already evidence that pests and diseases are now present in areas where past 
temperatures were lower (Anderson et al., 2004). Adaptation under these conditions regards finding 
natural enemies of these pests and diseases that develop well under higher temperature. Farmers are 
conscious of this problem as for vine growers in Europe (Battaglini et al., 2008). The use of 
pesticides is expected to increase; Chen and McCarl (2001) forecast an increase of 20% or more in 
the use of pesticides for maize, cotton, potato, soybeans and wheat in USA. That increase may 
create further environmental problems, particularly an increased risk of water contamination.  
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4. CROP WATER AND IRRIGATION REQUIREMENTS  

4.1. Evapotranspiration 

Crop water requirement is the quantity of water consumed by a crop during its growth season 
and corresponds to the crop evapotranspiration (ETc) in mm. It is commonly estimated through the 
product of the reference evapotranspiration (ETo) by the crop coefficients defined for each crop 
development stage (Allen et al., 1998, 2007):  

ETc = (Ks Kcb + Ke) ETo (1) 

where the crop coefficient Kc is defined through its components: the basal crop coefficient Kcb 
relative to crop transpiration, the soil water evaporation coefficient Ke and the stress coefficient Ks 
(all coefficients are non dimensional). ETo represents the climate demand of the atmosphere. The 
coefficients refer to the crop canopy characteristics that influence water consumption by the crop. 
When Ks = 1 the crop is not stressed and transpiration occurs at the potential rate. Kcb depends on 
the crop and variety and on the crop development stage, being usually higher for the mid season. Ke 
depends of the fraction of soil wetted by rain or irrigation and exposed to radiation, the frequency 
and amount of wettings, and the soil-water properties. Climate change may induce increases in Kcb 
due to increased CO2 concentrations, decreases in Ks when soil water availability is reduced, which 
is foreseen for rainfed crops, and decreases in Ke when soil water is less and soil evaporation is 
controlled by soil conservation practices, that are very likely adaptation measures. However, 
impacts, particularly those on transpiration due to enhanced CO2 levels, will vary between different 
types of ecosystem (Lockwood, 1999).  

Main impacts of climate change are expected in terms of ETo because it represents the climate 
demand of the atmosphere. ETo (mm d-1) is given by (Allen et al., 1998): 
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where Rn is the net radiation available at the crop surface [MJ m-2 d-1], G is the soil heat flux density 
[MJ m-2 d-1], T is mean air temperature at 2 m height [ºC], U2 is wind speed at 2 m height [m s-1], (ea 
– ed) is vapour pressure deficit at 2 m height [kPa], Δ is the slope of the vapour pressure curve [kPa 
ºC-1] and  is the psychometric constant [kPa ºC-1]. Using ETo equations based on temperature only is 
inappropriate. As discussed by Lockwood (1999), estimating impacts of temperature then 
corresponds to assume some form of correlation at the particular site between evapotranspiration, 
temperature and the radiation climate. To avoid those errors, data sets need to be adapted to the 
changed climate to be assessed. 

ETo shall increase directly when temperature increases and with changes in net radiation due to 
negative forcing by the emitted GHGs that will increase net long wave radiation. Where cloudiness 
will augment then net shortwave radiation will decrease, as well as the vapour pressure deficit since 
air humidity would change similarly. Changes on U2 still are unknown. Therefore, it is expected that 
ETo will increase with climatic change, particularly during winter and spring when T increases are 
higher, but following spatial patterns varying with patterns of change in temperature, rainfall and 
cloudiness.  

The application of scenario A2 to 36 years of daily weather data of Évora (southern Portugal) 
and 34 years of 10-day data of Fergana, Uzbekistan, allow understanding impacts of climate change 
on ETo by the end of the XXI century. Results are shown in Fig. 3 in terms of ETo and ETo anomaly 
when comparing values for the present climate with those foreseen with scenario A2. However, 
results need to be interpreted with care. For both locations, ETo anomalies are larger in the winter 
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season, when expected temperature changes are larger. However, in absolute value increases in ETo 
are larger in summer. Considering that crop coefficients will change little, results indicate that crops 
demand for water will increase unless plant breeding will produce varieties with higher radiation 
use and water use efficiencies, i.e., the vulnerability of rainfed crops increases if we consider the 
present crops and crop varieties. Relative to irrigated agriculture, the demand for irrigation would 
increase by 15% or more in both areas.  
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Figure 3: Impacts of climatic change on ETo by the end of the XXI century: (A) daily ETo at Évora, southern Portugal, 
relative with present climate (••) and for scenario A2 (••) and respective anomaly, and (B) 10-day ETo at Fergana, 

Uzbekistan with present climate (••) and for scenario A2 (••) and respective anomaly. 
 
An innovative approach to ET estimation as influenced by climate change was presented by 

Serrát et al. (2011). Authors analyzed evaporation and meteorological data from a semi-arid 
watershed in southern Arizona, USA, and found that the surface resistance to water vapour transport 
was closely related to the vapour pressure deficit. Thus, they developed a daily conductance model 
and included a growing season index to replicate the onset and the end of the riparian vegetation 
growing season. The model was used to predict evapotranspiration rates using the Penman–
Monteith equation, They concluded that atmospheric demand will increase due to climate change, 
thus leading to increased ETo. However, ET from field sites was expected to remain largely 
unchanged due to stomatal regulation (Serrát et al., 2011). 

4.2. Water availability  

Climate change will impact water availability for crops use due to the variation in rainfall 
amounts, changes in frequency and duration of dry spells, and expected decreases in infiltration that 
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produce decreased soil water availability. Moreover, crop and ecosystems may also negatively 
impact groundwater recharge following changes in water use due to climate change and increased 
CO2 concentration (Ficklin et al., 2010). Thus, groundwater availability for irrigation and other uses 
could decrease.  

Beniston et al. (2007) forecasted the future occurrence of dry spells in Europe. Under the A2 
scenario, the summer dry spell over southern Iberian Peninsula would last over a month longer than 
at present, with a 95% confidence interval of about ± 9 days. Under the B2 scenario, that length 
increases by about 20 days with roughly the same uncertainty as for the A2 scenario (Beniston et 
al., 2007). Longer dry spells shall result in less potential water availability (PAW) in summer. 
However, forecasts for the Mediterranean region show that PAW will also be affected in winter 
(Olesen et al., 2007). Brisson et al. (2010) refer that a possible cause for actually observed decrease 
in wheat is climate change, which is possible producing a general warming and an increase in the 
frequency of winter and spring dry periods, thus affecting wheat during the period of stem 
elongation, i.e., climate change would be already water and nitrogen nutrition of wheat.  

These results indicate that rainfed crops the natural ecosystems in the Mediterranean area will be 
very much vulnerable to water stress in future. Cereal crops may require irrigation to complete their 
crop cycle during grain filling stages. Typical Mediterranean fruit crops as olives and vines will 
need irrigation in most areas where they are cropped rainfed nowadays. Pulses and other spring 
crops may also not produce viably without supplemental irrigation. Pastures will produce for a 
shorter period, thus inducing the need for supplemental animal feeding. Adaptation may be quite 
difficult and surely very demanding. New varieties are required, crop patterns have to change, 
planting and harvesting dates shall be modified. Keeping the farm return under these conditions is a 
major challenge especially for the areas where identified changes are greater.  

An example for sugar beet production and adaptation requirements show that also regions North 
of the Mediterranean region, despite being less affected by water availability, will also require deep 
adaptation (Jones et al., 2007). Thompson et al. (2009) report on the forecasted decrease of water 
availability for lowland wet grasslands in UK.  

Particularly vulnerable is the case for African agriculture (Challinor et al., 2007). There, cereal 
yields – maize and sorghum – are projected to decrease by more than 30%. In a continent with so 
many food security problems at present these forecasts constitute an enormous challenge. However, 
forecasts presented by Knox et al. (2010) for sugarcane in Swaziland show that CO2 enrichment 
may lead to increased yields but irrigation requirements are expected to increase.  

4.3. Irrigation requirements and management  

Water availability for crops and nature tends to decrease in many areas of the world due to less 
rain, less infiltration because rainfall is concentrated or diminished, as well as due to changes in 
pattern of rainfall distribution during the year. An analysis at global level (Doll, 2002) shows that 
irrigation requirements tend to increase in many areas but there are others where they will decrease. 
Taking an example from southern Spain (Rodriguez et al., 2008), it is apparent that winter 
precipitation may increase but forecasts point out a significant decrease for the spring period. In 
addition, crop evapotranspiration will increase. Therefore, depending on the spatial distribution of 
the crops, irrigation requirements result higher. Related increases generally exceed 15% and may be 
higher than 20%. Changes for northern and central Europe irrigation are much less important and 
adaptation measures are generally easy to implement. Daccache et al. (2011) report on a foreseen 
small increase for potatoes irrigation. In case of the Thrace Plain, Bulgaria, Popova and Pereira 
(2008) observed that when using large irrigation depths per event, as for surface irrigation, 
adaptation consists of improving the irrigation schedules (Fig. 4); however, if smaller depths are 
applied, as for sprinkler irrigation, it results that less water is stored in the soil and an additional 
irrigation event is required. Elgaali et al. (2007) have forecasted an increase of the irrigation 
demand for the Arkansas, however less dramatic than for the Spanish case. They also forecasted a 
decrease in precipitation in Spring.  
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Figure 4: To face higher demand in maize irrigation in the Thrace plain, Bulgaria, under surface irrigation with large 
irrigation depths only timings have to be adjusted (above); with sprinkler irrigation, because depths are smaller and the 

contribution of soil water storage is less, an additional irrigation event is required (Popova e Pereira, 2008) 

Purkey et al. (2008) performed an analysis of adaptation requirements for the Tehama–Colusa 
Canal Authority, Sacramento Valley, California. They concluded that a main adaptation issue 
concerns the improvement in irrigation efficiency and mainly shifting in crop patterns to less 
demanding crops during times of water shortage. However, since the spatial variability of climate 
change variables is quite high and the levels of technological development are very diverse, results 
are not easily transferred from an area to another. Xiong et al. (2010) forecasted increased irrigation 
water requirements for cereal production in China, including for rice, and their results suggest that 
there will be insufficient water for agriculture in the coming decades due to increases in water 
demand for non-agricultural uses. Haim et al. (2007) have analysed the adaptation needed to 
overcome yield and economic losses for irrigated wheat and cotton in Israel. These refer to early 
seeding, higher irrigation depths, and adoption of new varieties having much higher water use 
efficiency but foreseen required water use efficiency values are much above present possibilities for 
plant improvement. If climate warming is mild, results for irrigated agriculture in Israel are 
expected to be positive (Fleischer et al., 2008). 

Fischer et al. (2007) analysed impacts of climate change on irrigation requirements at the global 
scale and compared results when mitigation could reduce GHG emissions, i.e., approached 
mitigation instead of adaptation. They found that mitigation reduces by roughly 30–40% the 
additional net irrigation water requirements in 2080 forecasted with the unmitigated A2 scenario. 
Reductions in water withdrawals are foreseen by then. However, results vary with models and 
scenarios. This study calls for improved approaches to mitigation relative to the various GHG 
scenarios that could improve understanding and implementation of combined adaptation and 
mitigation measures.  
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5. ECONOMIC AND SOCIAL CONSEQUENCES 

The impacts of climatic change in agriculture are diverse, may be positive but are often negative. 
Negative impacts imply yield losses and consequent losses in the value of production. In addition, 
adaptation measures generally lead to higher production costs. Thus, the net return from farming 
may decrease, even very much reduced or becoming negative when impacts are strong. However, 
adaptation is expected in terms of agricultural policies, trade, governance and technologies which 
may lead to overall changes that may reduce the vulnerability of farming. It is likely that agriculture 
will be quite different of the one we know today. In particular, small farmers may disappear due to 
the new societal arrangements and the higher technological requirements. This may produce 
unforeseen social problems and changes in the rural world and should be the object of focused 
social and economic research that could support policies favouring sustainable family farming.  

There is yet insufficient knowledge about social consequences of climate change. However, it is 
known that impacts of extreme events highly depend upon the degree of development of the society 
where they occur as demonstrated by Kromker et al. (2008) for the impacts of droughts. Thus, an 
important issue, beside technology, is education.  

A social risk management and asset-based analytical framework to the challenges stemming 
from climate change has been proposed by Heltberg et al. (2009) aimed at reducing the 
vulnerability of households and understanding the risks associated with climate change, particularly 
focusing the poor and the low-income countries  

Results relative to economic impacts of climate change in agriculture are less coherent and may 
be contradictory when exploring different GCM modelling approaches as evidenced by 
Kurukulasuriva and Aiwad (2007) when they used the CSIRO and the HAD3 models. This shows 
that such type of studies is full of uncertainties. Other studies as for Brazil, China and South Africa 
provide results in agreement with foreseen changes in temperature and rainfall (Mendelsohn et al., 
2007, Liu et al., 2004; Gbetibouo and Hassan, 2005). Results have some coherence and show that 
the vulnerability of agriculture to climate change is very high, with heavy implications on the poor. 
In other words, there is an enormous challenge to be faced and which obliges to look for policies 
that may avoid extreme adaptation and mitigation measures as well as extreme negative impacts to 
the affected rural population.  

6. CONCLUSIONS 

Climate change is known, most of consequences in agriculture are already being known and 
directions of change in technologies are also known. However, there is not yet enough coherence in 
policies that will favour reducing GHGs emissions. Impacts in agriculture call for innovative 
approaches and development of adaptation, desirably in combination with mitigation measures. 
Among the latter are those relative to coping with water scarcity, which is a main consequence of 
climate change. Numerous technological and non-technological issues are known and may be 
applied but governance and education are required to put them in application. Moreover, there is the 
need to develop new approaches to foresee the economic and social implications of climate change 
aiming at developing adaptation measures that respect the social and cultural values of the rural 
world. 

Relative to irrigation and water management, adaptation includes the adoption of a number of 
hardware and software technologies that provide for water saving, improved water use performance 
and higher water productivity. Developments due to research along these lines highly contribute to 
adaptation to climate change mainly in areas where water is scarce. In addition, changes in rainfall 
patters and intensity call for improved water and soil conservation that improves infiltration, soil 
water storage and control of evaporation from the soil.  

Adaptation in agriculture needs to be considered and implemented jointly with adaptation in 
water resources planning and management because water is assuming a growing importance when 
considering future scenarios of climate change. Therefore, a great need is an improved dialogue 
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between disciplines, not only those related with water and agriculture, but also those relative to 
climate, natural resources, economics and social and institutional aspects. Adaptation does not 
resume to technologies but has a great relevance in terms of societal awareness, public participation, 
institutional building, governance and, last but not least, fight against poverty. Adaptation requires 
also an improved dialogue between researchers and managers or decision makers. Knowledge has 
to expand, to extend and to support improvements at all levels, mainly the farm.  
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