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Abstract: This study quantitatively assessed the effectiveness of three main options for the adaptation of crop 

farming to climate change (i.e., shift of planting dates, increase/addition of irrigation, and resilient 

hybrids/cultivars) in a southern European country (Greece). The potential effect of each option on the yields of 

several crops in all Greek regions is estimated for 2021-2040 and 2041-2060 and compared with those under the 

historical local climate of 1986-2005, by using agronomic and statistical regression models, and data from 

different climatic simulations and climate change scenarios. Our results reveal that all the adaptation options 

examined have the potential to significantly reduce crop yield losses occurring under no adaptation, 

particularly during 2021-2040 when for many regions and crops more than half of the losses can be 

compensated for. Notably, in some cases during this period, the measures examined can lead to crop yields 

that are higher than those under the historic climate. However, the effectiveness of the measures was found to 

greatly diminish in 2041-2060 under very adverse climate change conditions, highlighting the dynamic nature 

of adaptation. The assessment of the effectiveness of combined adaptation options, and the evaluation of 

additional criteria (e.g., feasibility) represent main areas for future research. 
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1. Introduction 

In December 2023, more than 130 world leaders attending COP28 in Dubai, United Arab 

Emirates, signed a declaration on the need to urgently adapt agriculture and food systems to a 

changing climate, outlining efforts such as financial support for food producers, measures enhancing 

food security, and improvements in resource management [1]. The declaration included five key 

goals aimed at integrating agriculture and food systems into climate plans, making climate action in 

the sector a key element of the political agenda. The goals range from economic support to ecosystem 

conservation, aiming to protect vulnerable populations in the agricultural sector, three of which are 

directly related to climate change adaptation [2]. Specifically, the first goal gives priority to financial 

and technical support to farmers for the installation and use of early warning systems, and the other 

two goals focus on water conservation and on improving land use practices, aiming at strengthening 

integrated water management and maximizing the potential already available to use regenerative 

agricultural practices to restore land and ecosystems. 

The Dubai Declaration on agriculture did not come out of blue. During the last decade, 

international policies have played a key role in stressing the importance of adapting agriculture to 

climate change, leading to international actions and important political initiatives, particularly in the 

European Union (EU) [3]. An important opportunity to address climate change concerns in the 

agricultural sector was created in 2015, with the simultaneous adoption of the 21st Climate 

Conference of the Parties (COP 21) decisions in Paris, the Sendai Framework for Natural Disaster Risk 
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and Reduction, and the United Nations Sustainable Development Goals (SDGs). These policy tools 

form an important and coherent policy framework that aims to create an adaptive governance system 

at various administrative levels, with the overall goal of increasing resilience and reducing existing 

climate risks. Agriculture is at the core of the 2030 Agenda for Sustainable Development [4], with 

several SDGs being directly related to food, agriculture, and climate change, such as SDG 2 (end 

hunger, achieve food security and improved nutrition and promote sustainable agriculture); SDG 6 

(ensuring availability and sustainable management of water and sanitation for all); SDG 12 (ensure 

sustainable consumption and production standards); SDG 13 (take urgent action to combat climate 

change and its impacts); SDG 15 (sustainable forest management, combating desertification, halting 

and reversing land degradation and halting biodiversity loss); and of course SDG1 (end poverty in 

all its forms everywhere) as agriculture is a main source of food, income, and employment in all 

regions and communities. To further link the SDGs to agriculture and food, the United Nations has 

published a guide for national policy makers that sets out a set of actions on how to transform the 

agricultural sector [5], which includes several actions that also support adaptation to climate change 

risks, such as water protection and water scarcity management through policies and measures for 

irrigation efficiency and crop diversification in production. 

In the chapter on Europe which is included in the latest 6th Assessment Report (AR6) of the 

Intergovernmental Panel on Climate Change (IPCC) on Climate Change Impacts, Adaptation and 

Vulnerability, several key adaptation options for agriculture were identified and assessed in terms of 

their feasibility and effectiveness (Figure 1) based on the recent (i.e., after 2014) literature [6]. 

 

Figure 1. Evaluation of the effectiveness and possibility of implementing basic actions to adapt the 

agri-food sector to climate change - source: Figure 13.14 in the chapter on Europe in the 6th 

Assessment Report of the IPCC [6]. 

This assessment concluded that irrigation and changing sowing dates are particularly effective 

measures for reducing the adverse effects of climate change on crops in Europe. However, in the 

context of AR6, the Cross Chapter Paper on the Mediterranean (CCP4) [7] emphasizes that unwisely 

incentivizing and developing irrigation expansion actions can lead to the unsustainable use of water 

resources; in contrast, the careful improvement of existing irrigation practices in Mediterranean 
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regions can lead to significant water savings. Additional adaptation actions other than irrigation, as 

suggested in CCP4, are as follows: 

• Agroecological techniques that increase the capacity of agricultural soils to retain water 

(pulping/mulching, no/minimum plowing) 

• Crop diversification 

• Adjustment of sowing dates etc. of crops 

• Use of new varieties adapted to evolving climatic conditions 

• Indirect actions to limit the negative effects of climate change (e.g., changes in food demand, 

changes in eating habits, and reduction of food waste).  

Recent surveys carried out among farmers in central and southern Europe also revealed that 

changes to water and soil management and the adoption of drought-tolerant cultivars are main 

options to adapt to increasing evapotranspiration, higher variability and lower predictability of 

rainfall due to climate change [8]. 

However, although the above-mentioned measures are widely recognized as important 

adaptation options in crop farming, there are still significant knowledge gaps for many of them 

regarding the quantification of their effectiveness in reducing the negative effects of climate change 

on crop yields, as in the case of irrigation [9]. In addition, most of the available quantitative findings 

in the literature on the effectiveness of an adaptation option refer to small-scale studies at a specific 

location or region [10], as quantitative assessments covering wider spatial scales are very data-

demanding and require significant computational effort in terms of crop modelling.  

In Greece, a country located in southern Europe and within the Mediterranean basin, agriculture 

represents an important economic sector, which generated 4.5% of the Greek Gross Value Added 

(GVA) in 2022 according to the data from the Hellenic Statistical Authority (ELSTAT), while at the 

level of some prefectures its contribution was much higher and reached 16-25% of the GVA. These 

figures, combined with the latest estimates on the rapidly increasing climate risks for agriculture in 

southern Europe and the Mediterranean [6,7], highlight the criticality of developing and 

implementing efficient adaptation measures in the Greek agricultural sector and make Greece a good 

case for studying the effectiveness of such measures.  

Available studies on the expected benefits for crop yields in Greece from the implementation of 

adaptation options are scarce and often narrow in terms of scope and coverage. The first study on the 

environmental and socio-economic impacts of climate change in Greece was carried out by the Bank 

of Greece in 2011 [11]. This study provided semi-quantitative estimates of changes in future yields of 

some crops in Greek regions based mostly on findings from regional assessments outside Greece and 

the use of old climate change scenarios, and it comprised only a brief and literature-based analysis of 

some adaptation measures. Georgopoulou et al. (2017) [12] estimated future crop yields in various 

Greek regions under different Representative Concentration Pathway (RCPs) scenarios of climate 

change, and quantitatively assessed the effectiveness of main adaptation options; however, this 

analysis did not include many important cultivations (e.g., trees other than olive, orange, peach, and 

fodder plants), while input model data on soil qualities and agricultural practices were derived 

almost exclusively from international literature and not from Greek data sources. Other studies have 

provided even less input on the adaptation potential in Greece, limiting their analysis to specific crops 

such as vineyards [13] and olive trees [14] or regions such as Crete [15].  

Our present study aims to fill these knowledge gaps and assess the effectiveness of three main 

adaptation options for crop farming, namely earlier planting (for annual crops), increase/addition of 

irrigation, and more resilient hybrids/cultivars to reduce or even completely avoid exposure to 

summer heat. This assessment is carried out for two future 20-year periods (2021-2040 and 2041-2060) 

under various climate change scenarios utilized in contemporary assessments and for all important 

cultivations in Greece to explore how the effectiveness of adaptation changes under different levels 

of climate change. It should be noted that our present study is the suite of another recent research 

work that we carried out recently [16] and which quantitatively assessed the effects of future climate 

change on the yields of 35 crops cultivated in all 13 administrative regions of Greece. Apart from its 
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broad coverage in terms of crop types and geographical Greek regions, this previous study developed 

and applied risk modelling at the level of each of the 13 Greek administrative regions and used as 

much as possible input data from Greek data sources concerning local soil qualities and agricultural 

practices. These improvements were inherited in our present work which used similar 

methodological tools. Therefore, we consider the study presented in this paper as a useful tool that 

provides new knowledge to assist the design and implementation of adaptation policies and 

measures.  

In the following sections, the proposed methodology is presented to assess climate risks and the 

effectiveness of adaptation options, followed by the relevant results obtained and a subsequent 

discussion and conclusions drawn. 

2. Materials and Methods 

2.1. Study Area 

The assessment of the effects of climate change on future crop yields and the effectiveness of the 

selected adaptation options covered all 13 administrative regions in Greece (Figure 2).  

 

Figure 2. Greek regions considered in the assessment of adaptation options for crop farming. 

As our assessment is performed through modelling at the regional level and for each crop (note: 

the modelling approach is described in detail in Section 2.2), the numerical effort to simulate the 

annual growth of 35 crops in 13 regions and for years up to 2060 would be too high and not necessary 

in all cases as the present share of some regions to the national production of some crops is very low 

and is not expected to change in the future. Therefore, an approach to select the cases to model 

(henceforth the ‘85% rule’) was developed. Specifically, for each crop, the regions were ranked first 

in descending order of their share to the national crop production. Then, the top-ranked region was 

selected, and if its contribution to the national total was less than 85%, the selection was extended to 

include the second-ranked region. If their cumulative contribution to the national total was still under 

85%, the third-ranked region was also selected. This process was continued until the cumulative share 
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of the selected regions reached at least 85%. In the case of grapevines, all 13 regions were selected as 

the modelling approach does not differ much from region to region. The selected combinations of 

crops-regions to be modelled in our present study are indicated with green shading in Figure 3, and 

the last column presents the cumulative share of the national production per crop that is covered by 

the application of our ‘85% rule’. 

 

Figure 3. Share of Greek regions to the national totals of crop production in the year 2019 (note: the 

cases indicated by green shading are those selected to be modelled in the context of our study). 

Official statistical data on the regional distribution of crop production in Greece are available 

only for years up to 2021, while the COVID-19 pandemic has greatly affected all economic activities 

including the production and demand of agricultural products. Thus, for the application of the ‘85% 

rule’, we decided to use production data from the Hellenic Statistical Authority (ELSTAT) and for the 

last year before the start of the pandemic, i.e., for 2019. The contribution of each region to the national 

production of each crop and the selected cases are presented in Figure 3.  

The contribution of the regions to the Crop Output according to statistical data from the 

Economic Accounts for Greece published every year by the ELSTAT is presented in Figure 4. As 

shown, the combinations of crops-regions selected by applying the ‘85% rule’ correspond to 92% of 

the total Crop Output in Greece, that is, they cover all important production sites and crops. Almost 

70% of the economic output of crop farming is concentrated in five out of 13 regions (Eastern 

Macedonia and Thrace, Central Macedonia, Thessaly, Peloponnese, and Western Greece), and is 

derived mainly from fruits (including grapes, olives, and their products), fresh vegetables, and 

industrial crops (e.g., cotton). 
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Figure 4. Crop Output (in EUR) per agricultural product and per region in Greece in the year 2019 

(note: the cases indicated by green shading are those selected to be modelled in the context of our 

study). 

2.2. Climate Simulations 

Adaptation options for crop farming were assessed for two future periods, 2021–2040 and 2041–

2060. The period 1986–2005 was selected as the historical period to consider the climate change that 

has already occurred. To investigate the effect of different levels of future climate change on the 

effectiveness of adaptation, three RCP scenarios for the evolution of greenhouse gas emissions were 

explored (RCP2.6, RCP4.5, and RCP8.5). 

The assessment of adaptation options was performed using simulation approaches linking crop 

growth, crop yields, and climatic conditions (described in Section 2.3). These approaches require 

input climatic data with sufficiently high spatial and temporal resolution. Daily values of climatic 

parameters (i.e., mean, maximum, and minimum daily air temperature, average daily solar radiation, 

and total daily precipitation) were collected from climate simulations within the ‘Coordinated 

Downscaling Experiment - European Domain’ (EURO-CORDEX) research program [17]. Five climate 

simulations that combined three regional climate models with horizontal analysis of 0.11° (i.e., 

approximately 10 km) and three global climate models were used (Table 1) to explore different 

climate futures, as climate projections represent a major source of uncertainty in climate change 

impact assessments for crop farming [18].  

As data from climate models are available in grid format, the selection of representative locations 

within each region was necessary for the collection of climate data for future periods. Each Greek 

administrative region comprises many prefectures, while statistical crop production data from the 

ELSTAT are provided at the prefecture level. Thus, for each crop and region, the prefecture with the 

highest production in 2019 was identified, and its capital was assumed to be representative (in terms 

of climatic conditions) of crop production in the whole region. 

Table 1. Climate simulations that were utilized in this study. 

Global Climate Models 

(GCMs) 

Regional Climate Models (RCMs) 1 

DMI-HIRHAM5 KNMI-RACMO22E SMHI-RCA4 

ICHEC-EC-EARTH ✓ ✓  

MOHC-HadGEM2-ES  ✓ ✓ 

MPI-M-MPI-ESM-LR   ✓ 
1 DMI-HIRHAM5: Fifth version of the climate model HIRHAM which was developed in a 

collaboration between the Danish Climate Center at the Danish Meteorological Institute (DMI) and 
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the Potsdam Research Unit of the Alfred Wegener Institute Foundation for Polar and Marine 

Research. KNMI-RACMO22E: Regional Atmospheric Climate Model (RACMO) which has been 

developed by the Koninklijk Nederlands Meteorologisch Instituut (KNMI). SMHI -RCA4: fourth 

version of the Rossby Center Regional Atmospheric Climate Model (RCA) developed by the 

Swedish Meteorological and Hydrological Institute (SMHI). 

Values of climate parameters from each climate simulation in Table 1, for each year of the three 

20-year periods considered (i.e., 1986-2005, 2021-2040 and 2041-2060) and each of the three RCP 

scenarios for climate change explored (RCP2.6, RCP4.5, and RCP8.5) were collected for all these 

representative locations in Greece and were subsequently used in the simulations for the assessment 

of adaptation options (Section 2.3).  

2.3. Methodology for the Assessment for Adaptation Options 

The methodology for the quantitative assessment of adaptation options in this study originated 

from and is consistent with the approach for the estimation of climate change risks for crop farming 

in Greece which was developed and applied in the context of our previous research work [16]. In the 

present study, the following methods were applied to assess the expected effects on crop yields from 

the application of potential adaptation measures: 

i. For most annual crops (cereals, vegetables, cotton, rice, etc.), adaptation options were simulated 

using the Decision Support System for Agrotechnology Transfer (DSSAT, Ver 4.8.0.027, DSSAT 

Foundation, Gainesville, Florida, USA) [19]. DSSAT comprises a set of crop growth simulation 

(agronomic) models; in the context of our previous work mentioned above it was adjusted as much 

as possible to Greek conditions and calibrated based on historical regional crop yield data. In the 

present study, planting dates, irrigation management schemes, and hybrids/cultivars were adjusted 

appropriately in the context of relevant adaptation measures (Section 2.3.1).  

ii. For vineyards, the assessment of adaptation options was conducted using the Agricultural 

Production Systems Simulator software tool (APSIM, Ver. 7.10, APSIM initiative, Queensland, AU) 

[20], which comprises a grape growth model that was adjusted and applied for the first time to 

Greek vines in the context of our previous work mentioned above. In the present study, adaptation 

options were assessed by appropriately modifying the input data on irrigation management and 

cultivar characteristics (Section 2.3.1). 

iii. For crops that are not yet covered by the DSSAT crop growth models (mainly perennial and arboreal 

crops), statistical multi-variable regression models linking regional crop yields and climatic 

parameters were developed in the context of our previous work for all major crops cultivated in 

various Greek regions to assess climate change risks. In the present study, we utilized these 

statistical regression models and modified their inputs to assess the effectiveness of adaptation 

(Section 2.3.2). 

The simulation approaches for various crops are summarized in Figure 5. The expected changes 

in crop yields in the absence of adaptation (‘No adaptation’ case) are shown in Figure 6 and derived 

from our previous research work [16]. These estimates represent the basis for assessing the 

effectiveness of adaptation measures, as the effects of climate change on crop yields under an 

adaptation option are compared with the effects under no adaptation (in Section 3). Models for the 

simulation of crop yields under the historical climate of 1986-2005 were developed and calibrated 

based on the ELSTAT statistical data on regional crop production and agricultural areas. These data 

inevitably integrate different agricultural practices at the farm level and thus the resulting crop yields, 

which form the basis for the quantitative assessment of climate change impacts without and with 

adaptation, represent ‘average’ farming practices followed at present and not optimal ones (e.g., some 

farmers may use minimal irrigation due to local technical or other constraints).  
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Figure 5. Simulation approaches linking crop yields and climatic parameters, which were used to 

assess the effectiveness of adaptation options for the various crops in Greece (A: agronomic model 

(Decision Support System for Agrotechnology Transfer-DSSAT), B: grape model (Agricultural 

Production Systems Simulator software tool-APSIM), C: statistical regression model. 
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Figure 6. Estimated changes (average of climate simulations) in crop yields due to climate change 

compared to those under the historical climate of 1986-2005 as estimated from our previous research 

[16], which correspond to the ‘No adaptation’ case in the present study. 

2.3.1. Simulation of Adaptation Options Using Agronomic Models 

For most annual crops, the effects of adaptation options were simulated using DSSAT Ver 

4.8.0.027 [21], which simulates the crop growth cycle and links crop development and hence crop 
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yields at maturity with daily values of climate parameters (i.e., maximum and minimum 

temperatures, precipitation, and solar radiation) and agricultural practices (e.g., sowing, irrigation, 

fertilization, etc.).  
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In the context of our previous research [16], adjustments to the model inputs were made to integrate 

as much as possible Greek conditions and practices into the simulations, namely incorporation of 

Greek soil types, introduction of cultivars/varieties used in Greece, and introduction of agricultural 

practices applied in Greek regions. 

To assess the effects of adaptation options in the context of the present study, the input data of 

the DSSAT tool were modified as follows:  

(a) For earlier planting, the sowing dates of the various crops in the DSSAT simulation files were 

shifted one month earlier, complemented where necessary by changes in the scheduling (but not 

in the total annual quantity) of irrigation/fertilization. As the numerical effort was already very 

high considering the number of crops, regions, years of periods, and RCP scenarios, a uniform 

shift of one month was applied in all regions and crops. For each crop, a shift of the sowing date 

alters its growth cycle due to the different climatic conditions compared to the ‘No adaptation’ 

case, and hence it affects the maturity date and crop yield at maturity. For example, for crops 

where maturity in the absence of adaptation typically occurs in summer, an earlier planting has 

the potential to reduce exposure to adverse summer conditions (e.g., extreme heat, drought) and 

consequently limit the adverse effects of climate change on yields.  

(b) For crops already irrigated under the ‘No adaptation’ case, the DSSAT simulation files were 

modified appropriately to include a 15-20% increase in irrigation volume. This percentage 

increase was applied uniformly to the existing irrigation scheduling except in cases where early 

simulation results revealed that a more time-targeted increase in irrigation was needed for the 

adaptation measure to lead to an improvement over ‘No adaptation’. For crops grown mostly in 

drylands in Greece, such as barley, wheat, and a small portion of cotton, irrigation was added to 

the DSSAT simulation files, with an irrigation schedule based on the relevant one for irrigated 

crops. An increase/addition of irrigation can significantly improve crop yields by providing 

consistent moisture levels to crops that are fundamental for plant growth.  

(c) The effects on crop yields from the introduction of hybrids/cultivars that are resilient to climate 

change are challenging to simulate because data on their physiological behavior (as expressed 

by their genetic coefficients) are rarely available in the literature so they can be used in the DSSAT 

simulations. Thus, it was decided to focus on two crops for which significant progress has 

already been made in the development of new hybrids/cultivars that are more resistant to 

climate change and are of particular importance in Greece, namely barley and maize. A special 

place among them is hybrids/cultivars with a short biological cycle that has the advantage of 

being able to complete their development before the very hot and dry summer days (which in 

the future, will be even hotter and drier). Thus, through a trial-and-error process, the DSSAT 

input files were modified so that the crop cycle resulting under this adaptation option is shorter 

compared to the one under ‘No adaptation’.  

For each adaptation option, the simulation process was as follows: For each of the climate 

simulations of Table 1 and year of the future 20-year periods 2021-2040 and 2041-2060, the daily values 

of climate parameters (maximum and minimum temperature, precipitation, and solar radiation) were 

fed to the DSSAT tool. The simulations were carried out as in the ‘No adaptation’ case, that is, for the 

same set of cultivars (except for adaptation option (c)) and soil types. Thus, more than 600 simulations 

(i.e., 2 × 20 years × 3 RCP scenarios × 5 climate simulations × N combinations of hybrid/variety-soil 

type) per crop and region were performed. Next, for each crop in each region and for each climate 

simulation and RCP scenario, the average crop yield for each 20-year period was calculated, followed 

by the calculation of the percentage change in each future period relative to the historical climate 

reference period. Finally, these percentage changes were averaged across the climate simulations, 

resulting in the final estimate of crop yield change per crop and region under each RCP and future 

period and for the specific adaptation option. 

Regarding vineyards, adaptation options (b) and (c) were assessed through the use of the APSIM 

(Agricultural Production Systems sIMulator) simulation model [22]. In the context of our previous 

research [16], APSIM was calibrated for a high- value-added foreign variety that is widely cultivated 
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in Greece (i.e., Sauvignon Blanc) in representative wine-producing locations in northern and southern 

Greece. A simulation process similar to that of the DSSAT was applied to estimate the grape yields 

per region in the 20-year future periods under each adaptation option, to calculate the relevant 

changes from the historical climate reference period. 

2.3.2. Assessment of Adaptation Options Using Statistical Models 

As said above, the quantitative assessment of the effects on crop yields of increased/added 

irrigation for crops not yet covered by the DSSAT was carried out through the same statistical 

regression models developed for the ‘No adaptation’ case. The assessment of the effectiveness of 

adaptation in the present study using these models was performed by introducing into the equations 

of the regression models linking crop yields per region with the monthly values of statistically 

significant climatic parameters, a ‘pseudo’ precipitation to reflect the adaptation measure. 

Specifically, the amount of monthly precipitation (as projected by the climate simulations for future 

periods) in these equations was increased by the amount of additional irrigation whose effects on 

yields were to be quantitatively assessed. This process was possible only for those crops/regions for 

which (a) precipitation for one or more months was found to be statistically significant, and (b) 

precipitation for at least one month was found to have a positive correlation (i.e., an increase in 

precipitation will lead to an increase in annual crop yield). In addition, of these combinations, we 

retained only those with a medium/high reduction in crop yield under the ‘No adaptation’ case 

(Figure 6). The final set of crops/regions for which the effects of the increase/addition of irrigation 

were assessed is shown in Figure 7. It should be noted that, because of the form of the equations of 

the statistical regression models (i.e., crop yields are linked to climatic parameters and, for some 

crops/regions, to dummy variables reflecting the contribution of non-climatic parameters and 

extreme events), it was not possible to quantitatively assess the effectiveness of adaptation measures 

other than irrigation.  
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Figure 7. Combinations of crops/regions whose climate change risks under ‘No adaptation’ had been 

assessed through statistical regression models in our previous study [16], and those for which the 

effects on crop yields from an increase/addition of irrigation option were assessed in the context of 

the present study. 

Furthermore, for this set of crops, we conducted sensitivity analyses on the effectiveness of 

irrigation by exploring the effects of different percentage increases of irrigation on crop yields. Such 

analyses were much easier to perform for these crops than for those in which the assessment of 

adaptation was performed using agronomic models because the utilized regression models require 
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monthly and not daily values of irrigation supply. For any considered percentage increase in 

irrigation to be expressed in absolute figures (i.e., in mm of ‘additional rainfall’) so that it could be 

entered into the equation of the regression model, the required irrigation for each crop and region 

under the historical climate reference period 1986-2005 was calculated. This calculation was made 

considering the typical water needs of each crop, as recorded in the literature and current agricultural 

practices in Greece, and the rainfall in the years of the historical period, with any resulting deficit 

assumed to be fully covered by irrigation. In future periods where precipitation is expected to be 

lower than the historical climate reference period 1986-2005, an increase in the historical irrigation for 

a crop in a region can cover part (or the total) of this future water deficit due to climate change. 

3. Results 

3.1. Effectiveness of Earlier Planting 

The estimated changes in crop yields in 2021-2040 and 2041-2060 from those under the historical 

climate of 1986-2005, when earlier planting was applied, are presented in Figure 8. 

 

Figure 8. Estimated changes (%) in crop yields in 2021-2040 and 2041-2060 from those under the 

historical climate of 1986-2005, under earlier planting (‘EP’) and under no adaptation (‘NA’). 
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Figure 8 does not include estimates for cotton in Eastern Macedonia and Thrace and Central 

Macedonia as the temperatures in those regions at the beginning of March (when sowing should 

occur under the shift of planting by one month earlier) are quite low, even under the future climate, 

and therefore are not suitable for the smooth growth of plants and the achievement of satisfactory 

crop yields. 

Our results reveal that earlier sowing, coupled with irrigation/fertilization timing modifications 

where necessary, is a very efficient adaptation measure in the period 2021-2040 as it can reduce crop 

yield losses by more than 50% in 60% of total cases (crops/regions/RCP scenarios), with a median 

reduction of yield losses across all crops, regions, and RCP scenarios by 58% during this period. In 

addition, in some cases of wheat and maize, earlier planting can even lead to yield increases (up to 

+10%) compared with yields under the historical climate. In 2041-2060 the effectiveness of the 

measure decreases considerably, with only 37% of the total cases showing reductions of yield losses 

by more than 50%, and a median reduction in yield losses by 42% across all crops, regions, and RCPs. 

These findings are consistent with those of other relevant studies on locations in Europe [23–26] and 

other areas in the Mediterranean [27,28]. 

3.2. Effectiveness of Increase/Addition of Irrigation 

As mentioned in Section 2, this adaptation option was examined for both crops simulated with 

statistical regression models and for those simulated with the DSSAT and APSIM agronomic models. 

The expected effects on crop yields were estimated as follows: 

3.2.1. Crops Simulated by Statistical Regression Models 

The effectiveness of the measure is presented in Figure 9, where green shading indicates the 

cases where increased/added irrigation not only limits the reductions in crop yield in the absence of 

adaptation but also fully compensates for yield losses or even leads to crop yields higher than those 

under the historical climate of 1986-2005. Figure S1 in the Supplementary Material shows the 

percentage of the corresponding cumulative future precipitation during the months in which 

precipitation is statistically significant – to which each level of increase in irrigation corresponds. It is 

noted that for lentils that are grown on drylands at present, the percentage increase in irrigation in 

Figure 9 corresponds to the corresponding cumulative future precipitation.  
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Figure 9. Estimated changes (%) in future crop yields from those in the historical climate of 1986-2005, 

under increase/addition of irrigation, for crops simulated by statistical regression models. A 0% 

increase/added irrigation corresponds to the ‘No adaptation’ case. 

The results show that an increase of irrigation by 15-20% from present levels is quite effective as 

a climate change adaptation measure as it significantly reduces (on average, by 51% in RCP2.6/2021-

2040 to 31% in RCP8.5/2041-2060) the crop yield losses occurring under the ‘No adaptation’ case. 

On the other hand, Figures 9 and S1 reveal that fully compensating yield losses through 

irrigation requires very high increases in the quantities of irrigation water currently supplied to crop 

farming. Specifically, in 2021-2040, the necessary average increase ranges from 45% in RCP2.6 to 65% 
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in RCP8.5, while in the 2041-2060 period from 62% in the RCP2.6 to 83% in the RCP8.5. Furthermore, 

these increases correspond to very high percentages of future precipitation, i.e., 47-59% in the period 

2021-2040 and 58-79% in the period 2041-2060. Although irrigation during some specific months does 

not use precipitation water only during these months but also from the remaining months of the year, 

the high percentages of future precipitation mentioned above indicate that it will be very difficult (if 

not impossible) to fully compensate for the future losses of crop yields through increased irrigation 

as the necessary amounts of irrigation water will likely not be available, especially under moderate 

or severe climate change (RCP4.5 and RCP8.5). 

3.2.2. Crops Simulated by the DSSAT and the APSIM Tools 

The estimated changes in crop yields in 2021-2040 and 2041-2060 from those under the historical 

climate of 1986-2005, when irrigation was increased or added, are presented in Figure 10 for crops 

simulated using the DSSAT tool.  
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Figure 10. Estimated changes (%) in crop yields in 2021-2040 and 2041-2060 from those under the 

historical climate of 1986-2005, under increase of irrigation (‘IoI’) / addition of irrigation (‘AoI’) and 

under no adaptation (‘NA’), for crops simulated with the DSSAT tool. 

It is noted that for 2041-2060 the assessment of the measure using the DSSAT tool was performed 

only for RCP8.5 due to the heavy numerical effort required, as the enhancement of irrigation applies 

to all crops and crop simulations for each region and year of the two 20-year future periods.  

As shown in Figure 10, the increase/addition of irrigation is very effective in the period 2021-

2040 as it has the potential to reduce yield losses that occur in the ‘No adaptation’ case by more than 

50% in 57% of total cases examined (crops/regions/RCP scenarios), with a median reduction of yield 

losses across all crops, regions, and RCP scenarios at the order of 57% during this period. In addition, 

for some rainfed crops such as barley, additional irrigation can fully offset crop yield losses under no 

adaptation, which agrees with the findings of other studies for locations in southern Europe [29]. 

However, it remains questionable whether these significant additional amounts of irrigation water 

will be available under future climatic conditions. In the period 2041-2060, however, the effectiveness 

of the adaptation measure appears to decrease significantly as it manages to reduce yield losses by 

more than 50% in only 22% of the cases (crops/regions) under the very adverse RCP8.5 scenario of 

climate change and provides a median reduction of yield losses by 27% across all crops and regions. 

For vineyards simulated using the APSIM tool, during 2021-2040 an increase in the amount of 

irrigation water by 20% from the present levels was found to reduce yield losses by 5-10% in most 

regions and under all three RCP scenarios. However, in this period and under scenario RCP8.5, the 

required percentage increase of irrigation in the regions of Peloponnese and South Aegean was 

estimated at 50%, while in the region of Crete it was found to be even higher (i.e., 70%). Overall, 

during this first 20-year period, the reduction in yield losses through increased irrigation in all regions 

and the RCP scenarios did not exceed 10%. In the period 2041-2060, under the RCP2.6 scenario, an 

increase in irrigation by 20% resulted in reductions of yield losses’ by up to 5% in all regions, whereas 

under RCP4.5 the regions of Western Macedonia, Thessaly, Central Greece, and South Aegean 

required an increase in irrigation by 50% and the region of Crete by 70% to achieve the highest 

reduction in yield losses (which in any case remained lower than 10%). Finally, in the second 20-year 

period and under the RCP8.5 scenario, an additional irrigation of approximately 50% was found to 

be needed in five regions (i.e., Western Macedonia, Thessaly, Central Greece, Attica, and 

Peloponnese) and by 100% in two regions (i.e., South Aegean and Crete) to achieve the highest 

reduction in yield losses, which did not exceed 10%. 

The large increases in water supply for many crops to effectively adapt to climate change 

estimated in the present study, combined with the unavoidable limitations of local water resources 

in southern European regions such as Greece due to climatic and non-climatic factors (e.g., 

competitive water uses and over-exploitation of water aquifers), highlight the importance of 

increasing the efficiency of irrigation systems to make better use of water resources for crop farming. 

Such improvements could cover, to some extent, the increasing future water demand because of to 

climate change and population growth [30].  

3.3. Effectiveness of More Resilient Hybrids/Cultivars 

Quantitative assessment of the effectiveness of this measure was possible only for the crops 

simulated using the DSSAT and APSIM tools. 

Regarding crops simulated by the DSSAT, the assessment was performed for two of them, 

namely barley and maize where there is significant progress in the development of new hybrids/ 

cultivars that are more resilient to climate change. A special place among them is hybrids with a short 

biological cycle, which has the advantage of completing their development before the very hot and 

dry summer days, which in the future climate will be even hotter and drier in southern Europe where 

Greece is located. The effectiveness of such hybrids/ cultivars is shown in Figure 11.  
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Figure 11. Estimated changes (%) in crop yields in 2021-2040 and 2041-2060 from those under the 

historical climate of 1986-2005, under the use of short-cycle hybrids/cultivars (‘SCHC’) and under no 

adaptation (‘NA’), for crops simulated with the DSSAT tool. 

The results obtained show that this adaptation measure can significantly reduce yield losses 

under no adaptation by 50% or more in 57% of the total cases considered (crops-regions-RCP 

scenarios-time periods), with a median reduction in yield losses across both crops and all regions and 

RCP scenarios by 65% and 51% in 2021-2040 and 2041-2060 respectively. The use of short-cycle 

hybrids/cultivars to adapt to climate change has been found to be particularly effective for maize. 

However, in the region of Thessaly where a significant increase in temperature and a decrease in 

precipitation are expected under the future climate, the reductions in maize yield losses are much 

lower than in the other regions and do not exceed 40% in 2041-2060. It should be noted that our results 

were obtained by assessing some short-cycle cultivars that currently exist in the market and are 

therefore only indicative of the large potential of new climate-tolerant and region-specific crop 

varieties to limit negative climate change impacts on crop yields, particularly under very adverse 

climate change scenarios such as RCP8.5 [31]. 

This adaptation measure was also examined for vineyards using the APSIM tool, and its effects 

on yields were assessed by simulating grapevine varieties with a growing season shorter than one 

month compared to the ‘No adaptation’ case. The results obtained showed that in most cases the 

measure led to low yield increases which did not exceed 5%. However, in 2041-2060 and under the 

RCP8.5, the use of varieties with a growing season shorter by one month gave an increase in yields 

between 5-10% in the regions of Peloponnese, South Aegean and Crete, while a similar effect under 

the RCP4.5 emerged for the regions of Western Macedonia, South Aegean, and Crete. It is noted that 

while in our present study we focused on international varieties with a high added value that are 

widely cultivated in Greece, other studies found that late-ripening indigenous varieties are less 

affected by future temperature increases [13] and thus their cultivation could be further supported as 

an adaptation measure in Greek regions. 

3.4. Overall Picture of Effectiveness of Adaptation Measures 
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An overall picture of the effectiveness of the three adaptation measures as assessed in this study 

is presented in Figure 12. The figure shows the percentage reductions in crop yield losses (occurring 

in the absence of adaptation) that could be achieved for each adaptation option, each RCP scenario, 

and each future 20-year period, for all crops considered in our study. Gray shading marks the area of 

reductions up to 100%, which corresponds to the full compensation of yield losses. Reductions 

exceeding 100% correspond to cases where an adaptation measure led to an increase in crop yield 

under the future climate compared to the yield under the historical climate of the period 1986-2005. 

 

Figure 12. Overall picture (i.e., all crops and regions examined in this study) of the estimated 

reductions (%) of crop yield losses occurring in the ‘No adaptation’ case that can be achieved by each 

of the three adaptation options (i.e., ‘EP’: early planting, ‘IoI-AoI’: increase/ addition of irrigation, 

‘SCHC’: short-cycle hybrids/cultivars). For 2041-2060 (last part of the figure, after the thick vertical 

line), the effectiveness of options is shown only for RCP8.5 as the assessment by using the DSSAT tool 

was undertaken for this climate change scenario only. 

Figure 12 reveals that all three adaptation options can significantly reduce crop yield losses 

occurring in the absence of adaptation, particularly during the period 2021-2040 where reductions in 

many cases exceed 50%. In addition, during this period when temperature increases and precipitation 

decreases are much smaller than in 2041-2060, an increase/addition of irrigation can even improve 

crop yields occurring under the historical climate of 1986-2005 and no adaptation. It is noted that this 

improvement is mostly because at present many small farmers do not fully exploit the potential for 

crop irrigation due to financial constraints, limited local water resources, and relevant infrastructure 

for the distribution of irrigation water, while under the modelling of this adaptation option it is 

assumed that such constraints are lifted. However, these positive adaptation effects diminish 

significantly under severe climate change as in 2041-2060 under the RCP8.5 scenario. In general., as 

we move from the first to the second 20-year period and from RCP2.6 to RCP8.5, crop yield reductions 

achieved from adaptation measures tend to ‘concentrate’ within the gray area and indeed towards its 

upper part, i.e., reductions of yield losses often do not exceed 25-30%. These findings are consistent 

with those of recent research on the benefits of adaptation for crop farming in southern Europe and 

the Mediterranean (e.g., see [26,32–36]). In conclusion, the effectiveness of adaptation measures 

depends significantly on the severity of climate change and decreases significantly as this change 

becomes more intense. This dynamic nature of adaptation must therefore be considered when 

designing a set of adaptation measures, and measures need to be prioritized and even combined 

according to the expected changes in the local climate. 
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4. Discussion 

Our estimates of the effectiveness of the three adaptation options examined for crop farming in 

Greece were affected by several factors. 

First, the magnitude of the potential reductions in crop yield losses to be achieved by adaptation 

measures directly depends on the quantitative estimates of those losses under no adaptation, as these 

form the baseline to which the performance of each adaptation measure is compared. The figures for 

the losses used in the present study were derived from our previous research, which provides a 

detailed discussion of the assumptions, uncertainties and limitations of these quantitative estimates 

[16]. Furthermore, as in our present study we followed a methodological approach consistent with 

that in our previous work to properly compare regional crop yields with and without adaptation; 

those assumptions, uncertainties and limitations are also ‘inherited’ in our present estimates of the 

effects of adaptation measures.  

Moreover, our quantitative assessment of the effects of adaptation options on crop yields is 

largely based on crop simulations through agronomic models in the context of the DSSAT tool, which 

were carried out at the level of each of the 13 Greek administrative regions, under five climate 

simulations, three RCP scenarios, two 20-year periods, several cultivars for each crop, and many 

agricultural soil types. In addition, as mentioned, those simulations were first performed yearly, and 

then the calculated crop yields were averaged per period and . RCP scenario. This modelling process 

resulted in a significant numerical effort, particularly for the adaptation option of irrigation which 

was examined for all crops whose growth was simulated through the DSSAT (11 crops in total) and 

all Greek regions. To reduce the computational time, we applied specific software programming 

scripts which allowed us to automate to some extent the utilization of input data and the processing 

of output data, thus significantly reducing the computational time. However, the number of 

simulations needed for irrigation remained high; therefore, we limited the assessment of this 

adaptation option during the period 2041-2060 to the RCP8.5 scenario which is the most adverse in 

terms of the evolution of future climatic conditions. Therefore, our assessment of the effectiveness of 

irrigation as an adaptation option in this second 20-year period represents a conservative estimate. 

Additional climate change scenarios should be examined in future research, particularly for crops 

and regions where the effectiveness of the measure drops significantly from 2021-2040 to 2041-2060.  

The significant computational effort due to the several crops, regions, climate simulations, RCP 

scenarios, hybrids/cultivars, and types of agricultural soils considered during simulations carried out 

by agronomic models limited the elaboration of sensitivity analyses regarding the amount and 

schedule of the additional irrigation water, the shifting of planting dates by less or more than one 

month and/or in a non-uniform manner for all crops, and the assessment of several short-cycle 

hybrids/cultivars. Such analyses were performed for irrigation applied to the crops simulated by 

statistical regression models, and only to a small extent for crops simulated by the DSSAT and APSIM 

tools. Elaboration of further sensitivity analyses for all crops represents another area for future 

research.  

The use of statistical regression models in our assessment of adaptation allowed us to assess the 

effects of additional irrigation on the yields of several crops that are not yet covered by agronomic 

models in the context of the two simulation tools we utilized, and for many Greek regions, thus 

advancing the knowledge on the effectiveness of this measure as an adaptation option and 

complementing the picture of the adaptation solution space for crop farming in Greece. However, the 

form and content of the equations of these models did not allow us to examine the other two 

adaptation options, namely the shift of planting dates and the use of short-cycle hybrids/cultivars. 

Thus, in the context of future research, agronomic models for crop growth simulations that would 

allow the assessment of additional adaptation options should be developed, particularly for tree 

cultivations with a high added value in Greece such as olive trees and citrus fruit trees.  

Finally, as the primary goal of the present study was to assess the effects on crop yields of three 

main adaptation options across all Greek regions and for all main crops cultivated in Greece, we did 

not undertake cost-benefit analyses of these options, and we did not examine the effects on future 

crop yields from combinations of these options. Though, available research highlights the economic, 
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environmental., and other benefits of such combinations and scheduling of different adaptation 

options in the context of adaptation pathways that consider the evolution of future climate change 

[6,37,38]. In addition, we did not explore the interactions between climatic and non-climatic drivers 

at the local and regional scale, which are complex and create synergies and trade-offs in each 

adaptation option [39]. Furthermore, besides effectiveness, we did not explore other criteria when 

evaluating adaptation options, namely affordability, feasibility (e.g., technical., institutional., social., 

geospatial/ecological), flexibility, and environmental side effects, which are important determinants 

of successful adaptation [40–42]. All these topics represent major areas for future research. 

5. Conclusions 

In the present study we quantitatively assessed the effectiveness of three main options for the 

adaptation of Greek crop farming to climate change, namely shift of planting dates, increase/addition 

of irrigation, and use of more resilient hybrids/cultivars. We examined the performance of these 

options in terms of their effect on crop yields for 35 crops in 13 Greek regions using agronomic and 

statistical regression models, using climatic input data from five climatic simulations, three climate 

change scenarios comprehensively covering the range of potential evolution of climatic parameters, 

and two time periods by 2060.  

Our results indicate that all three adaptation options examined have the potential to significantly 

reduce crop yield losses occurring under no adaptation, particularly during 2021-2040 when in many 

regions and crops more than half of the losses can be compensated through adaptation. In addition, 

during this period, the measures examined can even lead to crop yields that are higher than those 

under the historic climate. However, the effectiveness of adaptation measures was found to greatly 

diminish under very adverse climate change conditions such as those expected in 2041-2060 under 

the scenario RCP8.5. This indicates that beyond certain thresholds of climate change, adaptation 

measures undertaken at the farm level will have to be complemented with changes of a more 

systemic/transformative nature, such as diversification of cultivations and shifts of some crop 

cultivations to more climate-favorable regions. In addition, our results show that effective adaptation 

through irrigation will often require significant increases in water supply for crop farming, which 

may be very difficult, if not impossible, to provide due to increasing drought under future climatic 

conditions. Thus, using more efficient water supply technologies and systems, less water-demanding 

crop varieties, and soil management practices to enhance soil water availability is a priority in 

southern European countries [43]. Optimization of irrigation supply schemes based on regionally and 

crop-specific water needs and exploitation of measurement tools to monitor soil moisture can 

contribute to further savings in irrigation water under climate change [44]. Furthermore, as indicated 

by the climate change effects on crop yields per region in Figure 6, crop diversification/switching 

represents also an effective -in terms of crop yields- adaptation option that can be pursued at the 

regional level, as suggested also by other relevant research studies [45–48]. However, this latter 

measure, as well as a very high increase in irrigation water supply and a wide-scale change of 

cultivars/varieties, represent regional transformations with potentially high benefits but also 

significant financial., social and other constraints and implications that need to be considered and 

accounted for in decision making [49,50].  

This study represents a systematic attempt to quantitatively assess the expected direct benefits 

of main adaptation options on crop productivity in Greece. Under appropriate adjustments of input 

data and models, our methodological approach can be applied to other regions and countries of 

southern Europe and beyond to enhance knowledge of the regional and local potential for adaptation 

to climate change, and to assist decision-makers in designing effective adaptation strategies.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1. Figure S1: Percentage of cumulative future precipitation – during the months in which 

precipitation is statistically significant in the statistical regression models linking crop yields with climatic 

parameters – to which each level of irrigation increase corresponds. 
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