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Abstract: Greenhouse gas emissions cause climate change, and agriculture is the most vulnerable
sector. Farmers do have some capability to adapt to changing weather and climate, but this capability
is contingent on many factors, including geographical and socioeconomic conditions. Assessing the
actual adaptation potential in the agricultural sector is therefore an empirical issue, to which this
paper contributes by presenting a study examining the impacts of climate change on cereal yields
in 55 developing and developed countries, using data from 1991 to 2015. The results indicate that
cereal yields are affected in all regions by changes in temperature and precipitation, with significant
differences in certain macro-regions in the world. In Southern Asia and Central Africa, farmers fail to
adapt to climate change. The findings suggest that the world should focus more on enhancing adaptive
capacity to moderate potential damage and on coping with the consequences of climate change.
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1. Introduction

Climate change is considered to be an average change in weather patterns in the long-term sense,
while climate variability refers to the fluctuations in weather patterns in the short term. Scientists and
economists have come to a consensus opinion that agricultural production and crop yields are at risk due
to variation and change in the climatic factors [1]. Crops are hit by droughts, floods, heavy or low levels
of rainfall, humidity, decreasing water resources, and increasing windstorms. The climatic variability
and change could create a shortage of food production in the future, especially in developing countries,
which having fewer resources and are lagging far behind in terms of crop yields. It is expected that the
world may face the severe problem of food scarcity in the coming years due to climate change. Climate
change is becoming a threat to the Sustainable Development Goals (SDGs). The SDGs focus explicitly on
food-related issues by seeking to end hunger, achieve food security by fighting against food scarcity and
improving nutrition, and promote sustainable agriculture. SDGs also pay particular attention to poverty
reduction, for which agriculture and food play a key role in developing countries [2].

A growing body of economic literature has focused on the impacts of climate change on the
agriculture sector at a macro level [3–18]. The common finding of these studies is that climatic changes
adversely affect crop yields. However, these studies ignore the farmers’ long-term adapting behaviors,
resulting in overestimations of the damages caused due to climate change. The adaptive capacity is the
ability of a system to adjust to climate change, including climate variability and extremes, to dampen
potential damage, take advantage of opportunities, and cope with undesired negative consequences [1].
The adoption of new technologies, such as drought-tolerant seeds, and changing farm practices, such
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as sowing dates, are moderating the impacts of climate variability and change on crop yields [19–21].
However, this capability is contingent on many factors: the farmer’s characteristics, the market structure,
government policies, geographical and social conditions, education, etc. The farmers who have more
access to credit facilities, for instance, can buy hybrid seeds and more advanced machinery [22]. A better
level of education helps them to learn about the latest farming techniques; improved infrastructure
gives them the advantage of easier access to markets; and an advanced technology and investment in
research can mitigate the potential damages of climate change. The geographical conditions are also
important because the cost of adaptation is too high for those countries that are already facing high
temperatures or are more vulnerable to climate change.

There are numerous studies that have empirically investigated the impact of the farmers’ adaptation
at the micro or farm level [23–26]. This indicates that some farmers are adapting, while other’s have
failed to adapt to climate change, depending on the individual farmer’s characteristics. However,
little attention has been paid to macroeconomic policies and the social indicators of a country that
provide support for adaptation, such as the government spending in the agriculture sector, research and
development, education and training schemes, policy relevance to agriculture, information availability,
and climate risk identification. Such macro-level factors that enable farmers to adapt to climate change
are missing in the existing literature. Developed countries are providing such services to their farmers,
to facilitate them to make adaptations to climate change; however, the developing countries are lagging
far behind and it can be difficult for them to adapt [27–29].

However, it is difficult to capture the concept of adaptations because it includes government
policies and the behavior of farmers. Thus, assessing the actual adaptation potential at the macro level
in the agricultural sector is an empirical issue. Thus, the objective of this study is to investigate whether
farmers adapt to climate change or not. To achieve this, a panel data method with cross-country data is
employed, with data ranging from 1991 to 2015, and including 55 developing and developed countries.
Countries were grouped into eight regions; namely, Southern Europe, Central and West Europe,
Northern Europe, Northern Africa, Central Africa, Southern Africa, Southern Asia, and Southeast
Asia. The growing degree days and cumulative precipitation as climatic factors were used in the first
difference estimation model to check the impact of climate change on cereal yields. Then, the lag effects
of climatic variables were introduced to capture the adaptation to climatic change.

Several studies can be found in the literature which examine the impact of climate change on
agriculture. All these studies use different models which have both advantages and disadvantages.

Most of the scholars analyzed, that the impact of climate change is solely on the production,
and affects some major crops, i.e., cotton, maize, rice, and soybeans, which are termed “crop stimulation
models.” The analysis of these models is mostly limited to the crop physiology and its productivity
when exposed to different climate conditions [30,31]. Due to the emphasis on the change in the
physiology and ecosystem of the crop and soil, they are considered agriculturally oriented. In the crop
stimulated model, the management of crops are considered fixed, and no attention is paid towards
the farmer’s behavior. These models are applicable for major crops at particular places, and their
adjustment is limited to the grain crops [32].

Some scholars’ work has indicated how climate change impacts the yields, and how yields of the
crops are sensitive to the changes of climatic patterns; for this purpose most studies have used the
production function approach [33–37]. The approach of this model is based on the fact that climate and
soil are explanatory variables in the model, and that their role is assessed in the production function.

In the formulation of the production function approach, the economic benefits gained from the crops
are not considered a priority; instead, they are given secondary consideration and treated in a simple
way [38]. The economic consideration is discussed later in some studies, which have touched on the
economic aspect in the production function [39,40]. The economic factor of climate change has also been
found in the analysis given by agroeconomic models by applying mathematical programming [41,42].

The major drawback found in the production function approach is that it focuses only on crops and its
site-oriented model. It has analyzed and formed the hypothesis of the uneducated farmers; in this model it
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does not consider that farmers believe in the adoption of the strategies which help them to cope with change
in climate; i.e., farmers replace those crops with others which are more sensitive to the climate [43,44].

When this limitation of the production function approach could not comply, another model
was formulated named the Ricardian model in 1994 by Mendelsohn; in this model the climate was
considered the black box in the agriculture sector. This model is used to assess the relationship that
exists between outcomes of the agricultural land which a farmer utilizes and climate, which includes
cross sectional data, analyzed by repressors and control variables. This model is implicitly considered
as the farmer’s adaptation model [32].

The weakness of this model, as discussed above, is that the efforts of the farmer cannot be
determined in this model, and to overcome this weakness the farmer’s efforts are assessed by the
mathematical programming developed in the same model [41,45,46]. The main focus was the irrigation
of the land [47]. This specification of the models also has limitations, such as the fact that it only
considers hypothesized and simulated strategies, which cannot be correct. The most recent application
of this model is the addition of the positive mathematical programming method commonly known as
positive mathematical programming [48,49].

In recent times many studies have been conducted that show how the limitation of the Ricardian
model can be overcome by considering the survey from a farmer’s point of view and by applying
econometric models. This application of the model uses the adopted strategies of the farmer and its
explanatory variables [20,24,50,51]. The adaptation to climate change was first considered in agriculture
modeling in the pioneering works of [28,52–56] in terms of the decision to adapt and examine the
impact of climate change in presence of adaptations.

The works of [57,58], empirical and theoretical, considered adaptation in the form of different
types of technology adoptions and preventive measures. The technologies under consideration and
preventive measures of adaptations are different across studies; therefore, the measures of the impact
of adaptations are not comparable. A few comprehensive studies covering multiple regions show that
the results of adaptation are considerably different in developed and developing countries, with little
gain or net decline in the agricultural production in the developing countries, and net gain in the
developed countries [27,28,55,58,59].

Climate changes are unevenly distributed throughout globally, penalizing some parts of the world more
than others; some areas are getting benefits from changes in precipitation [3,56]. Undoubtedly, the adaptation
practices are related to knowledge and perceptions about the climate change. There is a need for greater
investment in research and implementing adaptation strategies to mitigate the risks of climate change [60,61].

Summing it up in a nutshell, just as the impacts of climate change vary from one region to
another, the adaptation and its consequences also vary depending on the factors ranging from farmer’s
characteristics to socioeconomic factors. These factors either limit or improve the farmer’s capability
to move towards adaptations in order to avoid negative impacts or benefits from climate change.
The farmer’s decision to move towards adaptations hinges on the perceptions of climate change and the
benefits of using new technology, inputs, or techniques requiring investment. The developed countries
generally have developed markets for agricultural inputs, including dissemination of information
which helps farmers to move towards adaptions and invest in new technology. On the other hand,
in developing countries, markets are not developed for the agricultural inputs and the farmers are
relatively unaware of the available technologies to avoid the negative impacts of climate change.

The study proceeds as follows. Section 2 presents the material and methods. Section 3 is about
results and discussion, and the final section concludes the study.

2. Materials and Methods

2.1. Climate Change

We used the production function approach to check the impacts of climate change and adaptations
on cereal yields. The cereal yields (kg/ha) are related to climatic and non-climatic input variables.
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The vector of climatic variables is characterized here by temperature and precipitation (we also used
the humidity as a climatic variable, but due to the problem of multicollinearity, we dropped it), while
the non-climatic vector is related to capital stock and labor force. The use of capital stock is important
in agricultural production, especially in case of the developing countries. The regression is as follows:

yit = β1(GDDit) + γ1(Prit) +Π1(Kit) +Π2(LFit) + βi + αt + εit, (1)

where y is cereal yields, GDD is growing degree days, Pr is precipitation, K is capital stock, LF is the
labor force in the agriculture sector, βi is the time-invariant and individual fixed effects, and αt is the
time-fixed effect.

When investigating the impact of change, it makes sense to look at the first-order differences [62].
A panel first difference estimation model has been employed that incorporates a set of climatic and
non-climatic inputs. This regression method has three advantages. First, it allows us to capture the
oscillations in weather patterns; second, it easily addresses the problem of omitted variables in the
panel data [63]; and third, it eliminates the time-invariant term and individual country fixed effects.
The impact of climate change on cereal yield is therefore estimated as follows:

∆yit = β1(∆GDDit) + γ1(∆Prit) +Π1(∆Kit) +Π2(∆LFit) + αt + εit, (2)

where ∆ indicates the first difference, i index stands for country and t for year, αt is the time dummy
variable, and ε is the residual term. (The country’s dummy variable is not included in the regression,
as it is a first-difference estimator. Inter-country differences cancel out).

2.2. Adaptation to Climate Change

The concept of modelling adaptation is not new in the literature. Helson was among one of those
who developed a quantitative model of adaptations [64]. More recently, Menz and Korhonen et al. [65,66]
investigated the income adaptation by including lagged income into the life satisfaction equation.
To check the impact of growing degree days and precipitation on cereal yield, it is important to
understand that both the indicators of climate change are noticeable, gradually. Therefore, it is obvious
to include the lags of climate change indicators; otherwise, their impacts will remain overestimated.
Thus, the current study critically attempts to include lagged or past values of growing degree days and
precipitation so that the truly representative impacts of climate change adaptation may be revealed.
By doing so, the model of oscillations in weather patterns is granted. This modelling approach makes
this study unique in the literature of climate change adaptation in the agriculture sector because no
other method can appropriately estimate the impact.

To investigate whether farmers adapt to climate change or not, we include the lag of growing degree
days and precipitation in the difference equation by following the Menz [65] and Korhonen et al. [66].
The model is as follows:

∆yit =
n∑

l=0

βi,t−l(∆GDDi,t−l) +
n∑

k=0

γi,t−l
(
∆Pri,t−l

)
+Π1(∆Kit) +Π2(∆LFit) + αt + εit (3)

where l is the lag length of climatic variables, and the βi,t and γi,t coefficients represent the first-year
effects of growing degree days and precipitation on cereal yields, respectively. The sum of the coefficients
of growing degree days, βi,t + βi,t−1 + βi,t−2 + · · ·+ βi,t−n, gives the full effect of growing degree days.
Similarly, γi,t +γi,t−1 +γi,t−2 + · · ·+γi,t−n gives the full effect of precipitation. We set the null hypothesis
of lag-independent climatic variables, βi,t−1 + βi,t−2 + · · ·+ βi,t−n = 0 and γi,t−1 + γi,t−2 + · · ·+ γi,t−n = 0.
If the null hypotheses are accepted, then the cereal yield is affected by neither changing the growing
degree days nor the precipitation, and resultantly, the farmers are adapting to climate change.
This could be interpreted as the result of adaptive behavior, making the output level immune to
meteorological contingencies.
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2.3. Data

Data on the climatic variables (growing degree days (GDD) and cumulative precipitation (pr)
were obtained from the World Bank Climate Knowledge Portal [67], for the period of 1991–2015,
of 55 countries (The World Bank Climate Knowledge portal provide data at the country level with
global coverage). GDD is the sum of heat that a crop receives over the growing period above the
lower threshold. The crop-specific upper and lower thresholds are still in debate. Following [16,18,68],
the study used 8 ◦C as the lower threshold. The growing degree days are calculated from the average
monthly temperature as follows:

g(T) =
{

0 i f T ≤ 8
T − 8 i f T > 8

(4)

Data on the cereal yields by country, on capital stock in agriculture and on labor force were
retrieved from the Food and Agriculture Organization [69] database for the same time period. Several
summary statistics for each country are reported in Appendix A Table A1.

3. Results and Discussion

3.1. Impacts of Climate Change on Cereal Yields

The results indicate that climate variability strongly affects the cereal yields. An increase in the
growing degree days is negatively correlated with the cereal yields in all regions, except for Southeast
Asia (Table 1). The largest impact is estimated for Southern Europe and Central Africa, at 0.74 and
0.73, respectively, followed by Northern Africa (0.55). As expected, an increase in precipitation has a
positive effect on the cereal yields only in Southern Europe, Northern Africa, Central Africa, Southern
Africa, and Southeast Asia. However, the impact of increasing precipitation is significantly negative
in the Central, Western, and Northern European regions because the above-average rain causes an
excess of moisture in the soil which decreases the cereal yield in these regions. The major cereal crop in
these regions is wheat which requires less water. The impact of an increase in precipitation is also
found to be negative in the Southern Asia region. The reason for the negative impact is a lack of water
infrastructure, which results in the flooding of the river basins, especially when there is more rain,
particularly in Bangladesh, India, and Pakistan, due to rivers flowing from the top of the Himalayas
down to plain irrigated land. The cereal yields are also positively affected by changes in non-climatic
explanatory variables that include labor force and capital stock, which are significant in some regions.

Table 1. Impacts of climate change on cereal yields.

Variable Southern
Europe

Central
&Western

Europe

Northern
Europe

Northern
Africa

Central
Africa

Southern
Africa

Southern
Asia

Southeast
Asia

∆GDD −0.741 ***
(0.000)

−0.236 ***
(0.000)

0.145 ***
(0.001)

−0.553 **
(0.033)

−0.737 *
(0.089)

−0.463 **
(0.033)

−0.340 **
(0.011)

−0.226 **
(0.018)

∆Pr 0.162 ***
(0.009)

−0.236 ***
(0.000)

−0.232 ***
(0.000)

0.155 ***
(0.009)

0.236 ***
(0.000)

0.677 ***
(0.000)

−0.050 ***
(0.001)

0.037 **
(0.017)

∆K 0.233 **
(0.023)

−0.043
(0.383)

−0.007
(0.894)

0.706 ***
(0.000)

0.070 ***
(0.006)

0.088 **
(0.012)

0.097 ***
(0.003)

0.102 ***
(0.000)

∆LF 0.023
(0.908)

0.053
(0.616)

0.212 *
(0.097)

0.309 ***
(0.009)

−0.103
(0.665)

0.024
(0.877)

0.119
(0.173)

−0.059
(0.203)

N 120 144 96 120 408 168 96 168
R-squared 0.52 0.51 0.74 0.61 0.45 0.26 0.67 0.43

F-stats 3.69 4.63 7.13 5.41 3.40 14.64 5.10 9.52

Notes: ***, ** and * denote significance at the level of 1, 5 and 10% respectively. Source: Author’s own calculations.
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3.2. Adaptation to Climate Change

The lags of the first differences are introduced in the model to check whether farmers adapt to
climate change (Equation (3)). The results indicate that the current impacts of changes in growing
degree days are significantly negative in all regions except Northern Europe (Table 2). The lag effect
of growing degree days is insignificant in Southern Europe, Central and Western Europe, Northern
Africa, South Africa, and Southeast Asia.

Table 2. Climate change and adaptation.

Variable Southern
Europe

Central &
Western
Europe

Northern
Europe

Northern
Africa

Central
Africa

Southern
Africa

Southern
Asia

Southeast
Asia

∆GDDt

−0.762
***

(0.0008)

−0.272 ***
(0.003)

0.157 ***
(0.001)

−0.114 *
(0.089)

−0.984 *
(0.069)

−0.013 *
(0.098)

−0.685 ***
(0.000)

−0.168
(0.442)

∆GDDt−1
0.273

(0.270)
−0.041
(0.693)

0.141 ***
(0.000)

0.113
(0.944)

−1.220 **
(0.050)

0.684
(0.278)

−0.367 ***
(0.050)

−0.019
(0.929)

∆GDDt−2
0.219

(0.303)
0.013

(0.884)
−0.026 **
(0.529)

0.875
(0.545)

−0.451
(0.389)

−0.357
(0.590)

−0.008
(0.730)

−0.005
(0.978)

∆Pr 0.175 **
(0.022)

−0.264 ***
(0.000)

−0.223 ***
(0.000)

0.235 *
(0.099)

0.222 ***
(0.000)

0.278 *
(0.058)

0.044 **
(0.027)

0.046 **
(0.056)

∆Prt−1
0.085

(0.320)
−0.058
(0.466)

0.063
(0.1850)

0.174
(0.278)

−0.056 *
(0.418)

0.090
(0.557)

0.092 **
(0.012)

0.060 **
(0.017)

∆Prt−2
−0.156 **
(0.049)

0.049
(0.520)

−0.109 ***
(0.009)

0.082
(0.553)

−0.145 **
(0.016)

−0.362 ***
(0.009)

0.009
(0.712)

0.028
(0.248)

∆K 0.261 **
(0.014)

−0.034
(0.521)

0.027
(0.664)

0.690 ***
(0.000)

0.073 ***
(0.005)

−0.067
(0.151)

0.092 ***
(0.004)

0.140 ***
(0.000)

∆LF −0.215
(0.395)

0.084
(0.486)

0.053
(0.650)

0.394 *
(0.096)

0.009
(0.968)

−0.159 ***
(0.004)

0.247 ***
(0.008)

0.053
(0.446)

N 110 132 88 110 374 154 92 154
R-squared 0.59 0.538 0.90 0.45 0.51 0.478 0.77 0.44

F-stats 4.00 4.102 19.06 2.327 3.28 2.60 6.81 3.68∑
∆GDD −0.268 −0.301 0.272 0.874 -2.652 0.313 −1.060 −0.193

F-stats
(p-value)

0.250
(0.618)

1.652
(0.201)

12.79 *
(0.000)

0.053
(0.817)

3.178 *
(0.075)

0.055
(0.814)

6.912 **
(0.011)

0.128
(0.720)∑

∆GDD
(lags) 0.493 −0.028 0.115 0.988 −1.667 0.327 −0.375 −0.025

F-stats (lags)
(p-value)

1.518
(0.221)

0.027
(0.869)

7.561 ***
(0.008)

0.131
(0.716)

2.752 *
(0.098)

0.102
(0.784)

4.093 **
(0.048)

0.004
(0.946)

Adapt to
GDD Yes Yes - Yes No Yes No Yes∑
∆CPr 0.104 −0.273 −0.268 0.493 0.020 0.006 0.146 0.136

F-Stats
(p-value)

0.267
(0.606)

2.133
(0.147)

5.535 **
(0.022)

2.018
(0.159)

0.018
(0.89)

0.0003
(0.984)

4.068 **
(0.048)

6.652 ***
(0.010)∑

∆Pr (lags) −0.071 −008 −0.453 0.257 0.202 −0.272 0.102 0.088
F-Stats (lags)

(p-value)
0.250

(0.618)
0.004

(0.947)
0.296

(0.588)
0.964

(0.329)
3.178 *
(0.075)

1.114
(0.293)

3.004 *
(0.089)

4.723 **
0.031

Adapt to Pr Yes Yes Yes Yes No Yes No No

Notes: ***, ** and * denote significance at the level of 1, 5 and 10% respectively. Source: Author’s own calculation.

Thus, the null hypothesis, γi,t−1 + γi,t−2 = 0, cannot be rejected. This indicates that farmers are
taking adaptation measures to change the number of growing degree days. However, Southern Asia
and Central Africa are failing to adapt because of the lag effect on growing degree days is significantly
negative in these regions. Thus, we reject the null hypothesis of adaptation. Notwithstanding,
in Northern Europe, the absolute value of second and third-year lag coefficients of growing degree
days (0.11) is statistically significant, positive, and different from zero. This indicates that the Northern
European farmers are benefiting from an increase in the growing degree days. The reasons for
improvements in the Northern Europe are mainly related to prolonged growing seasons, higher
minimum winter temperatures, and an extension of the frost-free period [70].
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The first-year impact of precipitation is positive in all the regions except for the Northern, Central,
and Western Europe. However, the lag effect of precipitation is significant in the Central Africa, Southern
Asia, and Southeast Asia regions, which indicates that these countries have failed to adapt to changes in the
precipitation patterns. This is mainly due to their geographical location and dependency on precipitation.
Furthermore, they belong to the developing world and it is difficult for them to cope with the changing
precipitation patterns due to lack of famers’ training, social and human capital, and credit facility [29].

The developed countries are adapting to climate change because in these countries’ the government
is paying attention to the agriculture sector, such as spending on research and development, education
and training, policy relevance to agriculture, information availability, and climate risk identification.
The adaptation and its consequences also depend on the factors ranging from farmer characteristics to
socioeconomic factors. These factors improve the farmer’s capability to move towards adaptations in
order to avoid negative impacts; meanwhile, developing countries are lagging far behind in providing
such levels of services to their farmers, so it is difficult for them to adapt. South Asia and Southern Africa
are two regions highly sensitive to climate changes, and hence demand more adaptation practices.

4. Conclusions

Given the importance of climate change and farmers’ adaptation, the present study examines the
impact of climate change on the cereal yields for 55 developing and developed countries. The present
study divides the selected countries into eight regions. The estimated results indicate that the
cereal yields are affected in all regions by the change in the growing degree days and precipitation.
The adaptation regression model has been used. This approach considers the lag effects of the climatic
factors. It is found that the farmers of the South Asian and Central African countries are failing
to adapt to the changes in growing degree days and precipitation. Moreover, the Southeast Asian
countries are sensitive to the change in precipitation. The Central and Western European, Southern
European, Northern European, North African, and South African countries are adapting to climate
change. However, the Northern European countries are growing more crops due to the increase in
growing degree days. Improvements in Northern Europe are mainly related to prolonged growing
seasons, higher minimum winter temperatures, and an extension of the frost-free period. The results
of this study also indicate that regions of high social and economic status, and the ones that are less
vulnerable to climate change, are adapting to climate change. Countries that are developing and
vulnerable to climate change are failing to adapt.

This study suggests that the world should focus on adaptive capacity to moderate potential damage
and cope with the consequences of climate change and variability in the agriculture sector. The adoption
of new technology and improved seeds, cultivating more land, relaxing trade barriers, and changing
farms’ practices could be useful for mitigating the negative impacts of climate change and variability.

Notwithstanding, the developing countries need to take urgent adaptation measures to minimize
the losses associated with climate change and to feed the growing population, especially in Central
Africa and South Asia. In particular, there is a need to improve the water infrastructure and storage
capacity in South Asia. Moreover, there is a global need to decrease the GHG emissions immediately.

Further, to achieve the SDGs, countries and communities need to develop adaptation solutions
and implement actions to respond to the impacts of climate change that are already happening, as well
as prepare for future impacts. Successful adaptation not only depends on the governments but also
on the active and sustained engagement of stakeholders, including national, regional, multilateral,
and international organizations; the public and private sectors; civil society; and other relevant
stakeholders, and on effective management of knowledge.

One caveat of this study is that we have used only two climatic variables, precipitation and
temperature, while ignoring the other variables due to non-availability of data at the country level,
such as wind speed and humidity. Thus, the model may underpredict the situation. It is important
to examine farmers’ adaptation strategies and their impacts on each crop’s yield at a country level.
However, this topic is left for future research.
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Appendix A

Table A1. Summary statistics.

Country
Cereal Yields

(Kg per Hector)
Growing Degree Days

(Celsius)
Precipitation
(Millimeters)

Mean Max Min Mean Max Min Mean Max Min

South Europe

Greece 3956 4516 3553 2540 2905 2203 635 869 398
Italy 5063 5709 4307 2007 2293 1760 635 869 397

Portugal 3006 4606 1805 2687 2907 2328 841 1374 528
Spain 3041 4047 1729 2301 2547 1943 594 797 437

Turkey 2483 3307 1922 2086 2369 1811 570 686 437

Central-West Europe

Austria 5881 7056 5088 989 1214 751 1172 1346 927
France 6985 7570 6125 1690 1996 1363 840 982 677

Germany 6573 8050 5335 1362 1585 1063 722 894 561
The Netherlands 7919 9073 7063 1345 1639 1095 806 1058 564

Switzerland 6268 7045 5086 901 1331 613 1523 1881 1159
United Kingdom 6918 7980 6215 910 1111 674 1248 1422 967

North Europe
Denmark 6023 6884 4314 1109 1414 835 740 914 501
Finland 3351 3760 2402 611 820 423 560 679 473
Norway 3830 4801 2810 305 463 164 1083 1233 885
Sweden 4718 6053 3359 488 686 282 670 845 572

North Africa

Algeria 1223 1813 741 5651 5905 5233 83 106 55
Egypt 6915 7556 5613 5511 6142 4991 30 45 20
Libya 666 836 621 5400 5882 4964 40 60 29

Morocco 1195 2140 266 3674 3985 3248 304 530 195
Tunisia 1394 1877 893 4560 4753 4072 266 415 181

Central Africa

Angola 579 981 268 5056 5369 4929 981 1111 837
Cameroon 1521 1893 959 6177 6362 5936 1561 1764 1338

Central African Rep. 1043 1674 869 6288 6596 5584 1358 1470 1232
Chad 702 934 501 7059 7483 6416 339 415 259

Congo 779 811 765 6018 6218 5786 1473 1639 1309
Cote d’Ivoire 1665 2270 1050 6795 6985 6658 1350 1737 1113

Ghana 1439 1830 1042 7152 7322 6982 1149 1318 939
Guinea 1401 1514 1151 6624 6808 6409 1688 1975 1474
Kenya 1597 1918 1242 6222 6428 5995 670 1018 448
Mali 1154 1800 738 7633 7940 7317 319 398 256

Mauritania 907 1678 637 7475 7799 7182 97 136 69
Niger 390 551 267 7254 7569 6869 176 227 134

Nigeria 1311 1598 1094 7013 7234 6755 1139 1341 919
Senegal 947 1376 651 7532 7734 7294 716 921 502
Somalia 600 1190 410 6952 7140 6824 276 374 224
Tanzania 1401 2043 858 5476 5637 5271 974 1173 788
Uganda 1664 2056 1204 5685 6105 5283 1248 1461 951
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Table A1. Cont.

Country
Cereal Yields

(Kg per Hector)
Growing Degree Days

(Celsius)
Precipitation
(Millimeters)

Mean Max Min Mean Max Min Mean Max Min

South Africa

Madagascar 2500 3772 1875 5709 6549 5308 1421 1709 1250
Malawi 1493 2467 481 5246 5459 5066 1007 1173 733

Mozambique 721 1191 177 5799 5822 6087 3016 3033 2853
Namibia 381 620 159 4630 4874 4473 269 420 130

South Africa 2963 4894 944 3702 3899 3407 462 605 312
Zambia 1911 3007 763 5205 5581 5013 953 1107 759

Zimbabwe 858 1502 309 5063 5507 4866 633 891 421

South Asia

Bangladesh 3509 4617 2475 6311 6618 6101 2240 2900 1787
India 2433 2969 1926 6041 6279 5839 1018 1160 835

Pakistan 2417 3001 1805 4582 4809 4228 313 427 192
Sri Lanka 3414 3974 2902 7009 7199 6870 1715 2097 1397

Southeast Asia

Cambodia 2299 3377 1301 7126 7320 6929 1887 2671 1446
Indonesia 4348 5306 3816 6627 6793 6522 2868 3605 2195
Malaysia 3271 3948 2787 6484 6658 6379 3104 3795 2426
Myanmar 3248 3798 2658 5561 5819 5359 1566 2288 953

Philippines 2839 3637 2042 6530 6714 6429 2535 3253 1894
Thailand 2815 3259 2119 6817 7070 6592 1542 1859 1326
Vietnam 4428 5601 3006 6057 6333 5801 1862 2243 1600

References

1. Intergovernmental Panel on Climate Change. Contribution of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; Intergovernmental Panel on Climate Change: Geneva,
Switzerland, 2014.

2. Akinnagbe, O.; Irohibe, I. Agricultural adaptation strategies to climate change impacts in Africa: A review.
Bangladesh J. Agric. Res. 2014, 39, 407–418. [CrossRef]

3. Darwin, R.; Tsiga, M.; Lewandrowski, J.; Raneses, A. World Agriculture and Climate Change: Economic
Adaptations. Agric. Econ. Rep. Number 1995, 703, 100. Available online: http://ideas.repec.org/p/ags/uerser/
33933.html (accessed on 10 November 2019).

4. Schlenker, W.; Hanemann, W.M.; Fisher, A. Will U.S. Agriculture Really Benefit from Global Warming?
Accounting for Irrigation in the Hedonic Approach. Am. Econ. Rev. 2005, 95, 395–406. [CrossRef]

5. Tol, R. Estimates of the Damage Costs of Climate Change. Part 1: Benchmark Estimates. Environ. Resour.
Econ. 2002, 21, 47–73. [CrossRef]

6. Bosello, F.; Roson, R.; Tol, R. Economy-wide estimates of the implications of climate change: Human health.
Ecol. Econ. 2006, 58, 579–591. [CrossRef]

7. Deschênes, O.; Greenstone, M. The economic impacts of climate change: Evidence from agricultural output
and random fuctuations in weather. Am. Econ. Rev. 2007, 97, 354–385. [CrossRef]

8. Hertel, T.W.; Burke, M.; Lobell, D.B. The poverty implications of climate-induced crop yield changes by 2030.
Glob. Environ. Chang. 2010, 20, 577–585. [CrossRef]

9. Ater, P.I.; Aye, G.C. Economic impact of climate change on Nigerian maize sector: A Ricardian analysis.
Environ. Impact 2012 2012, 1, 231–239. [CrossRef]

10. Palatnik, R.R.; Roson, R. Climate change and agriculture in computable general equilibrium models:
Alternative modeling strategies and data needs. Clim. Chang. 2011, 112, 1085–1100. [CrossRef]

11. Mendelsohn, R. The Impact of Climate Change on Agriculture in Asia. J. Integr. Agric. 2014, 13, 660–665.
[CrossRef]

12. Gammans, M.; Mérel, P.; Ortiz-Bobea, A. Negative impacts of climate change on cereal yields: Statistical
evidence from France. Environ. Res. Lett. 2017, 12, 054007. [CrossRef]

http://dx.doi.org/10.3329/bjar.v39i3.21984
http://ideas.repec.org/p/ags/uerser/33933.html
http://ideas.repec.org/p/ags/uerser/33933.html
http://dx.doi.org/10.1257/0002828053828455
http://dx.doi.org/10.1023/A:1014500930521
http://dx.doi.org/10.1016/j.ecolecon.2005.07.032
http://dx.doi.org/10.1257/aer.97.1.354
http://dx.doi.org/10.1016/j.gloenvcha.2010.07.001
http://dx.doi.org/10.2495/EID120211
http://dx.doi.org/10.1007/s10584-011-0356-6
http://dx.doi.org/10.1016/S2095-3119(13)60701-7
http://dx.doi.org/10.1088/1748-9326/aa6b0c


Agriculture 2020, 10, 212 10 of 12

13. Mendelsohn, B.R.; Nordhaus, W.D.; Shaw, D. The Impact of Global Warming on Agriculture: A Ricardian
Analysis. Am. Econ. Rev. 2016, 84, 753–771.

14. Mngumi, J.W. Perceptions of Climate Change, Environmental Variability and the Role of Agricultural
Adaptation Strategies by Small-Scale Farmers in Africa: The Case of Mwanga District in Northern Tanzania.
Ph.D. Thesis, University of Glasgow, Scotland, UK, 2016.

15. Roson, R.; Sartori, M. Estimation of Climate Change Damage Functions for 140 Regions in the GTAP 9
Database. J. Glob. Econ. Anal. 2016, 1, 78–115. [CrossRef]

16. Schlenker, W.; Roberts, M.J. Nonlinear temperature effects indicate severe damages to U.S. crop yields under
climate change. Proc. Natl. Acad. Sci. USA 2009, 106, 15594–15598. [CrossRef]

17. Ahmed, K.F.; Wang, G.; Yu, M.; Koo, J.; You, L. Potential impact of climate change on cereal crop yield in
West Africa. Clim. Chang. 2015, 133, 321–334. [CrossRef]

18. Zhang, P.; Zhang, J.; Chen, M. Economic impacts of climate change on agriculture: The importance of
additional climatic variables other than temperature and precipitation. J. Environ. Econ. Manag. 2017, 83,
8–31. [CrossRef]

19. Suri, T. Selection and Comparative Advantage in Technology Adoption. Econometrica 2011, 79, 159–209.
[CrossRef]

20. Di Falco, S. Adaptation to climate change in Sub-Saharan agriculture: Assessing the evidence and rethinking
the drivers. Eur. Rev. Agric. Econ. 2014, 41, 405–430. [CrossRef]

21. Alvi, S.; Jamil, F. Impact of Climate Change and Technology Adoption on Cereal Yields in South Asian
Countries. Eur. J. Sustain. Dev. 2018, 7, 237–246. [CrossRef]

22. Di Falco, S.; Veronesi, M. How Can African Agriculture Adapt to Climate Change? A Counterfactual Analysis
from Ethiopia. Land Econ. 2013, 89, 743–766. Available online: www.jstor.org/stable/24243700 (accessed on
7 June 2020). [CrossRef]

23. Deressa, T.; Hassan, R.; Ringler, C.; Alemu, T.; Yesuf, M. Determinants of farmers’ choice of adaptation
methods to climate change in the Nile Basin of Ethiopia. Glob. Environ. Chang. 2009, 19, 248–255. [CrossRef]

24. Di Falco, S.; Veronesi, M.; Yesuf, M. Does Adaptation to Climate Change Provide Food Security?
A Micro-Perspective from Ethiopia. Am. J. Agric. Econ. 2011, 93, 829–846. [CrossRef]

25. Alauddin, M.; Quiggin, J. Agricultural intensification, irrigation and the environment in South Asia: Issues
and policy options. Ecol. Econ. 2008, 65, 111–124. [CrossRef]

26. Khanal, U.; Wilson, C.; Hoang, V.-N.; Lee, B. Autonomous adaptations to climate change and rice productivity:
A case study of the Tanahun district, Nepal. Clim. Dev. 2018, 11, 555–563. [CrossRef]

27. Bohle, H.G.; Downing, T.E.; Watts, M.J. Climate change and social vulnerability. Glob. Environ. Chang. 1994,
4, 37–48. [CrossRef]

28. Liverman, D.M. Vulnerability to Global environmental change. In Understanding Global Environmental Change;
Kasperson, R.E., Dow, K., Golding, D., Kasperson, J.X., Eds.; Clark University: Worcester, MA, USA, 1990;
pp. 27–44.

29. Brown, P.R.; Afroz, S.; Chialue, L.; Chiranjeevi, T.; El, S.; Grünbühel, C.M.; Khan, I.; Pitkin, C.; Reddy, V.R.;
Roth, C.H.; et al. Constraints to the capacity of smallholder farming households to adapt to climate change
in South and Southeast Asia. Clim. Dev. 2019, 11, 383–400. [CrossRef]

30. Eitzinger, J.; Št’astná, M.; Žalud, Z.; Dubrovsky, M. A simulation study of the effect of soil water balance and
water stress on winter wheat production under different climate change scenarios. Agric. Water Manag. 2003,
61, 195–217. [CrossRef]

31. Torriani, D.S.; Calanca, P.; Schmid, S.; Beniston, M.; Fuhrer, J. Potential effects of changes in mean climate
and climate variability on the yield of winter and spring crops in Switzerland. Clim. Res. 2007, 34, 59–69.
[CrossRef]

32. Mendelsohn, R.; Dinar, A. Climate Change and Agriculture—An Economic Analysis of Global Impacts, Adaptation
and Distributional Effect, New Horizons in Environmental Economics, Edward Elgar, Cheltenham; Edward Elgar:
Cheltenham, UK, 2009.

33. Terjung, W.H.; Hayes, J.T.; O’Rourke, P.A.; Todhunter, P.E. Yield responses of crops to changes in environment
and management practices: Model sensitivity analysis. II. Rice, wheat, and potato. Int. J. Biometeorol. 1984,
28, 279–292. [CrossRef]

http://dx.doi.org/10.21642/JGEA.010202AF
http://dx.doi.org/10.1073/pnas.0906865106
http://dx.doi.org/10.1007/s10584-015-1462-7
http://dx.doi.org/10.1016/j.jeem.2016.12.001
http://dx.doi.org/10.3982/ECTA7749
http://dx.doi.org/10.1093/erae/jbu014
http://dx.doi.org/10.14207/ejsd.2018.v7n3p237
www.jstor.org/stable/24243700
http://dx.doi.org/10.2139/ssrn.2030220
http://dx.doi.org/10.1016/j.gloenvcha.2009.01.002
http://dx.doi.org/10.1093/ajae/aar006
http://dx.doi.org/10.1016/j.ecolecon.2007.06.004
http://dx.doi.org/10.1080/17565529.2018.1469965
http://dx.doi.org/10.1016/0959-3780(94)90020-5
http://dx.doi.org/10.1080/17565529.2018.1442798
http://dx.doi.org/10.1016/S0378-3774(03)00024-6
http://dx.doi.org/10.3354/cr034059
http://dx.doi.org/10.1007/BF02188555


Agriculture 2020, 10, 212 11 of 12

34. Eitzinger, J.; Zalud, Z.; Alexandrov, V.; Van Diepen, C.A.; Trnka, M.; Dubrovsky, M.; Semerádová, D.;
Oberforster, M. A local simulation study on the impact of climate change on winter wheat production in
north-eastern Austria. Bodenkultur 2001, 52, 279–292.

35. Isik, M.; Devadoss, S. An analysis of the impact of climate change on crop yields and yield variability.
Appl. Econ. 2006, 38, 835–844. [CrossRef]

36. Lhomme, J.-P.; Mougou, R.; Mansour, M. Potential impact of climate change on durum wheat cropping in
Tunisia. Clim. Chang. 2009, 96, 549–564. [CrossRef]

37. Poudel, S.; Kotani, K. Climatic impacts on crop yield and its variability in Nepal: Do they vary across seasons
and altitudes? Clim. Chang. 2012, 116, 327–355. [CrossRef]

38. Bosello, F.; Zhang, J. Assessing Climate Change Impacts: Agriculture. SSRN Electron. J. 2005. Available
online: https://www.econstor.eu/bitstream/10419/73909/1/NDL2005-094.pdf (accessed on 9 December 2019).

39. Adams, R.M. Global Climate Change and Agriculture: An Economic Perspective. Am. J. Agric. Econ. 1989,
71, 1272–1279. [CrossRef]

40. Rosenzweig, C.; Parry, M. Potential impact of climate change on world food supply. Nature 1994, 367, 133–138.
Available online: http://ecoethics.net/cyprus-institute.us/PDF/Rosensweig-Food-Supply.pdf (accessed on
10 December 2019). [CrossRef]

41. Kaiser, H.M.; Riha, S.J.; Wilks, D.S.; Rossiter, D.G.; Sampath, R. A Farm-Level Analysis of Economic and
Agronomic Impacts of Gradual Climate Warming. Am. J. Agric. Econ. 1993, 75, 387–398. [CrossRef]

42. Finger, R.; Schmid, S. The impact of climate change on mean and variability of Swiss corn production.
In Workshop for Resource and Environmental Economics; ETH: Zürich, Switzerland, 2007; pp. 26–27.

43. Rosenzweig, C.; Parry, M.L.; Fischer, G.; Frohberg, K. Climate Change and World Food Supply, Environmental
Change Unit; 1a Mansfield Road. Research report No. 3; University of Oxford: Oxford, UK, 1993.

44. Reilly, J. Climate Change and Global Agriculture: Recent Findings and Issues. Am. J. Agric. Econ. 1995, 77,
727–733. [CrossRef]

45. Adams, R.M.; Rosenzweig, C.; Peart, R.M.; Ritchie, J.T.; McCarl, B.A.; Glyer, J.D.; Curry, R.B.; Jones, J.W.;
Boote, K.; Allen, L.H. Global climate change and US agriculture. Nature 1990, 345, 219–224. [CrossRef]

46. Mount, T.; Li, Z. Estimating the Effects of Climate Change on Grain Yield and Production in the US Cooperative
Agreement US Department of Agriculture; Economic Research Service: Washington, DC, USA, 1994.

47. Medellín-Azuara, J.; Harou, J.J.; Howitt, R.E. Estimating economic value of agricultural water under changing
conditions and the effects of spatial aggregation. Sci. Total Environ. 2010, 408, 5639–5648. [CrossRef]

48. Qureshi, M.E.; Schwabe, K.; Connor, J.; Kirby, M. Environmental water incentive policy and return flows.
Water Resour. Res. 2010, 46. [CrossRef]

49. Howitt, R.E.; Medellín-Azuara, J.; MacEwan, D.; Lund, J.R. Calibrating disaggregate economic models of
agricultural production and water management. Environ. Model. Softw. 2012, 38, 244–258. [CrossRef]

50. Gebrehiwot, T.; Van Der Veen, A. Farm Level Adaptation to Climate Change: The Case of Farmer’s in the
Ethiopian Highlands. Environ. Manag. 2013, 52, 29–44. [CrossRef]

51. Oluwasusi, J.; Tijani, S. Farmers Adaptation Strategies to the Effect of Climate Variation on Yam Production:
A case study In Ekiti State, Nigeria. Agrosearch 2013, 13, 20. [CrossRef]

52. Adger, W.N. Social Vulnerability to Climate Change and Extremes in Coastal Vietnam. World Dev. 1999, 27,
249–269. [CrossRef]

53. Downing, T.E. Vulnerability to hunger in Africa. Glob. Environ. Chang. 1991, 1, 365–380. [CrossRef]
54. Rosenberg, N.J. Adaptation of agriculture to climate change. Clim. Chang. 1992, 21, 385–405. [CrossRef]
55. Fischer, G.; Frohberg, K.; Parry, M.; Rosenzweig, C. Climate change and world food supply, demand and

trade. Glob. Environ. Chang. 1994, 4, 7–23. [CrossRef]
56. Lobell, D.B.; Burke, M.; Tebaldi, C.; Mastrandrea, M.D.; Falcon, W.P.; Naylor, R.L. Prioritizing Climate

Change Adaptation Needs for Food Security in 2030. Science 2008, 319, 607–610. [CrossRef] [PubMed]
57. Schattman, R.; Hurley, S.E.; Greenleaf, H.L.; Niles, M.T.; Caswell, M. Visualizing Climate Change Adaptation:

An Effective Tool for Agricultural Outreach? Weather. Clim. Soc. 2020, 12, 47–61. [CrossRef]
58. Downing, T.E.; Watts, M.J.; Bohle, H.G. Climate change and food insecurity: Toward a sociology and

geography of vulnerability. Clim. Chang. World Food Secur. 1996, 183–206.
59. Paut, R.; Sabatier, R.; Tchamitchian, M. Modelling crop diversification and association effects in agricultural

systems. Agric. Ecosyst. Environ. 2020, 288, 106711. [CrossRef]

http://dx.doi.org/10.1080/00036840500193682
http://dx.doi.org/10.1007/s10584-009-9571-9
http://dx.doi.org/10.1007/s10584-012-0491-8
https://www.econstor.eu/bitstream/10419/73909/1/NDL2005-094.pdf
http://dx.doi.org/10.2307/1243120
http://ecoethics.net/cyprus-institute.us/PDF/Rosensweig-Food-Supply.pdf
http://dx.doi.org/10.1038/367133a0
http://dx.doi.org/10.2307/1242923
http://dx.doi.org/10.2307/1243242
http://dx.doi.org/10.1038/345219a0
http://dx.doi.org/10.1016/j.scitotenv.2009.08.013
http://dx.doi.org/10.1029/2008WR007445
http://dx.doi.org/10.1016/j.envsoft.2012.06.013
http://dx.doi.org/10.1007/s00267-013-0039-3
http://dx.doi.org/10.4314/agrosh.v13i2.3
http://dx.doi.org/10.1016/S0305-750X(98)00136-3
http://dx.doi.org/10.1016/0959-3780(91)90003-C
http://dx.doi.org/10.1007/BF00141378
http://dx.doi.org/10.1016/0959-3780(94)90018-3
http://dx.doi.org/10.1126/science.1152339
http://www.ncbi.nlm.nih.gov/pubmed/18239122
http://dx.doi.org/10.1175/WCAS-D-19-0049.1
http://dx.doi.org/10.1016/j.agee.2019.106711


Agriculture 2020, 10, 212 12 of 12

60. National Research Council (NRC). Limiting the Magnitude of Future Climate Change; National Academies Press:
Washington, DC, USA, 2010.

61. Nguyen, T.; Seddaiu, G.; Roggero, P.P. Declarative or procedural knowledge? Knowledge for enhancing
farmers’ mitigation and adaptation behaviour to climate change. J. Rural. Stud. 2019, 67, 46–56. [CrossRef]

62. Praag, V.B.; Ferrer-i-Carbonell, A. Happiness quantified. A satisfaction calculus approach. J. Econ. Inequal.
2006, 4, 391–395. [CrossRef]

63. Wooldridge, J.M. Econometric Analysis of Cross Section and Panel Data; MIT Press: Cambridge, MA, USA, 2002.
64. Helson, H. Adaptation-level as a basis for a quantitative theory of frames of reference. Psychol. Rev. 1948, 55,

297–313. [CrossRef] [PubMed]
65. Menz, T. Do people habituate to air pollution? Evidence from international life satisfaction data. Ecol. Econ.

2011, 71, 211–219. [CrossRef]
66. Korhonen, M.; Kangasrääsiö, S.; Svento, R. Do people adapt to climate change? Evidence from the

industrialized countries. Int. J. Clim. Chang. Strat. Manag. 2019, 11, 54–71. [CrossRef]
67. World Bank Climate Knowledge Portal 2. 2018. Available online: http://sdwebx.worldbank.org/climateportal

(accessed on 12 November 2018).
68. Chen, S.; Chen, X.; Xu, J. Impacts of climate change on agriculture: Evidence from China. J. Environ. Econ. Manag.

2016, 76, 105–124. [CrossRef]
69. FAO Stats-Agriculture. Food and Agricultural Organizations of the United Nations. 2012. Available online:

http//:www.fao.org (accessed on 15 November 2018).
70. Behrens, A.; Georgiev, A.; Carraro, M. Future Impacts of Climate Change Across Europe; Working Document

No. 324; Center for European Policy Studies (CEPS): Brussels, Belgium, 2010.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jrurstud.2019.02.005
http://dx.doi.org/10.1007/s10888-006-9029-5
http://dx.doi.org/10.1037/h0056721
http://www.ncbi.nlm.nih.gov/pubmed/18891200
http://dx.doi.org/10.1016/j.ecolecon.2011.09.012
http://dx.doi.org/10.1108/IJCCSM-05-2017-0119
http://sdwebx.worldbank.org/climateportal
http://dx.doi.org/10.1016/j.jeem.2015.01.005
http//:www.fao.org
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Climate Change 
	Adaptation to Climate Change 
	Data 

	Results and Discussion 
	Impacts of Climate Change on Cereal Yields 
	Adaptation to Climate Change 

	Conclusions 
	
	References

