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Abstract
The paper deals with the analysis of Czech wheat production and its determinants. We use the Just and Pope  
(1979) stochastic production function to estimate the effects of economic and weather variables, together 
with technological progress and climate change, on wheat yield in the Czech regions in the period  
1961–2018. The results suggest that both economic and environmental factors play important roles  
in the wheat yield function. The output/input price ratio has a positive effect on the wheat yield. The effects 
of temperature and precipitation are month-specific and highly non-linear. Technological change also has  
a positive effect on yield, whereas climate change has a rather negative effect on wheat yield.
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Introduction
The world’s population is expected to exceed  
9 billion people in 2050 (Alexandratos  
and Bruinsma, 2012). Thus, it is essential that 
the problem of ensuring global food security is 
addressed in the near future. A sufficient amount  
of food for the entire population depends greatly  
on the sustainable production of crops  
and livestock. Beddington et al. (2012) pointed  
to the current threat of global climate change, 
which requires major local and global interventions  
in current patterns of food production, distribution 
and consumption to be made/implemented. 
Investment, innovation and joint efforts will be 
needed to secure the situation of the world's most 
vulnerable populations. There is a need to build 
a stable global food system that adapts to climate 
change, ensures food security, minimizes greenhouse 
gas emissions and, at the same time, is in line  
with sustainable development. A significant increase 
in investments in sustainable agriculture, including 
the improvement of supporting infrastructure  
and the restoration of ecosystems, is an essential  
and necessary part of long-term economic 
development. The sooner these investments are 
made, the greater the benefits. The scientific 
community plays a key role in meeting  
the global challenges of moving the world into a safe 
operating space, where agriculture can meet global 
food-supply needs while reducing greenhouse gas 
emissions at the same time.

In general, climate change typically has a negative 
impact on the agricultural sector. However,  
for example, for northern European countries, 
rising temperatures have a positive effect on crop 
yields per hectare, especially for wheat or corn 
(King et al., 2018; Morel et al., 2021Sub-Saharan 
Africa (Hoffman et al., 2018, Challinor et al., 
2015) and South Asia (Khanal et al., 2018) appear 
to be the most vulnerable areas. However, this  
fact is valid not only for the least developed  
and developing countries, but also for the developed 
countries. Numerous studies confirm that increasing 
temperatures, along with longer and recurrent dry 
periods / periods of drought, have a negative impact 
worldwide on yields of primary crops, namely 
wheat, corn, and rice (Knox et al., 2012), but also 
groundnuts and other crops (Khanal et al., 2018). 

Numerous studies investigating the effects  
of weather changes have been done in recent 
years. Robertson et al. (2007) described the impact  
of precipitation on the scattering of US crop yields. 
He found that the models depend on the precipitation 
in terms of correlation and root mean square error. 
The effects of year-on-year variability and trends  
in temperature, solar radiation and rainfall  
in the years 1961–2003 were investigated by Chen 
et al. (2013), in particular for wheat and maize 
yields in the double-cropping system in Beijing and 
Zhengzhou. He examined the relative contributions 
of individual climate variables separately.  
The Agricultural Production Systems Simulator 
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(APSIM) was used to study crop yields under a set 
of generated climate scenarios. The results showed 
that the warming trend did not have a significant 
effect on the wheat yield in both localities, however 
it had a significant negative impact on the maize 
yield in Beijing. Lobell et al. (2007) analysed  
the relationship between crop yield and three 
climatic variables (precipitation, maximum  
and minimum temperature) for 12 major California 
crops between 1980 and 2003. The environmental 
variables, most important for each crop, were used 
in regression model for yield. Relatively simple 
models using only 2-3 variables explained more 
than two-thirds of the observed yield variance  
of the majority of crops. The results show that crop 
infection, pollination, and dormancy may represent 
important mechanisms by which climate affects 
crop yield. 

De Wit et al. (2005) expressed the effect  
of precipitation and radiation uncertainty  
on the results of a local crop yield simulation 
and on a regional scale (NUTS1 regions). Two 
experiments were performed, simulating crop 
yields for winter wheat and maize for grain, using 
the Crop Growth Monitoring System (CGMS) 
for the year 2000 with different precipitation and 
radiation inputs. The experiments suggest that  
the uncertainty in precipitation and radiation 
translates into considerable uncertainty in the crop 
yield at the 50 × 50 km grid level. Then, the yield  
statistics from EUROSTAT and the output  
of the CGMS model for maize in the period  
1990–1999 were used to develop yield models  
for France and Germany. These models showed 
that the uncertainty of radiation and precipitation  
in CGMS has little effect on the prediction  
of CGMS yield at the national level.

Many authors are concerned not only  
with quantification of climate influences but also 
with the impact of technical and economic factors 
on the yield of main crops in a sown area (acreage). 
Early studies addressed mainly the effects  
of temperature, precipitation, and technological 
progress, represented by a linear or quadratic 
trend for crop yield. It was found that, in principle,  
there is a positive effect of precipitation  
and a negative relationship between temperature 
and yields. A comprehensive meta-analysis 
predicting the effects of climate change on wheat 
yield was presented by Wilcox and Makowski 
(2014). In terms of methodology, the available 
publications pursue two directions. The first group 
of studies uses experiments and measures, among 
other things, the effects of CO2 increases on crop 

yields (Amthor, 2001) directly. The second group 
is based on the application of regression analysis 
to all types of underlying data, from cross-
sectional surveys through time series to panel data. 
Articles based on cross-sectional data obtained 
through a questionnaire survey also often address  
the influence of farmers’ decision-making  
for adopting climate change adaptation strategies 
(Khanal et al., 2018, Füssel, 2007). Omitting this 
aspect can also lead to overestimated results. 

Analysis by Hoffman et al. (2018) demonstrates 
that although improvements in technology have 
a positive effect on crop yields, warmer and drier 
climates have a negative effect. For instance, maize 
shows that there is an increase in yields of up  
to 13 kg/ha, but climate change can reduce current 
production by up to 10 kg/ha. The volatility of yields, 
dynamics of plant growth and time development 
are typical characteristics of crop modelling. This 
approach uses the stochastic production functions 
in accordance with assumptions about the random 
component (Just and Pope, 1979). Most articles 
provide results concerning the effects of future 
climate change on crop yields by using crop 
models and climate change scenarios. Weather data 
(temperature, precipitation) are the explanatory 
variables and are considered direct factors,  
but genetic improvements in the form of adoption 
of new varieties, soil characteristics, greater 
application of fertilizers, management practices, 
and indicators of adaptation to changed conditions 
are also considered (Qiao et al., 2018; Challinor  
et al., 2015).

However, only a few studies deal with the impact  
of climate change on primary agricultural 
production in terms of crop area. Other indirect 
factors that should not be neglected in the models 
are discussed here. Input prices, output prices, crop 
rotation and biological or agronomic factors are 
important determinants (Hendricks et al., 2014). 
More recent studies also take into account risk 
spreading, land constraint and the multiple output 
profit function of agriculture (Weersink et al., 2010). 
Omitting these variables, especially crop prices, can 
distort the effects of climate change on their yields 
by 9% (corn) - 15% (soybeans), see Miao et al.  
(2016). Studies typically differ in the way they 
measure climate variables, as well as in the level 
of data aggregation. The situation described above 
can be appropriately captured using panel-based 
models. Their advantage is the ability to estimate 
the linear and nonlinear influence of air temperature  
and the interaction between precipitation  
and temperature. All these are in line  
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with other factors, including input, output prices 
and agronomic factors.

A common approach to study the climate change 
effects on crop yields is to use statistical models. 
These models are based on historical yields  
and some simplified weather measurements, such 
as average temperature during the growing season 
and precipitation. There are several strengths  
and weaknesses of this approach. For example, 
Lobell and Burke (2010) used a perfect model 
approach to examine the ability of statistical 
models to predict yield responses to changes  
in average temperature and precipitation,  
as simulated by a crop-process-based model. 
Then, the Crop Environment Resource Synthesis 
(CERES)-Maize model was used to simulate  
the historical variability of maize yields at nearly 
200 sites in Sub-Saharan Africa with different 
scenarios. Three types of statistical model (time 
series, panel, and cross-disciplinary models) were 
then tested for simulated historical variability 
and used to predict responses to future climate 
change. The results suggest that statistical models, 
compared to CERES-Maize, are a useful, albeit 
imperfect, tool for designing future yield responses, 
with higher utility on a wider spatial scale. It is  
on these broader scales that climate projections are 
the most accessible and reliable, and it is therefore 
likely that statistical models will continue to play 
an important role in predicting the future impacts 
of climate change.

The pronounced effects of climate change on Czech 
agriculture in recent years have stimulated research 
activities in this area. For example, Čechura et al.  
(2020) studied the impact of climate change  
on cereal production in Czech regions. Čechura  
et al. (2015) related the effects of climate change  
to the total factor productivity (TFP) growth  
in Czech agriculture. The authors concluded 
that some effects are systemic, i.e. they affect 
all sectors, but they also identified idiosyncratic 
factors, especially in animal production. Moreover, 
Halova et al. (2015) provide a broader perspective, 
in relation to the production of public goods  
in Czech agriculture (water quality and availability, 
agricultural land biodiversity, flood resistance, soil 
functionality, air quality, climate stability, etc.). 

In the Czech Republic, wheat production dominates 
crop production and, as such, represents one  
of the most important agricultural outputs  
of the country. From a total sowing area  
of 2.5 million ha, cereals account for 56%. The largest 
share is held by wheat, at 62%. Barley accounts  
for 23%, corn 6%, oats almost 3% and rye less than 

2%. However, the structure of cereal production 
has been changing considerably from a long-term 
perspective. At the beginning of the 20th century, 
rye with 35% and oats with 30% dominated cereal 
production. Wheat was cultivated on less than 20% 
of the sowing area. A steady increase in wheat  
on the cost of rye and oat production was  
experienced up to the 1970s. The reasons for 
these changes were not only the requirements  
for sufficient quantities of food supply, together 
with an emphasis on the profitability of the sector 
through higher yields, but also changes in consumer 
preferences. Currently, the highly important problem 
of crop cultivation is climate change. In this respect, 
pronounced extreme variations in daily temperature 
and changes in the distribution of precipitation,  
in particular, have negative effects.

The aim of the paper is to quantify the impact  
of economic and environmental variables, as well 
as the impact of climate change, on wheat yields  
in the Czech Republic using the stochastic production 
function, and to evaluate how technological progress 
may contribute to sustainable wheat production  
in the Czech Republic. The estimate of the production 
function is based on panel data representing  
the average wheat yields in individual regions  
of the Czech Republic for the period 1961–2018. 
The long panel dataset allows us to distinguish 
between the effects of employed variables,  
and to separate the impact of climate change. In this 
respect, the paper aims to fill the gap in empirical 
literature on the assessment of the environmental 
dimension of Czech wheat production, as well  
as the impact of climate change. 

The paper is organized as follows. The next section 
describes the data and methods. Then the results are 
presented. The final section provides concluding 
remarks and a discussion of the results.

Materials and methods
The yield function specification is based on the Just 
and Pope (1979) stochastic production function: 

 	 (1)

where  is a function of regressors in X, 
y represents the yield and ε stands for residual 
term which is assumed to be i.i.d.  
There are at least two advantages of the Just and 

Pope specification (1) (i.e. with  term) over  
a standard approach. First, in the latter case,  
the risk of production is not considered. That is,  
if we assume the risk aversion, which is the typical 
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farm characteristic, the risk effect is incorrectly 
estimated. Second, the standard approach is typically 
characterized by the presence of heteroscedasticity. 
As a result, it makes problems in hypothesis testing 
about the importance of regressors, and it may 
decrease the efficiency of the model estimate (Just 
and Pope, 1979).

The estimation procedure of (1) consists of three 
steps. In the first step, y is regressed on X using 
ordinary least square (OLS) method. The second 
step uses the squared residual from the first step  
in the regression on X using OLS. In the third 
step, y is regressed on X and the square root  
of the predictions from the second step.  

The functional form of the model (1) in this study 
is specified as a Taylor approximation of the second 
order in the environmental variables. That is,  
we use the Taylor approximation of the second 
order to approximate the nonlinear relationship 
between wheat yield and temperature/precipitation 
in the respective month. In the case of the price 
index and moisture, we assume a linear relationship 
with wheat yield. Moreover, the technological 
change and climate change effects are captured 
using the trend variable (t). In the latter case,  
we use trend variable in combination  
with temperature and precipitation variables,  
in order to capture the changes in the first-order 
parameters due to the effects of climate change. 
That is, we can write our model as: 

 	 (2)

where α, β, γ, δ are vectors of parameters to be 
estimated.  z, x and c are vectors of regressors.

The vectors of regressors z, x and c consist  
of the following variables (variables are 
logarithmically transformed and normalized  
by their mean):

z:

	- P_index_ratio - (lPP) - a ratio of wheat price 
index over composite price input index.

	- Moisture – (lMo) – average of precipitation 
from November to March.

x:

	- Monthly temperatures - (lTM4,…,lTM7)  
– average monthly temperatures from April  
to July.

	- Monthly precipitation - (lSM4,…, lSM7)  
– average monthly precipitation from April  
to July.

c:

	- Climate change variables – (lT4_t,…
lT7_t, lS4_t,…, lS7_t) – average monthly 
temperatures and precipitation in combination 
with the time vector.

	- Time vector – ( t and t_2)  – a proxy for 
technological change.

The study uses panel data representing the average 
wheat yields, price indices, monthly temperatures 
and precipitation in individual regions of the Czech 
Republic for the period 1961–2018. The source  
of the data is the Czech Statistical Office 
(www.czso.cz) and the Czech Hydrometeorological 
Institute (www.chmi.cz). The basic statistical 
characteristics of the variables are provided  
in the Appendix.

In our empirical application, we exploit  
the properties of the long panel dataset, i.e. small 
N and large T, and we use the fixed effects model 
estimator. In particular, Pesaran (2015) shows that 
there is no difference between the fixed or random 
effects model estimator when N is small and T large. 

SW GRETL was used to estimate model (2).

Results and discussion
Table 1 provides a parameter estimate of the yield  
function in a Just and Pope specification.  
The estimate displays an overall good fit.  
In particular, the estimate is consistent  
with economic and agronomical assumptions. Then, 
the majority of fitted parameters are significant 
even at a 1% significance level. The variability  
of yield is well explained by the regressors  
(LSDV R2 = 0.87), and the assumptions regarding 
the residual term are met by the estimate as well. 

Variable Coefficient Standard 
Deviation p-value

const 5.697 1.784 0.002

lPP 0.651 0.067 0.000

lT4 -0.051 0.087 0.559

lT5 -0.989 0.113 0.000

lT6 2.644 0.853 0.002

lT7 -0.799 0.125 0.000

lT4_2 3.932 1.725 0.023

lT5_2 -6.053 2.330 0.010

lT6_2 0.621 0.204 0.002

lT7_2 -12.841 3.331 0.000

Source: author’s own calculation
Table 1: Estimated parameters of the stochastic production 

function (to be continued).
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Variable Coefficient Standard 
Deviation p-value

lMo 0.023 0.019 0.244

lS4 -0.002 0.010 0.810

lS5 0.040 0.011 0.000

lS6 -0.067 0.012 0.000

lS7 -0.066 0.010 0.000

lS4_2 -0.028 0.014 0.044

lS5_2 -0.093 0.024 0.000

lS6_2 -0.232 0.038 0.000

lS7_2 -0.032 0.017 0.065

lT4_t 0.009 0.006 0.134

lT5_t -0.063 0.009 0.000

lT6_t 0.004 0.002 0.050

lT7_t 0.037 0.010 0.000

lMo_t 0.004 0.001 0.000

lS4_t 0.000 0.001 0.570

lS5_t -0.002 0.001 0.002

lS6_t -0.001 0.001 0.409

lS7_t 0.002 0.001 0.000

t 0.040 0.008 0.000

t_2 0.000 0.000 0.000

Source: author’s own calculation
Table 1: Estimated parameters of the stochastic production 

function (continuation).

Since variables were logarithmically transformed 
and normalized by their means, the first-order 
parameters can be interpreted as elasticities when 
evaluated on sample means. That is, a particular 
first-order parameter provides information  
on the percentage change in wheat yield  
in a reaction to a 1% change in the respective 
explanatory variable evaluated on the sample 
mean. In this respect, the parameter on price index 
(lPP) shows that a 1% change in the ratio of wheat 
output and composite input price indices results  
in a 0.651% change in wheat yield. This 
positive effect of the price index is consistent  
with the economic expectation concerning  
the effect of price on the yield. Hendricks (2014) 
makes similar conclusions. In particular, an increase 
in the wheat index over the composite input index 
stimulates farmers to increase the allocation  
of a higher portion of quality land in the production 
of wheat, resulting in a higher wheat yield,  
on average.

Temperature shows the greatest impact on wheat 
yield. The first-order parameters suggest that 
temperature has a negative effect in April, May  
and July, and a positive effect in June  
(with respect to the mean).It is in accordance  

with King et al.(2018) and Morel et al (2021).  
The second-order parameter reinforces the negative 
effect in May and July, as well as the positive effect  
in June. In particular, high nonlinearity is 
pronounced in May and July. It holds that the higher 
the temperatures (above-average temperatures) are 
in May and July, the higher wheat yield losses we 
can expect. On the other hand, the second-order 
parameter in April changes the negative effect  
to a positive one, with higher temperatures above 
the average.

The temperature effects for different months  
and different years are depicted in Figures 1a, b, 
c, d. In addition, the figures capture the estimated 
climate change effect. That is, the model estimate 
shows that the first-order parameters are changing 
over time (see parameters on lT4_t, …, lT7_t). 
Whereas the parameters in April, June and July 
are going up, the negative effect in May is more 
and more pronounced. Since we can associate 
these parameter changes with the effects of climate 
change, Figures 1a,b,c,d demonstrate how these 
climate change effects determine the changes  
in wheat yield over time. In particular, we can 
observe the differences between the years 1990, 
2020 and 2050 according to our estimates.

Moisture shows a positive, but not a significant 
effect on wheat yield. However, the minor increase 
in the positive effect due to climate change is 
significant, even at the 1% significance level.  
The estimated effect of precipitation is negative  
in April, June and July, and there is a positive 
effect in May. The second-order parameters suggest 
that the higher precipitation is above the average  
in April, June and July, the greater is the negative 
effect on wheat yield. On the other hand,  
the positive effect of precipitation in May 
deteriorates with an increase in temperatures above 
the average. 

The climate change effect (lS4_t, …, lS7_t) is 
significant in May and July. We can observe 
a decrease in the positive effect of May,  
and a decrease in the negative effect of July  
(as far as the first-order parameters are concerned). 
Figures 2a, b, c, d demonstrate how the climate-
change effects on precipitation determine  
the changes in wheat yield over time. 

Finally, we estimated the positive effect  
of technological change. That is, we can observe 
that advances in R&D positively contributed  
to wheat yield. The effect accounts for, on average, 
a 0.04% increase per year. Then, we found 
significant heterogeneity among the Czech regions. 
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In particular, the fixed effects suggest that yield 
differences between the Czech regions are another 
important characteristic of Czech wheat production.  

Conclusion
The aim of this study was to demonstrate  
and quantify the effects of economic  
and environmental factors, as well as climate 
change, on the yields of wheat grown in the Czech 
Republic. The study uses panel data constructed 

for individual regions of the Czech Republic  
for the period 1961–2018. Wheat yields are 
explained by price index, monthly temperatures 
in the period of growth, precipitation, moisture, 
climate change and technological change.  
A stochastic production function was applied  
to model the effects of selected variables.

The largest and most positive effect (2.644%),  
by far, is evident for temperature in June, which 
is still supported by the second-order parameter. 

Note: a) April, b) May, c) June, d) July 
Legend: x-axis - % change in temperature with respect to the mean of the respective month; y-axis  
- % change in the wheat yield with respect to the sample mean.
Source: author’s own calculation

Figure 1a, b, c, d: Climate change effect on the changes in yield – temperatures.

Note: a) April, b) May, c) June, d) July 
Legend: x-axis - % change in temperature with respect to the mean of the respective month; y-axis  
- % change in the wheat yield with respect to the sample mean.
Source: author’s own calculation

Figure 2a, b, c, d: Climate change effect on the changes in yield – precipitation.
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On the other hand, a significant negative effect is 
evident for higher temperatures in May and July. 
This finding is also reinforced by the second-
order parameter and is in line with the appropriate 
conditions for growing this type of cereal.  
The second most important variable is the price 
index, which has a positive effect (0.651%).  
From an economic point of view, it is also expected 
that favorable output prices motivate farmers  
to produce more.

Another significant determinant is the precipitation 
in individual months. It is obvious that it has  
a positive effect in the spring months, contrary  
to the time of grain ripening and harvesting. It has  
the largest positive effect in May (0.04%)  
and the highest negative effect in June (0.06%). 
The fourth most important variable is climate 
change, which confirms the negative impact of high 
temperatures in May. On the contrary, warming  
in the summer months has a positive effect.

In the evaluation of the influence of selected factors, 
technological progress is next in line; its positive 
effect is confirmed by an elasticity of 0.04%.  
The last positive, although statistically insignificant 
effect, was demonstrated for the variable moisture. 

The results show that climate change, in the form 

of higher temperatures and uncertain precipitation, 
brings the need for agronomic and technological 
change. In particular, it is necessary to grow more 
resistant wheat species on suitable soils, in order  
to ensure efficient and sustainable production  
of this essential commodity.

With these results, this study is important for future  
agricultural policy-making. The results point  
to the possible impact of climate change, which 
may be positive for some cultivated crops and 
negative for others. Wheat is the most cultivated 
cereal in the Czech Republic. An important task 
is therefore to draw the attention of agricultural 
entities to potential changes in yields with regard 
to the evaluated variables so that they have enough 
time to choose an appropriate adaptation strategy.
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Appendix

Variable Number of observations Mean Standard Deviation

Wheat yield 784 4.28 1.13

Wheat price index 784 0.75 0.35

Composite input index 784 0.70 0.37

Average temperature - April 784 7.64 1.73

Average temperature - May 784 12.56 1.63

Average temperature - June 784 15.72 1.44

Average temperature - July 784 17.42 1.77

Moisture 784 44.77 13.70

Average precipitation - April 784 43.25 20.23

Average precipitation - May 784 71.89 32.06

Average precipitation - June 784 81.99 30.08

Average precipitation - July 784 85.68 43.00

Source: author’s own calculation
Table A1: Descriptive statistics of model variables.


