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Abstract 
Climate and weather are important factors which in-
fluence plant growth and development as well as yield 
quality and quantity. However, it is very difficult to as-
sess the impact of climate on yield development in field 
crops, because a series of related positive and negative 
impacts have to be quantified and these are mutually 
interactive. An increase of CO2 can stimulate the intensity 
of photosynthesis and thereby increase biological yield 
and economic profit. This ‘fertilization effect’ of CO2, 
however, is dependent on the growth stage of a plant 
and other factors. With regard to yield formation, the 
indirect effects of increased temperature, in combination 
with precipitations and global radiation, are of crucial 
importance. The increased appearance of risk factors has 
a negative impact on the utilization of yield potential and 
production quality of crops. For the prediction of the 
impact of climate change on the yield of winter wheat 
and spring barley under Czech conditions the model 
CERES-wheat and CERES-barley were used. The results 
showed negative impacts of climate change on yield of 
cereals in the South Moravian plains, which are in cont-
rast to the potential yield increase in the colder locations 
of the Czech-Moravian Highland which enjoy fertile, 
well-watered soils. As a consequence of the presumed 
impacts which might be obtained, adaptation possibilities 
available in breeding and crop management increasing 
utilization of cereal yield potential are discussed based 
on the genotype×environment×management interaction.
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Introduction
In recent years, a number of research projects and scien-
tific papers have been focused on climate change and its 
impacts on the global and regional levels (THOMAS et al. 
2004, PARRY et al. 2007). In crop production, climate and 
weather are considered as important factors which influence 
plant growth and development as well as yield quantity and 
quality. However, it is very difficult to assess the impact 
of climate on yield development in field crops, because a 
series of related positive and negative impacts have to be 
quantified and these are mutually interactive. The negative 
impacts of climate change on crop production can be redu-
ced by using adaptive measures that ensure the utilization of 
the potential yield of field crops under changing conditions 
(REYNOLDS 2010). 
The main impacts of climate change on crop production are 
listed in Table 1. The negative (indirect) effects usually pre-
vail over the positive (direct) ones. That has adverse impacts 
on the utilization of yield potential due to increased risk of: 
(i) availability of water (enlargement of dry areas), (ii) water 
and wind erosion, (iii) lodging of cereal stands, (iv) leaching 
of nutrients, especially NO3

- ions, (v) ocurrence of pests 
and diseases, (vi) influence of terms of crop management 
measures. This has been reflected in increased variability of 
grain yields in recent years (Figure 1). This contribution is 
focused on the analysis of climate change effects on cereal 
grain yield formation and on the possibility of mitigating 
its negative impact through breeding and crop management.

Material and methods
To assess whether in terms of grain yield positive fertiliza-
tion effect of CO2 concentration prevail over the negative 
impact of increased temperatures and changes in other 

Changes in Positive Negative

Weather Increase in temperature in  The increase in temperature combined with precipitation and global radiation cause
 colder areas with higher  increase in variability of meteorological elements associated with the occurrence of
 level of moisture. extreme events (reduction of snow cover, the occurrence of spring frosts, significant  
  periods of drought, heat waves, torrential rains at the expense of drizzle, hails, etc.)
Soil Increased anaerobic conditions in  Intensive salinisation and alkalinizing processes, crusting, compaction of the soil.
 the topsoil change the dynamics of 
 organic matter transformation in the soil. 
Plants The increase in CO2 concentration has a  Higher temperature affects evapotranspiration and phenological development
 positive effect on the efficiency of photo of the crop (sum of effective temperatures), acceleration of development and
 synthesis and efficient use of water and shortening the growing season reduce yield. The increase in CO2 concentration
 nutrients (so called CO2 fertilization effect). can increase the proportion of carbohydrate components of biomass.

Table 1: The main impacts of climate change on weather, soil and plants

schoenthaler
Stempel
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Figure 1: Development of wheat yield (t.ha-1) in the Czech Republic

meteorological elements the simulations of yield formation 
using growth models CERES-Wheat and CERES-Barley 
was performed. These models were parameterized for the 
current climate using the results of variety small plot field 
trials performed by the Central Institute for Supervising and 
Testing in Agriculture. Meteorological data was subsequent-
ly replaced by the outputs of the GCMs (Global Climate 
Models), which represent the expected climate. Evaluation 
methodology was described in detail in TRNKA et al. 
(2004a,b). Basic scenario parameters used for the evaluation 
of the employed circulation models are listed in Table 2.  

Results and discussion

Simulation of climate change impact
Figure 2 presents the simulation results corresponding to the 
variation of emission SRES-A2 scenario and three GCMs 
(ECHAM - b, HadCM - c and VCAR - d) for winter wheat 
and spring barley. The maps show the differences between 
the yield levels in the period 1961-2000 (map a) and 2050 
(maps b, c, d).
The performed analyses show: (i) deficit 
in the water balance in major agricultural 
regions with negative consequences in 
arid areas and some positive effects in wet 
areas in particular years, (ii) asymmetric 
impact of climate change in different re-
gions, negative effect on yield in dry areas 
and positive one in areas with suboptimal 
temperatures, sufficient rainfall and fer-
tile soil, (iii) significant link between the 
occurrence of drought and variability of 
yields at the local and national level.
Even if the simulation results obtained 
were in recent years partly confirmed 

by the differences of grain yields in agricultural practice 
(Figure 3), it should be emphasized that the model is a tool 
to recognize the context but provides a simplified picture of 
reality. Therefore the knowledge of yield formation proces-
ses, yield potential utilization and adaptation mechanisms 
is very important.

Fundamentals about yield formation
Yield potential is defined as the yield of a cultivar when 
grown in environments to which it is adapted, with non-
limiting nutrients and water and with pests, diseases, weeds, 
lodging and other stresses effectively controlled (EVANS 
and FISCHER 1999). As such, it is distinguished from po-
tential yield, which is defined as the maximum yield which 
could be reached by the crop in given environments, as de-
termined, for example, by simulation models with plausible 
physiological and agronomic assumption. 
REYNOLDS et al. (2011) proposed a conceptual platform 
for the synergistic combination of traits as a model for in-
creasing the yield potential (Table 3). Of the listed traits, the 

Table 2: Basic parameters used for the evaluation of models CERES-Wheat and 
CERES-Barley and for yield simulation

Characteristic Source of information

Varieties winter wheat ‘Hana’; spring barley‘Akcent’
Locations 7 test sites, representing Czech soil-climatic conditions 
Soil database pedological soil survey (394 soil pits) 
Climate database 1961-2000; 125 Czech meteorological stations 
Arable land database Corine Land Cover (CLC2000) 100 m, Vers. 8/2005 (EEA, 2005)
Emission scenario SRES A2 (with a more rapid increase in greenhouse gases)
Global circulation models ECHAM, HadCM and NCAR
Grid vector network 500×500 m
CO2 conc. initial period 350 ppm
Simulation Potential yield (excl. negative impact of diseases and pests) 
Software ArcGIS using polygon layer of soil types
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Figure 2: Potential yield (t.ha-1) of winter wheat (left) and spring barley (right) in the Czech Republic for the climatic conditions 
in 1961-2000 (a) and the difference between this yield level and the simulated yields for 2050 according to the emission SRES-A2 
variant and three global circulation models of climate change (b: ECHAM; c: HadCM; d: VCAR). The median of 99 simulation 
results for grid on arable land is depicted (ŽALUD 2009).

Figure 3: Comparison of cereal production (×1000 t; 2012 vs. 2011) 
in individual regions of the Czech Republic



Impact of climate change on cereal growth and its potential yield38

Figure 6: The modular structure of cereal plant (wheat) and 
its hierarchical organization

Figure 4: Genotype by environment by management interac-
tion (G×E×M)

Figure 5: The role of individual components of the interaction 
G×E×M

following are important for adaptation to climate change: (a) 
in the source: light interception, canopy photosynthesis, heat 
tolerance, (b) in the sink: abort weak tillers, floret abortion, 
roots for resource capture, phenological pattern and lodging.  
The use of vegetation and production factors and biological 
potential of varieties is conditioned by activities of both 
breeders and growers of field crops. The aim of breeders 
should be to create varieties with high and stable yields and 
required grain quality. The aim of growers is to utilize such 
biological potential. Stability of grain yield and quality is 
achieved by the breeder through homeostasis of a variety 
and by the grower through ensuring stability of the envi-
ronment, i.e. the modification of farming practices, and 
optimization of crop management. The role of breeding and 
crop management in utilization of the potential yield can be 
explained based on the interaction of G×E×M (Figure 4), 
where G is the variety and its biological potential, E the en-
vironmental components not influenced or partly influenced 
by the grower (ES, soil and climatic conditions of the site; 
EW, weather; EE, prices of inputs and outputs), and M the 
environmental components influenced by the grower (crop 
management as a set of measures used during the growing 
season and modified according to the requirements of vari-
ety, site conditions, course of weather, intensity of farming, 
way of production use, prices of inputs and outputs, etc.).
Optimization of the system (harmonization of all compo-
nents based on their importance and functions) should be 
directed to: (i) maximum biological potential of yield and 

production quality utilization, (ii) maximum profitability 
of inputs, (iii) reduction of the negative impacts of farming 
on the environment. In practice it means the choice of the 
proper crop variety and decision about consecutive crop 
management measures that should be performed in the right 
place, at the right time, and at the right intensity.
The roles of individual components of the system in yield 
creation are shown in Figure 5. The graph shows that the 
utilized level of the variety yield potential (G) is limited 
by uncontrollable environmental components (E). Crop 
management practices (M) should eliminate the negative 
effects of environmental components by the realization 
of potential yield, the level of which is in ideal conditions 
identical with yield potential.

Sink Source

Pre grain filling 
 Increase partitioning to developing spike Light interception
 Reduce floret abortion Radiation use efficiency (RUE)
 Optimize phenological pattern Rubisco
 Lodging resistance C4 type traits
Grain filling 
 Partitioning to grain (Rht) Canopy photosynthesis
 Spike capacity Cellular (e.g. heat tolerance)
 Abort weak tillers Light distribution
 Adequate roots for resource capture N distribution/partitioning
  Spike photosynthesis

Table 3: Model of yield potential traits - a conceptual platform for 
combination of synergistic traits (REYNOLDS et al. 2011)
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Climate change increases the role of environment (E) in 
this system, i.e. increases the importance of uncontrollable 
environmental factors and thus the risk of negative effects 
(damage of crop stands, lower effectiveness of cropping 
measures). The knowledge of adaptation to the negative 
impacts of climate change is therefore of great importance.

Adaptability and formation of yield elements
Grasses in general, and thus the cereals own high level of 
adaptability due to their modular structure (ARBER 1941, 
WHITE 1979, PORTER 1983a,b). Classic wheat mor-
photype (Figure 6) responds to changes of environment 
(ability of resources) using few (three) levels of branching 
(hierarchical structures - tillers in tillering node, spikelets 
in the spike, grains in the spikelets) and grain filling. These 
metameric organs (Figure 7) allow plants to respond to en-
vironmental changes during their growth and development 
(ACEVEDO et al. 2002). Hierarchical organisation of plants 
(NICOLIS et al. 1977) ensures their reproduction even in 
unfavourable conditions (MIRALLES and SLAFER 2007), 
when increase of apical dominance and inter-and intra-plant 
competition and decrease of crop yield occur. On the other 
hand, high yield in favourable conditions is associated with 
the decrease of apical dominance and competition in the 
stand. Thus, adaptability relies on the formation, growth, and 
reduction of metameric organs used by plants to respond to 
environmental changes (MASLE-MEYNARD and SEBIL-
LOTTE 1981a,b, REYNOLDS et al. 2005). Cereal plants 
can thus be investigated as developing modular systems and 
their growth can be described analogously to the processes 

of population type, and source×sink theory can be used to 
explain the regulation processes at plant level (KREN et al. 
1992, KŘEN 2012).

Adaptation possibilities
Basic possibilities of adaptation to the negative impacts of 
climate change and their mitigation during the grain yield 
formation are shown in Table 4.

Breeding
Breeding for higher grain yield resulted in changes of plant 
proportions, stand architecture (stand density increases) 
and extended duration of the canopy assimilation (AUS-
TIN et al. 1980). A significant increase in yield potential 
has been associated with the achievement of a number of 
physiological and morphological changes in plants. The 
consequence was a significant increase in grain weight in 
spike and shortening of straw (increased harvest index va-
lue). These improved the resistance to lodging and increased 
the number of ears per unit area. Since the mid-1990s, the 
upward trend in yields and production has begun to slow 
mainly due to environmental and energy limits. The trend 
in decreasing yield stability and a gradual slowing down 
or stopping shortening of straw in new varieties has also 
been observed. Further shortening of the stem is genetically 
feasible, but currently it is constrained by ecological limits 
(FOULKES et al. 2011). 
It is also becoming apparent that a higher yield can be 
achieved more easily when formed by a higher proportion 

Figure 7: The course of cereal plant growth (ACEVEDO et al. 2002)
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of the polysaccharide (starch) components of grains and 
a lower proportion of the protein component. This is pro-
bably related to the amount of metabolic energy that the 
plant needs for the synthesis of a unit amount of protein 
and starch, and this difference may enhance the increase 
in the concentration of CO2 in the atmosphere in the future 
(NÁTR 2000).
Cereal varieties should have the following properties that 
allow adaptation and mitigation of the negative impacts of 
climate change:
− lower transpiration coefficient, more powerful and deeper 

root system or faster growth and earlier ripening,
− resistance to frost and low temperatures in winter and 

during regeneration periods,
− resistance to drought in the tillering-earing stage,
− lower level of inter- and intra-plant competition,
− resistance to lodging (stem length is probably ecologi-

cally limited),
− resistance to selected biotic harmful agents,
− adaptability to climatic extremes (probably negatively 

correlated with the increase of harvest index and potential 
yield). 

Cereal growers should take the above properties into consi-
deration during decisions making concerning varieties and 
varieties assortment. It should be noted that varieties per-
forming all these requirements are hard to find, and if they 
do, unfortunately they usually provide low but stable yields 
(universal organism usually shows average performance). 

Crop management
Decision making about cropping measures is a crucial far-
ming activity. Farmers spend most of the working time with 
implementation of crop management practices. The basic 
problem, which has to be solved, is the balance of production 
factors in space and time, i.e. making them available to the 
needs of developing crops while controlling crop structure 
according to their levels. In doing so, growers face a num-
ber of agronomic, economic and administrative problems:
− implementation of crop measures in right agrotechnical 

terms, according to the needs of stands depending on the 
weather,

Table 4: The main issues to be addressed in climate change by utilization of cereal yield 
potential

Issue Mitigation strategy
 Breeding Crop management

Drought Earliness Choice of crop
 Optimize phenological pattern Suitable previous crops
 Large root system Minimum soil tillage
  Early sowing
  Nitrogen application
Frosts without snow Frost resistance Time of sowing
  Growth regulators
  Balanced crop nutrition
Increased frequency of   Adaptability Application of fertilizers, growth
extreme weather Lodging resistance regulators and pesticides
 Resistance to diseases and pests Timely modification of cropping measures

− achieving good prices of inputs                            
     and output,
− compliance with all accounting 
and administrative requirements.
From this point of view the crop 
management practices feature eco-
nomically implemented agronomic 
knowledge in mostly uncontrolled 
environments. Impacts of climate 
change affect terms and methods 
of crop management practices and 
result in their efficiency and in the 
level of yield potential utilization. 
From the view of the above con-
siderations about the grain yield 
formation and of the increasing 

importance of E in the G×E×M system (as a result of 
climate change), it would be useful to create varietal crop 
management practices. This is complicated by difficult 
orientation of growers in numerous registered varieties 
and in their various properties. On the other hand, it is 
worth highlighting the stagnation of the rising trend in 
the potential yield of new varieties in small plot field 
experiments and in practice (AHLEMEYER and FRIEDT 
2012). Therefore, the concept based on the optimization of 
all three components of G×E×M interaction, in particular 
of the links between G×E (choice adaptable varieties) and 
E×M (cropping measures modified according to the weather 
course), seems to be promising.
Crop management practices should be implemented as a 
coherent set of optimized cropping measures for specific 
site conditions and for a certain way of using the produced 
grain. It is important to:
− determine the economically efficient intensity of growing 

dependent on the changing prices of seeds, agrochemi-
cals, agricultural machinery and production;

− be flexible in diagnosing the state of crop stand and sub-
sequent modification of cropping measures according to 
weather changes (adaptability).

It should be noted that with the increasing importance of 
uncontrollable environmental components (E) as a result 
of climate change high intensification is economically 
and ecologically risky. This situation can be solved by the 
establishing and improving the early warning systems (e.g. 
agrometeorological monitoring).

Conclusions
We can assume that breeding and growing of field crops 
always include the endeavour to eliminate the impact 
of climatic and weather conditions on soil and growth 
processes. The utilization of yield potential of cereal cul-
tivars under the conditions of changing climate requires 
both the grown cultivars and the growers’ activities to be 
more adaptable. 
Successful implementation of this approach in practice 
requires broad knowledge and experience including the 
need to solve often opposed biological or agronomic and 
economic requirements.
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