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Summary

The crop growth model CERES-Maize is used to estimate
the direct (through enhanced fertilisation effect of ambient
CO,) and indirect (through changed climate conditions)
effects of increased concentration of atmospheric CO, on
maize yields. The analysis is based on multi-year crop
model simulations run with daily weather series obtained
alternatively by a direct modification of observed weather
series and by a stochastic weather generator. The crop
model is run in two settings: stressed yields are simulated
in water and nutrient limited conditions, potential yields
in water and nutrient unlimited conditions. The climate
change scenario was constructed using the output from
the ECHAM3/T42 model (temperature), regression rela-
tionships between temperature and solar radiation, and an
expert judgement (precipitation).

Results: (i) After omitting the two most extreme misfits,
the standard error between the observed and modelled
yields is 11%. (ii) The direct effect of doubled CO,: The
stressed yields would increase by 36—41% in the present
climate and by 61-66% in the 2 x CO, climate. The poten-
tial yields would increase only by 9-10% as the improved
water use efficiency does not apply. (iii) The indirect effect
of doubled CO,: The stressed yields would decrease by
27-29% (14—-16%) at present (doubled) ambient CO,
concentration. The increased temperature shortens the
phenological phases and does not allow for the optimal
development of the crop. The simultaneous decrease of
precipitation and increase of temperature and solar radia-
tion deepen the water stress, thereby reducing the yields.
The reduction of the potential yields is significantly smaller
as the effect of the increased water stress does not apply.
(iv) If both direct and indirect effects of doubled CO, are
considered, the stressed yields should increase by 17-18%,

and the potential yields by 5—14%. (v) The decrease of the
stressed yields due to the indirect effect may be reduced by
applying earlier planting dates.

1. Introduction

It is expected that the increasing concentration of
greenhouse gases in the atmosphere will affect
the climate in the forthcoming decades. The
globally averaged surface air temperature is pro-
jected to increase by 1.4 to 5.8 °C over the period
1990 to 2100 (IPCC, 2001). Regional tempera-
ture changes could, however, differ substantially
from the global mean. Further, it is assumed that
the global warming will intensify the hydrologi-
cal cycle, and the frequency of droughts, floods,
and hot and cold spells will be increased (Watson
et al., 1996). The question stands what the effect
of the climate change on various terrestrial eco-
systems, e.g. agriculture, forestry, grasslands and
water resources, will be.

Increased CO, concentration can affect crop
growth in two ways.

Firstly, the crop is directly affected by the
presence of CO, in the ambient air. As atmo-
spheric CO, is the primary source of carbon
for the plants and its present concentration is
suboptimal (Nonhebel, 1996), the increased con-
tent of CO, in the air stimulates photosynthesis.
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Simultaneously, the transpiration intensity is
reduced by partially closing the stomata, which
leads to the improved water use efficiency
(WUE) and thereby to a lower probability of
the water stress occurrence. These physiological
responses are known as the CO,-fertilisation
effect (Dhakhwa et al., 1997) or the direct effect
of increased CO,. The experiments made in a
controlled environment indicate that the crop
growth should increase by about 14 £11% for
C4 plants (e.g., maize) at doubled ambient CO,
(Kimball et al., 1988; Porter, 1992; Dhakhwa
et al., 1997). If the water is a limiting factor,
the yields may increase much more due to the
additional effect of improved WUE.

The second effect of increased CO, relates to
the response of a crop to a changed weather
regime brought about by the CO, increase, and
is referred to as the indirect effect or the weather
effect. The most important weather variables that
directly determine the crop yield are solar radia-
tion, precipitation and temperature. If no manage-
ment response (e.g., other cultivar or shift of
the planting date) is applied, the maize yields
typically decrease with increasing temperature
due to a shortening of phenological phases
(Maytin et al., 1995; Brown and Rosenberg,
1997). Increasing solar radiation stimulates the
leaf assimilation (Wolf and van Diepen, 1995),
thereby increasing the yields (Maytin et al.,
1995; Brown and Rosenberg, 1997). However,
as the increased solar radiation stimulates evapo-
transpiration, the yields may decrease due to a
deepened water stress if the water supply is at its
critical level. The effect of precipitation may be
either positive if precipitation reduces the existing
water stress, or negative, which may be related,
e.g., to the intensified nitrogen leaching by the
excessive water. The relationships between crop
yields and changes in climatic characteristics
may differ at individual sites depending on the
present climate conditions. The situation is more
complicated if the changes in individual climatic
characteristics act simultaneously.

Impacts of climate change on crop growth and
development may be estimated by two different
methods. In experimental methods, the crop is
grown under controlled conditions (greenhouse
with controlled atmosphere, open top chambers,
etc.). An advantage of these methods is that all
required characteristics, such as the development

of individual parts of the plant, may be measured
directly. On the other hand, it may be too difficult
to ensure that the future weather conditions are
well represented. Moreover, these experiments
are usually very time and money consuming. In
light of these problems and due to ever increasing
capacity of computer technology and improve-
ments in mathematical modelling of physiologi-
cal processes, the numerical simulation methods
become more and more frequently used in climate
change impact studies. The crop models used to
simulate the growth and development of the maize
include CERES-Maize [Jones and Kiniry (1986);
used, e.g., by Iglesias (1995a, 1995b), Alexandrov
and Hoogenboom (1999); Bacsi and Hunkar
(1994); Dhakhwa et al. (1997); Makadho (1996);
Maytin et al. (1995); Mearns et al. (1992, 1996,
1997), Cuculeanu et al. (1999)], WOFOST
[Hijmans et al. (1994); used, e.g., by Wolf and
van Diepen (1995)], MACROS (Penning de Vries
et al., 1989), and EPIC [used, e.g., by Easterling
et al. (1993, 1998), Dhakhwa et al. (1997), Brown
and Rosenberg (1997)]. The crop models simulate
the development of individual parts of the plants,
commonly in daily steps. The input to the model
incorporates the parameters of the cultivar
(genetic coefficients), the field and soil character-
istics, the agrotechnological management details
(the most important are planting, fertilisation and
irrigation), and environmental conditions (con-
centration of CO, and time series of daily weather
characteristics). The effect of the climate change is
estimated by comparing model crop yields simu-
lated with use of weather series representing the
present climate and the changed climate (Fig. 1).
The weather series for the changed climate
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Fig. 1. The scheme of the crop model experiments used in
climate change impact studies



Climate change impacts on maize growth 87

conditions are obtained either by a direct
modification of observed weather series (Bacsi
and Hunkar, 1994; Dhakhwa et al., 1997; Maytin
et al., 1995; Mearns et al., 1992; Wolf and van
Diepen, 1995; Nonhebel, 1993, 1996) or with a
stochastic weather generator whose parameters
were derived from the observed weather series
and then modified according to the climate change
scenario (Cuculeanu et al., 1999; Dubrovsky et al.,
2000; Riha et al., 1996; Semenov and Porter, 1995;
Semenov and Barrow, 1997). The model simula-
tions are performed under two sets of conditions.
In unlimiting conditions, the plant is given as
much water and nutrients as it needs. In this case,
no water stress and nitrogen stress may occur, and
the resultant yields are referred to as the potential
yields. In limiting conditions, water and nutrients
supplies are limited and the stressed yields are
simulated. The climate change impact studies
focus on (i) impacts of an increased CO, concen-
tration on the crop growth and (ii) possible adapta-
tions through changes of the cultivar and sowing
dates. The latter issue is addressed, e.g., by Bacsi
and Hunkar (1994), Cuculeanu et al. (1999), Wolf
and van Diepen (1995), Easterling et al. (1993).

Maize is one of the most important agricul-
tural crops in the Czech Republic. It is grown
both for silage and food. The arable area is about
270000 ha for the silage and 30000 ha for the
grain maize, the average yields of the grain
maize were 4.6t/ha in 1986-1997. Recently,
the MACROS crop growth model was success-
fully validated and used to estimate potential
and water limited yields in various climatic
conditions (Zalud and Roznovsky, 1998). The
sensitivity of maize yields simulated by both
CERES-Maize and MACROS models to selected
hydrological parameters was analysed by St’astn4
and Zalud (1999). Parameterisation and valida-
tion of the CERES-Maize crop model was treated
in detail by St’astnd (1998).

The CERES-Maize crop model is used in
this study to assess the effect of the expected cli-
mate change (induced by an increase of green-
house gases concentration) on grain maize yields
in the most fertile area of the Czech Republic. The
paper follows the previous work by Dubrovsky
et al. (2000), which was focused on the validation
of the weather generator, validation of the vari-
ability of the CERES-Maize model yields simu-
lated with the use of synthetic weather series, and

the sensitivity analysis of the model yields to
changes in statistical structure of the input
weather series. However, since the crop yield pre-
diction was not the main aim of that paper, some
input parameters related to the cultivar, soil and
agrotechnical management were somewhat sim-
plified. On the contrary, in this paper, these param-
eters are specified with the greatest accuracy
available. The paper consists of the following
parts: Methodology, the models (crop growth
model and weather generator) and data (input
parameters for the crop growth model, daily
weather series, and the climate change scenarios)
are described in section 2, where the validation of
the crop model is also presented. The direct and
indirect effects of the projected increase of the
CO, concentration on the stressed and potential
yields are discussed in section 3. The impact on
other characteristics of the growth and develop-
ment are dealt with in section 4. Of the possible
adaptation responses to changed climate condi-
tions, the effect of shifted planting date on the crop
yields is studied in section 5.

2. Methods and data

2.1 Methodology

The climate change impacts on crop yields were
assessed with use of the crop growth model run
with weather series representing both the present
and changed climates (Fig. 1). In order that the
findings obtained by a comparison of model
yields for the different climates have a statistical
significance, multi-annual crop model simula-
tions were run for each scenario. The descriptive
statistics, such as means, standard deviations, and
quantile characteristics, were determined and
used for the impact assessment. This approach
is considered more decisive (in a statistical
sense) than the use of single values related to
individual years. Since the distribution of the
yields may be asymmetric and far from normal,
the use of quantiles might be more appropriate
because of their robustness. On the other hand, as
the sample estimates of the quantiles are loaded
by greater error, the means and standard devia-
tions may be more suitable in case the time series
is not long enough. Two approaches to the multi-
annual crop model simulations are used in this
study:



88 Z. Zalud and M. Dubrovsky

2.1.1 Direct modification approach

The crop model simulations are run with ob-
served pedological, physiological and cultivation
data specific for each individual year. Observed
weather series is used in the present climate
simulations. The weather series for simulations
in the changed climate is obtained by a direct
modification of observed series according to the
climate change scenario (Dubrovsky et al., 2000).
This method will be referred to as the direct
modification (DM) approach.

2.1.2 Weather generator approach

The input to the crop model consists of pedologi-
cal, physiological and cultivation data taken from
a single “representative’” year and the 99-year
synthetic weather series created by the stochastic
weather generator Met&Roll (Dubrovsky, 1997).
The representative year is defined by the site-typi-
cal values of all non-meteorological parameters
(including the planting date, soil profile and
details on the fertilisation regime) needed to run
the model. The parameters of the weather genera-
tor derived from the observed series are used to
generate weather series representing the present
climate. The parameters of the generator are mod-
ified in accordance with the climate change sce-
nario to generate series representing the changed
climate (Dubrovsky et al., 2000). This method
will be referred to as the weather generator (WQG)
approach.

In either approach, the stressed and potential
yields were calculated, and both direct and indi-
rect effects of increased CO, were assessed. In
the adaptation analysis (section 5), only the WG
approach was employed.

2.2 Crop model

Crop growth model CERES-Maize version 3.0
(Jones and Kiniry, 1986) is used in this study.
The model was developed within the frame of
IBSNAT (International Benchmark Sites Network
for Agrotechnology Transfer) project and was
run within the DSSAT [Decision Support System
for Agrotechnology Transfer, Hoogenboom et al.
(1994)] environment. The model was chosen
because of its ability to simulate both the stressed
yield, which is limited by the genetic potential

of the crop, temperature, solar radiation and
available water and nutrients, and the potential
yield, which is limited only by the genetic poten-
tial of the crop, temperature and solar radiation.
Moreover, the crop models from the CERES se-
ries are among the crop growth models, which
allow one to modify the ambient concentration
of CO,.

The CERES-Maize model is a mechanistic pro-
cess-based model, which increments crop growth
in daily steps. Modelled processes include (i)
phenological development, (ii) extension of
leaves, stems and roots, (iii) biomass accumula-
tion and partitioning, (iv) soil water balance and
water use by crop, (v) soil nitrogen transforma-
tion, uptake by the crop, and partitioning among
plant parts (Hunkar, 1994). The input data
required for the simulations include: (i) cultivar
characteristics (given in terms of genetic coeffi-
cients), (ii) field attributes (slope, drains, longi-
tude, latitude), (iii) soil characteristics (texture,
bulk density), (iv) planting details (date of seed-
ing, seeding population, row spacing, planting
depth), (v) management factors (tillage, irriga-
tion, fertilisation), (vi) series of daily weather
characteristics (sum of global solar radiation,
maximum and minimum air temperatures and
precipitation amount). More details may be
obtained, e.g., in Jones and Kiniry (1986),
Hunkar (1994), Iglesias (1995a), and Maytin et al.
(1995).

2.3 Input data to the CERES-Maize model

The model input data are based on the field
experiments made during 1980-1996 at the
Zabgice experimental station operated by the
Mendel University of Agriculture and Forestry.
The station is situated in the southeast of the
Czech Republic (49°01'N, 16°37'E, 179 m above
sea level), which is one of the warmest and driest
regions of the country. The 1961-1990 mean
annual temperature is 9.3°C, and the mean
annual precipitation during the same normal pe-
riod is 480 mm (Roznovsky and Svoboda, 1995).
Most of the parameters required as an input to
the crop model simulation were measured and
archived at this site. The model simulations
are run at three ambient CO, levels: 1 x CO,,
1.5 x CO, and 2 x CO, levels relate to present
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CO, concentration (330 ppm) and concentrations
increased by 50% and 100%, respectively.

2.3.1 Crop variety

The genetic characteristics of the crop variety are
expressed in terms of five genetic coefficients,
which describe the physiological processes
(photosynthesis, respiration, and others) for an
individual crop (Maytin et al., 1995): P1 — dura-
tion of the juvenile phase [accumulated degree-
days (base 8°C) during the non-reproductive
phase of the cultivar]; P2 — sensitivity of photope-
riod [coefficient (in hour ~ ') to represent changes
in development rate as a function of day-length];
P5 — duration of the kernel filling period [accumu-
lated degree-days (base 8 °C) in the linear phase of
filling]; G2 — maximum number of kernels per
plant (obtained at optimum temperature with no
water or nutrient stress); G3 — maximum rate of
kernel filling (in mg day ' per kernel, also
obtained at optimum temperature with no water
or nutrient stress). The cultivar used in this study
is Dea (origin PIONEER 3839, licensed from
1982), which is a middle early, two line hybrid
with a FAO number of 300. Its advantages include
higher resistance against diseases (especially
against Ustilago maydis) and drought. The aver-
age number of cobs per plant is 1.00, located at
96—107 cm above a soil surface, their average
length being 16—20 cm. The cobs contain 14 rows
of grains, each of them having 24—38 grains. The
average weight of a single grain is approximately
0.31g. The plant develops 12—15 leaves, their
mean length and width being 69 cm and 8.6 cm,
respectively. The stem creates practically no off-
shoots and its height reaches 230-260 cm. The
recommended number of plants per hectare ranges
from 80 000 to 85 000.

2.3.2 Soil parameters

The soil type of the experimental field is described
as Oxyaquic Cryofluvents according to the classi-
fication of the US Department of Agriculture (Soil
Survey Staff, 1975). The soil parameters were
determined by KarpiSek and Prax (1989). The
upper 0-28cm soil layer is classified as Ap,
coarse subangular blocky, clay loam texture, dark
brown colour and abrupt boundary. The soil layer
at 28-35cm is Ao, medium granular, silty clay

texture, dark brown colour and clear boundary.
The 35—-61 cm layer is C1, coarse angular, up to
50cm silty clay, below 50cm clay loam tex-
ture, brown colour and gradual boundary. The
61-80 cm layer is C2, no observable aggregation,
up to 70 cm loam, below 70 cm clay loam texture,
greyish brown colour and gradual boundary. The
last layer below 80 cm is classified as Cg, coarse
angular and grey colour.

2.3.3 Weather and climate data

Observational daily series of TMAX, TMIN
and PREC were measured at the Zab¢ice meteo-
rological station, located approximately 1km
from the experimental field. Daily sums of global
solar radiation (SRAD) were taken from the
nearby (40km apart) station at Kucharovice.
Time-parallel measurements at Zabcice and
Kucharovice during one year (1993) have shown
that the mean and the standard deviation of the
difference between the daily solar radiation sums
measured at the two stations are 0% and 10%,
respectively. This is considered to be a sufficient
accuracy for using the Kucharovice radiation
data. Annual cycles of selected climatological
characteristics of the Zabgice station are shown
in Fig. 2; a more detailed table is presented in
Dubrovsky et al. (2000).
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Fig. 2. The mean annual cycle of monthly climatic charac-
teristics measured at Zabéice (except for the solar radiation,
which was taken from the neighbouring station, 40km
apart) in 1961-1996. SRAD, TMAX, TMIN, PREC are
monthly means of daily sum of global solar radiation
[MJm %], daily maximum and daily minimum temperature
[°C], and daily sum of precipitation [mm]; P(PREC >0) is
the mean probability of wet day occurrence
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2.3.4 Other input data

The planting details, management factors and
fertilisation regime were set a) individually for
each year in the validation experiment (sec. 2.4)
and in the experiments made in the DM
approach, b) constant for all simulation years
in case of the experiments made in the WG
approach. In both approaches, all these input data
(except for the planting date in experiments made
in section 5) were the same for all the climate
change and CO, scenarios. In the DM approach,
the planting date varied between April 24 and
May 18, and three to four fertilisation dosages
were applied (the total amount of nitrogen varied
between 70 and 175 kg/ha) during the vegetation
period. In the WG approach, the planting date
was May 6, and four fertilisation dosages were
applied (total amount of nitrogen was 110kg/ ha).
Details on the previous crop, residue, tillage,
rotation and chemical application were set
according to the historical records. No irrigation
was applied.

2.4 Validation of CERES-Maize model

In order that the crop growth model may be used
in a climate change impact study, a proper vali-
dation must precede.

The grain yields simulated by the crop growth
model with use of measured pedological, physio-
logical, cultivation and meteorological data are
compared with the observed grain yields in
Fig. 3. Observational data from 17 years were
available. The figure shows that the model yields
fit the observed yields well for most of the years.
On average, the model yields overestimate the
observed yields by 17% and the standard devia-
tion of the ratio of model to observed yield is
32%. The systematic overestimation could be
caused by the occurrence of the non-simulated
factors, such as harvest losses, pest and diseases,
or by the occurrence of extreme weather events.
The greatest departures of the model yields from
those observed appear in 1981 and 1991, and are
most probably related to the occurrence of
extreme floods. After omitting these two years,
we find that the model yields overestimate those
observed by 12% on average and the standard
deviation of the ratio of model to observed
yield drops to an acceptable level of 11%. After
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Fig. 3. Validation of the model yields simulated by
CERES-Maize. The numbers inside the circles indicate
the years. The fit between the observed and modelled yields
is expressed in terms of the correlation coefficient (cor) and
the coefficient of determination (R?)

omitting years 1981 and 1991, the difference
between the model and observation is less than
20% (15%, 10%) in 87% (60%, 40%) of cases. If
the model yields are corrected for the systematic
error (i.e., the model yields are lowered by 12%)
the fraction of the cases with deviations less than
20% (15%, 10%) increases to 100% (73%, 67%).
Overall, the fit between the simulated and ob-
served yields is considered satisfactory and cor-
responds to studies by other authors (Hunkar,
1994; Koestl, 1995; Weiss and Piper, 1992;
Dhakhwa et al., 1997; Iglesias, 1995a; Guevara
et al., 1999).

2.5 Climate change scenario

Regarding the limited availability and reliability
of GCM data, the climate change scenario was
constructed in a mixed way (Nemesova et al.,
1999). The 2 x CO, scenario (Fig. 4) consists
of coefficients, which prescribe changes in the
means of SRAD, TMAX, TMIN and PREC, and
changes in standard deviations of TMAX and
TMIN. The -coefficients relate to individual
months. The changes in the means of daily
extreme temperatures are defined as the differ-
ences between the means of respective character-
istics derived from GCM [model ECHAM,
version 3/T42, described in DKRZ (1993)]
simulations of 2 x CO, and 1 x CO, climates.
The changes in the standard deviations of TMAX
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Fig. 4. The climate change scenario for 2 x CO, conditions
(adopted from Nemesova et al., 1999). d[E(TMAX)] and
d[E(TMIN)] are additive changes of monthly means of daily
maximum and daily minimum temperature, d[s(TMAX)]
and d[s(TMIN)] are percentage increments to the standard
deviations of TMAX and TMIN, d[SRAD] is a percentage
increment to daily sum of global solar radiation, and
d[PREC] is a percentage increment to the daily precipita-
tion sum

and TMIN are defined as the ratios of the stan-
dard deviations of the respective characteristics
derived from the two GCM simulations. The data
from the nearest GCM grid point (48°50'N,
16°52’E), which nearly coincides with the
Zabcice station, were used to define the changes
in temperature characteristics. Since the GCM
output for SRAD was not available, the changes
in global solar radiation were determined with
use of statistical relations among monthly means
of SRAD, TMAX and TMIN. Because of a signif-
icant misfit between the observed and GCM-
simulated precipitation data, the scenario of
changes in precipitation sums is based on both
findings of the IPCC (IPCC, 1996) and the results
of ECHAM validation tests (NemeSova et al.,
1998). The 1.5 x CO, scenario was derived from
the 2 x CO, scenario by multiplying the incre-
ments displayed in Fig. 4 by 0.5.

2.6 Daily weather series

The daily weather series for the two methods
outlined in section 2.1 are produced in two dif-
ferent ways. In the DM approach, the weather
series representing changed climate conditions
is derived from the observed series by modifying

the four weather variables by increments taken
from the climate change scenario. Maximum
and minimum temperatures are modified addi-
tively, daily sums of precipitation and solar
radiation are modified multiplicatively. In this
approach, variability of temperature for a given
day of the year, frequency of wet day occurrence,
and lag-1 correlations and cross-correlations
among the four daily weather characteristics
remain unchanged. In using the multiplicative
modification, daily variabilities of solar radiation
and precipitation are implicitly modified by the
same coefficient as the mean daily values.

In the WG approach, weather generator
Met&Roll (Dubrovsky, 1997) was used. Its pa-
rameters are derived from the observed weather
series in the first step. The parameters include (i)
the means and standard deviations of SRAD,
TMAX and TMIN, determined separately for
wet and dry days for each day of the year, (ii)
lag-0 and lag-1 correlations among the standard-
ised (conditionally on a wet day occurrence)
values of SRAD, TMAX and TMIN (annual cycle
of the correlations is not considered), (iii) the
probability of a wet day occurrence and the
probability of a wet day following a dry day
(monthly), (iv) the parameters of the Gamma
distribution for modelling daily precipitation
amount (monthly). The set of unmodified param-
eters is then used to generate series for present
climate conditions. To generate series represent-
ing changed climate conditions, the parameters
of the generator are modified according to the
climate change scenario.

Weather generator Met&Roll was validated in
previous studies in two ways. Firstly, the stochas-
tic structure of the synthetic series was com-
pared with the structure of the observed series
(Dubrovsky, 1996, 1997). Validation tests
revealed some discrepancies in the statistical
structure of synthetic weather series, the most
important being: (i) The frequency of occurrence
of long dry spells, extreme daily precipitation
amounts and the variability of monthly means
are underestimated by the generator. (ii) Correla-
tions and lag-1 correlations among weather
characteristics exhibit a significant annual cycle
not assumed by the model. On the whole, the best
fit between the observed and synthetic weather
series is experienced in summer months.
Secondly, it was tested how the discrepancies
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in the stochastic structure affect the variability of
the model yield (Dubrovsky et al., 2000). In this
experiment, the variability of the model yields
simulated with the observed series from 17
Czech stations was compared with the variability
of the model yields simulated with use of syn-
thetic weather series. No statistically significant
difference was revealed, and it was therefore
concluded that the weather generator is appli-
cable for the CERES-Maize simulations.

3. Direct and indirect effects
of increased CO, on crop yields

The time series of the model grain yields simu-
lated in the DM approach at various combinations
of ambient CO, levels and weather regimes are
displayed in Fig. 5 (stressed yields) and Fig. 6
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(potential yields). The summary statistics for the
17-year runs made in the DM approach and for the
99-year runs in the WG approach are given in
Table 1 and graphically displayed in Figs. 7 and
8. The variability of the grain yields simulated in
the WG approach is expressed in terms of quan-
tiles (Fig. 8), which give better insight into the
variability but cannot be used with the DM
approach (Fig. 7) because of the shortness of the
simulation series. The results displayed in the
figures and in Table 1 show the following:

3.1 Indirect effect

The indirect effect of increased CO, on stressed
crop yields in individual years may be seen in
Fig. 5a,b. Regarding the method of obtaining
the weather data for the changed CO, level, it
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Fig. 5. Time series of stressed grain yields simulated at various levels of direct and indirect CO, effects. The weather series
for 1.5 x CO, and 2 x CO, climates were obtained by direct modification of observed weather series (Zabgice, 1980-1996).
a) present level of ambient CO, and weather regimes related to three CO, levels; b) as (a) but for doubled ambient CO,; ¢)
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Table 1. Summary statistics of the stressed and potential model yields obtained in DM and WG approaches. The “CO, for the
indirect effect” indicates the concentration of CO, (with respect to the baseline concentration) used to drive the climate change
scenario (sec. 2.5), the “CO, for the direct effect” indicates the concentration of ambient CO,. The magnitudes of the
direct/indirect/both effects are given in terms of the ratios of the means of the respective yields and the yields obtained with the
zero direct/indirect/both effects. Z(avg) is the index of production potential (Eq. 1)

CO, for the indirect effect 1x 1x 1x 1.5 x 1.5 % 1.5 x 2 % 2 x 2 %
CO, for the direct effect 1x 1.5 x 2 x 1x 1.5 % 2 x 1x 1.5 x 2 X

a) stressed yields, DM approach:

avg [kg/ha] 7037 8706 9955 5948 7702 9143 5010 6616 8332
std [kg/ha] 1567 1380 1244 1814 1972 1809 1438 1804 2100
std/avg [%] 22 16 12 31 26 20 29 27 25
direct effect 1.00 1.24 1.41 1.00 1.29 1.54 1.00 1.32 1.66
indirect effect 1.00 1.00 1.00 0.85 0.88 0.92 0.71 0.76 0.84
both effects 1.00 1.09 1.18
Z(avg) 0.61 0.73 0.80 0.51 0.63 0.72 0.41 0.53 0.63
b) potential yields, DM approach:

avg [kg/ha] 11482 11962 12515 11677 12167 12761 12044 12555 13133
std [kg/ha] 1704 1743 1836 1427 1485 1553 1608 1678 1743
std/avg [%] 15 15 15 12 12 12 13 13 13
direct effect 1.00 1.04 1.09 1.00 1.04 1.09 1.00 1.04 1.09
indirect effect 1.00 1.00 1.00 1.02 1.02 1.02 1.05 1.05 1.05
both effects 1.00 1.06 1.14
c) stressed yields, WG approach:

avg [kg/ha] 7777 9494 10581 6665 8374 9718 5666 7439 9127
std [kg/ha] 1950 2025 1676 1814 1675 1459 1687 1795 1629
std/avg [%] 25 21 16 27 20 15 30 24 18
direct effect 1.00 1.22 1.36 1.00 1.26 1.46 1.00 1.31 1.61
indirect effect 1.00 1.00 1.00 0.86 0.88 0.92 0.73 0.78 0.86
both effects 1.00 1.08 1.17
Z(avg) 0.68 0.79 0.84 0.59 0.72 0.79 0.52 0.65 0.76
d) potential yields, WG approach:

avg [kg/ha] 11486 11960 12546 11227 11703 12272 10999 11470 12049
std [kg/ha] 1927 2015 2120 1716 1789 1878 1673 1743 1836
std/avg [%] 17 17 17 15 15 15 15 15 15
direct effect 1.00 1.04 1.09 1.00 1.04 1.09 1.00 1.04 1.10
indirect effect 1.00 1.00 1.00 0.98 0.98 0.98 0.96 0.96 0.96
both effects 1.00 1.02 1.05
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Fig. 8. Similar as the previous figure but the summary sta-
tistics of the grain yields were derived from the 99-year crop
growth simulation run in the WG approach and are expressed
in terms of quantiles. The bars represent 5%, 25" (lower
quartile), 50 (median), 75™ (upper quartile), and 95" mem-
ber from the set of values arranged in an ascending order

is assured in the DM approach that the values of
the weather characteristics for a given year in the
1.5 xCO, climate are always between the

values related to the 1xCO, and 2 x CO,
climates. However, although the changes in
weather characteristics related to increased CO,
tend to reduce the stressed yields (Fig. 7, Fig. 8),
the model yields do not follow this trend in some
years (see, e.g., yields in 1987 and 1991 dis-
played in Fig. 5b). The analogous analysis
applied to the time series of the potential yields
(Fig. 6) shows that the relationship between the
model potential yields and weather is even more
complex. On average, the stressed yields de-
crease due to the indirect effect of doubled
CO; by 14% (2 x CO, in the atmosphere, WG
approach) to 29% (1 x CO, in the atmosphere,
DM approach). This decrease is assumed to be
due to the rise of temperature sums and a resul-
tant shortening of individual phenological phases
not allowing for an optimal development of the
crop. Moreover, the simultaneous decrease of
summer precipitation and increase of potential
evapotranspiration (due to increased temperature
and solar radiation) imply an elevated water
stress (Fig. 9c) that also contributes to a reduc-
tion of the yields. Due to the lack of the effect
of increased water stress, the magnitude of the
indirect effect on potential yields is significantly
lower: slightly negative in the WG approach
(Fig. 8) and even slightly positive in the DM
approach (Fig. 7).

3.2 Direct effect

An increased concentration of ambient CO,
implies higher yields (Fig. 5c,d; Fig. 7; Fig. 8).
As given in the introduction, this increase is
contributed to by the intensified photosynthesis
and (in the case of limited yield only) improved
WUE. As the magnitude of the latter mechanism
depends on water available, the increase of the
yields in the years with sufficient precipitation
during the vegetation period (1984, 1985, 1987,
1991) is less pronounced compared to the “dry”
years (1983, 1994, 1995). Since the water avail-
ability affects only stressed yields, the magni-
tude of the direct effect on the potential yields
(9-10% increase in the 2 x CO, atmosphere)
is only due to the intensified photosynthesis,
and accordingly lower than for the stressed
yields. Comparing the magnitudes of the direct
effect on the stressed and potential yields
(Table 1), we can see that the effect of better



Climate change impacts on maize growth 95

2W/2C gz

1W/2C

2W/1C &

m5
%3

1W/1C %

0 10 20 30 40 50 60 0
a) duration [days] b)

3000 6000 9000
D (biomass) [kg/ha]

N2
1
=

Fig. 9. The means of the crop growth charac-
teristics related to the five phenological phases
(indicated by numbers 1-5 in the legend box).

The characteristics were calculated from the
99-year crop model simulations performed in
the WG approach at two levels of ambient
CO; (1 x CO, and 2 x CO, levels are labelled
by 1C and 2C on the ordinate) and present and
2 x CO, weather conditions (labelled by 1W

1w/1C

and 2W). The four panels relate to a) duration
of the phenological phase, b) an increment to

0 01 02 03 04 05 0 0.1
) water stress d)

WUE is much greater than the effect of intensi-
fied photosynthesis. Contrary to the indirect
effect, the changes of the yields are approxi-
mately proportional to the change in ambient
CO, concentration (Fig. 5c,d).

3.3 Combined effects of CO, change

It may be noted that the direct and indirect
effects of increased CO, on stressed yields are
not additive. The mean stressed yields simulated
in the DM approach (Table 1, Fig. 7) decrease
due to the indirect effect of doubled CO, by 29%
(from 7037 to 5010 kg /ha) in the present ambient
CO; concentration, but only by 16% (from 9955
to 8332kg/ha) in the 2 x CO, atmosphere. The
mean stressed yields increase due to the direct
effect of doubled CO, by 41% (from 7037 to
9955kg/ha) in 1 x CO, weather, but by 66%
(from 5010 to 8332kg/ha) in 2 x CO, weather
conditions. Similar trends are obtained in the
WG approach (Fig. 8). These results may indi-
cate that the reduction of the yields due to the
water stress (as a result of the indirect effect) will
be lower in the 2 x CO, atmosphere, or, from a
different point of view, the positive effect on the
yields of the better WUE due to increased CO,
will be greater in 2 x CO, weather conditions.
The magnitude of the direct effect of increased

nitrogen stress

the biomass, ¢) index of the water stress (value
0.3 within (0,1) interval), and d) index of the nitro-
gen stress (value within (0,1) interval)

CO, is greater than the magnitude of the indirect
effect, so that the superposition of both effects
implies positive change in maize yields in in-
creased CO, conditions. The mean model
stressed yields increase by 17-18% in 2 x CO,
conditions and the trends are almost identical in
both DM and WG approaches. The potential
yields increase by 5-14% in 2 x CO, con-
ditions, the trends obtained in WG approach are
lower compared to the trends obtained in DM
approach.

3.4 Effect of the CO, change
on the variability of the model yields

The variability of the model stressed yields
(expressed in terms of the coefficient of varia-
tion, which is defined as a ratio of the standard
deviation to the average) decreases due to the
direct effect of increased CO, but increases due
to the indirect effect of increased CO,. These
changes are assumed to be related to the water
stress, the intensity of which is negatively (posi-
tively) correlated with the intensity of the direct
(indirect) effect. The increasing intensity of the
water stress reduces the mean yields but
enhances the variability of the yields. If both
direct and indirect effects are combined, variabil-
ity tends to increase (from 22% in 1 x CO,
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conditions to 25% in 2 x CO, conditions) if
simulated in the DM approach but tends to
decrease (from 25% to 18%) if simulated in the
WG approach.

3.5 Comparison of results obtained
in DM and WG approaches

The means of the stressed yields obtained in the
WG approach are by 10% greater on average
than the yields obtained in the DM approach.
This corresponds to the choice of the representa-
tive year whose parameters were based on year
1989 which exhibited about 10% greater yields
compared to the average yield. Importantly, the
ratio of the WG mean to DM mean exhibits no
significant relationship with CO, change, which
implies that the trends in the mean yields due to
the direct and indirect effects are similar in both
approaches (paragraphs a and ¢ of Table 1). The
results of the F-test suggest that the differences
between the variabilities (expressed in terms of
the coefficient of variation) of the stressed yields
obtained in the two approaches are statistically
significant but the explanation is not apparent to
the authors. It may be just noted that the number
of the yields used to calculate a single statistic in
the DM approach is much lower compared to the
number of values available in the WG approach
(17vs. 99), so that the statistics obtained in the
WG approach are loaded by a lower sampling
error and thus should be given greater weight
in assessing the trends. In addition, the variability
of DM yields may be affected by the interannual
variability of non-meteorological parameters,
which are held constant in the WG approach.
This should result in greater variability of
DM yields, which may be observed in the
1.5 x CO, and 2 x CO, climates. As for the po-
tential yields, the magnitude of the direct effect
is about the same in both the WG and DM
approaches; the indirect effect is slightly negative
in the WG approach but slightly positive in the
DM approach.

3.6 Stressed vs. potential yields

The effects (both direct and indirect) of varying
CO, on potential yields are much less pronounced
than those in water and nutrient limited conditions
(stressed yields). For example, the direct effect of

doubled CO, on potential yields is 9-10% (com-
pare with 36—66% in stressed conditions) and the
indirect effect is +5% in the DM approach
(compare with — 16 to —29% in stressed condi-
tions) and —4% in the WG approach (compare
with — 14 to —27% in stressed conditions). In
contrast with the stressed conditions, the direct
and indirect effects on potential yields are
mutually additive: the magnitude of the direct
effect is the same for all weather regimes, and
the magnitude of the indirect effect is the same
for all ambient CO, levels. This is explained by
the water stress, which causes unlinearities in
trends of the stressed yields but is absent in simu-
lating the potential yields. For further interpreta-
tion, the index of production potential, Z, is
introduced. The value of the index is defined as
a ratio of stressed (Ys), and potential (Yp) yields
under given weather conditions (w) and ambient
CO, concentration (c):

_ Ys(w,c)
Yp(w,c)

This index may serve as a measure of impacts of
limiting factors on the grain yields. In case of the
field experiment the value of Z is always greater
than 0% and lower than 100%. The zero value of
Z would mean that the stress totally inhibits the
growth, Z=100% would mean that no stress
affects the yields. It can be seen from Table 1
that Z increases with increasing intensity of the
direct effect but decreases with increasing inten-
sity of the indirect effect. This behaviour relates
to the water stress, which decreases due to the
direct effect of increased CO, but increases due
to the indirect effect. If both the effects are com-
bined, the value of Z slightly increases with
increasing COs,.

Z(w,¢) x 100% (1)

4. Effect of CO, change on other
growth and development
characteristics

The studies of climate change impact on crops
are mostly concerned with yields. However, bio-
mass growth, occurrence of the water and nitro-
gen stresses during individual growth phases,
duration of the phases, and maximum leaf area
index (LAImax), are also worth mentioning in
the impact assessments. The mean values of
selected characteristics related to the five growth
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phases (considered by the CERES-Maize model)
and the whole growing period, two climate
scenarios and two ambient CO, levels are shown
in Figs. 9 and 10. The five phases are: (i) from
emergence to the end of juvenile phase, (ii) from
the end of juvenile phase to the floral initiation,
(iii) from the floral initiation to the end of leaf
growth, (iv) from the end of leaf growth to the
beginning of grain filling, and (v) the grain filling
phase. The figures indicate:

4.1 Direct effect

(i) The duration of individual phenological phases
(Fig. 9a) and LAImax (Fig. 10d) are nearly inde-
pendent of the concentration of CO, in the atmo-
sphere. (ii) More biomass (increases by 23% and
37% in present and 2 x CO, weather conditions,
respectively; Fig. 10b) and grain yield (increases
by 36% and 61% in present and 2 x CO, weather
conditions, respectively; Fig. 10c) are expected if
the ambient CO, concentration is doubled. The
increase is mostly related to the improved WUE,
which nearly eliminates the water stress in the 4t
and 5™ growth phases (Fig. 9c). The changes in
biomass growth are expected only in these two
phases (Fig. 9b).

4.2 Indirect effect

(i) Increasing temperature sums will result in
shortening the crop phenological development
(Fig. 9a). All phenological phases (except for
the second one, which lasts 4 days on average
and will not be affected) will be shortened. The
5™ phase is reduced most significantly, by 40%.
The physiological maturity (Fig. 10a) will be

|

0 05 1 15 2 25
LAImax

ing), b) the total biomass at the harvest maturi-
ty, ¢) the grain yield, and d) the maximum
value of the leaf area index

achieved by 39 days sooner: it drops from 139
to 100 days. (ii) The biomass will be reduced by
15% (6%) and the grain yields by 27% (14%) in
the present (doubled) ambient CO, concentra-
tions (Fig. 10b,c). The reduction of the biomass
is mainly due to a shortening of the fifth pheno-
logical phase and significant increase of the
water stress in this phase (as a result of increased
temperatures, increased intensity of solar radia-
tion and decreased precipitation).

5. Adaptation to climate change
by shifting the planting date

Up to now, it was assumed that all input param-
eters except for the weather series and ambient
CO, concentration are constant. However, the
yields may apparently be modified by various
management responses, such as adjustments in
fertilisation and irrigation regimes, shifting the
planting date, or using other cultivar. Only the
shift of the planting date (PD) is considered in
the present study.

The 99-year crop model simulations were run
in the WG approach for two levels of ambient
CO, (present and doubled concentrations) and
two climates (present and 2 x CO, climates), at
water and nutrient limited conditions. The value
of PD was varied within the interval (Dy— 60
days, Do+ 30 days), where Dy=126 (May 6)
is the planting date of the “‘representative year”.
The results displayed in Fig. 11 show:

(i) The model grain yields simulated in the pres-
ent climate and ambient CO, concentration
(Fig. 11a) are rather insensitive to small
changes in PD. Specifically, the median of
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(ii)

the yields remains nearly constant if PD var-
ies within (Dg— 60 days, Do+ 18 days). In
case of the earlier PD, the probability that
the yield is damaged by a spring frost in-
creases: one zero yield occurs in the 99-year
series if PD =Dy, but three (six) zero yields
occur if PD=Dy—36 (Dy—60). On the
other hand, if the planting date is delayed
beyond Dy, the grain yields tend to decrease
due to the occurrence of the autumn low
temperatures, which precociously terminate
the grain filling phase. In the case of the
planting date delayed by 1 month, the aver-
age grain yield decreases by 11%.

The decreases of the yields resulting from
the changes in daily weather conditions
in the 2 x CO, climate, especially from the

increased temperature, might be mitigated by
applying earlier planting terms (Fig. 11b,d).
However, the mitigation is only partial, as
the high temperatures occurring at the later
phases of the crop development cannot be
avoided by earlier planting. In the case of
the one month earlier planting date, the mean
duration of the growing period is prolonged
from 100 days to 117 days (compare to 140
days in 1 x CO, climate) and the mean
yields are increased by 775 kg/ha at present
ambient CO, (Fig. 11b; note that the graphs
display quantile characteristics but the mag-
nitudes of the indirect effect are calcu-
lated from the means), and by 402 kg/ha at
doubled ambient CO, (Fig. 11d). This means
that the negative indirect effect of doubled
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CO, manifested by a 27% decrease of the
stressed yields simulated in the WG
approach at present ambient CO, (Table 1)
is reduced to 17%, and the 14% decrease at
doubled CO, is reduced to 10%. Surprisingly
in the first sight, the frequency of a frost
damage is greater in the 2 x CO, climate,
which exhibits warmer temperatures com-
pared to the present climate. This paradox
may be explained partly by a faster develop-
ment of the plants in 2 x CO, climate, which
implies that the individual phenological
phases start sooner, and partly by a random-
ness involved in generating the synthetic
weather series. The randomness affects the
sample frequency of occurrence of spring
frosts, but the differences in the frequencies
of occurrence of zero yields between the
present and 2 x CO, climates cannot be con-
sidered statistically significant.

6. Conclusion

The impacts of increased concentration of atmo-
spheric CO, on grain maize yields were anal-
ysed. The analysis was based on the multi-year
CERES-Maize crop model simulations run with
daily weather series obtained alternatively by a
direct modification of observed weather series
and a stochastic weather generator. Two effects
of increased CO, were distinguished. The direct
effect, which is related to the functioning of CO,
in the ambient air, is manifested by an increased
rate of photosynthesis and an improved water
use efficiency. The indirect effect is related to
weather conditions, which will change due to
the increase of greenhouse gases concentration.
To show the role of the two CO, effects, the
scenarios linking their different levels (present
level, CO, increased by 50%, CO, increased by
100%) were employed in this paper. The core
experiments were those, in which the CO, con-
centration for both direct and indirect effects of
increased CO, was the same. As the model yields
are affected by water and nitrogen stresses,
which depend on weather conditions in a rather
complex manner, and, moreover, may be miti-
gated by adjustments in the irrigation and fertil-
isation regime, the yields were simulated in
two model settings. The stressed yields were

modelled with water and nutrient routines
switched on, and the potential yields were mod-
elled with the water and nutrient routines
switched off. In the latter settings, the crop is
given as much water and nutrients as it needs.
The main results obtained in this study may be
summarised in the following points:

(i) The validation tests show a very good fit
between the observed and modelled yields
of maize. After omitting the two most ex-
treme misfits (probably originating from
extreme floods), the accuracy expressed in
terms of the standard error is 11%, which is
comparable with other studies.

(i) The magnitude of the indirect effect related
to changed weather conditions is negative.
The stressed yields decrease by 27-29% in
the present concentration of ambient CO,,
and by 14-16% in the 2 x CO, atmosphere.
The increased temperature will shorten the
phenological phases and will not allow for
an optimal development of the crop. The
simultaneous decrease of precipitation and
increase of temperature and solar radiation
sums will further reduce the yields through
deepening the water stress. Since the magni-
tude of the indirect effect is closely related to
the site-specific climatic conditions and the
climate change scenario employed, the com-
parison with other studies has only limited
information value. Nevertheless, it may be
noted that Bacsi and Hunkar (1994) report
changes in maize yields from — 14to + 7%
using three GCM-based climate change
scenarios and the DM approach. Similarly,
Iglesias (1995b) used five GCM-based cli-
mate change scenarios and five locations
in Spain to simulate maize yields under
increased CO,. Although the direct effect
of increased CO, was included, the maize
yields decreased (by 2 to 27%) for all sce-
narios and locations. The decreases were
attributed mainly to shortened crop growth
phases due to the increased temperatures.

(iii)) The magnitude of the direct effect of in-
creased CO, on stressed yields is a result
of a superposition of two mechanisms: in-
tensified photosynthesis and better WUE.
The stressed yields increase by 36—41%
(the two numbers relate to the WG and
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DM approaches) due to the direct effect in
the present climate and by 61-66% in the
2 x CO, climate. The values obtained in
the 2 x CO, climate are higher because the
water stress is higher and the positive effect
on the yields of improved WUE is more
pronounced. The obtained values may be
compared to results by other authors. For
example, Dhakhwa et al. (1997) found in
their crop simulation experiments that the
direct effects of elevated CO, concentration
varied for different plant components; the
yield increased by 18% (CERES-Maize
model) and by 14% (EPIC model) in
doubled ambient CO,. Wolf and van Diepen
(1995) report 0% (at Brindisi in Italy) to
46% (at Orleans, France) increase in maize
yields due to the increase of CO, from 353
to 550 ppm. Brown and Rosenberg (1997)
used EPIC to simulate maize yields in three
locations under various climate sensitivity
scenarios and found the yields to increase
by 6—19% as the CO, increased from 350
to 550 ppm. These numbers, however, relate
to stressed yields and are therefore affected
by changes in water stress, which may differ
for individual sites and climate scenarios
used.

The positive direct effect of doubled CO,
dominates over the negative effect of
changed weather conditions. In result, the
stressed yields would increase in 2 x CO,
conditions by about 17-18% if both the
direct and indirect effects were considered.
The decrease of the mean yields due to the
indirect effect of doubled CO, may be
reduced by one third if the maize is planted
1 month sooner (compared to the planting
date of the representative year). Applica-
tion of the earlier planting date would
result thus in an additional 4% increase of
the yields in 2 x CO, conditions.

The impacts of doubled CO, on potential
yields are less pronounced than the impacts
on the stressed yields. The lower magni-
tude of the indirect effect (the yields
change by —4 to +5%) is related prob-
ably to the water stress: The stress
increases in the 2 x CO, climate, thereby
reducing the yields simulated under water
and nutrient limited conditions, but does
not affect the potential yields. The lower

(vii)

magnitude of the direct effect of doubled
CO, (9-10% increase of the yields) is
related to a missing additional effect of
improved water use efficiency, which
increases the stressed yields but does not
apply in water and nutrient unlimited con-
ditions. Superposition of both direct and
indirect effects of doubled CO, results in
the 5—-14% increase of the potential yields.
The increase of the potential yields found
in the present study contradicts Wolf and
van Diepen (1995) who used the WOFOST
crop model and report no direct effect of
increased CO, on the potential yields.
The disagreement may be explained by the
use of different methods to incorporate the
direct effect of CO, in the two crop models.
The results obtained in the two approaches
(DM and WG) are similar. Although the
values of the mean yields differ, the percent-
age changes mostly exhibit the same beha-
viour. The differences between the results
obtained in the two approaches may be
attributed to the differences between the
input data used: (a) The usage of the repre-
sentative year in the WG approach may
cause a systematic deviation of the mean
yields. In addition, it implies that the non-
meteorological input parameters do not vary
from year to year in contrast with the DM
approach and reality. On the other hand, it
may be noted that the non-meteorological
input data (e.g., planting date and fertilisa-
tion regime), which are varied in depen-
dence on the weather regime in reality,
need not be optimal if the weather series is
modified but other settings of the crop simu-
lation experiment are left unchanged
(although different for individual years).
(b) The changes in variability of daily
extreme temperatures and solar radiation
included in the climate change scenario
were taken into account in the WG approach
but not in the DM approach. This may con-
tribute to some discrepancies regarding the
effect of the variability of weather character-
istics on crop yields (Dubrovsky et al.,
2000). (c) The number of values used to cal-
culate a single statistic for a given scenario is
limited by the length of the observational
series in the DM approach. In the present
study, this length is 17 years which is much
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lower compared to 99 years used in the WG
approach. In result, the statistics obtained in
the WG approach are loaded by a lower sam-
pling error. In summary, both approaches
appear to be valuable tools in assessing cli-
mate change impacts on crop yields and
have their important advantages. The supe-
riority of the DM approach is the intensive
usage of all (both weather and non-weather)
observed data. This (a) allows one to better
account for the interannual variability of
all input parameters, and (b) eliminates the
necessity to approximate the statistical
structure of the weather series by the model,
which cannot reproduce all statistical prop-
erties of the weather series. On the other
hand, the employment of the generator
allows (a) running longer crop simulation
experiments, thereby achieving higher accu-
racy of model summary statistics, and (b)
making more detailed sensitivity analyses
with respect to changes in a broad spectrum
of climate characteristics (Dubrovsky et al.,
2000). Moreover, since the parameters of the
generator may be interpolated in space rela-
tively easily (Guenni, 1994), the impact
analysis may be performed even if the suffi-
ciently long observed weather series is not
available for the location.

To conclude, it may be stated that the results
are in good agreement with the rules governing
the growth and development of the crop. Specif-
ically, the increases or decreases of the stressed
and potential yields may be logically explained
by effects of a changed weather regime and
changed ambient CO, concentration on the dura-
tion of growing period, water stress occurrence
and photosynthesis rate.
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