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Abstract

Wheat grain production in the main arable areas of the EC was calculated with a simulation
model, WOFOST, using historical weather data and average soil characteristics. The sensitivity of
the model to individual weather variables was determined. Subsequent analyses were made using
climate change scenarios with and without the direct effects of increased atmospheric CO.,. The
impact of crop management (irrigation and cultivar type) in a changed climate was also asse;sed.
Sensitivity analyses show that water-limited grain production of winter wheat increased with
increasing vapour pressure, rainfall and atmospheric C0 2 concentration and decreased with
increasing· windspeed, temperature (except for southern EC) and solar radiation. The various climate change scenarios that were used yielded considerably different changes in production, both
for each location and for the EC as a whole. For example, the average water-limited grain production in the EC may remain constant or may decrease by about 1 000 kg ha- 1 depending on
scenario. If the direct effect of increasing C0 2 is also taken into account, the average water-limited grain production in the EC increased by about 1 000 kg ha- 1or more. Management analyses
showed that for both the present and scenario generated climates the largest water-limited grain
production will be attained by cultivars with an early start of grain filling, that average irrigation
requirements to attain potential grain production will increase with climate change in northern EC
and decrease in southern EC, and that with both increasing C0 2 and climate change irrigation
requirements in northern EC remain unchanged and decrease further in southern EC.
Key-words: climate change, winter wheat, simulation model, crop production, EC, scenario
analysis.

INTRODUCTION
Since agricultural production is greatly affected by
climate, any changes in climate which may result
from increasing concentration of greenhouse gases in
the atmosphere could have dramatic consequences for
agricultural production potential. In this study the
effects of climate change on the production of winter
wheat in the EC (European Community) and the
implications for crop management were analysed.
The relationship between climate, crop growth and
production is complicated as a large number of climate, soil, landscape and crop characteristics are
involved. As a result, the effects of climate change on
crop production cannot be described in terms of simple and average relations between the two. In the last
two decades methods have been developed for esti/SSN //61-0301/93104/$ 4.001 © Gaurhier-Vilwrs - £SAg

mating the production levels of crops grown under
well-specified conditions. These methods are based on
the application of crop growth simulation models,
combining knowledge about crop characteristics and
their interactions with the environment.
Prior to evaluation of the effects of climate change
the sensitivity of wheat production to separately
changed weather variables was determined. To analyse the effects of climate change on the production
potential of winter wheat in the EC, 20 locations, representative of the main agro-climate conditions in the
EC, were chosen. The production was calculated for
current and changed climate conditions, using climate
change scenarios (Barrow, 1993). The direct effect of
increasing atmospheric C0 2 concentrations was incorporated in the production calculations for the changed
climate and the impact of changes in crop management were also determined.

282

METHODOLOGY

l\t1odel description
A dynamic crop growth model WOFOST, developed for calculating agricultural production potential on
the basis of physiological, physical and agronomic
information, was used. This model can easily be
applied to a large number of combinations of differ. ent weather data, soil characteristics and crop species.
The principles underlying this model have been discussed in detail by van Keulen and Wolf ( 1986) and
the implementation and structure have been described
by van Diepen et al. (1988, 1989). Its application for
quantitative land evaluation and for regional analysis
of the physical potential of crop production has been
described by van Keulen et al. ( 1987) and van
Diepen et al. ( 1990) and its use for analysis of the
effects of climate change on crop production has been
discussed by van Diepen et al. (1987) and Wolf and
van Diepen (1991 ).
In the model, crop growth is simulated from sowing to maturity on the basis of physiological processes as determined by the crop's response to environmental conditions. The simulation is carried out in
time-steps of one day. The major processes considered are C0 2 assimilation, respiration, partitioning of
assimilates to various plant organs, transpiration and
phenological development.
Two levels of crop production are calculated.
Firstly, the potential production which is determined
by crop characteristics, temperature and solar radiation, and can be realized in situations where the supply of water and plant nutrients, and crop management are optimum. Secondly, the water-limited
production, determined by crop characteristics, temperature, solar radiation and water availability (dictated by rainfall pattern and soil physical properties),
which can be realized in situations where the supply
of plant nutrients and crop management are optimum.
Available soil moisture in the root zone follows
from quantification of the water balance including
rainfall, surface runoff, soil-surface evaporation, crop
transpiration and leaching from the root zone. If the
moisture content in the root zone is too low or too
high, water uptake by the plant roots is reduced,
stomata close and the water-limited growth is
reduced : in a dry soil due to water shortage, in a
wet soil due to oxygen shortage.

Data
In order to apply the model, data that specify crop
growth and phenological development are required,
including information on initial crop weight, properties that determine assimilation and respiration processes and response to moisture stress, partitioning of
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assimilates to plant organs, life span of leaves, and
death rates of plant organs. For the most part a standard crop data set was used (van Heemst, 1988).
Information from field experiments in !he Netherlands
and UK (Darwinkel, 1985 ; Green and Ivins, 1985 ;
Green et a/., 1985; Groot, 1987; PAGV, 1987;
Porter et al., 1987) was used to assess data specifying the rate of phenological development, the level of
production and the partitioning of assimilates to the
plant organs. These data were used for all locations
in the EC. Comparison of model output with information on production levels and grain/straw ratios from
variety trials in other countries (France, Italy and
Spain) and on the rate of phenological development
in all regions in Europe (Thran and Broekhuizen,
1965) indicated that this Europe-wide use of crop
data was quite realistic.
The direct effect of increasing atmospheric C0 2
concentration on the C02 assimilation and growth of
the wheat crop was incorporated into the model by
increasing the maximum value and initial angle of the
C0 2 assimilation - light response curve of single
leaves, by increasing the thickness of leaves, and by
slightly decreasing the transpiration rate. These
changes in model parameters were based on studies
by Allen et al.' (1990), Goudriaan et al. (1984 ),
Goudriaan et al. ( 1985), Goudriaan ( 1990), Goudriaan
and Unsworth (1990), Goudriaan and de Ruiter (1983)
and ldso ( 1990), and on literature surveys on crop
responses to C02 doubling by Cure ( 1985), Cure and
A cock ( 1986) and Kimball ( 1983 ).
In order to calculate C02 assimilation rates, daily
minimum and maximum air temperatures, atmospheric
C0 2 concentration and solar radiation are required
(Goudriaan and van Laar, 1978). To calculate the
components of the water balance, daily rainfall, windspeed and vapour pressure are also required. For
example, the calculations of potential rates of evaporation and transpiration that are made with the
Penman formula require data on radiation, average
daily air temperature, vapour pressure and windspeed
(Frere and Popov, 1979). Daily weather data for
20 meteorological stations, representative of the main
arable land areas in all EC countries (Figure 1)
except Greece (for which no sets of daily weather
data were available), were used. For most stations the
sets of historical weather data covered a period of
20 years (1966-85).
In order to calculate soil water balance, the soil's
infiltration, retention and transport properties must be
known. These soil physical characteristics are defined
by effective soil depth, soil moisture characteristics
(notably soil porosity and volumetric moisture contents at field capacity and wilting point, respectively),
maximum infiltration rate or surface runoff fraction,
and the hydraulic conductivity of the subsoil. For
each meteorological station the main soil types that
occur on arable land areas within a radius of 100 to
Eur. J. Agron.
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150 km around the station (Figure 1), were obtained
from the soil map of the European Communities
(CEC, 1985). This map gives information per unit on
soil type, texture class, characteristics such as gravelliness, stoniness, shallow rocks etc., and slope gradient. By interpreting this information (mainly based on
. King and Daroussin, 1989 and Reinds et a/., 1992)
quantitative terms for use in the simulation model
could be obtained : fraction of precipitation lost by
surface runoff, maximum effective rooted soil depth
(~ 100 em for winter wheat) and available volumetric
moisture content in the soil. Areas with a slope gradient of more than 15 per cent. were left out, as
being too steep for arable farming. For all soil types
the ground water table was assumed to be at such a
depth that it did not influence the water balance and
that excess water drained rapidly to the subsoil, so
that growth reduction due to oxygen shortage did not
occur.
l\'lodel validation

Potential grain production was calculated for
weather data from Wageningen and de Bilt (about
40 km west of Wageningen), the Netherlands, over
the period 1980-88. Going back in time from 1980,
grain production from field trials appeared to decrease
rapidly with time as a result of less optimum crop
management and less productive crop varieties.
Therefore, these production data could not be used for
comparison with calculated grain production.
Calculated potential grain production levels were compared with actual results from variety trials (Figure 2)
that were carried out over the period 1980-88 in
Randwijk (in the neighbourhood of Wageningen) and
in
Wieringerwerf (about
130 km north of
Wageningen), both on clay soils with a relatively high
groundwater level and no water shortage in summer.
The comparison showed that the calculated variation in grain production over time was much smaller
than the variation in grain production found in the
variety trials. In years with a high level of solar radiation during grain filling, actual grain production was
relatively large. In those years losses by diseases
mainly associated with ripening (fungi such as mildew) were limited and hence calculated and actual
grain production levels were comparable. In years
with abundant rainfall and a low level of solar radiation during grain filling both calculated and actual
grain production levels were relatively low. However,
grain production levels in variety trials were found to
be 10 to 20 per cent lower than calculated ones,
which has to be explained by the considerable losses
due to ripening diseases in those wet years.
Unfortunately, the production-reducing effects of diseases could not be calculated with the crop growth
simulation model.
Vol. 2, n° 4- 1993

Figure 1. Sets of historical weather data used for calculating
the wheat production potential in the EC, were available for
the following meteorological stations : Kinloss and Nottingham
in the U.K. ; Mullingar in Ireland; Alborg in Denmark; de
Bitt in the Netherlands ; Bremen, Mannheim and Miinchen in
Germany; Lille, Orleans and Toulouse in France; Santander,
Barcelona, Madrid and Sevilla in Spain ; Porto and Lisbon in
Portugal ; Milan, Pescara and Brindisi in Italy. Data for each
station can be considered representative of the arable land
area around that station, as roughly indicated (exclusive of
areas of sea, wetlands, mountains etc.).
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Figure 2. Potential grain production of winter wheat calculated for Wageningen and de Bill, Netherlands and actual grain
production from variety trials on clay soils in the Netherlands.
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RESULTS
Baseline
Potential production was about 9 000 kg ha-t dry
matter of grain. Higher grain production levels were
calculated for locations where the level of solar radiation was high during grain-filling and the average
temperature was relatively low, which resulted in a
long period of grain-filling. On the other hand, lower
production levels were calculated for locations with
higher temperatures and less solar radiation. This
explains the relatively large production in Lisbon and
Porto and the relatively small production in Milan
and Madrid (Table 1). Water-limited grain production
varied widely among locations and also among cultivated soil types. Largest production was found at
locations with a relatively large ratio between precipitation and potential evapo-transpiration and a large
amount of available soil moisture. By lowering the
amount of available soil moisture (e.g. sandy, gravelly and/or shallow soils instead of deep, loamy or
clay soils) water-limited grain production often
decreased greatly.

Table l. Duration of grain filling (days) and average potential grain production for winter wheat (kg ha- 1 dry matter).
Location

Milan
Madrid
Lisbon
Porto

Period of
grain filling

Grain
production

40
42
50
53

7770
8720
10420
lll30

20 years. Data for one weather variable were varied
separately, while others were held constant. Weather
variables that determine crop production directly are
solar radiation and temperature. Those that affect the
water balance and hence the duration and degree of
drought stress are rainfall, windspeed, vapour pressure, solar radiation and temperature. Atmospheric
C0 2 concentration also has direct and indirect effects
on crop production. These variables were adjusted
separately, in a stepwise manner, in order to gauge
the sensitivity of crop production to changing values
of each.
Table 2 summarizes the sensitivity of potential and
water-limited grain production to changing values of
each weather variable. Potential grain production
increased with increasing atmospheric CO., and solar
radiation, and generally decreased with rising temperatures. Potential production was not influenced by the
water balance and was thus insensitive to changes in
windspeed, vapour pressure and rainfall. Water-limited production increased with increasing atmospheric
C0 2, rainfall and vapour pressure, and decreased with
increasing solar radiation, temperature (except for
Brindisi) and windspeed.

Table 2. Sensitivity of potential (POT) and water-limited
(WAT) grain production of winter wheat at Kin/oss in UK,
Orleans in France, and Brindisi in Italy to increasing values
of atmospheric C0 2 concentration (C), temperature (T), rainfall ( R), solar radiation ( S ). windspeed ( W) and vapour pressure (V) 1•
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0, +. ++ : no, moderate, strong increase in grain production ;
-. - - : moderate, strong decrease in grain production.
! Temperature effect varies from about zero in Kinloss to strongly negative in Brindisi.
3
Temperature effect varies from strongly and moderately negative in Kinloss and Orleans respectively to moderately positive
in Brindisi.
1

For each location average soil characteristics were
calculated from the characteristics of each soil type
and in proportion to its relative area. Water-limited
grain production levels, calculated for average soil
characteristics, were similar to average grain production levels calculated for the various soil types per
location, with a difference of 10 per cent at most. To
limit the number of calculations and results, the subsequent sensitivity, scenario and management analyses were done for these average soil characteristics.

Scenario analyses without direct C0 2 effect
Composite time-dependent scenarios

Sensitivity analyses
Sensitivity analyses were carried out for three locations representative of the main differences in climate
in the EC : Kinloss in the UK (cool temperate),
Orleans in France (continental), and Brindisi in Italy
(Mediterranean). For each location, calculations were
made using historical weather data for a period of

Potential and water-limited grain production levels
of winter wheat were calculated for historical weather
data that were changed on the basis of composite scenario A (based on the business-as-usual emission scenario of Houghton et a/. ( 1990)) for the years 2010,
2030 and 2050, and composite scenario A High (high
estimate of scenario A) for the year 2050. These
Eur. J. Agron.
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changes, as described by Barrow (.1993), were specified per day over a period of one year. For precipitation and temperature the changes were location-specific. For solar radiation and vapour pressure only one
set of changes was supplied for all locations, and for
windspeed no changes could be made (Barrow, 1993).
Potential production in northern EC, e.g. in
Kinloss, UK, increased slightly up to year
2030 (Figure 3), mainly due to rising temperatures. In
southern EC, e.g. in Brindisi, Italy, potential production levels generally decreased over time, because rising temperatures advanced the period of grain-filling
to a time of year with shorter days and lower solar
elevation.
Water-limited production decreased over time at
most locations, probably because rising temperatures
caused larger water losses by soil evaporation and
crop transpiration. However, these decreases in production were limited in magnitude (Figures 3 and 4).
Weather conditions during the period of grain filling
were influenced not only by the direct effects of climate change (as specified by the scenarios), but also
considerably by the shift in time of the grain-filling
period as a result of the changed climate. For example, at locations with dry summers such as Brindisi
and Pescara, water-limited production was calculated
to increase with time (Figures 3 and 4 ). The period of
grain filling was advanced to a time of higher precipitation which resulted in increased grain production.

Grain
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Individual GCM scenarios

Potential and water-limited grain production levels
of winter wheat were also calculated for historical
weather data that were changed on the basis of output from three equilibrium 2 x C02 general circulation
models (GCMs), i.e. the GFDL, the GISS and the
UKMO-L (low resolution) models. These changes, as
described by Barrow (1993), were specified per day
over a period of one year for each weather variable
and were location-specific.
Potential grain production decreased at almost all
locations for the changed weather data (Table 3),
mainly due to higher temperatures. The lowest production level was generally calculated for the UKMOL scenario, which tends to give the largest temperature increase, or for the GFDL scenario, which gives
slightly smaller temperature increases but often combined with a decrease in the amount of radiation in
winter and/or spring. The temperature increase given
in the GISS scenario is generally the smallest. For the
latter scenario the level of grain production was
higher than for the other two scenarios, but generally
lower than that for unchanged historical weather data.
Changes in temperature and radiation based on the
scenarios influenced water-limited grain production in
the same way as they influenced potential grain production (Table 3 ). The interaction between these
changes and changes in the other weather variables is

production
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Figure 3. Average potential (Pot.) and water-limited (War.)
grain production of winter wheat cultivated at current and at
future weather conditions in Kinloss, UK; Orleans, France:
and Brindisi, Italy (direct effect of increasing atmospheric C0 2
in future not taken into account). Production has been established for historical weather data over a period of 20 years
( 1966-1985), for composite scenario A for the years 2010, 2030
and 2050. and for composite scenario A High for the year
2050.
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Figure 4. Changes in water-limited grain production (kg ha- 1
dry matter) of winter wheat in the main arable land areas in
the EC if the weather is changed on the basis of composite scenario A for the year 2050. Direct effect of increasing atmospheric C0 2 was not taken into account.
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Table 3. Average potential (POT) and water-limited (WAT) grain production (kg ha- 1 dry matter) of winter wheat established for
historical weather data that were changed on the basis of GFDL, GISS and UKMO-L equilibrium 2 x C0 2 scenarios, with and
without the direct effect of increased C0 2 ( 353 ppm -7 560 ppm).

Brindisi
Brindisi
Kinloss
Kinloss
Orleans
Orleans

Scenario

Historical
weather

Location

POT
W AT
POT
WAT
POT
WAT

GFDL

GISS

- C0 2

+ C0 2

- C0 2

+ C0 2

- C0 2

+ C0 2

6080
5340
3110
3110
7850
6940

8360
7350
3840
3840
10510
9350

5970
5440
7680
6990
8380
5520

8180
7410
9620
8950
11100
7700

5380
4820
6540
5670
6620
6020

7530
6690
8430
7510
8910
8120

9370
4510
8740
5680
9630
6510

very complex. In addition, the changes varied considerably among locations and over the year. Hence,
simple and straightforward explanations of their
effects on grain production cannot be derived. The
GFDL scenario gave major decreases in water-limited
grain production in the UK, Ireland, northern Spain,
Portugal and northern Germany that can mainly be
explained in the same way as the decrease in potential production via the higher temperatures and the
lower level of radiation, while the moderate to major
increase in central and southern Italy was probably
due to relatively larger amounts of rainfall during the
advanced period of grain-filling (Figure 5). The GISS
scenario (smallest temperature increase) gave moderate decreases in production for Ireland, northern
Germany, northern and central France, northern Spain
and northern Portugal (Figure 6) and mainly moderate increases for Scotland, Denmark, central and eastern Spain and central and southern Italy. The UKMOL scenario (highest temperature increase) gave major
decreases in production for Ireland, England, northern
Germany, northern and southern France, northern
Spain and northern Portugal (Figure 7), and moderate
decreases for central and southern Germany, northern
Italy, eastern and southern Spain and central Portugal.

Scenario analyses with direct C0 2 effect
Composite time-dependent scenarios

In these analyses the direct effect of increasing
atmospheric C0 2, which results mainly in a higher
CO., assimilation rate and thus larger crop production
and- in a somewhat lower transpiration rate, was taken
into account. Potential production levels increased
greatly over time at all locations, mainly due to
increasing C0 2 (Figures 3 and 8). For water-limited
production the same applied. For scenario A High for
year 2050, which shows the largest increase in temperature, the increase in production was generally
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Figure S. Changes in water-limited grain production (kg ha- 1
dry matter) of winter wheat in the main arable land areas in
the EC if the weather is changed on the basis of the GFDL
equilibrium 2 X C0 2 scenario. Direct effect of increased C0 2
was not taken into account.

somewhat less than that for scenario A for the same
year. The smallest relative increases in production
were calculated for Denmark, northern Germany and
Spain (Figure 9).
Individual GCM approach

In these analyses the effects of the GFDL, GISS
and UKMO-L scenarios of climate change and of
Eur. J. Agron.
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Figure 6. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather is changed on the basis of the GISS
equilibrium 2 x C0 2 scenario. Direct effect of
increased co:! was not taken into account.
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Figure 7. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather is changed on the basis of the UKMO-L
equilibrium 2 x C0 2 scenario. Direct effect of
increased C0 2 was not taken into account.
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Figure 8. Average potential (Pot,) and water-limited (Wat.)
grain production of winter wheat cultivated at current and
future weather conditions in Kinloss, UK; Orleans, France ;
and Brindisi, Italy, taking into account the direct effect of
increasing atmospheric C0 2 in future. Production has been
established for historical weather data over a period of 20
years ( 1966-85 ), for composite scenario A for the years 2010,
2030 and 2050, and for composite scenario A High for the year
2050.
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increasing C0 2 concentration (from 353 to 560 ppm)
were taken into account. Increasing CO., resulted in
an increase in potential grain production while the
change in climate alone generally caused a decrease
compared to production under the historical climate
(Table 3). Hence, if the effect of the climate change
scenario is larger, potential production will decrease,
and if the direct effect of atmospheric C0 2 is larger,
potential production will increase. The largest potential grain production was calculated generally for the
GISS scenario which gives the smallest temperature
rise and the smallest, generally, for the UKMO-L scenario and the GFDL scenario only at locations where
radiation became limiting (e.g. Kinloss).
The GFDL scenario gave major decreases in waterlimited grain production for Ireland, Scotland and
northern Spain, due to an earlier start in spring (low
radiation level) as a result of higher temperatures, and
a reduced amount of solar radiation according to the
scenario (Figure 10). Moderate production decreases
were calculated for England, Portugal and southern
Spain with constant productions for northern Germany
and the Netherlands. At the other locations major
increases in water-limited grain production were found
as a result of the direct CO., effect. The GISS scenario gave major increases in~ water-limited grain pro-
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Figure 9. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the composite scenario A for the year 2050 and the
direct effect of increased atmospheric C0 2 was
taken into account.
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Figure 10. Changes in water-limited grain production (kg ha- 1 dry matter) of "·inter wheat in
tne main arable land areas in the EC if the
weather was changed on the basis of the GFDL
equilibrium 2 x C0 2 scenario and the direct
effect of increased C0 2 was taken into account.
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duction for most locations (Figure 11 ). Water-limited
grain production also increased at most locations for
the UKMO-L scenario. Exceptions were decreases in
northern Spain, Ireland and England and constant production in the Netherlands and the northern parts of
Portugal, France and Germany (Figure 12).

Management analyses
Crop temperature sums

The interactions between the temperature sum
required for crop development and the effects of climate change and increasing atmospheric C0 2 were
determined for the locations Kinloss, Orleans and
Brindisi. It was assumed that, compared to the main
wheat varieties grown at present, plant breeding might
be able to produce varieties requiring 10 per cent
greater or 10 per cent smaller temperature sums
(°C days) for crop development until anthesis and
from anthesis to the end-of-grain filling. For the average wheat variety grown at present and for these artificially constructed wheat varieties, average grain production was calculated for historical weather data, for
the composite scenario A for the year 2050, both

with and without the direct effect of increased atmospheric C0 2, and for the composite scenario A High
for the year 2050 with the direct C0 2 effect.
For both potential and water-limited production
optimum temperature sums until an thesis (T-anth) and
from anthesis to the end-of-grain filling (T-ripe) were
derived for the three locations for both historical and
scenario weather data. The resulting optimum temperature sums are summarized in Table 4.
From these results it can be concluded that the
largest potential production in changed climate, particularly that on the basis of scenario A High, will be
attained with wheat varieties that need increased temperature sums for grain filling and hence have a
longer period of grain filling. The largest water-limited production under projected future and also current conditions will be attained with wheat varieties
that need smaller temperature sums until anthesis and
hence have an early start to grain filling.
Irrigation requirements

The amount of irrigation water required to prevent
drought stress during the growth of winter wheat and
to attain the potential level of grain production in the
Eur. J. Agron.
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Figure 11. Changes in water-limited grain pro·
duction (kg ha _, dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the GISS
equilibrium 2 x C0 2 scenario and the direct
effect of increased C0 2 was taken into account.
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Figure 12. Changes in water-limited grain pro·
duction (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the
UKMO-L equilibrium 2 x C0 2 scenario and the
direct effect of increased C0 2 was taken into
account.
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EC, was calculated. Conveyance and application
losses are not included in the amount, as they are
widely variable and dependent on local conditions.
The calculations were made using historical weather
data, the composite scenario A for the year 2050,
both with and without the direct effect of increased
atmospheric CO,, and the composite scenario A High
for the year -2050 with the direct C0 2 effect
(Table 5).
Scenario A 2050 resulted in larger irrigation
requirements in northern EC, but in smaller irrigation
requirements in southern EC (Table 5). According to

the scenario, temperatures will become higher so the
beginning of crop growth in spring was shifted to an
earlier date, particularly in northern EC and to a more
limited extent in southern EC. Moreover, grain filling
ended earlier. Therefore, a rise in temperature
appeared to result in a shifted and constant, or sometimes even longer, period of 'effective' growth in
northern EC and in a shorter period in southern EC.
This explains the larger water use and irrigation
requirements in northern EC and the smaller ones in
southern EC. Increasing atmospheric CO., resulted in
more efficient water use. This effect of C0 2 roughly

Table 4. Optimum crop temperature sums (as a percentage of average temperature sums for present varieties) until anthesis (T·
anth) and from anthesis to the end of grain filling (T-ripe) for Kinloss in Scotland, Orleans in France and Brindisi in Italy for historical and scenario weather data.

1
2
3

Weather

Potential production
T-anth & T-ripe 1

Historical weather
Scenario A2050
Scenario A2050 + CO, effect
Scenario A High 2050- + C0 2 effect

100%
100 %
100 %
100 %

&
&
&
&

110
110
110
110

%.
%,
%,
%,

90 % & 100 %
100 % & 100 %, 110% & 110 % 2
100 % & 100 %, 110% & 110 % 2
110 % & 110 %, 100% & 100 %3

Best temperature sums indicated first (starting from the left side), followed by second best sums.
Only in Brindisi, Italy.
Only in Orleans, France.
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Water-limited production
T -anth & T -ripe 1
90
90
90
90

%
%
%
%

&
&
&
&

100
100
l 00
100

%,
%,
%,
%.

90
90
90
90

%
%
%
%

&
&
&
&

90
90
90
90

%
%
%
%
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counteracted the increased water use and irrigation
requirements in northern EC which resulted from climate change, and which caused a larger decrease in
the irrigation water required in southern EC.

CONCLUSIONS
Sensitivity analyses showed that water-limited grain
production of winter wheat increased greatly with
increasing vapour pressure, rainfall and atmospheric
CO, concentration, decreased greatly with increasing
windspeed, and decreased moderately with increasing
solar radiation and temperature, except for southern
EC where there was a slight increase with rising temperature.
Increasing concentration of greenhouse gases in the
atmosphere may cause changes in climate. Various
climate change scenarios appeared to yield considerably different changes in production both for each
location and for the EC as a whole. For example, for
the equilibrium 2 x CO, scenarios (without a direct
effect of C0 2 ), the average grain production of winter wheat in the EC remained roughly constant for the
GISS scenario but decreased by about 1 000 kg ha- 1
dry matter for the UKMO-L scenario.
The direct effect of increasing atmospheric C0 2 on
wheat grain production appeared to be much greater
than the effect of climate change. Moreover, the
direct effect of C0 2 on production is more certain,
whereas the effect of climate change is widely variable depending on the scenario and not yet established as fact. If both effects are taken into account,
the average grain production of winter wheat in the
EC increases by 1 000 kg ha -I dry matter or more for
the equilibrium 2 x C0 2 scenarios.
With climate change the highest level of potential
production will generally be attained with wheat
varieties that have larger temperature sum requirements for grain filling and hence a longer period of
grain filling. If drought occurs at the end of the grain
filling period, wheat varieties with smaller temperature sum requirements until anthesis, and hence an

early start to grain filling, may yield the largest grain
production, in both a current and a changed climate.
Irrigation requirements for attaining the potential
level of wheat production increased at locations in
northern EC with the climate changed on the basis of
the composite scenario for the year 2050, and in
southern EC they decreased. When the direct effect of
increasing atmospheric C0 2 was also taken into
account, this counteracted the increased irrigation
requirements in northern EC and caused a larger
decrease in required irrigation water in southern EC.
ACKNOWLEDGEMENTS
Thanks are due to J. Goudriaan (Dept. of
Theoretical
Production
Ecology,
Wageningen
Agricultural University), G. J. Kenny, M. L. Parry
and P. A. Harrison (Environmental Change Unit,
University of Oxford) for support, project management and valuable comments, to C. A. van Diepen
(D LO-The Winand Staring Centre, Wageningen) for
providing the latest version of the WOFOST model
and data files, to E. M. Barrow (Climatic Research
Unit, University of East Anglia, Norwich) for providing the climate change scenarios, and to the
Environmental Change Unit (University of Oxford)
for providing the weather data. This article is based
on a study which formed part of an EC funded
EPOCH project (contract number : EPOC-CT900031 TSTS). A complete report on this study can be
obtained from the author.

REFERENCES
Allen S. G., Idso S. B., Kimball B. A., Baker J. T., Allen
L. H., Mauney J. R., Radin J. W. and Anderson M.G.
( 1990). Effects of air temperature on atmospheric
C0 2 -plant growth relationships. Report TR048.
Washington DC: U.S. Department of Energy/U.S.
Department of Agriculture.

Table S. Required average amounts of irrigation water (em) for attaining the potential level of grain production for winter wheat
at six locations in the EC for historical weather data and for scenario weather data with and without direct C0 2 effect.
Location

AI borg
Brindisi
Kin loss
Madrid
Mannheim
Orleans

Historical
weather

Scenario
A 2050

Scenario
A 2050 + C0 2

Scenario
A High 2050 + C0 2

14.4
15.7
8.7
27.0
8.9
14.5

18.0
13.1
11.3
25.3
9.0
14.8

16.2
12.1
9.7
23.4
7.1
12.9

16.3
10.8
9.5
23.7
6.7
12.6
Eur. J. Agron.

Effects of climate change on wheat production

Barrow E. M. (1993). Scenarios of climate change for
the European Community. Eur. J. Agron., 2, 247-260.
CEC. ( 1985). Soil map of the European Communities at
scale: 1:1.000,000. Directorate-General for Agriculture. Luxemburg : Commission of the European
Communities.
Cure J. D. ( 1985). Carbon dioxide doubling responses :
a crop survey. In : Strain B. R. and Cure J. D. (Eds).
Direct effects of increasing carbon dioxide on vegetation. DOE/ER-0238. Washington D.C. : U.S.
Department of Energy, pp. 99-116.
Cure J. D. and Acock B. (1986). Crop responses to carbon dioxide doubling: A literature survey. Agric. For.
Meteorol., 38, 127-145.
Darwinkel A. ( 1985). Intensieve teeltsystemen bij wintertarwe. · Proefstation voor de Akkerbouw en de
Groenteteelt in de Vollegrond, Lelystad, Netherlands:
PAGV-Verslag No. 33.
Diepen C. A. van, Keulen H. van, Penning de Vries
F. W. T., Noy I. G. A. M. and Goudriaan J. (1987).
Simulated variability of wheat and rice yields in current weather conditions and in future weather when
ambient C0 2 has doubled. Simulation Report CABOIT nr. 14, Wageningen, Netherlands : CABO, 40 pp.
Diepen C. A. van, Koning G. H. J. de, Reinds G. J.,
Bulens J.D. and Lanen H. A. J. van. (1990). Regional
analysis of physical potential of crop production in the
European Community. In: Goudriaan J., Keulen H.
van and Laar H. H. van (Eds). The greenhouse effect
and primary productivity in European agro-ecosystems. Wageningen: Pudoc, pp. 74-79.
Diepen C. A. van, Rappoldt C., Wolf J. and Keulen H.
van. ( 1988). Crop growth simulation model WOFOST
version 4. I, documentation. SOW-88-01. Wageningen,
Netherlands : Centre for World Food Studies.
Diepen C. A. van, Wolf J., Keulen H. van and Rappoldt
C. (1989). WOFOST: a simulation model of crop production. Soil Use Manage., 5, 16-24.
Frere M. and Popov G. F. (1979). Agrometeorological
crop monitoring and forecasting. FAO Plant production and protection paper 17. Rome : F AO, 64 pp.
Goudriaan J. (1990). Primary productivity and C0 2• In:
Goudriaan J., Keulen H. van and Laar H. H. van
(Eds). The greenhouse effect and primary productivity
in European agro-ecosystems. Wageningen: Pudoc,
pp. 23-25.
Goudriaan J. and Laar H. H. van. (1978). Calculation of
daily totals of the gross C0 2 assimilation of leaf canopies. Neth. J. agric. Sci., 26, 373-382.
Goudriaan J., Laar H. H. van, Keulen H. van and
Louwerse W. (1984 ). Simulation of the effect of
increased atmospheric CO., on assimilation and transpiration of a closed crop canopy. Wiss. Z. HumboldtUniv. Berlin, Math.-Nat. R., 33, 352-356.
Goudriaan J ., Laar H. H. van, Keulen H. van and
Louwerse W. ( 1985). Photosynthesis, C0 2 and plant
production. In: Day W. and Atkins R. K. (Eds).
Vol. 2. n" 4- 1993

291

Wheat growth and modeling. NATO ASI Series A :
Life sciences. Vol. 86. New York: Plenum Publishing,
pp. 107-122.
Goudriaan J. and Ruiter H. E. de. (1983). Plant growth
in response to C0 2 enrichment, at two levels of nitrogen and phosphorus supply. 1. Dry matter, leaf area
and development. Neth. J. agric. Sci., 31, 157-169.
Goudriaan J. and Unsworth M. H. (1990). Implications
of increasing carbon dioxide and climate change for
agricultural productivity and water resources. In :
Kimball B. A., Rosenberg N.J., Hartwell Allen L.,
Heichel G. H., Stuber C. W. and Kissel D. E. (Eds).
Impact of carbon dioxide, trace gases, and climate
change on global agriculture. Madison, USA: ASA
Special Publication no. 53. Am. Soc. Agron., Crop
Sci. Soc. Am., and Soil Sci. Soc. Am., pp.l11-130.
Green C. F. and Ivins J.D. (1985). Time of sowing and
the yield of winter wheat. J. agric. Sci., Cambridge,
104, 235-238.
Green C. F., Paulson G. A. and Ivins J.D. (1985). Time
of sowing and the development of winter wheat. J.
agric. Sci., Cambridge, 105, 217-221.
Groot J. J. R. (1987). Simulation of nitrogen balance in
a system of winter wheat and soil. Simulation report
CABO-TT No. 13. Wageningen: Centre for
Agrobiological research (CABO)/Department of
Theoretical
Production
Ecology,
Wageningen
Agricultural University, 41 pp.
Heemst H. D. J. van. (1988). Plant data values required for simple crop growth simulation models : review
and bibliography. Simulation report CABO-TT No. 17.
Wageningen : Centre for Agrobiological research
(CABO)/Department of Theoretical Production
Ecology, Wageningen Agricultural University, 100 pp.
Houghton J. T., Jenkins G. J. and Ephraums J. J. (Eds).
( 1990). Climate change : the IPCC scientific assessment. Report of Working Group I of the
Intergovernmental Panel on Climate Change,
Cambridge : Cambridge University Press.
Idso S. B. (1990). Interactive effects of carbon dioxide
and climate variables on plant growth. In : Kimball
B. A., Rosenberg N.J., Hartwell Allen L., Heichel
G. H., Stuber C. W. and Kissel D. E. (Eds). Impact of
carbon dioxide, trace gases, and climate change on
global agriculture. Madison, USA : ASA Special
Publication No. 53. Am. Soc. Agron., Crop Sci. Soc.
Am., and Soil Sci. Soc. Am., pp. 61-69.
Keulen H. van, Berkhout J. A. A., Diepen C. A. van,
Heemst H. D. J. van, Janssen B. H., Rappoldt C. and
Wolf J. (1987). Quantitative land evaluation for agroecological characterization. In : Bunting A. H. (Ed.).
Agricultural environments. Characterization, classification and mapping, pp. 185-197.
Keu1en H. van and Wolf J. (Eds). (1986). Modelling of
agricultural production : weather, soils and crops.
Simulation Monographs. Wageningen: Pudoc, 479 pp.

292

Kimball B. A. (1983). Carbon dioxide and agricultural
yield : An assemblage and analysis of 430 prior observations. Agron. J., 75, 779-788.
King D. and Daroussin J. (1989). Test for estimating the
available soil moisture reserve using the European
community soil map on the scale of 1,000,000. In :
Lanen H. A. J. van and Bregt A. K. (Eds). Application
of computerized EC soil map and climate data.
Proceedings
of
workshop,
November
1988,
Wageningen, Netherlands. Luxemburg: Commission
of the European Communities, EUR 12039 EN,
pp. 87-105.
PAGV. (1987). Teelt van wintertarwe. Teelthandleiding
nr. 23. Proefstation voor de Akkerbouw en de
Groenteteelt in de Vollegrond, Lelystad, Netherlands :
PAGV, 70 pp.
Porter J. R., Kirby E. J. M., Day W., Adam J. S.,
Appleyard M., Ayling S., Baker C. K., Beale P.,
Belford R. K., Biscoe P. V., Chapman A., Fuller
M. P., Hampson J., Hay R. K. M., Hough M. N.,

J. Wolf

Matthews J., Thomson W. J., Weir A. H., Willington
V. B. A. and Wood D. W. (1987). An analysis of morphological development stages in A val on winter wheat
crops with different sowing dates and at ten sites in
England and Scotland. J. agric. Sci., Cambridge, 109,
107-121.
Reinds G. J., Koning G. H. J. and Bulens J.D. (1992).
Crop production potential of rural areas within the
European Communities. Ill: Soils, climate and administrative regions. Working document W67, The
Hague :
Netherlands
Scientific
Council
for
Government Policy.
Thran P. and Broekhuizen S. ( 1965). Agro-climatic atlas
of Europe. Vol. 1 : Agro-ecological atlas of cereal
growing in Europe. Amsterdam: Elsevier.
Wolf J. and Diepen C. A. van. (1991). Effects of climate
change on crop production in the Rhine basin. Report
52. DLO-Wageningen/Lelystad: Winand Staring
Centre/Rijkswaterstaat RIZA, 144 pp.

Eur. J. Agron.

Eur. J. Agron., 1993, 2(4), 281-292

Effects of climate change on wheat production potential
in the European Community
J. Wolf
Department of Theoretical Production Ecology, Wageningen Agricultural University, Bornsesteeg 65, P.O. Box 430, 6700
AK Wageningen, the Netherlands.

Accepted 4 August 1993.

Abstract

Wheat grain production in the main arable areas of the EC was calculated with a simulation
model, WOFOST, using historical weather data and average soil characteristics. The sensitivity of
the model to individual weather variables was determined. Subsequent analyses were made using
climate change scenarios with and without the direct effects of increased atmospheric C0 2 . The
impact of crop management (irrigation and cultivar type) in a changed climate was also assessed.
Sensitivity analyses show that water-limited grain production of winter wheat increased with
increasing vapour pressure, rainfall and atmospheric C0 2 concentration and decreased with
increasing windspeed, temperature (except for southern EC) and solar radiation. The various climate change scenarios that were used yielded considerably different changes in production, both
for each location and for the EC as a whole. For example, the average water-limited grain production in the EC may remain constant or may decrease by about 1 000 kg ha- 1 depending on
scenario. If the direct effect of increasing C0 2 is also taken into account, the average water-limited grain production in the EC increased by about 1 000 kg ha- 1or more. Management analyses
showed that for both the present and scenario generated climates the largest water-limited grain
production will be attained by cultivars with an early start of grain filling, that average irrigation
requirements to attain potential grain production will increase with climate change in northern EC
and decrease in southern EC, and that with both increasing C0 2 and climate change irrigation
requirements in northern EC remain unchanged and decrease further in southern EC.
Key-words: climate change, winter wheat, simulation model, crop production, EC, scenario
analysis.

INTRODUCTION
Since agricultural production is greatly affected by
climate, any changes in climate which may result
from increasing concentration of greenhouse gases in
the atmosphere could have dramatic consequences for
agricultural production potential. In this study the
effects of climate change on the production of winter
wheat in the EC (European Community) and the
implications for crop management were analysed.
The relationship between climate, crop growth and
production is complicated as a large number of climate, soil, landscape and crop characteristics are
involved. As a result, the effects of climate change on
crop production cannot be described in terms of simple and average relations between the two. In the last
two decades methods have been developed for esti/SSN 1161-0301/93/04/$4.00/ © Gauthier-Villars- ESAg

mating the production levels of crops grown under
well-specified conditions. These methods are based on
the application of crop growth simulation models,
combining knowledge about crop characteristics and
their interactions with the environment.
Prior to evaluation of the effects of climate change
the sensitivity of wheat production to separately
changed weather variables was determined. To analyse the effects of climate change on the production
potential of winter wheat in the EC, 20 locations, representative of the main agro-climate conditions in the
EC, were chosen. The production was calculated for
current and changed climate conditions, using climate
change scenarios (Barrow, 1993). The direct effect of
increasing atmospheric C0 2 concentrations was incorporated in the production calculations for the changed
climate and the impact of changes in crop management were also determined.
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METHODOLOGY
Model description

A dynamic crop growth model WOFOST, developed for calculating agricultural production potential on
the basis of physiological, physical and agronomic
information, was used. This model can easily be
applied to a large number of combinations of differ. ent weather data, soil characteristics and crop species.
The principles underlying this model have been discussed in detail by van Keulen and Wolf ( 1986) and
the implementation and structure have been described
by van Die pen et al. ( 1988, 1989). Its application for
quantitative land evaluation and for regional analysis
of the physical potential of crop production has been
described by van Keulen et al. ( 1987) and van
Diepen et al. (1990) and its use for analysis of the
effects of climate change on crop production has been
discussed by van Diepen et al. ( 1987) and Wolf and
van Diepen (1991).
In the model, crop growth is simulated from sowing to maturity on the basis of physiological processes as determined by the crop's response to environmental conditions. The simulation is carried out in
time-steps of one day. The major processes considered are C0 2 assimilation, respiration, partitioning of
assimilates to various plant organs, transpiration and
phenological development.
Two levels of crop production are calculated.
Firstly, the potential production which is determined
by crop characteristics, temperature and solar radiation, and can be realized in situations where the supply of water and plant nutrients, and crop management are optimum. Secondly, the water-limited
production, determined by crop characteristics, temperature, solar radiation and water availability (dictated by rainfall pattern and soil physical properties),
which can be realized in situations where the supply
of plant nutrients and crop management are optimum.
Available soil moisture in the root zone follows
from quantification of the water balance including
rainfall, surface runoff, soil-surface evaporation, crop
transpiration and leaching from the root zone. If the
moisture content in the root zone is too low or too
high, water uptake by the plant roots is reduced,
stomata close and the water-limited growth is
reduced : in a dry soil due to water shortage, in a
wet soil due to oxygen shortage.
Data
In order to apply the model, data that specify crop
growth and phenological development are required,
including information on initial crop weight, properties that determine assimilation and respiration processes and response to moisture stress, partitioning of
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assimilates to plant organs, life span of leaves, and
death rates of plant organs. For the most part a standard crop data set was used (van Heemst, 1988).
Information from field experiments in ~he Netherlands
and UK (Darwinkel, 1985 ; Green and Ivins, 1985 ;
Green et al., 1985; Groot, 1987; PAGV, 1987;
Porter et al., 1987) was used to assess data specifying the rate of phenological development, the level of
production and the partitioning of assimilates to the
plant organs. These data were used for all locations
in the EC. Comparison of model output with information on production levels and grain/straw ratios from
variety trials in other countries (France, Italy and
Spain) and on the rate of phenological development
in all regions in Europe (Thran and Broekhuizen,
1965) indicated that this Europe-wide use of crop
data was quite realistic.
The direct effect of increasing atmospheric C0 2
concentration on the C02 assimilation and growth of
the wheat crop was incorporated into the model by
increasing the maximum value and initial angle of the
C0 2 assimilation - light response curve of single
leaves, by increasing the thickness of leaves, and by
slightly decreasing the transpiration rate. These
changes in model parameters were based on studies
by Allen et az.· (1990), Goudriaan et al. (1984),
Goudriaan et al. (1985), Goudriaan (1990), Goudriaan
and Unsworth (1990), Goudriaan and de Ruiter (1983)
and Idso (1990), and on literature surveys on crop
responses to C02 doubling by Cure (1985), Cure and
Acock (1986) and Kimball (1983).
In order to calculate C02 assimilation rates, daily
minimum and maximum air temperatures, atmospheric
C0 2 concentration and solar radiation are required
(Goudriaan and van Laar, 1978). To calculate the
components of the water balance, daily rainfall, windspeed and vapour pressure are also required. For
example, the calculations of potential rates of evaporation and transpiration that are made with the
Penman formula require data on radiation, average
daily air temperature, vapour pressure and windspeed
(Frere and Popov, 1979). Daily weather data for
20 meteorological stations, representative of the main
arable land areas in all EC countries (Figure 1)
except Greece (for which no sets of daily weather
data were available), were used. For most stations the
sets of historical weather data covered a period of
20 years (1966-85).
In order to calculate soil water balance, the soil's
infiltration, retention and transport properties must be
known. These soil physical characteristics are defined
by effective soil depth, soil moisture characteristics
(notably soil porosity and volumetric moisture contents at field capacity and wilting point, respectively),
maximum infiltration rate or surface runoff fraction,
and the hydraulic conductivity of the subsoil. For
each meteorological station the main soil types that
occur on arable land areas within a radius of 100 to
Eur. J. Agron.
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150 km around the station (Figure 1), were obtained
from the soil map of the European Communities
(CEC, 1985). This map gives information per unit on
soil type, texture class, characteristics such as gravelliness, stoniness, shallow rocks etc., and slope gradient. By interpreting this information (mainly based on
, King and Daroussin, 1989 and Reinds et a!., 1992)
quantitative terms for use in the simulation model
could be obtained : fraction of precipitation lost by
surface runoff, maximum effective rooted soil depth
(~ 100 em for winter wheat) and available volumetric
moisture content in the soil. Areas with a slope gradient of more than 15 per cent. were left out, as
being too steep for arable farming. For all soil types
the ground water table was assumed to be at such a
depth that it did not influence the water balance and
that excess water drained rapidly to the subsoil, so
that growth reduction due to oxygen shortage did not
occur.
Model validation

Potential grain production was calculated for
weather data from Wageningen and de Bilt (about
40 km west of Wageningen), the Netherlands, over
the period 1980-88. Going back in time from 1980,
grain production from field trials appeared to decrease
rapidly with time as a result of less optimum crop
management and less productive crop varieties.
Therefore, these production data could not be used for
comparison with calculated grain production.
Calculated potential grain production levels were compared with actual results from variety trials (Figure 2)
that were carried out over the period 1980-88 in
Randwijk (in the neighbourhood of Wageningen) and
in Wieringerwerf (about
130 km north of
Wageningen), both on clay soils with a relatively high
groundwater level and no water shortage in summer.
The comparison showed that the calculated variation in grain production over time was much smaller
than the variation in grain production found in the
variety trials. In years with a high level of solar radiation during grain filling, actual grain production was
relatively large. In those years losses by diseases
mainly associated with ripening (fungi such as mildew) were limited and hence calculated and actual
grain production levels were comparable. In years
with abundant rainfall and a low level of solar radiation during grain filling both calculated and actual
grain production levels were relatively low. However,
grain production levels in variety trials were found to
be 10 to 20 per cent lower than calculated ones,
which has to be explained by the considerable losses
due to ripening diseases in those wet years.
Unfortunately, the production-reducing effects of diseases could not be calculated with the crop growth
simulation model.
Vol. 2, no 4- 1993

Figure 1. Sets of historical weather data used for calculating
the wheat production potential in the EC, were available for
the following meteorological stations : Kinloss and Nottingham
in the U.K. ; Mullingar in Ireland; Alborg in Denmark; de
Bilt in the Netherlands; Bremen, Mannheim and Miinchen in
Germany ; Lille, Orleans and Toulouse in France ; Santander,
Barcelona, Madrid and Sevilla in Spain ; Porto and Lisbon in
Portugal ; Milan, Pescara and Brindisi in Italy. Data for each
station can be considered representative of the arable land
area around that station, as roughly indicated (exclusive of
areas of sea, wetlands, mountains etc.).
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RESULTS
Baseline
Potential production was about 9 000 kg ha-t dry
matter of grain. Higher grain production levels were
calculated for locations where the level of solar radiation was high during grain-filling and the average
temperature was relatively low, which resulted in a
long period of grain-filling. On the other hand, lower
production levels were calculated for locations with
higher temperatures and less solar radiation. This
explains the relatively large production in Lisbon and
Porto and the relatively small production in Milan
and Madrid (Table 1). Water-limited grain production
varied widely among locations and also among cultivated soil types. Largest production was found at
locations with a relatively large ratio between precipitation and potential evapo-transpiration and a large
amount of available soil moisture. By lowering the
amount of available soil moisture (e.g. sandy, gravelly and/or shallow soils instead of deep, loamy or
clay soils) water-limited grain production often
decreased greatly.

Table 1. Duration of grain filling (days) and average potential grain production for winter wheat (kg ha- 1 dry matter).
Location

Milan
Madrid
Lisbon
Porto

Period of
grain filling

Grain
production

40
42
50
53

7770
8720
10420
11130

For each location average soil characteristics were
calculated from the characteristics of each soil type
and in proportion to its relative area. Water-limited
grain production levels, calculated for average soil
characteristics, were similar to average grain production levels calculated for the various soil types per
location, with a difference of 10 per cent at most. To
limit the number of calculations and results, the subsequent sensitivity, scenario and management analyses were done for these average soil characteristics.

20 years. Data for one weather variable were varied
separately, while others were held constant. Weather
variables that determine crop production directly are
solar radiation and temperature. Those that affect the
water balance and hence the duration and degree of
drought stress are rainfall, windspeed, vapour pressure, solar radiation and temperature. Atmospheric
C0 2 concentration also has direct and indirect effects
on crop production. These variables were adjusted
separately, in a stepwise manner, in order to gauge
the sensitivity of crop production to changing values
of each.
Table 2 summarizes the sensitivity of potential and
water-limited grain production to changing values of
each weather variable. Potential grain production
increased with increasing atmospheric C0 2 and solar
radiation, and generally decreased with rising temperatures. Potential production was not influenced by the
water balance and was thus insensitive to changes in
windspeed, vapour pressure and rainfall. Water-limited production increased with increasing atmospheric
C0 2, rainfall and vapour pressure, and decreased with
increasing solar radiation, temperature (except for
Brindisi) and windspeed.

Table 2. Sensitivity of potential (POT) and water-limited
(WAT) grain production of winter wheat at Kinloss in UK,
Orleans in France, and Brindisi in Italy to increasing values
of atmospheric C0 2 concentration (C), temperature (T), rainfall (R), solar radiation (S), windspeed (W) and vapour pressure (V) 1•

POT
WAT

c

T

R

s

w

v

++
++

- -, 02
- -, +3

0
++

+, ++

0

0
++

1
0, +, ++ : no, moderate, strong increase in grain production ;
-, - - : moderate, strong decrease in grain production.
2
· Temperature effect varies from about zero in Kinloss to strongly negative in Brindisi.
3
Temperature effect varies from strongly and moderately negative in Kinloss and Orleans respectively to moderately positive
in Brindisi.

Scenario analyses without direct C0 2 effect
Composite time-dependent scenarios

Sensitivity analyses
Sensitivity analyses were carried out for three locations representative of the main differences in climate
in the EC : Kinloss in the UK (cool temperate),
Orleans in France (continental), and Brindisi in Italy
(Mediterranean). For each location, calculations were
made using historical weather data for a period of

Potential and water-limited grain production levels
of winter wheat were calculated for historical weather
data that were changed on the basis of composite scenario A (based on the business-as-usual emission scenario of Houghton et al. (1990)) for the years 2010,
2030 and 2050, and composite scenario A High (high
estimate of scenario A) for the year 2050. These
Eur. J. Agron.
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changes, as described by Barrow (.1993), were specified per day over a period of one year. For precipitation and temperature the changes were location-specific. For solar radiation and vapour pressure only one
set of changes was supplied for all locations, and for
windspeed no changes could be made (Barrow, 1993).
Potential production in northern EC, e.g. in
Kinloss, UK, increased slightly up to year
2030 (Figure 3), mainly due to rising temperatures. In
southern EC, e.g. in Brindisi, Italy, potential production levels generally decreased over time, because rising temperatures advanced the period of grain-filling
to a time of year with shorter days and lower solar
elevation.
Water-limited production decreased over time at
most locations, probably because rising temperatures
caused larger water losses by soil evaporation and
crop transpiration. However, these decreases in production were limited in magnitude (Figures 3 and 4).
Weather conditions during the period of grain filling
were influenced not only by the direct effects of climate change (as specified by the scenarios), but also
considerably by the shift in time of the grain-filling
period as a result of the changed climate. For example, at locations with dry summers such as Brindisi
and Pescara, water-limited production was calculated
to increase with time (Figures 3 and 4 ). The period of
grain filling was advanced to a time of higher precipitation which resulted in increased grain production.
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Individual GCM scenarios

Potential and water-limited grain production levels
of winter wheat were also calculated for historical
weather data that were changed on the basis of output from three equilibrium 2 x C0 2 general circulation
models (GCMs), i.e. the GFDL, the GISS and the
UKMO-L (low resolution) models. These changes, as
described by Barrow (1993), were specified per day
over a period of one year for each weather variable
and were location-specific.
Potential grain production decreased at almost all
locations for the changed weather data (Table 3 ),
mainly due to higher temperatures. The lowest production level was generally calculated for the UKMOL scenario, which tends to give the largest temperature increase, or for the GFDL scenario, which gives
slightly smaller temperature increases but often combined with a decrease in the amount of radiation in
winter and/or spring. The temperature increase given
in the GISS scenario is generally the smallest. For the
latter scenario the level of grain production was
higher than for the other two scenarios, but generally
lower than that for unchanged historical weather data.
Changes in temperature and radiation based on the
scenarios influenced water-limited grain production in
the same way as they influenced potential grain production (Table 3). The interaction between these
changes and changes in the other weather variables is

Kinloss Pot.
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Brindisi Pot.
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Orleans Wat.
Brindisi Wat.
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Figure 3. Average potential (Pot.) and water-limited (Wat.)
grain production of winter wheat cultivated at current and at
future weather conditions in Kinloss, UK; Orleans, France ;
and Brindisi, Italy (direct effect of increasing atmospheric C0 2
in future not taken into account). Production has been established for historical weather data over a period of 20 years
( 1966-1985 ), for composite scenario A for the years 2010, 2030
and 2050, and for composite scenario A High for the year
2050.
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Figure 4. Changes in water-limited grain production (kg ha- 1
dry matter) of winter wheat in the main arable land areas in
the EC if the weather is changed on the basis of composite scenario A for the year 2050. Direct effect of increasing atmospheric C0 2 was not taken into account.
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Table 3. Average potential (POT) and water-limited (WAT) grain production (kg ha-l dry matter) of winter wheat established for
historical weather data that were changed on the basis of GFDL, GISS and UKMO-L equilibrium 2 X C02 scenarios, with and
without the direct effect of increased C0 2 ( 353 ppm -7 560 ppm).

Historical
weather

Location

Brindisi
Brindisi
Kinloss
Kin1oss
Orleans
Orleans

POT
WAT
POT
WAT
POT
WAT

9370
4510
8740
5680
9630
6510

Scenario
GFDL

GISS

UKMO-L

- C0 2

+ C0 2

- C0 2

+ C0 2

- C0 2

+ C0 2

6080
5340
3110
3110
7850
6940

8360
7350
3840
3840
10510
9350

5970
5440
7680
6990
8380
5520

8180
7410
9620
8950
11100
7700

5380
4820
6540
5670
6620
6020

7530
6690
8430
7510
8910
8120

very complex. In addition, the changes varied considerably among locations and over the year. Hence,
simple and straightforward explanations of their
effects on grain production cannot be derived. The
GFDL scenario gave major decreases in water-limited
grain production in the UK, Ireland, northern Spain,
Portugal and northern Germany that can mainly be
explained in the same way as the decrease in potential production via the higher temperatures and the
lower level of radiation, while the moderate to major
increase in central and southern Italy was probably
due to relatively larger amounts of rainfall during the
advanced period of grain-filling (Figure 5). The GISS
scenario (smallest temperature increase) gave moderate decreases in production for Ireland, northern
Germany, northern and central France, northern Spain
and northern Portugal (Figure 6) and mainly moderate increases for Scotland, Denmark, central and eastern Spain and central and southern Italy. The UKMOL scenario (highest temperature increase) gave major
decreases in production for Ireland, England, northern
Germany, northern and southern France, northern
Spain and northern Portugal (Figure 7), and moderate
decreases for central and southern Germany, northern
Italy, eastern and southern Spain and central Portugal.

Scenario analyses with direct C0 2 effect
Composite time-dependent scenarios
In these analyses the direct effect of increasing
atmospheric C0 2 , which results mainly in a higher
C0 2 assimilation rate and thus larger crop production
and in a somewhat lower transpiration rate, was taken
into account. Potential production levels increased
greatly over time at all locations, mainly due to
increasing C0 2 (Figures 3 and 8). For water-limited
production the same applied. For scenario A High for
year 2050, which shows the largest increase in temperature, the increase in production was generally
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Figure 5. Changes in water-limited grain production (kg ha- 1
dry matter) of winter wheat in the main arable land areas in
the EC if the weather is changed on the basis of the GFDL
equilibrium 2 X C0 2 scenario. Direct effect of increased C0 2
was not taken into account.

somewhat less than that for scenario A for the same
year. The smallest relative increases in production
were calculated for Denmark, northern Germany and
Spain (Figure 9).
Individual GCM approach
In these analyses the effects of the GFDL, GISS
and UKMO-L scenarios of climate change and of
Eur. J. Agron.
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Figure 6. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather is changed on the basis of the GISS
equilibrium 2 x C0 2 scenario. Direct effect of
increased C0 2 was not taken into account.
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Figure 8. Average potential (Pot.) and water-limited (Wat.)
grain production of winter wheat cultivated at current and
future weather conditions in Kinloss, UK; Orleans, France ;
and Brindisi, Italy, taking into account the direct effect of
increasing atmospheric C0 2 in future. Production has been
established for historical weather data over a period of 20
years ( 1966-85), for composite scenario A for the years 2010,
2030 and 2050, and for composite scenario A High for the year
2050.
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Figure 7. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather is changed on the basis of the UKMO-L
equilibrium 2 x C0 2 scenario. Direct effect of
increased C0 2 was not taken into account.

increasing C02 concentration (from 353 to 560 ppm)
were taken into account. Increasing CO? resulted in
an increase in potential grain production while the
change in climate alone generally caused a decrease
compared to production under the historical climate
(Table 3). Hence, if the effect of the climate change
scenario is larger, potential production will decrease,
and if the direct effect of atmospheric C0 2 is larger,
potential production will increase. The largest potential grain production was calculated generally for the
GISS scenario which gives the smallest temperature
rise and the smallest, generally, for the UKMO-L scenario and the GFDL scenario only at locations where
radiation became limiting (e.g. Kinloss).
The GFDL scenario gave major decreases in waterlimited grain production for Ireland, Scotland and
northern Spain, due to an earlier start in spring (low
radiation level) as a result of higher temperatures, and
a reduced amount of solar radiation according to the
scenario (Figure 10). Moderate production decreases
were calculated for England, Portugal and southern
Spain with constant productions for northern Germany
and the Netherlands. At the other locations major
increases in water-limited grain production were found
as a result of the direct C0 2 effect. The GISS scenario gave major increases in water-limited grain pro-
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Figure 9. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the composite scenario A for the year 2050 and the
direct effect of increased atmospheric C0 2 was
taken into account.

®

<-1500

®

-1500< <-500

0

-500 < <500

•
•

500< <1500

Figure 10. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
tlie main arable land areas in the EC if the
weather was changed on the basis of the GFDL
equilibrium 2 x C0 2 scenario and the direct
effect of increased C0 2 was taken into account.

>1500

duction for most locations (Figure 11). Water-limited
grain production also increased at most locations for
the UKMO-L scenario. Exceptions were decreases in
northern Spain, Ireland and England and constant production in the Netherlands and the northern parts of
Portugal, France and Germany (Figure 12).
Management analyses
Crop temperature sums

The interactions between the temperature sum
required for crop development and the effects of climate change and increasing atmospheric C0 2 were
determined for the locations Kinloss, Orleans and
Brindisi. It was assumed that, compared to the main
wheat varieties grown at present, plant breeding might
be able to produce varieties requiring 10 per cent
greater or 10 per cent smaller temperature sums
(°C days) for crop development until an thesis and
from anthesis to the end-of-grain filling. For the average wheat variety grown at present and for these artificially constructed wheat varieties, average grain production was calculated for historical weather data, for
the composite scenario A for the year 2050, both

with and without the direct effect of increased atmospheric C0 2 , and for the composite scenario A High
for the year 2050 with the direct C02 effect.
For both potential and water-limited production
optimum temperature sums until anthesis (T -anth) and
from anthesis to the end-of-grain filling (T-ripe) were
derived for the three locations for both historical and
scenario weather data. The resulting optimum temperature sums are summarized in Table 4.
From these results it can be concluded that the
largest potential production in changed climate~ particularly that on the basis of scenario A High, will be
attained with wheat varieties that need increased temperature sums for grain filling and hence have a
longer period of grain filling. The largest water-limited production under projected future and also current conditions will be attained with wheat varieties
that need smaller temperature sums until anthesis and
hence have an early start to grain filling.
Irrigation requirements

The amount of irrigation water required to prevent
drought stress during the growth of winter wheat and
to attain the potential level of grain production in the
Eur. J. Agron.
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Figure 11. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the GISS
equilibrium 2 x C0 2 scenario and the direct
effect of increased C0 2 was taken into account.
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Figure 12. Changes in water-limited grain production (kg ha- 1 dry matter) of winter wheat in
the main arable land areas in the EC if the
weather was changed on the basis of the
UKMO-L equilibrium 2 x C0 2 scenario and the
direct effect of increased C0 2 was taken into
account .

>1500

EC, was calculated. Conveyance and application
losses are not included in the amount, as they are
widely variable and dependent on local conditions.
The calculations were made using historical weather
data, the composite scenario A for the year 2050,
both with and without the direct effect of increased
atmospheric C0 2, and the composite scenario A High
for the year 2050 with the direct C0 2 effect
(Table 5).
Scenario A 2050 resulted in larger irrigation
requirements in northern EC, but in smaller irrigation
requirements in southern EC (Table 5). According to

the scenario, temperatures will become higher so the
beginning of crop growth in spring was shifted to an
earlier date, particularly in northern EC and to a more
limited extent in southern EC. Moreover, grain filling
ended earlier. Therefore, a rise in temperature
appeared to result in a shifted and constant, or sometimes even longer, period of 'effective' growth in
northern EC and in a shorter period in southern EC.
This explains the larger water use and irrigation
requirements in northern EC and the smaller ones in
southern EC. Increasing atmospheric C0 2 resulted in
more efficient water use. This effect of C02 roughly

Table 4. Optimum crop temperature sums (as a percentage of average temperature sums for present varieties) until an thesis (Tanth) and from anthesis to the end of grain filling (T-ripe) for Kin/ass in Scotland, Orleans in France and Brindisi in Italy for historical and scenario weather data.

1

2
3

Weather

Potential production
T-anth & T-ripe 1

Water-limited production
T-anth & T-ripe 1

Historical weather
Scenario A2050
Scenario A2050 + CO,., effect
Scenario A High 2050- + C0 2 effect

100
100
100
100

90
90
90
90

%
%
%
%

&
&
&
&

110
110
110
110

%'
%,
%,
%,

90 % & 100 %
100 % & 100 %, 110 % & 110 % 2
100 % & 100 %, 110 % & 110 % 2
110 % & 110 %, 100 % & 100 % 3

Best temperature sums indicated first (starting from the left side), followed by second best sums.
Only in Brindisi, Italy.
Only in Orleans, France.
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counteracted the increased water use and irrigation
requirements in northern EC which resulted from climate change, and which caused a larger decrease in
the irrigation water required in southern EC.

CONCLUSIONS
Sensitivity analyses showed that water-limited grain
production of winter wheat increased greatly with
increasing vapour pressure, rainfall and atmospheric
C0 2 concentration, decreased greatly with increasing
windspeed, and decreased moderately with increasing
solar radiation and temperature, except for southern
EC where there was a slight increase with rising temperature.
Increasing concentration of greenhouse gases in the
atmosphere may cause changes in climate. Various
climate change scenarios appeared to yield considerably different changes in production both for each
location and for the EC as a whole. For example, for
the equilibrium 2 x C0 2 scenarios (without a direct
effect of C0 2), the average grain production of winter wheat in the EC remained roughly constant for the
GISS scenario but decreased by about 1 000 kg ha- 1
dry matter for the UKMO-L scenario.
The direct effect of increasing atmospheric C0 2 on
wheat grain production appeared to be much greater
than the effect of climate change. Moreover, the
direct effect of C0 2 on production is more certain,
whereas the effect of climate change is widely variable depending on the scenario and not yet established as fact. If both effects are taken into account,
the average grain production of winter wheat in the
EC increases by 1 000 kg ha-t dry matter or more for
the equilibrium 2 x C0 2 scenarios.
With climate change the highest level of potential
production will generally be attained with wheat
varieties that have larger temperature sum requirements for grain filling and hence a longer period of
grain filling. If drought occurs at the end of the grain
filling period, wheat varieties with smaller temperature sum requirements until anthesis, and hence an

early start to grain filling, may yield the largest grain
production, in both a current and a changed climate.
Irrigation requirements for attaining the potential
level of wheat production increased at locations in
northern EC with the climate changed on the basis of
the composite scenario for the year 2050, and in
southern EC they decreased. When the direct effect of
increasing atmospheric C0 2 was also taken into
account, this counteracted the increased irrigation
requirements in northern EC and caused a larger
decrease in required irrigation water in southern EC.
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