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ABSTRACT 
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Effects of climate change induced by greenhouse gases on crop production and water use in the basin 
of the river Rhine and on land use and cropping calendar have been studied. Yield levels have been 
calculated with the crop growth simulation model WOFOST for winter wheat, grass and silage maize, 
both for current and future climate conditions. Climate change due to doubled atmospheric C0 2 

concentration was found to have a positive impact on crop yields, which may increase by 30 to 50 
percent, and a negative one on crop. Sensitivity of crop yields to changes in weather variables was 
determined. 
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PREFACE 

In this report prepared by the DLO-The Winand Staring Centre in Wageningen at the 
request of Rijkswaterstaat RIZA (Institute for inland water management and waste water 
treatment) in Lelystad, results are presented from an analysis of the effects of climate 
change on land use, crop production and water use in the Rhine basin. An extensive 
study on the effects of climate change on the discharge of the Rhine was initiated by 
the international Committee for the Hydrology of the Rhine basin (CHR). The Dutch 
contribution to this CHR study also forms part of the Dutch national research program 
on Global air pollution and Climate change (NOP). Within this framework Rijks­
waterstaat RIZA initiated a project "Development of scenarios for changing land use 
in the Rhine basin due to climate change" of which this study can be considered as the 
preliminary phase. 

For the present study, the effects on land use are mainly derived from literature. The 
other effects are quantified by way of a crop growth simulation model. This model is 
an elaboration of a model developed by the Centre for World Food Studies for 
calculating agricultural production potentials on the basis of physiological, physical and 
agronomic information. It can be used to simulate crop growth and components of the 
soil water balance for specified soil and climate conditions. This is done both for current 
climate conditions in the Rhine basin and for possible future climate conditions. In this 
way the effects of climate change on crop production and water use in the Rhine basin 
are derived. 

Many thanks are due to Free de Koning (CABO-DLO) for providing a simulation 
module for grass growth, and to Matt Mann and Bart Parmet (RIZA) for their valuable 
comments on approach and results of this study. 
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SUMMARY 

Possible changes in climate conditions due to increasing concentrations of greenhouse 
gases in the atmosphere will result in changes in use of agricultural land, crop production 
and water use. In this way and also directly through changes in precipitation and 
potential evapo-transpiration, climate change may affect the hydrological cycle in the 
Rhine basin and may cause changes in the discharge pattern of the river Rhine. 

For better understanding of the effects of climate change on the discharge of the Rhine, 
the international Committee for the Hydrology of the Rhine basin initiated a project on 
this topic. The main part of this project is the development of a hydrological model for 
the Rhine basin. This model will be used to estimate the effects of various scenarios 
for climate change and future land use on the annual pattern of Rhine discharge. 
Rijkswaterstaat RIZA has taken responsibility, among other topics, for the development 
of scenarios for changing land use in the Rhine basin due to climate change and has 
boarded out the preliminary phase of this project with the DLO-The Winand Staring 
Centre. In this and subsequent phases of this project the effects of climate change on 
land use, crop production and water use are analyzed and the results may be used for 
the development of land use scenarios and the hydrological model for the Rhine basin. 

For the Rhine basin information on the present land use and on the possible land use 
in future on the basis of a climate scenario has been collected from literature. As land 
use does not depend only on climate but also on many other factors, it is hard to 
establish to what extent differences in land use are due to differences in climate alone. 
Probably the following changes in land use due to climate change are to be expected 
for the Rhine basin: 
- increase in area of permanent crops, particularly in use for vineyards; 
- decrease in area of permanent grassland; 
- decrease in areas cultivated with root crops, oats, rye, rape and turnip rape; 
- increase in areas cultivated with grain maize, sunflower and soyabean. 
In addition, the start of crop growth is derived to be about three weeks earlier, if future 
temperatures in spring increase by 3 °C. 

Effects of climate change on crop production and water use have been calculated with 
a crop growth simulation model. First, calculations have been carried out for historical 
weather data. In a next step, the model has been adapted to situations with increased 
atmospheric C02 concentrations on the basis of information from literature and the 
calculations have been repeated for "future" weather data. These data have been derived 
from historical weather data on the basis of a climate scenario and a sensitivity analysis 
(i.e. separate change of weather parameters to various extents). 

Climate change due to doubled atmospheric C02 concentration as defined in the climate 
scenario, was found to influence crop production in the Rhine basin mainly in a positive 
way. Average grain production of winterwheat in the Rhine basin increased by 2900 
kg/ha dry matter (+ 35%) and average production of permanent grassland by 8600 kg/ha 
dry matter (+53%). Only for silage maize a decrease in total production was calculated. 
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Because at rising temperatures maize varieties with a relatively longer growth period 
and a higher production will be grown, this decrease will not occur in reality. 

This climate change also influences the evapo-transpiration, which during the growth 
periods of winterwheat, silage maize and permanent grassland in the Rhine basin was 
calculated to change by -6 cm, -7 cm and +1 cm, respectively. The decrease in evapo-
transpiration for winterwheat and silage maize was caused mainly by the decrease in 
transpiration at doubled atmospheric C02 concentration and by the shortened period 
of crop growth. For permanent grassland the decrease in transpiration at doubled C02 

concentration was about compensated by the longer period of grass growth at the higher 
temperatures in future. 

From a sensitivity analysis it was derived that grain production of winterwheat mainly 
increases due to increasing atmospheric C02 concentration and decreases due to 
increasing temperature and windspeed, that total production of silage maize mainly 
increases due to increasing atmospheric C02 concentration and solar radiation and 
decreases due to increasing temperature and windspeed, and that production of permanent 
grassland mainly increases due to increasing atmospheric C02 concentration, 
temperature, rainfall and vapour pressure and decreases due to increasing windspeed. 

From the sensitivity analysis it was also derived that evapo-transpiration during the 
growth period of winterwheat mainly increases at increasing solar radiation and 
windspeed and decreases at increasing atmospheric C02 concentration, temperature and 
vapour pressure, that evapo-transpiration during the growth period of silage maize mainly 
increases at increasing solar radiation and windspeed and decreases at increasing 
atmospheric C02 concentration and vapour pressure, and that evapo-transpiration of 
permanent grassland mainly increases at increasing temperature and windspeed and 
decreases at increasing vapour pressure. 

In this study the effects of climate change on crop production and water use have been 
calculated with a crop growth simulation model. The calculations have been carried out 
for a limited number of crops and meteorological stations and for artificially derived 
soil characteristics. For a more thorough analysis of the effects of climate change on 
crop production and water use in the Rhine basin, the same simulation model may be 
used in combination with a geographical information system, containing information 
on the regional distribution of soil types, land use and climate. For such an analysis 
information on the characteristics and the regional distribution of the main soil and 
climate types and crop species should be collected. That could be one of the possible 
subjects for a subsequent phase of this project. 
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1 INTRODUCTION 

The considerable changes in the climate on this planet that might occur within a limited 
period of time due to rising concentrations of so-called "greenhouse" gases in the 
atmosphere, has called worldwide attention. Greenhouse gases are able to absorb the 
longwave radiation emitted by the earth and thereby influence strongly the temperature 
regime on the earth. Without the presence of greenhouse gases in the atmosphere, the 
average temperature on earth would be -18 °C instead of 15 °C. Increasing concen­
trations of greenhouse gases in the atmosphere, particularly carbon dioxyde (C02) due 
to combustion of fossil fuels, may reduce the heat emission of the earth, by which 
possibly the average temperature at the earth's surface will rise. This rise in temperature 
might result in considerable climate changes, in a rapid transfer of climate and vegetation 
zones and in a rise of the sea-level. 

1.1 Effects of climate change on the discharge of the river Rhine 

The changes in climate conditions that are to be expected for the Rhine basin due to 
increasing concentrations of greenhouse gases, are mainly an increase in air temperature, 
an increasing amount of precipitation in winter and a constant or decreasing amount 
of precipitation in summer. As higher temperatures may result in less snowfall and an 
earlier snow melting, it is to be expected that in winter and early spring river discharge 
will become larger and that high water will occur more frequently and will attain higher 
levels and that in the summer the discharge will become smaller (CHR, 1989). 

Changes in climate conditions may also result in changes in the level of crop production 
and in the use of agricultural land in the Rhine basin. For example, rising temperatures 
may result in a higher production, in cultivation of other crops, in advanced periods 
of crop growth, etc. and thus may affect the degree of soil coverage and hence the 
amounts of rainfall discharged by surface runoff, may affect the water use by évapo­
transpiration and hence the amount of water leached to deeper soil layers, etc. In this 
way climate change will cause changes in the discharge pattern of the river Rhine, too. 

1.2 Purposes and backgrounds 

Climate change might affect the annual course of discharge of the Rhine and hence 
might cause problems with respect to supply of drinking water, shipping, etc. in future. 
A better understanding of the effects of climate change on the hydrological processes 
is needed to take purposeful actions for minimizing such negative effects. Hence, the 
international Committee for the Hydrology of the Rhine basin (CHR) initiated in 1989 
a project "Effects of climate change on the discharge of the Rhine". The main part of 
this project is the development of a hydrological model for the Rhine basin. This model 
will be used to estimate the effects of various scenarios for climate change and future 
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land use on the hydrological characteristics of the Rhine, such as annual patterns of 
discharge and water level (CHR, 1989). 

Rijkswaterstaat RIZA has taken responsibility for the development of the lowland part 
of the hydrological model and besides, of scenarios for changing land use in the Rhine 
basin due to climate change. These projects form part of the Dutch national research 
program on Global air pollution and Climate change (NOP). This study can be 
considered as the preliminary phase of the development of scenarios for changing land 
use in the Rhine basin. Land use may have a considerable influence on the hydrological 
cycle. If due to climate change the cultivated crop species, the period of crop growth, 
the soil coverage by the canopy, etc. are changed, this may result in changes in surface 
runoff, evapo-transpiration, leaching, etc. Information on such changes in land use due 
to climate change can subsequently be entered into the hydrological model for the Rhine 
basin. 

In this study the effects of climate change on crop production and land use in the Rhine 
basin are analyzed. In short, the following activities are carried out: 
- information is collected on the actual land use in the Rhine basin and on the possible 

change in land use due to climate change; 
- crop productions are calculated with a simulation model for historical weather data; 
- the crop growth simulation model is adapted to situations with increased atmospheric 

C02 concentration on the basis of information from literature; 
- crop productions are calculated with the adapted model for "future" climate conditions; 
- effects of climate change on crop production, components of the soil water balance 

and land use are analyzed. 
The calculations are carried out for a limited number of crops and for artificially derived 
soil characteristics. This gives a first impression of the possible effects of climate change 
on future land use, production, evapo-transpiration, leaching from the root zone, etc. 
in the Rhine basin. 
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2 LAND USE 

The use of land for agriculture depends on environmental, on socio-economic and other 
factors. Environmental factors that set limitations to land use, are mainly the climate, 
soil, topography and hydrology. For example, low temperatures may prevent maturing 
of a crop, like grain maize, frost in late spring may damage orchards, drought periods 
in summer may reduce yields considerably, particularly on shallow or gravelly soils with 
small amounts of available water. Soils may set limitations to agriculture, for example 
being too heavy for cultivation of root crops or too gravelly. Landscapes with steep 
slopes cannot be used for arable cropping, as without permanent coverage erosion finds 
place at a too high rate. High groundwater levels and unsufficient natural or artificial 
drainage generally prevents use of land for arable cropping. 

Other factors that determine land use, are the size of the consumer market, market 
regulations of the European Communities and hence, the prices for the various 
agricultural products, the historical development of agriculture per region, the distance 
to consumer market and processing industries, the infra- and marketing structure, 
transport facilities and transport costs, the fodder demand of the animal husbandry sector, 
and the introduction of new crop species that produce raw material for non-food use 
(energy, paper, oil, plastic, medicines, etc.). 

The examples mentioned above indicate that a possible change in climate can only be 
just one of the many factors that altogether determine the changes in land use. Also at 
present climate conditions, land use can already change quite rapidly as shown in 
Table 1. The areas of permanent grassland and cereals in the Netherlands appear to 
decrease quite rapidly. Simultaneously, the area of arable land cultivated with silage 
maize increases strongly over the last 20 years. 

Table 1 Change in use of agricultural and arable land (10 000 ha) 
in the Netherlands (CBS, 1986) 

Agricultural land 

Permanent grassland 
Horticulture 
Arable land 

Cereals 
Root crops 
Silage maize 
Other crops1 

1930 

225 

132 
8 

85 

43 
26 
0 

16 

1950 

234 

132 
9 

93 

48 
30 
0 

16 

1970 

213 

133 
11 
69 

36 
27 
0 
6 

1987 

201 

113 
12 
77 

18 
30 
20 
9 

1 Pulses, rape seed, lucerne, etc. 

Total area of agricultural land is equal to the sum of the areas used for permanent 
grassland, for permanent crops (orchards, vineyards) and for arable cropping. The main 
crop groups grown on arable land are cereals, root crops and green fodder crops. 
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2.1 Actual land use in the Rhine basin 

For the regions that drain to the river Rhine, data on land use are derived from statistics 
(Eurostat, 1987,1988). For each region it is also estimated which fraction of the area 
drains to the Rhine (Table 18). Multiplication of the areas in use for specified types 
of agriculture per region by the draining fraction of the area results in data on the land 
use in regions that drain to the Rhine in the Netherlands and Germany (Figure 1) and 
in France and Luxemburg (Figure 2). Only for Switzerland no data on land use are 
given, as they were not available. 

Use agricultural land in 19 85 
in Dutch regions draining to Rhine 

Use agricultural land in 19 85 
in German regions draining to Rhine 
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Fig. 1 Land use (1000 lia) in 1985 for agriculture and arable f arming in the Dutch and German 
regions that drain to the river Rhine. Data were derived from Tables 18 and 19 (Source: 
Eurostat, 1987) and were corrected for the area fraction that drains to the Rhine (Table 18) 
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Fig. 2 Land use (1000 ha) in 1985 for agriculture and arable farming in the French regions and 
in the Grand Duchy of Luxemburg that drain to the river Rhine. Data were derived from 
Tables 18 and 19 (Source: Eurostat, 1987) and were corrected for the area fraction that drains 
to the Rhine (Table 18) 

In 1985 the relative use of agricultural land in the regions draining to the Rhine was 
as follows (see Figures 1 and 2) in 
Netherlands: arable crops 35%; permanent crops 3%; permanent grassland 
Germany: „ „ 61%; „ „ 3%; „ „ 
France: „ „ 52%; „ „ 5%; 
Luxemburg: „ „ 43%; „ „ 1%; 

62% 
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The area of agricultural land in German regions that drain to the Rhine (3698 000 ha) 
is much larger than that in regions in the Netherlands, France and Luxemburg together 
(1470 000 ha). As a consequence, the overall use of agricultural land in the Rhine basin 
corresponds to the land use in the German regions and to less extent to that in the 
French regions: arable cropping 58%; permanent crops 4%; permanent grassland 38%. 

In 1985 the relative use of arable land in the regions draining to the Rhine was as 
follows (see Figures 1 and 2) in 
Netherlands: cereals 22%; root crops 26%; oil seeds 4%; other crops 48% 
Germany: „ 70%; „ „ 7%; „ „ 3%; „ „ 20% 
France „ 67%; „ „ 1%; „ „ 8%; „ „ 24% 
Luxemburg „ 62%; „ „ 2%; „ „ 1%; „ „ 35% 

The overall use of arable land in the Rhine basin, largely corresponding to the land use 
in German regions, is: cereals 69%; root crops 6%; oilseed crops 4%; other crops 21%. 
More information on the areas per region in use for different types of agriculture and 
for different crops, can be found in Tables 18 and 19. 

2.2 Actual land use in five European countries 

For the countries of the European communities more elaborate information on the 
cultivated areas per crop species is given (Eurostat, 1988) but only per country as a 
whole. Land use per country may be different from that in the regions per country that 
drain to the Rhine, as these regions include only the eastern part of the Netherlands, 
the central-western and south-western parts of Germany and the north-eastern part of 
France. Yet it gives some indications on actual land use and also on the possible effects 
of a rise in average temperature on land use. 

In 1986 the relative use of agricultural land per country as a whole was as follows (see 
Figures 3, 4 and 5) in 
Netherlands: 
Germany: 
France: 
Italy: 
Greece: 

arable 
» 
» 
» 
» 

crops 
» 
» 
n 

» 

43%; 
60%; 
57%; 
52%; 
51%; 

permanent crops 
» 
» 
» 
» 

» 
» 
» 
» 

2%; 
2%; 
4%; 

19%; 
18%; 

permanent grassland 
» » 
» » 
» » 
» » 

55% 
38% 
39% 
29% 
31% 

Comparing the use of agricultural land in France and Germany, and also that for the 
regions draining to the Rhine as given in Section 2.1, with that in Italy (average 
temperature in Central Italy 4 à 5 °C higher than that in the Rhine basin) and that in 
Greece (average temperature 7 à 8 °C higher than that in the Rhine basin, relatively 
low rainfall) the following effects of temperature increase may be derived: 
- for permanent crops an increase of about 15% of the agricultural area; 
- for arable land a decrease of about 7% of the agricultural area; 
- for permanent grassland a decrease of about 8% of the agricultural area. 
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Fig. 3 Total land use (1000 ha) in the Netherlands and Germany for agriculture and arable farming 
in 1986. Data were derived from Table 24 (Source: Eurostat, 1988) 
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Fig. 4 Total land use (1000 ha) in France and Italy for agriculture and arable farming in 1986. 
Data were derived from Table 24 (Source: Eurostat, 1988) 
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Fig. 5 Total land use (1000 ha) in Greece for agri­
culture and arable farming in 1986. Data were 
derived from Table 24 (Source: Eurostat, 1988) 
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In 1986 the relative use of arable land was as follows (see Figures 3, 4 and 5) in 
Netherlands: cereals 19%; root crops 35%; oilseeds 1%; green fodder 27%; other crops 18% 
Germany: „ 67%; „ „ 10%; „ „ 4%; „ „ 17%; „ „ 2% 
France: „ 54%; „ „ 5%; „ „ 7%; „ „ 29%; „ „ 5% 
Italy: „ 52%; „ „ 5%; „ „ 2%; „ „ 29%; „ „ 12% 
Greece: „ 50%; „ „ 3%; „ „ 11%; „ „ 8%; „ „ 28% 

Comparing these data, arable cropping in the Netherlands is rather different from that 
in France and Germany. Cereals are cultivated only on a very limited part of the area. 
Oppositely, root crops such as potatoes and sugarbeets are cultivated on a relatively large 
area, just as green fodder crops, mainly silage maize, that are used for cattle feeding 
and other crops, mainly horticultural ones. Arable cropping in France and Germany does 
not differ much, except for the larger area fraction used for cereal cultivation in Germany 
and a larger one used for green fodder crops in France, respectively. Arable cropping 
in Italy is about identical to that in France. Only in Greece the use of arable land is 
different. Particularly, the area used for cultivation of green fodder crops is relatively 
small. As this also applies to the relative area of permanent grassland, this indicates that 
the animal husbandry sector in Greece is not yet as important as in the other European 
countries. The large area fraction used for other crops in Greece can only for one third 
be explained with data from statistics (Eurostat, 1988), being the areas used for 
cultivation of pulses and tobacco and for horticulture. 

More detailed information on cultivated crops can be derived from Table 24. For 
example, the relative areas used for cereals do not differ much between the European 
countries, except for the Netherlands. Li Germany besides wheat, also barley, oats and 
rye are cultivated on relatively large areas. But in France, Italy and Greece in addition 
to wheat, mainly barley and grain maize are of importance. The areas used for root crops 
such as potatoes, sugar and fodder beets, are relatively smaller in France, Italy and 
Greece, compared to Germany. Oilseed crops are cultivated to relatively different extents 
in the five countries and the cultivated crop species also differ considerably. In the 
Netherlands and Germany, for example, rapeseed is cultivated, in France also sunflower 
is of importance, and in Italy and Greece sunflower and other crops such as soyabean, 
sesame, cotton, etc. are cultivated for oilseed production. For green fodder production 
on arable land in the Netherlands and Germany mainly silage maize is cultivated. On 
about one third of the arable land area in use for green fodder production in France, 
silage maize is cultivated and on the rest lucerne and temporary grases are grown. In 
Italy and Greece cultivation of silage maize is of minor importance. 

2.3 Actual and potential yields in the Rhine basin 

For the regions that drain to the river Rhine, yields for the main crops are collected from 
statistics (Table 20). In these regions in Germany and France yields are: 
wheat 5500 à 6000 kg/ha; barley 4500 à 5000 kg/ha; grain maize 5500 à 7500 kg/ha; 
potatoes 26 000 à 38 000 kg/ha; sugarbeets 34 000 à 60 000 kg/ha. Yields in Luxemburg 
are generally on the lower side and yields in the Netherlands on the higher side. 
Expressed in dry matter (see Table 20) these yields are: wheat 4900 kg/ha; barley 4000 
kg/ha; grain maize 5500 kg/ha; potatoes 7000 kg/ha; sugarbeets 11 000 kg/ha. 
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For winterwheat average grain yields are calculated with a crop growth simulation model 
for historical weather data from locations in the Rhine basin. The calculated grain yields 
on sandy loam soil are about 8000 kg/ha dry matter (Table 28). It should be taken into 
account that yields for winterwheat are about 5% higher than those for wheat, being 
a mixture of yields for winter- and spring wheat. If unavoidable losses are estimated 
at 10%, the maximum wheat grain yield in the Rhine basin becomes (0.95 * 0.90 * 
8000=) 6800 kg/ha dry matter. 

For silage maize average yields are calculated for historical weather data from locations 
in the Rhine basin too. The calculated total dry matter yields on sandy loam soils are 
about 18 000 kg/ha dry matter (Table 29), of which for grain maize about half the total 
yield is harvested (= 9000 kg/ha). Considering unavoidable losses, the maximum maize 
grain yield in the Rhine basin becomes (0.90 * 9000=) 8100 kg/ha dry matter. 

For potatoes and sugarbeets yields are not calculated for historical weather data but can 
be estimated as follows. The total dry matter production of winterwheat as calculated 
for sandy loam soils (Table 28), is about 17 000 kg/ha. Considering unavoidable losses 
and a harvested fraction of 80% for potatoes and beets, the maximum potato and 
sugarbeet yields in the Rhine basin become about (0.90 * 0.80 * 17 000=) 12 200 kg/ha 
dry matter. Particularly for sugarbeet, this estimate is rather low, as in reality the growth 
period of sugarbeet is longer than that of wheat and thus the total dry matter production 
is higher than 17 000 kg/ha. 

Yield data for the Netherlands (Table 20) show that present yield levels are relatively 
high and approach the maximum yield levels. In other regions, however, there is still 
ample scope for increase in production at current weather conditions. 

2.4 Current trends in land use and yield 

From statistics some data are collected on the harvested areas and crop yields in 1983 
and 1986 in Germany and France as a whole (Table 21). This may give indications on 
the present changes in yields and land use. However, it is impossible to make a 
distinction between changes that form part of a continuous trend and changes that can 
be considered as an annual variation. The main changes in land use observed during 
this period are: 
- decrease in area of permanent grassland; 
- increase in area of arable land; 
- decrease in area of permanent crops in France; 
- decrease in area of rye, oats and barley; 
- increase in area of grain maize; 
- increase in area of dried pulses; 
- decrease in area of fodder beet and of sugarbeet and other root crops in France alone; 
- decrease in area of rapeseed in France and increase in area of rapeseed in Germany; 
- increase in area of sunflower in France; 
- increase in area of green fodder crops on arable land in Germany and a decrease in 

France; 
- increase in area of silage maize. 
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Yields in 1986 are for about all crop species higher than those in 1983. This may be 
partly the result of more favourable weather conditions in 1986 (amount of sunshine 
and rainfall, etc.) but may also partly be the result of gradually improving crop varieties, 
crop and land management and nutrient supply with time. Only if a yield serie over a 
longer period of time is available, it is possible to subdistinguish between both effects 
on crop yield. 

2.5 Actual land use in South France and North Italy 

Doubling the atmospheric C02 concentration is expected to result in changes in climate 
conditions. For example, in the Bultot scenario (Section 6.1) the temperatures rises with 
3 °C, the precipitation increases but not much more than the evapo-transpiration, and 
the relative air humidity and other weather parameters are not changed. Such weather 
conditions can be found at present in South France and in North Italy. For example, 
the average temperatures in Bordeaux, France and in Milan and Turin, Italy are 12.3, 
13.1 and 13.0 °C and the annual amounts of rainfall are 900, 963 and 845 mm, 
respectively. The average temperatures in De Bilt, Netherlands and Karlsruhe, Germany 
are 9.3 and 10.1 °C and the annual amounts of rainfall 765 and 761 mm, respectively 
(Müller, 1987). 

In 1985 the relative use of agricultural land was as follows (see Figure 6) in 
South France: arable crops 53%; permanent crops 9%; permanent grassland 38% 
North Italy: „ „ 62%; „ „ 8%; „ „ 30% 

Compared to the overall land use in the Rhine basin (Section 2.1), the relative areas 
used for permanent crops in these regions are larger (8% compared to 4% in the Rhine 
basin) and the relative area in use for permanent grassland is smaller, particularly in 
North Italy (compared to 38% in the Rhine basin). Besides, the fraction of the areas 
in use for permanent crops that is used as vineyards, increases from about half the area 
in the Rhine basin (Table 18) to three fourth of the area in South France and North Italy 
(Table 22). 
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Fig. 6 Land use (1000 ha) in 1985 for agriculture and arable farming in various regions of South 
France and North Italy. Data were derived from Tables 22 and 23 (Source: Eurostat, 1987) 
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In 1985 the relative use of arable land was as follows (see Figure 6) in 
South France: cereals 50%; root crops 1%; oil seeds 11%; other crops 38% 
North Italy: „ 59%; „ „ 3%; „ „ 0%; „ „ 38% 

Comparing these data with those for the Rhine basin (Section 2.1), the relative areas 
used in these regions for cereals are smaller (compared to 69% in the Rhine basin), for 
root crops are smaller too (compared to 6% in the Rhine basin) and for other crops are 
larger (compared to 21% in the Rhine basin). From data in Tables 22 and 24 it can be 
derived that the areas cultivated in South France and North Italy with other crops, are 
mainly used for green fodder production, i.e. about 30% of the arable land area. From 
statistics (Eurostat, 1988) and from Table 23 it can be derived that cereals cultivated 
in South France and North Italy are mainly wheat, barley and grain maize and that the 
main oil seed crop cultivated in South France is sunflower and in Italy soyabean. 
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3 METHODOLOGY 

3.1 General 

In the last two decades methods have been developed for estimating the yield levels 
of crops growing under well-specified conditions. These methods are based on 
application of crop growth simulation models, combining knowledge about crop 
characteristics and their interactions with the environment. Their basic structure is 
schematically presented in Figure 7. 

Crop species 

Crop 
characteristics 

Date of 
energence 

Site characteristics 

Fig. 7 Basic structure of methodology 

For any selected emergence date the relevant phenological and physiological crop 
characteristics, weather data (amount and distribution of rainfall, temperature, solar 
radiation.etc.) and soil and topographic characteristics (water-holding capacity of the 
soil, infiltration capacity, etc.) are combined to calculate the total and the marketable 
(grain, tubers, etc.) crop production for specified situations. For actually attaining these 
productions, inputs are required such as human labour, fertilizers, pesticides, technical 
inputs, etc. The required input levels are dictated by the productions aimed at and the 
specified production situation. 

In such approach three levels of crop production can be distinguished: 
1. Potential: yield level is determined by crop characteristics, temperature and solar 

radiation. Water and nutrient availability are assumed to be optimal, and effects of 
weeds, pests and diseases negligible. Realization ofthat situation requires adequate 
supply of water and nutrients, and optimum crop management; 

2. Water-limited: yield level is determined by crop characteristics, temperature, solar 
radiation and water availability, dictated by rainfall pattern and soil physical 
properties. Realization of that situation requires adequate supply of plant nutrients 
and optimum crop management; 

3. Actual: yield level is determined by crop characteristics, temperature, solar radiation, 
water availability, as dictated by rainfall pattern and soil physical properties, by the 
nutrient supply from soil and applied fertilizer and by the quality of crop and land 
management (control of pests, diseases and weeds, tillage, etc.). 

An example of the approach is given in Table 2, based on data from this study. For 
winterwheat in De Bilt, the Netherlands, growing under "average" conditions with respect 
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to climatic conditions, soil texture, etc., grain productions as calculated for the potential 
and the water-limited production situations and the actual average grain production in 
the Netherlands are given as well as the production limiting factors and the required 
inputs. These data indicate that under the conditions in the Netherlands water availability 
is practically no constraint for crop production and that only limited production increases 
can be obtained from optimized crop and land management and nutrient application. 

Table 2 Sequence of production levels with decreasing amounts of external inputs and corresponding 
increase in number of production-limiting factors. Grain yields ofwinterwheat as calculated 
for potential and water-limited production situations on loamy soil in De Bilt, the 
Netherlands and the actual average grain yield in the Netherlands in 1986 ^ 

Level of 
production 

Potential 
production 

Water-limited 
production 

Actual 
production 

Production-limiting 
factors 

solar radiation, 
crop characteristics, 
temperature 

idem + soil water 

idem + soil water 
+ nutrients 
+ yield losses 

Required inputs 
in agriculture 

irrigation,drainage, 
optimal fertilizer appl., 
optimal crop and 
land management 

optimal fertilizer appl., 
optimal crop and 
land management 

suboptimal fertilizer appl., 
suboptimal crop and 
land management 

Wheat grain 
yield (kg/ha) 

10800 

10600 

8100 

1 Dry matter fraction in grains is 0.85 kg/kg. 
2 Actual yield data for winterwheat in the Netherlands from PAGV (1987). 

3.2 Simulation model for calculation of potential and water-limited crop production 

The Centre for World Food Studies developed adynamic crop growth simulation model, 
WOFOST, to calculate agricultural production potentials on the basis of physiological, 
physical and agronomic information. The principles underlying the model are treated 
in detail by Van Keulen & Wolf (1986), and the implementation and structure are 
described by Van Diepen et al. (1988) and Van Diepen et al. (1989). For this study the 
5th version of the WOFOST model has been used. 

3.2.1 Model principles and structure 

In the model, the growth of a crop is simulated from emergence 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 C02 assimilation, respiration, partitioning of assimilates to various plant 
organs, transpiration and phenological development. In calculating potential production, 
solar radiation and temperature are the only environmental conditions considered. In 
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calculating water-limited production, water availability is introduced as a possible 
growth-limiting factor. 

The basis for the calculation of dry matter production is the rate of gross C02 

assimilation of the green canopy, determined by prevailing radiation level, the 
intercepting leaf surface of the crops and the assimilation characteristics of individual 
leaves. Part of the assimilates formed is used by the crop for respiratory processes to 
provide energy for maintenance, which is a function of crop dry weight and chemical 
composition, modified by ambient temperature. The remainder is used for increase in 
structural dry matter, which is partitioned over the plant organs, roots, leaves, stems 
and storage organs (Figure 8), as a function of phenological development stage. The 
fraction partitioned to the leaves determines leaf area development and hence the 
dynamics of radiation interception. This procedure results in potential yield, assuming 
that water and nutrient supply are optimal throughout the crop's life cycle, and that 
weeds, pests and diseases are completely controlled. 
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i Decreasing 
1 growth 

Fig. 8 Simulated course of dry weights of the various plant parts for 
summer wheat growing in the Netherlands 

Transpiration refers to the loss of water from the crop to the atmosphere. The 
transpiration losses are replenished by water uptake from the soil. Within the optimum 
soil moisture range for plant growth the losses are fully compensated, and transpiration 
and hence assimilation proceed at their potential rates. In the model the potential rate 
of transpiration is calculated with the Penman formula (Frère & Popov, 1979). Outside 
the optimum range the soil can be either too dry or too wet. Both conditions lead to 
reduced water uptake by the roots, desiccation of plant tissue, closure of the stomata 
and hence reduced growth: in a dry soil due to water shortage, in a wet soil due to 
oxygen shortage (Figure 9). 
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Fig. 10 Schematic representation of the terms of the water balance 
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Soil moisture content in the root zone (SM) follows from quantification of the water 
balance (Figure 10) including rainfall (R), surface runoff (SR), soil surface evaporation 
(E), crop transpiration (T) and leaching from the root zone (L). In this study surface 
runoff is assumed to be negligible (see Section 4.3). 

3.2.2 Data requirements 

Crop data 
For application of the model, data that specify growth and phenological development 
for each crop are required. Such information on crops includes data on initial crop 
weight, properties that determine assimilation and respiration processes and response 
to moisture stress, partitioning of assimilates to plant organs, life span of leaves, death 
rates of plant organs, and a crop calendar defining dates of emergence, anthesis and 
maturity. The production potential is strongly dependent on growth duration, which for 
a given crop cultivar mainly depends on temperature, for photo-sensitive cultivars 
modified by effects of daylength (Van Keulen & Wolf, 1986). 

Weather data 
For the calculation of C02 assimilation rates, daily minimum and maximum air 
temperatures and solar radiation are required (Goudriaan & Van Laar, 1978). For the 
calculation of components of the water balance data on daily rainfall, windspeed and 
vapour pressure are also required. For example, for calculation of the potential rates 
of evaporation and transpiration with the Penman formula, data on radiation, average 
daily air temperature, vapour pressure and windspeed are used (Frère & Popov, 1979). 

Soil physical data 
For calculating the soil water balance, the soil's infiltration, retention and transport 
properties must be known. Soils are physically defined by: 
- soil moisture characteristics, notably soil porosity and volumetric moisture contents 

at field capacity and wilting point, respectively; 
- effective soil depth; 
- maximum infiltration rate or other characteristics from which surface runoff can be 

derived; 
- hydraulic conductivity of the subsoil. 

3.2.3 Adaptation of model to future climate conditions 

The simulation model is used for calculating productions in current and in future climate 
conditions, and for calculating the sensitivity to changes in weather parameters. The 
same daily weather data that are read from climate files to calculate current productions, 
are also used for calculating the future productions. In that case, however, the daily 
weather data after being read from file, are changed according to the Bultot scenario 
(see Section 6) : 
- average daily air temperatures increased by 3 °C; 
- relative vapour pressure kept constant, i.e. the actual vapour pressure is corrected for 
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changed temperature by multiplication with the ratio between saturated vapour pressure 
at daily air temperature + 3 °C and saturated vapour pressure at daily temperature; 

- daily rainfall data multiplied by l .10a l .16 in winter and by 0.97 in summer; 
- rate of assimilation process adapted to doubled atmospheric C02 concentration as 

described below. 

For calculating the sensitivity to changes in weather parameters the same daily weather 
data that are read from climate files for calculating current productions, are used too. 
However, the data for each weather parameter after being read from file, have been 
changed separately to various extents: 
- rate of assimilation process adapted to doubling and tripling the atmospheric C02 

concentration; 
- daily air temperature data varied between 1 °C below and 5 °C above the actual daily 

air temperature data; 
- rainfall data varied between 0.7 times and 1.3 times the actual rainfall data; 
- radiation data varied between 0.9 times and 1.3 times the amounts of radiation actually 

received; 
- windspeed data varied between 0.5 times and 2.0 times the actual mean daily 

windspeed data; 
- vapour pressure data varied between 0.9 times and 1.1 times the actual vapour pressure 

data. 

The effect of increased atmospheric C02 concentration on the C02 assimilation of the 
green canopy was described as follows. For plants as wheat and grass that belong to 
the C3 plant type, atmospheric C02 concentration is generally suboptimal, and in that 
case the C02 assimilation - light response curve (Figure 11) is changed by increasing 
C0 2 concentration in two ways. Up to a concentration of about three times the actual 
C02 concentration, the maximum assimilation rate of light-saturated individual leaves 
increases about proportionally to the atmospheric C02 concentration and becomes twice 
the present rate at a doubled atmospheric C02 concentration. Second, the initial light 
use efficiency, i.e. the initial angle of the C0 2 assimilation - light response curve, 
increases by about 25% through doubled atmospheric C02 concentration (Goudriaan 
et al., 1984; Goudriaan et al., 1985; Goudriaan, 1990; Goudriaan & Unsworth, 1990). 
For C4 plants such as maize and other tall tropicall grasses, such as millet, sorghum 
and sugarcane, the photosynthetic response to C02 is very steep until an atmospheric 
C02 concentration of one third of the present one. At the atmospheric C02 concentration 
at present (about 350 u.mol/mol) the C02 assimilation - light response curve practically 
does not change through increasing C02 concentration, even under high light intensities 
(Goudriaan & Unsworth, 1990). 

The effect of C02 concentration on leaf area development is rather difficult to quantify, 
as indicated in comparable studies on effects of climate change on crop production (Van 
Diepen et al., 1987; Jansen, 1990). It has been observed that increased assimilate 
availability at increasing atmospheric C02 concentration results partly in thicker leaves, 
rather than in increased leaf area growth (Goudriaan & De Ruiter, 1983; Goudriaan & 
Bijlsma, 1987). In agreement with these observations the specific leaf areas (m leaf 
area per kg leaf weight) of wheat and grass under doubled atmospheric C02 

concentrations have been set to 80% of those under present conditions. 
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