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ABSTRACT

Wolf, J. and C.A, van Diepen, 1991. Effects of climate change on crop production in the Rhine basin.
Wageningen (The Netherlands), DL.O-The Winand Staring Centre. Report 52. 144 pp.; 40 Figs.;
40 Tables; 37 Refs.; 2 Annexes.

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 WOFQOST for winter wheat, grass and silage maize,
both for current and future climate conditions. Climate change due to doubled atmospheric CO,
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 pellution 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 CO, 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 CO, 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.

15



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 CO, concentration and by the shortened period
of crop growth. For permanent grassiand the decrease in transpiration at doubled CO,
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 CO, concentration and decreases due to
increasing temperature and windspeed, that total production of silage maize mainly
increases due to increasing atmospheric CO, concentration and solar radiation and
decreases due to increasing temperature and windspeed, and that production of permanent
grassland mainly increases due to increasing atmospheric CO, 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 CO, 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 CO, concentration and vapour pressure, and that evapo-transpiration of
permanent grassland mainly increases at increasing tcmperature and windspeed and
decreases at increasing vapour pressute.

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 (CO,) 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 smatler (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 evapo-
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
interational 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
CO, 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 I Change in use of agricultural and arable land (16 000 ha)
in the Netherlands (CBS, 1986)

1930 1950 1970 1987

Agricultural land 225 234 213 201
Permanent grassland 132 132 133 113
Horticulture 8 9 11 12
Arable land 85 93 69 77
Cereals 43 48 36 18
Root crops 26 30 27 30
Silage maize 0 0 0 20
Other crops’ 16 16 6 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 1985 Use agricultural land in 1985
in Dutch regions draining to Rhine in German regions draining to Rhine
aranle land root croga perm. grassiend

27.5 1319

T .

oil sesds

6.2 perm. crops PR

1
774 perm. crops 109 8

23

. root crop
1658
oil apads e
% LER <
other aradle land other
13.2 2269 d446.4

Agricultural fand Arable fand Agricultural land Arable fand

perm. graastand
43.3

Fig. 1 Land use (1600 ha} in 1985 for agriculture and arable farming 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 (Fable 18)

Use agricultural land in 1985 Use agricultural land in 1985
in French regions draining to Rhine in Luxemburg draining to the Rhine
arabla lend perm, grassland
651.6 706 cereala 347

root oropa 0.9

R RRNERR
smeds 0.6 SEXXRRRNS
ol B 0.6 Lo

W77 ) pec. Grops
]

porth. grassland wrable jend other 19.2
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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  62%

Germany: » ” 61%; »” ” 3%:; ”» ”» 36%
France: ” » 52%; » " 5%; » »” 43%
Luxemburg: ,, " 43%; » ” 1%; » » 56%
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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: " 0%; , » T%; 4+ 3%; » 20%
France » 67%; ’ 1%; 4, o 8%; » 24%
Luxemburg . 62%; ., » 2%; 5 1%; - IS%

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-eastem 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: arable crops  43%; permanent crops 2%; permanent grassland 55%

Germany: " » 60%; » » 2%; ” » 8%
France: » ” 57%:; ” ” 4%; ” » 39%
Italy: » » 52%; » " 19%; » » 29%
Greece: ” » 51%; ” ”» 18%; » » 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 3 5 °C higher than that in the Rhine basin) and that in
Greece (average temperature 7 4 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 agricuitural area.
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Fig. 3 Totalland 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 qnd Italy for agriculture 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%; oil seeds 1%; green fodder 27%; other crops 18%

Germany: ” 67%; » 10%; , » 4%; » » 17%; ”»

France: ” 54%; ” 5%; w w T%:; » » 29%; o, ”»
Italy: ’» 52%; ) 5%; » w 2%; ” ” 29%; )
Greece: " 50%; " 3%; » » 11%; » ”» 8%; o ”»

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. In 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 a 6000 kg/ha; barley 4500 a 5000 kg/ha; grain maize 5500 2 7500 kg/ha;
potatoes 26 000 a 38 000 kg/ha; sugarbeets 34 000 a 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.

23

2%
5%
12%
28%



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
pericd 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 Actal land use in South France and North Italy

Doubling the atmospheric CO, 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
(Miiller, 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: " w 62%; » » 8%; ” ” 0%

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%; 5 » 0% ” » 8%

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 Site characteristics
Crop ~~ Dateof Weather 3°il  Hydrology
characteristics energence Type

Crop yield g

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 of that 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 of winterwheat as calculated
Jor potential and water-limited production situations on loamy soil in De Bilt, the
Netherlands and the actual average grain yield in the Netherlands in 198617

Level of Production-limiting Required inputs Wheat grain
production factors in agriculture yield (kg/ha)
Potential solar radiation, irrigation,drainage, 10800
production crop characteristics, optimal fertilizer appl.,

temperature optimal crop and

land management

Water-limited idem + soil water optimal fertilizer appl., 10600
production optimal crop and
land management

Actual idem + soil water suboptimal fertilizer appl.,, 310¢
production + nutrients suboptimal crop and
+ yield losses land management

* 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 a dynamic 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 CO, 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 CO,
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.

Total above ground
dry weight {t/ha )

20

00aC2

10

I

April ! , May tune | Jlfly I/‘-’\ugust
Exponential | Linear growth 1 Decreasing
growth . ' growth

Fig. 8 Simulated course of dry weighis 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 (Frére & 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 CO, 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 (Frére & 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 1.10 & 1.16 in winter and by 0.97 in summer;
- rate of assimilation process adapted to doubled atmospheric CO, 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 CO,
concentration;

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

- rainfall data varied between (.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 CO, concentration on the CO, assimilation of the
green canopy was described as follows. For plants as wheat and grass that belong to
the C3 plant type, atmospheric CO, concentration is generally suboptimal, and in that
case the CO, assimilation - light response curve (Figure 11) is changed by increasing
CO, concentration in two ways. Up to a concentration of about three times the actual
CO, concentration, the maximum assimilation rate of light-saturated individual leaves
increases about proportionally to the atmospheric CO, concentration and becomes twice
the present rate at a doubled atmospheric CO, concentration. Second, the initial light
use efficiency, i.e. the initial angle of the CO, assimilation - light response curve,
increases by about 25% through doubled atmospheric CO, 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 CO, is very steep until an atmospheric
CO; concentration of one third of the present one. At the atmospheric CO, concentration
at present (about 350 pmol/mol) the CO, assimilation - light response curve practically
does not change through increasing CO, concentration, even under high light intensities
(Goudriaan & Unsworth, 1990).

The effect of CO, 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 CO, 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 CO,
concentrations have been set to 80% of those under present conditions.
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Large increases in CO, assimilation might result in a situation that formation of plant
organs becomes more limiting for crop growth than the CO, assimilation process. In
this study, however, it is assumed that also at very high CO, concentrations resulting
in high assimilation rates, the rate of organ formation is never the limiting factor for
crop growth,

As described in Section 3.2.1, the simunlation model calculates the potential rates of
evaporation and transpiration by way of the Penman formula. In a situation of soil water
shortage and hence reduced water uptake by the roots, the actual transpiration rate
becomes lower than its potential value, as indicated schematically in Figure 9. This
reduction in transpiration is regulated by partial closure of the stomatal pores in the
leaves, which results in decreasing stomatal conductance. The stomata permit at the same
time uptake of CO, from the ambient air and escape of water vapour, leading to
transpiration. When ambient CO, is raised, CO, assimilation may increase and/or
transpiration losses may be reduced, depending on how the stomata react. In both ways
the water use efficiency of plants may be stimulated considerably. Typically in C3 plants
transpiration is reduced to a limited extent and the CO, assimilation is stimulated
considerably and in C4 plants that have a much higher affinity for CO,, the transpiration
is reduced considerably and the CO, assimilation does not change. (Goudriaan &
Unsworth, 1990). These changes in the transpiration rate due to changing stomatal
conductance and closure at increasing atmospheric CO, concentrations cannot be
handled with the simple method described above.
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A stratified micrometeorological model (Goudriaan, 1977, Chen, 1984) that inclndes
detailed profiles of radiation and aerial conditions in the canopy and uses the Penman -
Monteith equation for calculating the energy balances of canopy and soil surface, is
applied for simulating the effects of doubled atmospheric CO, concentration on the
transpiration rate (Goudriaan & Unsworth, 1990). For C4 plant species the CO,
assimilation rate was not affected but the stomatal resistance almost doubled,
proportional to the increased CO, concentration. The transpiration rate, however, was
not about halved because of a negative feedback in two ways. First, the reduced
transpiration rate causes an increase in leaf temperature. Second, the reduced
transpiration rate affects air conditions inside the canopy. Both effects result in a
transpiration rate at doubled atmospheric CO, concentration of 74% of the original value
for C4 crops. For C3 piant species the CO, assimilation rate is mainiy affected by the
doubled atmospheric CO, concentration and in that case model simulations result in
a transpiration rate of 90% of that at the actual CO, concentration. These fractions of
the transpiration rate derived for a situation of doubled atmospheric CO, concentration,
are used in the present study as overall reduction factors for calculating the transpiration
rates at changing CO, concentrations,

The complete set of crop parameters that have been used for adaptation of the model
to future weather conditions and have been treated above, is given in Section 4.4,
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4 DATA BASE

Effects of climate change on crop production have been analyzed for three crops,
winterwheat, silage maize and permanent grassland, growing on four soil types with
different amounts of available water at six locations in the Rhine basin.

4.1 Crops
4.1.1 Winterwheat

The standard crop data set has been used largely. Sowing of winterwheat in the
Netherlands takes place in October, November or December (Alblas et al., 1987), so
crop emergence generally occurs in autumn. As the period of standstill in the winter
cannot be handled by the model, the simulation is started on January 1 at an estimated
amount of above-ground plant material at that date. The rate of phenological
development that determines the dates of anthesis and maturity, the level of production
and the partitioning of assimilates to the plant organs that determines the grain/straw
ratio, are based on data from field experiments in the Netherlands (Alblas et al., 1987;
Darwinkel, 1985; Darwinkel, 1988; Van Keulen et al., 1988; PAGYV, 1987). For locations
in Germany and France the same crop data as derived for wheat varieties in the
Netherlands, are used in the calculations.

4.1.2 Silage Maize

The standard crop data set has been used largely. Sowing of silage maize in the
Netherlands is advised to be done in the end of April, as delay results in a lower
production (Alblas et al., 1987). This results in emergence on about May 15. Hence,
the simulations for the Netherlands are started on that date. For locations in France and
Germany the temperature in spring is about 1 °C higher than that in the Netherlands.
As in the Rhine basin temperature in spring increases by about 4 °C per month, the
simulated growth of maize on locations in France and Germany is started one week
earlier, i.e. on May 8. The rate of phenological development, the level of production
and the partitioning of assimilates to plants organs are based on data from field
experiments in the Netherlands ( Alblas et al., 1987; PAGV, 1985; De Jong, 1985;
Sibma, 1987). For locations in Germany and France the same crop data as derived for
maize varieties in the Netherlands, are used in the calculations.
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4.1.3 Permanent grassland

For the growth simulation of permanent grassland that is mown regularly, some changes
to the model and additional data that reflect the management of grassland were required.
In spring simulated growth starts at an initial leaf area index. At the moment that at
least 3500 kg/ha dry matter can be harvested, in addition to the weight corresponding
with the initial leaf area index, this amount is removed and grass growth starts again.
After the harvest, regrowth is retarded for a number of days that increase with the
amount of grass removed and the duration of the harvest period, and is set to 6, 5, etc.
days for at least 3500, 3000, etc. kg/ha dry matter removed (PR, 1988). From
midsummer the rate of grass growth decreases gradually and for that reason it is assumed
that from end of July grass is cut already at the moment that at least 3000 kg/ha dry
matter can be harvested. At the end of November, the residual amount of grass is
harvested. The growth simulations for grass are performed over one complete year, i.e.
365 days, for all locations. The level of production, the partitioning of assimilates to
the plant organs and the regrowth retardation are based on data from field experiments
in the Netherlands (PR, 1988; Wieling & De Wit, 1987; Lantinga, 1985; Noy, 1989;
Van Dijk, 1980). For locations in Germany and France the same plant data as derived
for permanent mown grassland in the Netherlands, are used in the calculations.

4.2 Climate

The weather data used for the calculations were daily values from six meteorological
stations. They cover the degree of variation in climate in the Rhine basin. As shown
in Table 3, lowest annual temperatures are found in the Netherlands (De Bilt, Twente)
and highest in South Germany (Karlsruhe, Freiburg).

Table 3 Information on location and climate for six meteorological stations in the Rhine basin

Location, Longitude Latitude Elevation Average Average Average Annual
Country above annual annual  relative sunshine

sea level tempera- rainfalll  humidity! duration’

turel
"N E) (m) (°C) {mm) (%) (h)

De Bilt, Neth. 52°06!  s°11! 2 9.3 765 77 1572
Twente, Neth.2 52°16' 64! 14 9.5 755 76 1337
Strasbourg, France 48°331  7°38! 153 9.7 607 78 1685
Frankfurt, Germany 50°03'  8°36! 1 9.4 663 77 1640
Freiburg, Germany 48°00!  7°51! 269 103 903 74 1808
Karlsruhe, Germany 49°02!  §°22! 112 10.1 761 77 1771

1 Average climate data from Miiller (1987).
2 Climate data for Twente were not given by Miiller (1987) and have been replaced by those for nearest
meteorological station in Winterswijk (51°58'N, 6°43 ' E).
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The courses of temperature over the year (Figure 12) show that on locations in Germany
and France temperatures in winter are 1 °C below, in spring are 1 °C above, in summer
are 2 °C above and in autumn are 0 °C above temperatures on locations in the
Netherlands. This decreased temperature variation over the year in the Netherlands is
due to the sea influence. Sunshine duration (Table 3) and thus the solar radiation
increases in southemn direction but also in the direction of the sea coast (De Bilt
compared to Twente). Table 3 also shows the difference in annual rainfall between
locations, from relatively dry ones as Strasbourg and Frankfurt to relatively wet ones
as Freiburg.

Average monthly temperature Average monthly rainfall
for weather stations in Rhine basin for weather stations in Rhine basin
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Fig. 12 Course of average monthly temperature and rainfall over the year in De Bilt (B) and Twente
(T), the Netherlands, Sirasbourg (S), France, and Frankfurt (FRA), Freiburg FRE) and
Karisruhe (K), Germany (Source: Miiller, 1987). In this handbook climate data for Twente
were not given and have been replaced by those for nearest meteorological station in
Winterswijk

As shown in Figure 13, one out of 10 years the annual amount of rainfall in De Bilt
(B), Twente (T), Strasbourg (S), Frankfurt (FRA), Freiburg (FRE) and Karlsruhe (K)
is less than:

B T S FRA FRE K

56 cm 56 cm 47 cm 47 cm 72 cm 65 cm

The average potential evapo-transpiration of grassland over one year on the same
locations (see Table 30) is:

B T S FRA FRE K

47cm 436cm S51l0cm 468cm  S552cm 492 cm
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From comparison of these rainfall data with the average potential evapo-transpiration
of grassland, it can be derived that the risk for watershortage in low-rainfall years is
considerable in Strasbourg and Frankfurt.

Annual rainfall
cumulative frequency distribution
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Fig. 13 Cumulative frequency distribution of annual
rainfall (cm) over a period of twenty years
(1969-1988) in De Bilt (B) and Twente (T), the
Netherlands, Strasbourg (S), France, Frankfurt
(FRA), Freiburg (FRE) and Karlsruhe (K),
Germany (see Table 27)

The course of rainfall over the year (Figure 12) shows again that in Freiburg, particularly
in spring and summer, rainfall is much higher than on the other locations. De Bilt,
Twente and Karlsruhe represent about the average rainfall situation in the Rhine basin.
These locations differ only by the fact that in spring more rain falls in Karlsruhe and
in autumn more in De Bilt and Twente. Lowest amounts of rain fall in Strasbourg and
Frankfurt. In autumn and winter the arnounts of rainfall in Strasbourg are lower and
in spring and summer, the period of crop growth, the amounts are higher than those
in Frankfurt. Hence, the risk for water shortage is larger in Frankfurt than in Strasbourg.

In mountainous areas the temperature can be much lower and the amounts of rainfall
much higher than these on the specified locations. As such areas are not used for
agriculture in the Rhine basin, weather data from meteorological stations representative
for mountainous areas are not used in this study.

For the six locations historical weather data over a period of 20 years, from 1969 upto
and including 1988, have been used. It should be kept in mind that these weather data
are more recent than those of Miiller (1987), used for Table 3 and Figure 12. The daily
weather data used are: maximum and minimum air temperature, solar radiation, vapour
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pressure, average windspeed and rainfall. As only for De Bilt and Strasbourg measured
radiation data are available, solar radiation for the other stations has been calculated
from measured data on sunshine duration. Only for Twente the daily weather data set
was not complete and had to be repaired. The missing values were replaced by values
from a reference data set. This data set contains average weather data on a daily basis,
which have been derived from the total historical set of weather data.

4.3 Soils

Four soil types were specified for the calculations. They cover the degree of variation
in soil water-holding capacity that can be expected in the Rhine basin, but they are
theoretical concepts representing a sandy soil, a sandy loam soil, a loamy soil and an
optimal soil. For each soil type the following assumptions apply:

- no groundwater and hence no flow of water by capillary rise to the root zone;

- water balance calculated for effective rooting depth of 100 cm for cultivation of
winterwheat and silage maize and for permanent grassland on optimal soils and
calculated for depth of 50 cm for permanent grassland on the other soils;

- infiltration rate is so large that no surface runoff may occur;

- no risk for oxygen shortage in wet soils.

The sandy soil has an available volumetric moisture content of 0.07 em>/cm? (between
moisture contents at field capacity and at wilting point, respectively). Hence, the
maximum amount of available soil water is 7 cm for cultivation of winterwheat and
silage maize and 3.5 cm for permanent grassland.

The sandy loam soil has an available volumetric moisture content of 0.14 em¥em’.
Hence, the maximum amount of available soil water is 14 c¢cm for cultivation of
winterwheat and silage maize and 7 cm for permanent grassland.

The loamy soil has an available volumetric moisture content of 0.21 cm>/cm>. Hence,
the maximum amount of available soil water is 21 ¢cm for cultivation of winterwheat
and silage maize and 10.5 cm for permanent grassland.

The optimal soil has an available volumetric moisture content of (.50 cm3/cm3. Hence, -
the maximum amount of available soil water is 50 cm for cultivation of winterwheat
and silage maize and also for permanent grassland. The optimal soil is fictive but allows
calculation of the potential production (i.e. production in situation without water shortage
and crop stress) under any climatic condition.

Water-holding capacity of soils that are used for agriculture in the Rhine basin, can be
expected to be in between those of sandy loam and loamy soils, respectively. The sandy
soil represents with respect to water-holding capacity shallow, gravelly or stony soils
that generally are found on eroded slopes, which mostly are not used for agriculture.
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4.4 Adaptation of crop parameters to future climate conditions

The simulation model is used for calculating productions in future climate conditions
and for calculating the sensitivity to changes in climate conditions. In section 3.2.3 it
was described how in the model the historical set of weather data was changed to create
"future" weather data (scenario analysis) and how in the model values for weather
parameters were varied separately to analyse their sensitivity to changes. In Section 3.2.3
also the effects of increasing atmospheric CO, concentration on plant behaviour were
treated:

- change in CO, assimilation - light response curve for C3 crops;

- increasing thickness of leaves;

- decrease in transpiration rate for C4 crops and to less extent for C3 crops.

The resulting changes in crop parameters of the model that reflect these changes in plant
behaviour at increasing atmospheric CO, concentrations, are summarized in Table 4.

The CO, assimilation - light response curve of single leaves is changed by increasing
atmospheric CO, concentration in two ways. The maximum leaf assimilation rate
{AMAX), i.e. the maximum of the curve, and also the initial angle (EFF) of this curve
mcrease at increasing CO, concentration. At the same time, spec1ﬁc leaf area (SLA),
i.e. m® leaf area per kg leaf weight, decreases and the transpiration is reduced by way
of an overall reduction factor (RTRA) (see Section 3.2.3.).

Table 4 Changes in specific leaf area (SLA), in initial light-use efficiency of CO, assimilation of
single leaves (EFF), in maximum leaf CO, assimilation rate (AMAX) and in the reduction
Jactor for potential transpiration (RTRA) for adaptation of the model to doubled and tripled
atmospheric CO, concentrations

Atmospheric SLA EFF AMAX RTRA
CO, concentrations (m¥kg) kg/ha'h (kg/ha'h)

Jm¥s
Winterwheat
1*CO, 18.0 0.45 40 1.00
2*Co, 144 0.55 80 0.90
3+CO, 12.0 0.59 120 0.85
Silage maize
1*CO, 260 0.45 70 1.00
2+CO, 26.0 0.45 70 0.74
3*Co, 26.0 0.45 70 0.64
Grass
1*CO, 250 0.45 40 1.00
2*Co, 20.0 0.55 80 0.90
3*COo, 16.7 0.59 120 0.85
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5 RESULTS FOR CURRENT CLIMATE

For the six locations, De Bilt, Twente, Strasbourg, Frankfurt, Freiburg and Karlsruhe
daily weather data are available for a period of 20 years (1969-1988). For this period
of time crop production and the components of the water balance have been calculated.
Only the results for crop growth on loamy soils are specified per year and are presented
in a cumulative frequency distribution.

5.1 Winterwheat

Crop growth and the components of the water balance are simulated from January 1
till the date of maturing. Actually sowing of winterwheat occurs in October or
November. After about two weeks crop emergence finds place, so that at January 1 a
limited amount of crop material is already formed. An estimate for this amount is used
as start weight in the crop growth simulation. The initial amount of available soil water
at January 1 is set at the maximum per soil type.

Fig. 14 Cumulative frequency distributions of the grain production of winterwheat and the toial
production of silage maize (kg/ha dry matter) cultivated in current climate conditions on
loamy soils. Productions have been established for historical weather data over a period
of twenty years (1969-1988) from De Bilt (B) and Twente (T), the Netherlands, Strasbourg(S),
France, Frankfurt (FRA), Freiburg (FRE) and Karlsruhe (K), Germany (see Tables 25 and
26)
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5.1.1 Cumulative frequency distribution

Over the period of 20 years an average water-limited grain production on loamy soils
in De Bilt and Twente is calculated of about 9000 kg/ha dry matter (Figure 14). The
standard deviation is derived to be about 1000 kg/ha (Table 25), so the annual production
varies mainly between 8000 and 10 000 kg/ha. The average water-limited grain
production in Strasbourg, Frankfurt, Freiburg and Karlsruhe is about 8200 kg/ha dry
matter, and also the total dry matter production is lower (Table 5). This difference in
production results from the shorter growth periods on these locations. In spring crop
growth starts about one week earlier than on locations in the Netherlands, but crop
maturing occurs about 2.5 week earlier.

Table 5 Average values for water-limited productions and components of the water balance (cm) during
the growih period of winterwheat sown half November in De Bilt and Twente, the Netherlands,
in Strasbourg, France, and in Frankfurt, Freiburg and Karlsruhe, Germany on loamy soils;
average values have been established for historical weather data over a period of 20 years (1969-
1988) (see Table 25)

Location Duration Dry matter  Rainfall Transpiration Evaporation Leaching Change

growth  production Soil
period {(kg/ha) water
(4) _—
Total Grain
De Bilt 228 19197 9022 46.8 259 90 20.3 -8.3
Twente 233 18639 3819 45,7 25.2 9.1 194 -8.0
Strasbourg 214 17296 8320 374 25.2 9.0 113 -8.1
Frankfurt 218 17190 7990 38.6 24.6 83 153 9.6
Freiburg 207 17240 8252 56.9 255 99 249 34
Karlsruhe 210 17239 8250 47.6 239 8.3 210 -6.2

5.1.2 Production

The potential grain production, i.e. the production on the optimal soil with an artificially
high amount of available water that prevents water shortage under practically all
conditions, is also highest in De Bilt and Twente and lower on the other locations
(Figure 15). This results from the shorter growth period as described in Section 5.1.1.

On the loamy soils the average water-limited grain production is about as high as the
average potential production and is again higher for the Dutch locations than for the
other ones. On the sandy loam soils the reduction in average water-limited grain
production due to water shortage compared to the potential production is still very
limited (1 to 3%) in Freiburg and Karlsruhe and limited (5 to 10%) on the other
locations. Only on the sandy soils the grain production is reduced strongly, by 20 to
30% on most locations. In Freiburg the amount of rainfall during the growth period is
relatively higher and consequently, the reduction in grain yield is only 8%. In Frankfurt
the amount of rainfall is low and besides the distribution of rainfall over the growing
season is rather unfavourable, which results in more leaching from the root zone and
in more depletion of available soil water (Table 28) and consequently in more severe
yield reduction (34%).
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Fig. 15 Average grain production (kg/ha dry matter) and evapo-transpiration (cm) during the growth
period of winterwheat cultivated in current climate conditions on four different soil types.
Average values have been established for historical weather data over a period of twenty
years (1969-1988) from De Bilt and Twente, the Netherlands, Strasbourg, France, Frankfuri,
Freiburg and Karlsruhe, Germany (see Table 28)

The standard deviation for the calculated productions increases from about 800 kg/ha
dry matter for the potential production to about 1650 (Freiburg, high rainfall) 4 2650
kg/ha dry matter (Frankfurt, low rainfall) for the water-limited productions on sandy
soils (Table 28). Thus yield variation increases with increasing risk for water shortage.
As the water-holding capacity of most soils used for agriculture in the Rhine basin is
not less than that of the sandy loam soils, reduction in grain production due to water
shortage will occur only to a limited extent (not more than 10% yield reduction).

5.1.3 Water balance

The highest cumulative water losses by evaporation and transpiration are calculated for
Freiburg (Figure 15). On this location the average temperature over the growth peried
is highest and also the amount of solar radiation received (Table 3). In Strasbourg,
Frankfurt and Karlsruhe the average temperature is also somewhat higher than in De
Bilt and Twente, but on these locations the shorter growth period (see Table 5) causes
equal or lower amounts of evapo-transpiration. Evapo-transpiration on loamy soils is
about as high as that on optimal soils. On sandy loam soils evapo-transpiration is
reduced by 2 to 5% on most locations, and even less in Freiburg (high rainfall). Only
on the sandy soils the evapo-transpiration is clearly reduced due to a limited supply of
water from rainfall and soil, i.e. 10 to 15% on most locations. However, on a high-
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rainfall location such as Freiburg, the reduction amounts only 4%. On the other soils
the water supply from rainfall and soil will on all locations practically not be limiting
for the evapo-transpiration (see Table 28) and thus also for the grain production. For
more elaborate information on the variation from one year to the other in crop
production and in components of the water balance it is referred to Tables 25 and 28.

5.2 Silage maize

Crop growth and the components of the water balance are simulated from the date of
emergence, i.e. May 8 for locations in France and Germany, and May 15 for locations
in the Netherlands, till the date of maturing or the date of harvest, set at October 2 when
the crop is not yet mature at that date. The initial amount of available soil water at crop
emergence is set for all locations at the maximum amount per soil type minus 3 cm
water, taking into account limited evaporation losses from bare soil before the date of
emergence.

5.2.1 Cumulative frequency distribution

Over the period of 20 years an average water-limited total production on loamy soils
of 18 000 to 20 000 kg/ha dry matter is calculated (Figure 14). Highest productions are
found on locations with the highest temperatures, i.e. Freiburg, Karlsruhe and Strasbourg
and lowest productions in Twente and Frankfurt, but the difference in production is
limited. The standard deviation is calculated to be between 2000 and 2500 kg/ha (Table
26), so annual production varies mainly from 16 000 to 21 000 kg/ha. Only in Freiburg
the high-rainfall regime (Table 6) results in less variation in production.

Table 6 Average values for water-limited productions and components of the water balance (cm) during
the growth period of silage maize sown end of April in De Bilt and Twente, the Netherlands,
and half April in Strasbourg, France, and in Frankfurt, Freiburg and Karlsruhe, Germany
on loamy soils; average values have been established for historical weather data over a period
of 20 years (1969-1988) (see Table 26)

Location Duration Dry matter Rainfall Transpiration Evaporation Leaching Change

growth  preduction Soil
period (kg/ha) water
(d) _—
Total Grain
De Bilt 138 19583 10029 299 238 64 34 37
Twente 139 18063 9029 284 224 73 32 -4,5
Strasbourg 122 19882 10676 28.0 26.3 64 26 13
Frankfurt 126 18891 10153 254 24.8 6.4 29 -8.6
Freiburg 114 20084 10900 388 274 6.6 7.9 -30
Karlsruhe 116 19805 10514 298 257 59 43 63
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As shown in Table 6, the growth period of silage maize is longer for the Netherlands
than for the other locations (if maize variety is identical), due to lower average
temperatures. Silage maize grows very slowly as long as temperatures in spring are
rather low. For that reason the lower temperature and corresponding longer growth
period in the Netherlands does not generally result in a higher production, as found in
Section 5.1.1 for winterwheat.

5.2.2 Production

The potential production, i.e. the production on the optimal soil, is highest in Strasbourg
and lowest in Twente, but the differences between the six locations are limited (Figure
16). These differences can be explained from different amounts of solar radiation
received.

On the loamy soils the average water-limited total production is about as high as the
average potential production. On the sandy loam soils the decrease in average water-
limited production compared to potential production is about 10%. Exceptions are
Freiburg (high rainfall) with a decrease of only 2% and Frankfurt (low rainfall, see Table
6) with a decrease of 14%. On the sandy soils the total production is reduced by almost
30%, with again in Frankfurt a larger yield reduction and in Freiburg a smaller one.
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Fig, 16 Average total production (kg/ha dry matter) and evapo-transpiration (cm) during the growth
period of silage maize cultivated in current climate conditions on four different soil types.
Average values have been established for historical weather data over a period of twenty
years (1969-1988) from De Bilt and Twente, the Netherlands, Strasbourg, France, Frankfurt,
Freiburg and Karlsruhe, Germany (see Table 29)
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The standard deviation for the calculated productions is calculated to be about 1500 to
2000 kg/ha for potential production on most locations (Table 29). Only in Twente the
standard deviation is 2500 kg/ha which is probably due to the larger risk for yield
reduction in relatively cold summers. The standard deviation increases with an increasing
risk for water shortage, i.e. from water-limited production on loamy soils to that on
loamy sand and sandy soils, and is highest on sandy soils, i.e. 3200 kg/ha in Freiburg
(high rainfall), 4500 kg/ha in Frankfurt (low rainfall), and about 4000 kg/ha on the other
locations. As the water-holding capacity of most soils in the Rhine basin is not less than
that of sandy loam soils, reduction in total production due to water shortage will occur
to a limited extent, i.e. not more than 10% on most locations and about 15% on
relatively dry locations such as Frankfurt.

5.2.3 Water balance

The highest cumulative evapo-transpiration is calculated for Freiburg and Strasbourg
and the lowest for De Bilt and Twente (Figure 16). This difference in evapo-transpiration
is mainly related to differences in the amounts of solar radiation received, but the
difference in evapo-transpiration is small. Differences in average daily rate of evapo-
transpiration between locations are larger, because the growth periods of maize over
which evapo-transpirations are calculated, are longer in De Bilt and Twente than in the
other locations (Table 6). Evapo-transpiration on loamy soils is about as high as on
optimal soils. On sandy loam soils evapo-transpiration is reduced by about 7% on most
locations, to a negligible extent (2%) in Freiburg (high rainfall) and more strongly (10%)
in low-rainfall locations such as Frankfurt. Only on the sandy soils the evapo-
transpiration is reduced by about 20% on most locations, due to a limiting supply of
water from rainfall and soil, and again a larger relative decrease is found for Frankfurt
and a smaller one for Freiburg. On soils with a relatively high water-holding capacity
(loamy soils) or on locations with high rainfall (Freiburg) and soils with a moderate
water-holding capacity (sandy loam) reduction in evapo-transpiration and thus in total
production are negligible and in other situations these reductions will increase with
decreasing rainfall and soil water-holding capacity. For more elaborate information on
the variation from one year to the other in crop production and in components of the
water balance it is referred to Tables 26 and 29.

5.3 Permanent grassland

Growth of regularly mown grassland and the components of the water balance are
simulated over one year, i.e. from January 1 till January 1. In the period from spring
upto August 1 grass is assumed to be cut at the moment that at least 3500 kg/ha dry
matter can be harvested. In the subsequent months the rate of grass growth decreases
and hence, it is assumed that grass is cut at the moment that at least 3000 kg/ha dry
matter can be harvested, November 26, the residual amount of harvestable grass is cut.
The initial amount of soil water at January 1 is set at the maximum amount per soil

type.
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5.3.1 Cumulative frequency distribution

Over the period of 20 years an average water-limited production on loamy soils is
calculated of 15 000 to 19 000 kg/ha dry matter (Figure 17). Highest production is found
on locations with highest temperatures, i.e. Freiburg and Karlsruhe, and the lowest
production on locations with lowest temperatures, i.e. Frankfurt, Twente and De Bilt.
The standard deviation is calculated to be 2000 to 3000 kg/ha (Table 27), so the annual
production varies mainly from 12 000 2 15 000 kg/ha to 17 000 a 19 000 kg/ha. Only
in Freiburg the high-rainfall regime (Table 7) results in less variation in production.

For all locations the components of the water balance are calculated for a complete year
and hence, comparison of components of the water balance can be done better for grass
than for winterwheat or silage maize with their growth periods varying per location.
On locations with relatively higher temperatures (Freiburg, Karlsruhe and Strasbourg)
grass growth starts earlier in spring and the total period of growth is longer. This results
not only in a higher production but also in a higher evapo-transpiration than on the other
locations (Figure 17; Table 7). The annual variation in evapo-transpiration on loamy
soils is derived to be lowest in Freiburg (high rainfall) and highest in Strasbourg and
Frankfurt (low rainfall) (Figure 17; Table 27).
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Fig, 17 Cumulative frequency distributions of the total production (kg/ha dry matter) and the evapo-
transpiration (cm) per year of mown permanent grassland growing in current climate
conditions on loamy soils. Production and evapotranspiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt (B) and
Twente (T), the Netherlands, Strasbourg(S), France, Frankfurt (FRA), Freiburg (FRE) and
Karlsruhe (K), Germany (see Table 27)
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Table 7 Average values for water-limited productions and components of the water balance (cm) per
Yyear for mown permanent grassland in De Bilt and Twente, the Netherlands, in Strasbourg,
France, and in Frankfury, Freiburg and Karisruhe, Germany on loamy soils; average vailues
have been established for historical weather data over a period of 20 years (1969-1988) (see

Table 27)

Location Duration Dry matter Rainfall Transpiration Evaporation Leaching Change
growth production Soil
period (kg/ha) water
(@)

De Bilt 365 16526 79.4 29.6 119 378 +0.2

Twente 365 15514 72.6 28.0 12.0 325 +0.2

Strasbourg 365 16712 624 339 133 159 -0.8

Frankfurt 365 15178 633 298 11.7 21.9 -0.2

Freiburg 365 19287 963 398 14.6 41.9 +0.0

Karlsruhe 365 17713 78.8 339 12.9 318 +0,2

5.3.2 Production

The potential production, i.e. the production on the optimal soil, is highest in Freiburg
and lowest in Twente and Frankfurt, but the differences between the six locations are
limited (Fig. 18). On locations with a higher average temperature the period that grass
growth may occur, is longer and hence, the grass production is higher. On locations
with a high degree of cloudiness the amount of radiation received (Table 3) and thus
grass production is less.

On the loamy soils the average water-limited grass production is reduced by about 10%
on most locations compared to the potential production. Exceptions are Freiburg (high
rainfall; see Table 7) with almost no decrease in production due to water shortage and
Frankfurt (low rainfall) with a relatively larger decrease in production. On the sandy
loam and the sandy soils the average water-limited grass production is reduced by about
16% and 30%, respectively on most locations compared to the potential production, and
again a larger decrease in production is found in Frankfurt and a smaller one in Freiburg.
As the water-holding capacity of most soils in use for agriculture in the Rhine basin
is not less than that of sandy loam soils, the relative decrease in grass production will
not be more than 16% on most locations and about 24% on relatively dry locations such
as Frankfurt.

The standard deviation for the calculated productions is calculated to be about 700 kg/ha
for potential production on all locations (Table 30), so the variation in grass production
with optimal water supply is very limited. The standard variation increases with
increasing risk for water shortage, and amounts 2000 & 3000 kg/ha for the water-limited
productions on the loamy and the sandy loam soils, with less variation in Freiburg and
more variation in Frankfurt, and amounts 3000 a 3600 kg/ha on sandy soils, with again
less variation in Freiburg.
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5.3.3 Water balance

The highest cumulative evapo-transpiration on optimal soils is calculated for Freiburg,
i.e. 55 cm per year, and the lowest for De Bilt and Twente, i.e. 44 cm per year (Figure
18). This difference in evapo-transpiration is mainly related to differences in average
temperature and in amount of solar radiation received. On loamy soils evapo-
transpiration is reduced by about 7% compared to that on optimal soils. Only in Freiburg
(high rainfall) the decrease in evapo-transpiration is negligible and in Frankfurt (low
rainfall) the decrease amounts 11%. On sandy loam and sandy soils evapo-transpiration
is reduced further by about 12 and 20%, respectively and again in Freiburg the decrease
in evapo-transpiration is much less. From the complete water balance as presented in
Table 30, it can be derived that on all locations a decreasing water-holding capacity
of the soil, i.e. less capacity to bridge drought periods, results in less transpiration and
thus in less production, in more evaporation due to less soil covering by the canopy,
and in more leaching from the root zone. Only on soils with a relatively high water-
holding capacity (loamy soil) on locations with high rainfall (Freiburg) reduction in
evapo-transpiration and thus in grass production are negligible. Hence, practically on
all locations additional water supply during drought periods results in a higher grass
production. For more elaborate information on the variation from one year to the other
in grass production and in components of the water balance it is referred to Tables 27
and 30.
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Fig. 18 Average total production (kg/ha dry matter) and evapo-transpiration (cm) per year of mown
permanent grassland growing in current climate conditions on four different soil types.
Average values have been established for historical weather data over a period of twenty
Years (1969-1988) from De Bilt and Twente, the Netherlands, Strasbourg, France, Frankfurt,
Freiburg and Karlsruhe, Germany (see Table 30)
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6 RESULTS FOR CHANGED CLIMATE ACCORDING TO BULTOT SCENARIO

Reliable information on climate conditions after doubling the actual atmospheric CO,
concentration is not available. Best information on the response of the atmosphere to
increasing concentrations of greenhouse gasses is provided by general circulation models.
These models are detailed, three-dimensional numerical simulation models that describe
atmospheric motions, heat exchanges and land - ocean - ice interactions. However, the
spatial resolution of the output of general circulation models is too coarse to be of
interest for hydrologic studies of river basins. For example, even if such a model is run
on one of the fastest computers, the grid area is still about 400 km * 600 km, i.c. the
total Rhine basin, and this is unlikely to improve dramatically for many years (Gleick,
1989).

In a study on the impact of climate change at doubling the actual atmospheric CO,
concentration on the water resources that drain into the Laurentian Great Lakes (Croley,
1990), output from three general circulation models was used. This output indicates the
expected changes in climate and is used to make similar changes in historical weather
data. The resulting "future” weather data are used in the hydrological model for the
Laurentian Great Lakes., The variation in output from the three general circulation models
is found to be large, as shown by the expected increase in temperature, varying between
3.7 and 6.2 °C. The three estimates on the expected changes in rainfall were even
strongly conflicting. So the output of general circulation models should be received with
caution.

Scenarios on climate change are developed for use in hydrological studies. In such
scenarios weather parameters are changed to various extents to test their effects on future
water resources. But the intemnal consistency in the changed weather parameters is often
a weak point (Gleick, 1989).

Bultot scenario

For river basins in Belgium a scenario of the climate change induced by doubling the
actual atmospheric CO, concentration, has been reported by Bultot et al., 1988. This
scenario applies to an area close to the Rhine basin, is compiled in a consistent way
and hence is used for calculating "future" climate conditions in the Rhine basin.
Future climate conditions are calculated from historical weather data (period 1969-1988)
by changing the weather data for each location according to the Bultot scenario. The
following changes are applied:

- change in air temperature + 3 °C;

- change in precipitation in November, December and January + 10%;

- v s " ,» February, March and April + 16%;

- »w e . » May, June, July and August - 3%:;

- v s ” » September + 0%:;

- . ” ,» October + 7%;

- no change in relative air humidity, hence vapour pressure corrected for increased

temperature;
- no change in windspeed (no information in Bultot scenario);
- no change in solar radiation because relative humidity does not change and thereby
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cloudiness remains about constant (in Bultot scenario 1.5% increase in cloudiness and
hence 2.0% decrease in solar radiation);
- doubled atmospheric CO, concentration.

6.1 Winterwheat

Crop growth and components of the water balance are simulated from January 1 till
the date of maturing. Crop emergence generally finds place in autumn, so at January
1 a limited amount of crop material is already formed. An estimate for this amount is
used as start weight in the crop growth simulation. The initial amount of available soil
water at January 1 is set at the maximum amount per soil type.
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Fig. 19 Average grain production (kgiha dry matter) and evapo-transpiration (cm) during the
growth period of winterwheat cultivated in future climate conditions on four different soil
types. Production and evapo-transpiration have been established for historical weather data
over q period of twenty years (1969-1988) from De Bilt, the Netherlands and Frankfurt

and Freiburg, Germany that were changed on the basis of the Bultot scengrio (see
Table 31)

6.1.1 Production

Potential grain productions of winterwheat (on optimal soils) calculated for current
climate conditions are about 9200 kg/ha dry matter in De Bilt and about 8200 and 8300
kg/ha dry matter in Frankfurt and Freiburg, respectively (Figure 15). For future climate
conditions, i.e. the historical weather data that are changed on the basis of the Bultot
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scenario, the potential grain productions have been calculated again. They were found
to increase to 12 700, 11 000 and 10 100 kg/ha dry matter in De Bilt, Frankfurt and
Freiburg, respectively (Figure 19). This increase in potential production and the increases
in water-limited production on sandy, sandy loam and loamy soils appear to be about
identical (Table 8). The production increases at future climate conditions are mainly
caused by the doubled CO, concentration that allows a larger assimilate production of
the leaves (see Section 3.2.3).

The growth period of winterwheat decreases if the average temperature rises. At
locations with a relatively high temperature (Freiburg), this results in growth periods
that are so short that production increases due to climate change are limited much more

strongly than those on locations with relatively lower temperatures (De Bilt) (see
Table 8).

Table 8 Changes in average grain production of winterwheat (kgiha dry matter) due to climate

changel
Soil Location
De Bilt Frankfurt Freiburg
sandy +3026 +2572 +1828
sandy loam +3673 +3203 +1875
loamy +3658 +2927 +1838
optimal +3571 +2802 +1801

1 Change in production results from average grain production caleulated for historical weather
data that were changed on the basis of the Bultot scenario (Figure 19) minus average grain
production for the same location but calculated for unchanged historical weather data
(Figure 15)

6.1.2 Water balance

Cumuiative water losses by evapo-transpiration during the growth period, calculated
for potential production of winterwheat at current climate conditions, are 35.1, 33.3 and
35.6 cm in De Bilt, Frankfurt and Freiburg, respectively (Figure 15). At future climate
conditions these water losses are found to decrease to 28.9, 27.8 and 28.4 cm,
respectively (Figure 19).

For water-limited production on the different soil types a comparable decrease in evapo-

transpiration is found (Table 9). Only for the sandy soils where at current climate

conditions evapo-transpiration is limited by water availability (Figure 15), a lower

decrease in evapo-transpiration due to climate change was calculated. The decrease in

evapo-transpiration due to climate change can be explained as follows:

- a higher crop production results in more soil coverage and thus in less evaporation;

- a doubled CO, concentration results in less transpiration due to increased stomatal
resistance (see Section 3.2.3), but this effect is largely compensated by the larger crop
production;

- higher air temperature results in a growth period calculated from January 1 till
maturing that decreases from 228 to 195 days for De Bilt, from 218 to 191 days for

53



Frankfurt and from 207 to 181 days for Freiburg (assuming an identical wheat variety
in all situations).

Table 9 Changes in average evapo-transpiration (cm) due to climate change for soils
cultivated with winterwhea

Soil Location

De Biit Frankfurt Freiburg
sandy -4.3 -3.6 -6.4
sandy loam -5.5 -4.6 -6.9
loamy -6.1 -53 =70
optimal -6.2 5.5 7.2

1 Change in evapo-transpiration results from the average evapo-transpiration during the growth
period calculated for historical weather data that were changed on the basis of the Bultot
scenario (Figure 19) minus the average evapo-transpiration for the same location but calculated
for unchanged historical weather data (Figure 15)

If the water balances at current and future climate conditions are compared (Tables 28
and 31), the climate change is found to result in a decrease in evapo-transpiration and
consequently in less depletion of available soil water during the growing season. But
comparison of water balances over different periods of time can only be of limited value.
Therefore, it is referred to the comparison for permanent grassland that compares
identical periods (Sections 6.3).

6.2 Silage maize

Crop growth and components of the water balance are simulated from the date of crop
emergence, i.e. April 25 for De Bilt, the Netherlands and April 18 for locations in
Germany, till the date of crop maturing or the date of harvest. If the maize crop is not
yet mature at October 2, it is assumed to be harvested on that date anyway. The date
of emergence at future climate conditions has been fixed three weeks earlier than that
at current weather conditions (see Section 4.1.2). This is caused by the rise in average
temperature of 3 °C. The initial amount of available soil water at crop emergence is
set at the maximum amount per soil type minus 3 cm water.

6.2.1 Production

Potential total productions of silage maize (on optimal soils) calculated for current
climate conditions, are 19 800, 19 700 and 20 200 kg/ha dry matter in De Bilt, Frankfurt
and Freiburg, respectively (Figure 16). For future climate conditions according to the
Bultot scenario, the potential total productions have been calculated too and were found
to decrease to 19 100, 16 500 and 16 300 kg/ha dry matter in De Bilt, Frankfurt and
Freiburg, respectively (Figure 20). Particularly on soils with a small water-holding
capacity, water-limited productions were found to increase at future climate conditions
or to decrease to much less extent (Table 10). As described in Section 3.2.3, the
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assimilation rate of silage maize does not change at doubled atmospheric CO,
concentration but the transpiration rate is reduced considerably. In situations where
available water is limiting for production, i.e. on sandy soils and on locations with
relatively less precipitation (De Bilt and Frankfurt), the larger water use efficiency at
doubled atmospheric CO, concentration results in a higher production. Oppositely, if
water availability is not limiting for production (i.e. potential production), productions
are found to decrease in future by the increased temperature, resulting in a shorter
growth period. Particularly on locations with a relatively high temperature (Freiburg),
the effect of temperature rise on production is strong (Table 10).
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Fig. 20 Average total production (kg/ha dry matter) and evapo-iranspiration (cm) during the growth
period of silage maize cultivated in future climate conditions on four different soil types.
Production and evapo-transpiration have been established for historical weather data over
a period of twenty years (1969-1988) from De Bilt, the Netherlands and Frankfurt and
Freiburg, Germany that were changed on the basis of the Bultot scenario (see Table 32)

Table 10 Changes in average total production of silage maize (kg'ha dry master) due to
climate change’

Soil Location

De Bilt Frankfurt Freiburg
sandy +1161 +921 -1281
sandy loam +190 -1128 -3340
loamy -555 -2729 -3589
optimal -716 -3422 -3699

1 Change in production results from average total production calculated for historical weather
data that were changed on the basis of the Bultot scenario (Figure 20) minus average total pro-
duction for the same location but calculated for unchanged historical weather data (Figure 16)
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6.2.2 Water balance

Cumulative water losses by evapo-transpiration during the growth period, calculated
for potential production of silage maize at current climate conditions, are 30.4, 32.2 and
34.2 cm in De Bilt, Frankfurt and Freiburg, respectively (Figure 16). At future climate
conditions these water losses are found to decrease to 25.4, 23.4 and 25.0 cm,
respectively (Figure 20). For the water-limited production on the loamy soil a
comparable decrease in evapo-transpiration is found (Table 11). For the sandy soil and
to less extent also for the sandy loam soil, where at current climate conditions evapo-
transpiration is limited by water availability (Figure 16) lower decreases in evapo-
transpiration due to climate change were calculated. The decrease in evapo-transpiration
due to climate change can be explained as follows:

- a doubled atmospheric CO, concentration results in considerably less transpiration
due to increased stomatal resistance {see Section 3.2.3);

- higher air temperature results in a growth period between crop emergence and
maturing that decreases from 138 to 118 days for De Bilt, from 126 to 110 days for
Frankfurt and from 114 to 104 days for Freiburg (assuming identical silage maize
variety in all situations).

Table 11 Changes in average evapo-transpiration (cm) due to climate change for seils
cultivated with silage maiz,

Seil Location

De Bilt Frankfurt Freiburg
sandy -24 -33 -6.1
sandy loam -4.0 -5.9 -8.6
loamy 4.8 -8.0 9.0
optimal -5.0 -88 -9.2

1 Change in evapo-transpiration results from the average evapo-transpiration during the growth
period calculated for historical weather data that were changed on the basis of the Bultot
scenario (Figure 20) minus the average evapo-transpiration for the same location but calculated
for unchanged historical weather data (Figure 16).

If the water balances at current and future climate conditions are compared (Tables 29
and 32), the climate change is found to result in a large decrease in transpiration. In
De Bilt the amount of rainfall during the shorter growth period in future is reduced to
such extent that climate change still results in less leaching from the root zone and in
more depletion of available soil water during the growth period. In Frankfurt and
Freiburg the amount of rainfall during the shorter growth period in future is reduced
to alimited extent and consequently, climate change results in less depletion of available
soil water and in more leaching in Freiburg (relatively high rainfall). But comparison
between water balances over different periods of time can only be of limited value.
Therefore, it is referred to the comparison for permanent grassland that compares
identical periods (Section 6.3).
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6.3 Permanent grassland

Growth of regularly mown grassland and components of the water balance are simulated
over one year, i.e. 365 days. The initial amount of available soil water at January 1 is
set at the maximum amount per soil type.

6.3.1 Production

Potential productions of mown permanent grassland (on optimal soils) calculated for
current climate conditions, are 18 200, 17 500, 18 600, 17 900, 19 700 and 19 000 kg/ha
dry matter in De Bilt, Twente, Strasbourg, Frankfurt, Freiburg and Karlsruhe,
respectively (Figure 18). Highest productions are found on locations where the
temperature is relatively high, i.e. the period of grass growth is relatively long, and
where the amount of solar radiation is relatively high (Freiburg and Karlsruhe, see Table
3). For fumwe climate conditions according to the Bultot scenario, the potential
productions have been calculated too and were found to increase to 27 800, 26 800,
27 800, 26 900, 28 600 and 28 100 kg/ha dry matter in De Bilt, Twente, Strasbourg,
Frankfurt, Freiburg and Karlsruhe, respectively (Figure 21).
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Fig. 21 Average total production (kgiha dry matier) and evapo-transpiration (cm) per year of mown
permanent grassland growing in future climate conditions on four different soil types.
Producton and evapo-transpiration have been established for historical weather data over
a period of twenty years (1969-1988) from De Bilt and Twente, the Netherlands, Strasbourg,
France, and Frankfurt, Freiburg and Karlsruhe, Germany that were changed on the basis
of the Bultot scenario (see Table 33)
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For future climate conditions water-limited productions were found to increase too (Table
12). On soils with relatively high amounts of available soil water, water availability is
less limiting for increases in production and hence, highest increases in production due
to changed climate are found on loamy soils. The production increases at future climate
conditions are mainly caused by the doubled atmospheric CO, concentration that allows
a larger assimilate production of the leaves (see Section 3.2.3). The rise in temperature
extends the period that grass growth may occur and in this way grass production
increases to a more limited extent too.

Table 12 Changes in average production of regularly mown grassland (kgiha dry matier) due to
climate changeI

Soil Location

De Bilt Twente Strasbourg Frankfurt Freiburg Karlsruhe

sandy +7685 +7710 +7333 +6823 +8224 +7668
sandy loam +8768 +8398 +8059 +7646 +8792 +8231
loamy +9303 +8829 +8570 +8451 +8900 +8644
optimal +9593 +9269 +9138 +9025 +8931 +9059

1 Change in production results from average grass production calculated for historical weather
data that were changed on the basis of the Bultot scenario (Figure 21} minus average grass
production for the same lecation but calculated for unchanged historical weather data (Figure
18).

6.3.2 Water balance

Cumulative water losses by evapo-transpiration over the year, calculated for potential
production of grassland at current climate conditions, are 44.7, 43.6, 51.0, 46.8, 55.2
and 49.2 cm in De Bilt, Twente, Strasbourg, Frankfurt, Freiburg and Karlsruhe,
respectively (Figure 18). At future climate conditions evapo-transpiration is found to
increase slightly to 45.3, 43.8, 51.6, 47.0, 55.9 and 49.6 cm, respectively (Figure 21).

For water-limited production on the different soil types the increase in evapo-
transpiration by climate change is found to be slightly larger (Table 13). Particularly
on soils where at current climate conditions evapo-transpiration is limited more strongly
by water availability (sandy and sandy loam soils, see Figure 18), a larger increase in
evapo-transpiration due to climate change was calculated. The small increase in evapo-
transpiration due to climate change can be explained as follows:

- evaporation increases at higher temperatures (larger vapour pressure deficit) but this
effect is partly compensated by the longer period of grass growth resulting in more
soil coverage;

- a doubled CO, concentration results in less transpiration due to increased stomatal
resistance (see Section 3.2.3), but this effect is largely compensated by a longer period
of grass growth at the higher temperatures in future.
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Table 13 Changes in average evapo-transpiration (cm) due to climate change for regularly mown
permanent grassiand’

Soil Location

De Bilt Twente Strasbourg Frankfurt Freiburg Karlsruhe

sandy +1.2 +1.1 +1.2 +0.8 +1.0 +0.9
sandy loam +1.2 +0.7 +1.0 +0.7 +0.9 +0.6
loamy +1.1 +0.7 +0.9 +0.9 +0.8 +0.5
optimal +0.6 +0.2 +0.6 +0.2 +0.7 +0.4

1 Changein evapo-transpiration results from the average evapo-transpiration per year calkculated
for historical weather data that were changed on the basis of the Bultot scenario (Figure 21)
minus the average evapo-transpiration for the same location but calculated for unchanged
historical weather data (Figure 18).

If the water balances at current and future climate conditions are compared (Tables 30
and 33), climate change is found to result in a small increase in evapo-transpiration and
in a relatively larger increase in annual amount of rainfall. As over a period of one year
the change in available soil water is about zero, leaching from the root zone is calculated
to increase by about 10% due to climate change.

6.4 Permanent grassland under modified Bultot scenario

The changes in weather data on the basis of the Bultot scenario consist of a rise in
temperature (+ 3 °C), a changed rainfall distribution (more rainfall in winter and slightly
less in summer) and a doubled atmospheric CO, concentration. As these changes affect
production and evapo-transpiration in different ways, the sensitivity of results of the
Baltot scenario to changes in temperature and rainfall distribution has been determined.
This has been done by calculating the average production and the average components
of the water balance for mown permanent grassland in De Bilt, the Netherlands. These
average values have been established for historical weather data over a period of 20
years (1969-1988) that were changed as follows:
- doubled atmospheric CO, concentration;
- no change in relative air humidity (vapour pressure corrected for higher temperature);
- actual daily average temperature increased by 1, 3 and 5 °C;
- unchanged historical rainfall data or historical rainfall data changed on the basis of
the Bultot scenario or historical rainfall data changed two times as strongly as
according to the Bultot scenario.

6.4.1 Production

In Figure 22 the sensitivity of grass production to changes in temperature and rainfall
distribution is shown. The grass production calculated on the basis of the Bultot scenario
is indicated by B (Bultot), T (Temperature) + 3 in this figure. Potential production of
mown permanent grassland (on optimal soils) calculated for current climate conditions
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in De Bilt, the Netherlands (Figure 18), increases from 18 200 kg to 26 100, 27 800
and 28 300 kg/ha dry matter, if atmospheric CO, concentration is doubled and average
temperature increases by 1, 3 and 5 °C, respectively (Figure 22). Rainfall distribution
has of course no influence on the level of potential production. Higher temperature
extends the period of grass growth and hence the potential production but the doubled
atmospheric CO, concentration that aliows a larger assimilate production of the leaves
(see Section 3.2.3), causes clearly a much larger increase in production.
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Figure 22 Sensinivity to changes in temperature and rainfell distribution of the average total
production (kg/ha dry matter) and the evapo-transpiration (¢m) per yvear of mown
permanent grassland growing in future climate conditions on four different soil types.
Production and evapo-franspiration have been established for historical weather data
(H) over a period of twenty years (1969-1988) from De Bilt, the Netherlands, with
doubled CQ, concentration and a daily average temperature increased by 1,3 and 5 OC,
Jor historical weather data of which also the rainfall data were changed on the basis
of the Bultat scenario (B) and for historical weather data of which the rainfall data were
changed two times as strongly as according to the Bultot scenario (2B) (see Table 34)

In Table 14 the water-limited productions are found to increase considerably too. This
increase is also caused mainly by the doubled atmospheric CO, concentration. Rising
temperature increases production first by extending the period of grass growth but if
temperature rises further (T + 5 °C), the increased rate of evapo-transpiration causes
larger periods of water shortage and hence the level of water-limited production
decreases again. On soils with a large (small) amount of available water, i.e. loamy
{sandy) soils, where periods of water shortage occur over limited (long) periods of time,
the largest (smallest) increases in production are found. If the amount of rainfall
increases and at the same time rainfall becomes more unevenly distributed over the year,
in the order of historical data, data changed according to Bultot scenario and data
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changed two times as strongly as according to Bultot scenario, the increase in water-
limited production is slightly less for the more uneven rainfall distribution.

Table 14 Change in average production’ of regularly mown grassland (kg'ha dry
matter) in De Bilt, the Netherlands due 1o doubled atmospheric CO,
concentration in combination with various changes in temperature and
rainfal: daily average temperature increased by 1, 3 and 5 °C (T +1,

T + 3, T + 5) and unchanged historical rainfall data over a period of

20 years (1969-1988) for De Bilt (HIST) or historical rainfall data
changed on the basis of the Bultot scenario (BULT) or historical rainfall
data changed two times as strongly as according to the Bultot scenario

(2*BULT)
Rainfall distribution, Soil
temperature
sandy sandy loamy optimal
loam

HIST, T + 1 6915 7932 8038 7910
HIST, T +3 7842 8913 9370 9593
HIST, T+ 5 6933 8306 9160 10148
BULT, T+1 6807 7847 7961 7910
BULT, T + 3 7685 8768 9303 9593
BULT, T + 5 6784 8035 8980 10148
2*BULT, T +1 6591 7689 7896 7910
2BULT, T +3 7552 8635 9152 9593
2*BULT, T +5 6749 7857 8771 10147

1 Change in production results from average grass production calculated for the changed weather
data (Figure 22) minus average grass production calculated for unchanged historical weather
data (Figure 18).

Z The combination BULT, T + 3 represents the Bultot scenario.

6.4.2 Water balance

The average amount of water losses by evapo-transpiration over the year, calculated
for potential production of grassland at current climate conditions in De Bilt, the
Netherlands, is 44.7 cm (Figure 18). At future climate conditions according to the Bultot
scenario evapo-transpiration is found to increase by 0.6 cm (Table 15: BULT, T + 3).
With increasing temperature the evapo-transpiration increases as result of the increasing
vapour pressure deficit and the increasing length of the growth period. If the daily
average temperature has been changed only by 1 °C, evapo-transpiration is found to
be less than that at current climate conditions, which means that the effect of doubled
atmospheric CO, concentration on the transpiration (increased stomatal resistance) is
larger than the temperature effect. Rainfall distribution has of course no effect on the
evapo-transpiration of the potential production situation.
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Table 15 Change in average evapo-trauspimtianl (cm) of regularly mown grasstand
in De Bilt, the Netherlands due 10 doubled CO, concentration in combing-
tion with various changes in temperature and rainfallz: daily average tem-
perature increased by 1,3 and 5°C (T +1, T + 3, T + 5) and unchanged
histarical rainfali data over a period of 20 years (1969-1988) for De Bilt
(HIST) or historical rainfall data changed on the basis of the Bultot sce-
nario (BULT) or historical rainfall data changed two times as strongly as
according to the Bultot scenario (2*BULT)

Rainfall distribution, Soil
temperature
sandy sandy loamy optimal
loam

HIST, T + 1 -0.7 -1.1 -1.5 -2.6
HIST, T + 3 +13 +13 +11 +0.5
HIST, T + 5 +2.8 +3.2 +3.4 +3.8
BULT, T +1 -0.7 -1.1 -1.5 2.6
BULT, T + 3 +1.2 +12 +1.1 +0.6
BULT, T + 5 +2.7 +3.1 +3.4 +39
2*BULT, T + 1 0.8 -1.1 -1.5 25
2*BULT, T + 3 +1.1 +1.2 +1.0 +0.6
2*BULT, T + 5 +2.6 +3.0 +3.2 +4.0

1 Change in evapo-transpiration results from average evapo-transpiration calculated for the
changed weather data (Figure 22) minus average evapo-transpiration calculated for unchanged
historical weather data (Figure 18).

2 The combination BULT, T + 3 represents the Bultot scenario.

For the water-limited productions the highest amount of evapo-transpiration is also found
at the highest average temperature (Figure 22). The effect of rainfall distribution on
evapo-transpiration is very small. If the rainfall distribution is more even, the evapo-
transpiration is a little higher (Table 15). At doubled CO, concentration, transpiration
is reduced due to increased stomatal resistance but this effect is compensated by the
effect of rising average temperature on vapour pressure deficit and length of the growing
period (Table 15). If water availability is not or almost not limiting for evapo-
transpiration (loamy and optimal soils), the effect of temperature on the evapo-
transpiration appears to be larger than that on sandy and sandy loam soils.

If the water balances are compared (Table 34), increase in average temperature results
in an increase in evapo-transpiration. Hence, leaching from the root zone is calculated
to decrease by about 10%. If the historical rainfall data are changed according to the
Bultot scenario or are changed two times as strongly as according to Bultot scenario
(amount of rainfall increases and rainfall distribution becomes more uneven), leaching
is calculated to increase by about 10% and 20%, respectively.
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7 SENSITIVITY TC CHANGES IN CLIMATE PARAMETERS

The weather parameters that determine crop production directly, are atmospheric CO,
concentration, solar radiation and temperature, and those that determine the water
balance, are rainfall, windspeed, vapour pressure and again solar radiation and
temperature. These parameters have been changed separately to various extents, In this
way the sensitivity of crop production and components of the water balance to changing
values for each parameter can be derived.

Weather data used for these calculations were the historical weather data over a period
of 20 years (1969-1988) from De Bilt, the Netherlands. In each sensitivity analysis
historical data for one parameter were changed in the model in the way described in
Sections 7.1-7.6.

7.1 Atmospheric CO, concentration

The CO, concentration has been assumed to vary between the present concentration

(350 pmol/mol) and three times the present concentration. Effects of such increases in

atmospheric CO, concentration on plant behaviour were treated in Section 3.2.3. They

consist mainly of:

- a change in CO, assimilation - light response curve for C3 crops;

- an increasing thickness of leaves;

- a decrease in transpiration rate for C4 crops (maize) and to less extent for C3 crops
(wheat, grass).

7.1.1 Winterwheat

Potential grain production increases from 9200 kg/ha dry matter at present atmospheric
CO, concentration to 13 700 and 15 600 kg/ha dry matter at doubled and tripled CO,
concentrations (Figure 23). Water-limited grain productions on sandy loam and loamy
soils are almost identical to the potential production, both at the present and at doubled
and tripled CO, concentrations. Only on sandy soils grain production is reduced
considerably due to prolonged periods with drought stress, to the same extent at the
present and at doubled and tripled CO, concentrations.
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Fig. 23 Sensitivity to changes in atmospheric CO, concentration of the average grain production
(kg/ha dry matter) and the evapo-transpiration (cm) during the growth period of winterwheat
cultivated on four different soil types. Production and evapo-franspiration have been
established for historical weather data over a period of twenty years (1969-1988) from De
Bilt, the Netherlands and for a change in CO, concentration from the actual to three times
the actual concentration (see Table 35)

Cumulative evapo-transpiration during the growth period (from January 1 till moment

of crop maturing) decreases at increasing CO, concentrations, both at potential and at

water-limited production situations (Figure 23). This decrease can be explained as

follows:

- a higher CO, concentration results in less transpiration due to increased stomatal
resistance;

- ahigher crop production at increased CO, concentration results in more soil coverage
and thus in less evaporation.

Only on the sandy soil, transpiration is strongly limited due to drought stress and

consequently, higher CO, concentrations result only in a limited decrease in transpiration

and this effect is just compensated by the increase in transpiration as result of the higher

crop production.

If the water balances at increasing CO, concentrations are compared (Table 35), increase
in CO, concentration is found to result in a decrease in evapo-transpiration and
consequently, in more leaching from the root zone and in less depletion of available
soil water during the growth period.
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7.1.2 Silage maize

Potential total production is 20 200 kg/ha dry matter at present atmospheric CO,
concentration and does not change at doubled and tripled CO, concentrations (Figure
24). Water-limited total production on loamy soil is about identical, as on that soil type
water availability is not limiting for crop production. On sandy loam and sandy soils
production is limited slightly and considerably, respectively due to periods with drought
stress at present atmospheric CO, concentration. As at higher CO, concentrations the
transpiration rate of maize is reduced strongly, the degree of drought stress becomes
more limited and yields, particularly on sandy soils, will increase considerably.
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Fig. 24 Sensitivity to changes in atmospheric CO, concentration of the average total production
(kg/ha dry matter) and the evapo-transpiration (cm) during the growth period of silage maize
cultivated on four different soil types. Production and evapo-transpiration have been
established for historical weather data over a period of twenty years (1969-1988) from De
Bilt, the Netherlands and for a change in CO, concentration from the actual to three times
the actual concentration (see Table 35)

Cumulative evapo-transpiration during the growth period (from crop emergence at May
5 till moment of crop maturing or date of harvest (set at October 2 when crop is not
yet mature at that date)) decreases strongly at increasing CO, concentrations (Figure
24). This decrease can be explained from the decrease in crop transpiration rate due
to increased stomatal resistance at higher CO, concentrations. On sandy soils,
transpiration at present is strongly limited due to drought stress and consequently, higher
CO, concentrations result in a more limited decrease in transpiration.

If the water balances at increasing CO, concentrations are compared (Table 35), increase
in CO, concentration is found to result in a decrease in evapo-transpiration and
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consequently, in more leaching from the root zone and in less depletion of available
soil water during the growing season.

7.1.3 Permanent grassland

Potential production of grassland is 18 200 kg/ha dry matter at present atmospheric CO,
concentration and increases to 24 800 and 27 000 kg/ha dry matter at doubled and tripled
CO, concentrations (Figure 25). Water-limited production on the different soil types
increases with increasing CO, concentrations to the same extent as the potential
production. Hence, the yield reduction due to drought stress, increasing from production
on loamy soils to that on sandy loam and sandy soils, does not change with increasing
CO, concentrations.
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Fig. 25 Sensitivity to changes in atmospheric CO, concentration of the average total production
(kg/ha dry matter) and the evapo-transpiration (cim) per year of mown permanent grassiand
growing on four different soil types. Production and evapo-transpiration have been
established for historical weather data over a period of twenty years (1969-1988) from De
Bilt, the Netherlands and for a change in CO, concentration from the actual to three times
the actual concentration (see Table 35)

Cumulative evapo-transpiration during one year (i.e. 365 days) decreases at increasing
CO, concentrations, considerably at the potential production situation and slightly at
water-limited production on sandy loam and sandy soils (Figure 25). This decrease can
be explained from the decrease in crop transpiration rate due to increased stomatal
resistance at higher CO, concentrations. On sandy loam and particularly on sandy soil
where at present transpiration is strongly limited due to drought stress, higher CO,
concentrations result in a more limited decrease in transpiration.
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If the water balances at increasing CO, concentrations are compared (Table 35), increase
in CO, concentration is found to result in a decrease in evapo-transpiration and
consequently in more leaching from the root zone.

7.2 Temperature

The temperature has been varied between 1 °C below and 5 °C above the actual daily
air temperatures in De Bilt, the Netherlands. To prevent an unintended effect on the
evaporative demand of the air, the actual relative air humidity is kept constant by
correcting the vapour pressure for the change in temperature. Increases in temperature
influence crop production and the water balance in the following ways:

- the growing season of crops is abbreviated;

- the evaporative demand of the air increases slightly.
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Fig. 26 Sensitivity to changes in average daily air temperature of the average grain production (kg/ha
dry matter) and the evapo-transpiration (cm) during the growth period of winterwheat
cultivated on four different soil types. Production and evapo-transpiration have been
established for historical weather data over a period of twenty years (1969-1988) from De
Bilt, the Netherlands and for a change in average daily temperature from 1 ¢ below to
5 °C above the actual temperature (see Table 36)

67




7.2.1 Winterwheat

Potential grain production decreases from 9400 kg/ha dry matter at 1 °C below actual
temperatures in De Bilt (T - 1) to 9200 kg/ha at actual temperatures (T) and to 8000
and 5900 kg/ha dry matter at 3 °C and 5 °C above actual temperatures (T + 3, T + 5),
respectively (Figure 26). Simultaneously, the duration of the growth period considered
(from January 1 till moment of crop maturing) decreases from 241 days at (T -1) to
228 days at (T), to 195 days at (T+ 3) and to 177 days at (T + 5). This decrease in
growth duration causes the large decrease in grain production at higher temperatures.
It should be kept in mind that in all situations the calculations are done for the same
wheat variety.

At actual temperatures (T) water-limited grain productions on sandy loam and on sandy
soils are reduced slightly and strongly, respectively due to periods with drought stress.
At higher temperatures the growth duration decreases to such extent that on these soils
the reductions in grain production due to drought stress become less (Figure 26).

Cumulative evapo-transpiration during the growth period decreases at increasing
temperatures, both at potential and at water-limited production situations (Figure 26).
This decrease is caused by the large decrease in duration of the growth period as
described above, which results in a strong reduction of crop transpiration and a limited
reduction of soil evaporation.

If the water balances at increasing temperatures are compared (Table 36), increase in
temperature is found to result in a shorter growth period and thus in less evapo-
transpiration but also in lower amounts of rainfall. It is calculated that this results in
less leaching from the root zone but also in less depletion of available soil water at
increasing temperatures. But such comparison between water balances over different
periods of time can only be of limited value. Therefore, it is referred to the comparison
for permanent grassland, which compares identical periods (Section 7.2.3).

7.2.2 Silage maize

Potential total production increases from 18 200 kg/ha dry matter at 1 °C below actual
temperatures (T - 1) in De Bilt to 20 200 and 20 800 kg/ha at actual and 1 °C above
actual temperatures (T, T + 1), respectively and decreases again to 19 300 and 16 900
kg/ha dry matter at 3 and 5 °C above actual temperatures (T + 3, T + 5), respectively
(Figure 27). Simultaneously, the duration of the growth period (from crop emergence
at May 5 till moment of crop maturing or date of harvest (set at October 2 when crop
is not yet mature at that date)) decreases from 150 days at (T - 1) to 145 days at (T),
134 days at (T + 1) and 112 and 98 days at (T + 3) and (T + 5), respectively. At
relatively low temperatures the assimilation process in maize is reduced and hence, crop
production at (T) and (T - 1) is a little lower. At relatively high temperatures the growth
duration becomes so short that crop production is reduced too. It should be kept in mind
that in all situations the calculations are done for the same maize variety for one date
of emergence (May 5). In reality a rise in temperature of 1 °C results generally in a
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date of sowing and hence of emergence advanced by one week. Such a shift in
emergence date would reduce the effect of higher temperatures on crop production
considerably, but that is not done to allow comparison between the different sensitivity
analyses.
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Fig. 27 Sensitivity to changes in average daily air temperature of the average total production (kg/ha
dry matter) and the evapo-transpiration (¢m) during the growth period of silage maize
cultivated on four different soil types. Production and evapo-transpiration have been
established for historical weather data over a period of twenty years (1969-1988) from De
Bilt, the Netherlands and for a change in average daily temperature from 1 °C below to
5 °C above the actual temperature (see Table 36)

At actual temperatures (T) water-limited total productions on sandy loam and on sandy
soils are reduced slightly and strongly, respectively due to periods with drought stress.
At higher temperatures the duration of the growth period decreases and simultaneously,
the amount of rainfall in this period decreases considerably too. This results in a longer
period with drought stress and in a larger reduction of the water-limited productions
on these soils compared to potential production (Figure 27).

Cumulative evapo-transpiration during the growth period increases at increasing
temperatures due to the larger evaporative demand of the air and the larger amount of
plant material on the field, resulting in a higher transpiration rate. If temperatures rise
further, the growth period becomes so short that evapo-transpiration is reduced again
(Figure 27). On sandy soils the water availability is strongly limiting for evapo-
transpiration and crop production. At increasing temperatures the duration of the growth
period becomes shorter and the amount of rainfall during this period becomes lower.
Hence, the amount of available water (from soil and rainfall) becomes less and evapo-
transpiration is reduced even more strongly than at actual temperatures.
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If the water balances at increasing temperatures are compared (Table 36), increase in
temperature is found to result in a shorter growth period and thus in lower amounts of
rainfall. It is calculated that this results in less leaching from the root zone and in more
depletion of available soil water at increasing temperatures. But such comparisons
between water balances over different periods of time can only be of limited value.
Therefore, it is referred to the comparison for permanent grassland (Section 7.2.3).

7.2.3 Permanent grassland

Potential production of grassland increases from 17 300 kg/ha dry matter at 1 °C below
actual temperatures in De Bilt (T - 1) to 18 200 kg/ha at actual temperatures (T) and
to 20 200 and 20 300 kg/ha dry matter at 3 and 5 °C above actual temperatures (T +
3, T + 5), respectively (Figure 28). The duration of the growth period considered is 365
days for all situation but at increasing temperatures the period that grass may really
grow, increases. In this way higher temperatures will result in a higher production upto
that temperature (T + 4) where yeararound grass growth becomes possible.
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Fig. 28 Sensitivity to changes in average daily air temperature of the average total production (kg/ha
dry matter) and the evapo-transpiration (cm) per year of mown permanent grassland growing
on four different soil types. Production and evapo-transpiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt, the
Netherlands and for a change in average daily temperature from 1 °C below to 5 °C above
the actual temperature (see Table 36)

At actual temperatures (T) water-limited production of grassland is limited strongly by
the available amount of soil water. Hence, production on sandy loam and sandy soils
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is reduced strongly due to periods of drought stress (Figure 28). At increasing
temperatures the productions may increase due to extension of the period that grass may
really grow, but on sandy and sandy loam soils this effect is largely nullified by the
increasing evaporative demand of the air and hence, increased periods of drought stress.

Cumulative evapo-transpiration over the year increases with increasing temperature
(Figure 28). This increase is highest for the potential production situation and is lowest
for water-limited production on sandy soils, where the available amount of soil water
is lowest and is most limiting for evapo-transpiration. The increase in evapo-transpiration
can be explained as follows:

- the period that grass may really grow, is extended if temperature rises;

- increasing evaporative demand of the air that results in a larger crop transpiration

and in a larger evaporation from the soil surface.

If the waterbalances at increasing temperatures are compared (Table 36), increase in
temperature is found to result in more evapo-transpiration and hence, in less leaching
from the root zone.

7.3 Rainfall

The rainfall data used have been varied between (.70 times and 1.30 times the actual
daily rainfall data from De Bilt, the Netherlands. Changes in rainfall result in changed
amounts of available soil water and thereby affect crop production and evapo-
transpiration.

7.3.1 Winterwheat

Potential grain production in De Bilt is 9200 kg/ha dry matter. It is not limited by
available soil water and thus is not affected by changes in rainfall. For the actual rainfall
data water-limited grain productions were found to be reduced considerably on soils
with a limited amount of available soil water. For example, productions on the sandy
loam and the sandy soils were calculated to be reduced to 8300 and 6200 kg/ha dry
matter, respectively (Figure 29). If the amounts of rainfall are set to 70% of the actual
rainfall data, grain yields on sandy loam and sandy soils are reduced further to 7400
and 4600 kg/ha dry matter respectively. If on the other hand, the amounts of rainfall
are set to 130% of the actual rainfall data, grain yields on sandy loam and sandy soils
become higher, i.e. 8600 and 7000 kg/ha dry matter, respectively.

For cumulative evapo-transpiration the lowest value is found if both the amount of
rainfall and the amount of available soil water are small. Hence, on sandy soils the
largest increase in evapo-transpiration due to increasing amounts of rainfall is found
(Figure 29).
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Fig. 29 Sensitivity to changes in amount of reinfall of the average grain production (kglha dry
matter) and the evapo-transpiration (cm) during the growth period of winterwheat cultivated
on four different soil types. Production and evapo-transpiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt, the
Netherlands and for daily rainfall data changing from 0.7 to 1.3 times the actual rainfall
data (see Table 37)

If the water balances at increasing amounts of rainfall are compared (Table 37), increase
in rainfall is found to result mainly in more leaching from the root zone and also in
more evapo-transpiration and in less depletion of available soil water.

7.3.2 Silage maize

Potential total production in De Bilt is 20 200 kg/ha dry matter. It is not limited by
available soil water and thus is not affected by change in rainfall. For the actual rainfall
data the water-limited productions were found to be reduced considerably on soils with
a limited amount of available soil water. For example, the productions on sandy loam
and sandy soils were calculated to be reduced to 18 500 and 14 100 kg/ha dry matter,
respectively (Figure 30). If the amounts of rainfall are set to 70% of the actual rainfall
data, total productions on sandy loam and sandy soils are reduced further to 16 800 and
10 900 kg/ha dry matter, respectively. If on the other hand, the amounts of rainfall are
set to 130% of the actual rainfall data, total productions on sandy loam and sandy soils
become higher, i.e. 19 400 and 15 700 kg/ha dry matter, respectively.
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Fig. 30 Sensitivity to changes in amount of rainfall of the average total production (kg/ha dry matter)
and the evapo-transpiration (cm) during the growth period of silage maize cultivated on Sfour
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) from De Bilt, the Netherlands and
Jor daily rainfall data changing from 0.7 to 1.3 times the actual rainfall data (see Table
37)

For cumulative evapo-transpiration the lowest value is found if both the amount of
rainfall and the amount of available soil water are small. Hence, on sandy soils the
largest increase in evapo-transpiration due to increasing amounts of rainfall is found.
(Figure 30).

If the water balances at increasing amounts of rainfall are compared (Table 37), increase
in rainfall is found to result in more evapo-transpiration, in more leaching from the root
zone and in less depletion of available soil water.

7.3.3 Permanent grassland

Potential production of grassland in De Bilt is 18 200 kg/ha dry matter. It is not limited
by available soil water and thus is not affected by change in rainfall. For the actual
rainfall data the water-limited productions are calculated to be 16 500, 15 100 and
12 800 kg/ha dry matter on loamy, sandy loam and sandy soils, respectively (Figure 31).
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Fig. 31 Sensitivity to changes in amount of rainfoll of the average total production (kg/ha dry matter)
and the evapo-transpiration (cm) per year of mown permanent grassland growing on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) from De Bill, the Netherlands and
Sor daily rainfall date changing from 0.7 to 1.3 times the actual rainfall data (see Table
37)

If the amounts of rainfall are set to 70% of the actual rainfall data, productions on these
soils are reduced further to 14 500, 12 400 and 9900 kg/ha dry matter, respectively.
If on the other hand, the amounts of rainfall are set to 130% of the actual rainfall data,
productions on loamy, sandy loam and sandy soils become higher, i.e. 17 400, 16 200
and 13 900 kg/ha dry matter, respectively.

For cumulative evapo-transpiration the lowest value is found if both the amount of
rainfall and the amount of available soil water are small (i.e. sandy soils). Increasing
amounts of rainfall result in about identical increases in evapo-transpiration on sandy,
sandy loam and loamy soils (Figure 31).

If the waterbalances at increasing amounts of rainfall are compared (Table 37), increase

in rainfall is found to result mainly in more leaching from the root zone and further
in more evapo-transpiration.

7.4 Radiation
The amount of radiation has been varied between 0.9 times and 1.3 times the amount

of solar radiation actually received in De Bilt, the Netherlands. Increases in solar
radiation influence crop production and the water balance in the following ways:

74

sandy VA oamy RSP optimal




grain production (kg dry mat/hal

- the rate of CO, assimilation process and thus crop production increase;
- the rate of evaporation from the soil surface increases;
- the rate of crop transpiration increases.

7.4.1 Winterwheat

Potential grain production increases from 8300 kg/ha dry matter at 0.9 times the amount
of radiation actually received in De Bilt (0.9¥RAD), to 9200 kg/ha at the actual amount
of radiation (1.0*RAD) and to 11 100 kg/ha dry matter at 1.3 times the amount of
radiation actually received (1.3*RAD) (Figure 32).

Water-limited grain productions increase too at increasing amounts of radiation received.
Simultaneously, an increase in amount of radiation results in more evapo-transpiration
and in longer periods with drought stress, particularly on soils with a small amount of
available water. As a consequence, the grain production on sandy soils increases at most
upto 6300 kg/ha dry matter and decreases again at radiation levels of 1.2*RAD and
more. On sandy loam and loamy soils the grain productions increase at most upto 8500
and 10 100 kg/ha dry matter, respectively and decrease again at radiation levels of
1.3*RAD and more.
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Fig. 32  Sensitivity to changes in radiation of the average grain production (kgfha dry matier) and
the evapo-transpiration (cm) during the growth period of winterwheat cultivated on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) from De Bilt, the Netherlands
and for an amount of radiation changing from 0.9 fo 1.3 fimes the amount of radiation
actually received (see Table 38)

75

optimal
acil




At increasing amounts of radiation received the crop transpiration increases strongly.
Evaporation from the soil surface remains about constant, because the effect of
increasing amounts of radiation received is nullified by the increasing soil coverage due
to increased crop production. Largest increases in evapo-transpiration due to increasing
amounts of radiation received are found on soils with a large amount of available water
(Figure 32). On such soils, available water does not limit increases in evapo-
transpiration.

If the water balances at increasing amounts of radiation are compared (Table 38),
increase in radiation is found to result in more evapo-transpiration and hence in less
leaching from the root zone and in more depletion of available soil water.

7.4.2 Silage maize

Potential total production increases from 18 300 kg/ha dry matter at 0.9 times the amount
of radiation actually received in De Bilt (0.9*RAD) to 20 200 kg/ha at the actual amount
of radiation (1.0*RAD) and to 24 700 kg/ha dry matter at 1.3 times the amount of
radiation actually received (1.3*RAD) (Figure 33).
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Fig. 33  Sensitivity to changes in radiation of the average total production (kg/ha dry matter) and
the evapo-transpiration (cm) during the growth period of silage maize cultivated on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) from De Bilt, the Netherlands
and for an amount of radiation changing from 0.9 to 1.3 times the amount of radiation
actually received (see Table 38)
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Water-limited total productions increase too at increasing amounts of radiation received.
Simultaneously, an increase in amount of radiation results in more evapo-transpiration
and in longer periods with drought stress, particularly on soils with smail amounts of
available water. As a consequence, the total production on sandy soils increases at most
upto 14 300 kg/ha dry matter and decreases again at radiation levels of 1.2*RAD and
more. On sandy loam and loamy soils maximum productions of 20 300 and 22 900
kg/ha dry matter, respectively are found at the highest radiation level (1.3*RAD), but
the increase in production with increasing amounts of radiation becomes smaller at the
highest radiation levels where available water becomes more limiting, particularly on
sandy loam soils.

At increasing amounts of radiation received the crop transpiration increases strongly.
Evaporation from the soil surface remains about constant, because the effect of
increasing amounts of radiation is nullified by the increasing soil coverage due to
increased crop production. Only on sandy soils, evaporation is found to increase with
increasing amount of radiation. On this soil, increase in production and thus in soil
coverage is severely limited by drought stress. Largest increases in evapo-transpiration
due to increasing amounts of radiation received are found on soils with a large amount
of available water (Figure 33). On such soils available water does not limit increases
in evapo-transpiration.

If the water balances at increasing amounts of radiation are compared (Table 38),
increase in radiation is found to result in more evapo-transpiration and hence in less
leaching from the root zone and in more depletion of available soil water.

7.4.3 Permanent grassland

Potential production of grassland increases from 17 300 kg/ha dry matter at 0.9 times
the amount of radiation actually received in De Bilt (0.9*RAD), to 18 200 kg/ha at the
actual amount of radiation received (1.0*RAD) and to 20 300 kg/ha dry matter at 1.3
times the amount of radiation actually received (1.3*RAD) (Figure 34).

Water-limited productions increase too at increasing amounts of radiation received.
Simultaneously, an increase in amount of radiation results in more evapo-transpiration
and in longer periods with drought stress, particularly on soils with small amounts of
available water. As a consequence, the maximum production on sandy soils is 12 500
kg/ha dry matter at a radiation level of 1.1*RAD and production decreases again at
higher radiation levels. On sandy loam and loamy soils maximum productions of 15 300
and 16 900 kg/ha dry matter are found at radiation levels of 1.1*RAD and 1.2*RAD,
respectively.

At increasing amounts of radiation received both evaporation and crop transpiration
increase on soils with a large amount of available water. On soils with a small amount
of available water, however, the increasing evaporative demand at higher radiation levels
causes longer periods with drought stress. This results in an increase in evaporation that
goes at the expense of transpiration and grass production. Largest increases in evapo-
transpiration due to increasing amounts of radiation received are found on soils with
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a large amount of available water (Figure 34). On such soils available water does not
limit increases in evapo-transpiration.
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Fig. 34  Sensitivity to changes in radiation of the average total production (kg/ha dry matter) and
the evapo-transpiration (cm) per year of mown permanent grassland growing on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) fram De Bilt, the Netherlands
and for an amount of radiation changing from 0.9 to 1.3 times the amount of radiation
actually received (see Table 38)

If the water balances at increasing amounts of radiation are compared (Table 38),

increase in radiation is found to result in more evapo-transpiration and hence in less
leaching from the root zone.

7.5 Windspeed
The windspeed has been varied between 0.5 times and 2.0 times the actual values for

the mean daily windspeed in De Bilt, the Netherlands. Increasing windspeed results in
higher rates of evaporation and transpiration.

7.5.1 Winterwheat

Potential grain production is 9200 kg/ha dry matter and does not change due to changes
in windspeed. If the windspeed is set at 0.5 times the actual windspeed in De Bilt, water-
limited grain productions are about identical to the potential production (Figure 35).
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Only in sandy soils the amount of available water is so small that production is reduced
to 7100 kg/ha dry matter by drought stress, At the actual windspeed both evaporation
from the soil surface and crop transpiration are larger and hence, production on sandy
soils is reduced more strongly (6200 kg/ha) and on sandy loam soils is reduced too
(8300 kg/ha). If the windspeed is set at 2.0 times the actual windspeed, water losses
by evaporation and transpiration become even higher. This results in a larger reduction
in grain production to 4700, 6800 and 8200 kg/ha dry matter on the sandy, sandy loam
and loamy soils, respectively.
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Fig. 35 Sensitivity to changes in windspeed of the average grain production (kg/ha dry matter)
and the evapo-transpiration (cm) during the growth period of winterwheat cultivated on
Jour different soil types. Production and evapo-transpiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt, the
Netherlands and for a change in windspeed from 0.5 to 2 times the actual values for the
mean daily windspeed (see Table 39)

At increasing windspeed both evaporation from the soil surface and crop transpiration
increase strongly. On soils with a small amount of available water (sandy and sandy
loam soils) the increased evaporative demand causes longer periods with drought stress.
This results in an increase in evaporation that goes at the expense of transpiration and
grain production. Largest increases in evapo-transpiration due to increased windspeed
are found on soils with a large amount of available water (Figure 35). On such soils,
available water does not limit increases in evapo-transpiration.

If the water balances at increasing windspeed are compared (Table 39), increase in

windspeed is found to result in more evapo-transpiration and hence, in less leaching
from the root zone and in more depletion of available soil water.
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7.5.2 Silage maize

Potential total production is 20 200 kg/ha dry matter and does not change due to changes
in windspeed. If the windspeed is set at 0.5 times the actual windspeed in De Bilt, water-
limited grain productions are about identical to the potential production (Figure 36).
Only in sandy soils the amount of available water is so small that production is reduced
to 15 900 kg/ha dry matter by drought stress. At the actual windspeed both evaporation
from the soil surface and crop transpiration are larger and hence, production on sandy
soils is reduced more severely (14 100 kg/ha) and on sandy loam soils is reduced too
(18 500 kg/ha). If the windspeed is set at 2.0 times the actual windspeed, water losses
by evaporation and transpiration become even higher. This results in a larger reduction
in total production to 10 500, 16 300 and 18 600 kg/ha dry matter on the sandy, sandy
loam and loamy soils, respectively.
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Fig. 36 Sensitivity to changes in windspeed of the average total production (kglha dry matter)
and the evapo-franspiration (¢cm) during the growth period of silage maize cultivated on
Jour different soil types. Production and evapo-transpiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt, the
Netherlands and for a change in windspeed from 0.5 to 2 times the actual values for the
mean daily windspeed (see Table 39)

At increasing windspeed both evaporation from the soil surface and crop transpiration
increase strongly. On soils with a small amount of available water (sandy and sandy
loam soils) the increased evaporative demand causes longer periods with drought stress.
This results in an increase in evaporation that goes at the expense of transpiration and
total production. Largest increases in evapo-transpiration due to increased windspeed
are found on soils with a large amount of available water (Figure 36). On such soils,
available water does not limit increases in evapo-transpiration.
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If the water balances at increasing windspeed are compared (Table 39), increase in
windspeed is found to result in more evapo-transpiration and hence, in less leaching
from the root zone and in more depletion of available soil water.

7.5.3 Permanent grassland

Potential production of grassland is 18 200 kg/ha dry matter and does not change due
to changes in windspeed. If the windspeed is set at 0.5 times the actual windspeed in
De Bilt, water-limited production on the loamy soil is about identical to the potential
production (Figure 37). In sandy and sandy loam soils the amount of available water
is so small that productions are reduced to 13 900 and 16 200 kg/ha dry matter,
respectively by drought stress. At the actual windspeed both evaporation from the soil
surface and crop transpiration are larger and hence, productions on sandy, sandy loam
and loamy soils are reduced more severely to 12 800, 15 100 and 16 500 kg/ha dry
matter respectively. If the windspeed is set at 2.0 times the actual windspeed, water
losses by evaporation and transpiration become even higher. This results in a larger
reduction in grass production to 9800, 12 600 and 14 200 kg/ha dry matter on the sandy,
sandy loam and loamy soils, respectively. '
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Fig. 37  Sensitivity to changes in windspeed of the average total production (kglha dry matter)
and the evapo-transpiration (cm) per year of mown permanent grassland growing on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenly years (1969-1988) from De Bilt, the Netherlands
and for a change in windspeed from 0.5 to 2 times the actual values for the mean daily
windspeed (see Table 39)
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At increasing windspeed both evaporation from the soil surface and crop transpiration
increase strongly. On soils with a small amount of available water (sandy and sandy
loam soils) the increased evaporative demand causes longer periods with drought stress,
This results in an increase in evaporation that goes at the expense of transpiration and
grass production. Largest increases in evapo-transpiration due to increased windspeed
are found on soils with a large amount of available water (Figure 37). On such soils,
available water does not limit increases in evapo-transpiration.

If the water balances at increasing windspeed are compared (Table 39), increase in
windspeed is found to result in more evapo-transpiration and hence in less leaching from
the root zone.

7.6 Vapour pressure

The vapour pressure has been varied between 0.9 times and 1.1 times the actual vapour
pressure in De Bilt, the Netherlands. An increase in vapour pressure which corresponds
with an increase in relative air humidity as long as the daily average air temperature
is not changed, results in a decrease in evaporative demand of the air and thus in less
evaporation and transpiration.

7.6.1 Winterwheat

Potential grain production is 9200 kg/ha dry matter and does not change due to changes
in vapour pressure. If the vapour pressure is set at 1.1 times the actual vapour pressure
in De Bilt, water-limited grain production on loamy soil is about identical to the potential
production (Figure 38). In sandy and sandy loam soils, the amounts of available water
are small and hence, productions on these soils are reduced by drought stress to 6800
and 8600 kg/ha dry matter, respectively. At the actual vapour pressure both evaporation
from the soil surface and crop transpiration are larger and hence, productions on sandy
and sandy loam soils are reduced more strongly to 6200 and 8300 kg/ha dry matter,
respectively. If the vapour pressure is set at 0.9 times the actual vapour pressure, water
losses by evaporation and transpiration become even higher. This results in a larger
reduction in grain production to 5600, 7800 and 8900 kg/ha dry matter on the sandy,
sandy loam and loamy soils, respectively,

At decreasing vapour pressure both evaporation from the soil surface and crop
transpiration increase. Largest increases in evapo-transpiration are found on soils with
a large amount of available water (Figure 38), as on such soils available water is not
limiting for evapo-transpiration. On soils with a small amount of available water (sandy
and sandy loam soils) the increase in evaporation goes at the expense of transpiration
and grain production.
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Fig, 38  Sensitivity to changes in vapour pressure of the average grain production (kg/ha dry
matter) and the evapo-transpiration (cm) during the growth period of winterwheat
cultivated on four different soil types. Production and evapo-transpiration have been
established for historical weather data over a period of twenty years (1969-1988) from
De Bilt, the Netherlands and for a change in vapour pressure from 0.9 to 1.1 times the
actual vapour pressure (see Table 40)

If the water balances at decreasing vapour pressure are compared (Table 40), decrease
in vapour pressure is found to result in more evapo-transpiration and hence, in less
leaching from the root zone and more depletion of available soil water,

7.6.2 Silage maize

Potential total production is 20 200 kg/ha dry matter and does not change due to changes
in vapour pressure. If the vapour pressure is set at 1.1 times the actual vapour pressure
in De Bilt, water-limited total production on the loamy soil is about identical to the
potential production (Figure 39). In sandy and sandy loam soils, the amounts of available
water are small and hence, productions on these soils are reduced by drought stress to
15 300 and 19 200 kg/ha dry matter, respectively. At the actual vapour pressure both
evaporation from the soil surface and crop transpiration are larger and hence, productions
on sandy and sandy loam soils are reduced more strongly to 14 100 and 18 500 kg/ha
dry matter, respectively. If the vapour pressure is set at 0.9 times the actual vapour
pressure, water losses by evaporation and transpiration become even higher. This results
in a larger reduction in total production to 12 800, 17 800 and 19 600 kg/ha dry matter
on the sandy, sandy loam and loamy soils, respectively.
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Fig. 39  Sensitivity to changes in vapour pressure of the average total production (kgiha dry matter)
and the evapa-transpiration (cm) during the growth period of silage maize cultivated on
Jour different soil types, Production and evapo-transpiration have been established for
historical weather data over a period of twenty years (1969-1988) from De Bilt, the
Netherlands and for a change in vapour pressure from 0.9 to 1.1 times the actual vapour
pressure (see Table 40)

At decreasing vapour pressure both evaporation from the soil surface and crop
transpiration increase. Largest increases in evapo-transpiration are found on soils with
a large amount of available water (Figure 39), as on such soils available water is not
limiting for evapo-transpiration. On soils with a small amount of available water (sandy
and sandy loam soils) the increase in evaporation goes at the expense of transpiration
and crop production.

If the water balances at decreasing vapour pressure are compared (Table 40), decrease
in vapour pressure is found to result in more evapo-transpiration and hence, in less
leaching from the root zone and in more depletion of available soil water.

7.6.3 Permanent grassland

Potential production of grassland is 18 200 kg/ha dry matter and does not change due
to changes in vapour pressure, If the vapour pressure is set at 1.1 times the actual vapour
pressure in De Bilt, water-limited productions on sandy, sandy loam and loamy soils
are reduced by drought stress to 13 600, 15 900 and 17 100 kg/ha dry matter,
respectively (Figure 40). At the actual vapour pressure both evaporation from the soil
surface and crop transpiration are larger and hence, the productions on these soils are
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reduced more strongly to 12 800, 15 100 and 16 500 kg/ha dry matter, respectively.
If the vapour pressure is set at 0.9 times the actual vapour pressure, water losses by
evaporation and transpiration become even higher. This results in a larger reduction in
grass production to 11 500, 14 200 and 15 800 kg/ha dry matter on the sandy, sandy
loam and loamy soils, respectively.
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Fig. 40  Sensitivity to changes in vapour pressure of the average total production (kg/ha dry matter)
and the evapo-transpiration (cm) per year of mown permanent grassland growing on four
different soil types. Production and evapo-transpiration have been established for historical
weather data over a period of twenty years (1969-1988) from De Bili, the Netherlands
and for a change in vapour pressure from 0.9 fo 1.1 times the actual vapour pressure
(see Table 40)

At decreasing vapour pressure both evaporation from the soil surface and crop
transpiration increase. Largest increases in evapo-transpiration are found on soils with
a large amount of available water (Figure 40), as on such soils available water is not
limiting for evapo-transpiration.

If the water balances at decreasing vapour pressure are compared (Table 40), decrease

in vapour pressure is found to result in more evapo-transpiration and hence in less
leaching from the root zone.
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8 SUMMARY OF THE EFFECTS OF CLIMATE CHANGE

As shown in the previous sections, the effects of climate change on crop production
and on the soil water balance in the Rhine basin can be estimated from the moment that
weather data for the future are available. Unfortunately, reliable information on climate
conditions after for example doubling of the atmospheric CO, concentration, is not yet
available at a sufficiently fine spatial resolution, as has been discussed at the beginning
of Section 6.

Hence, a scenario on climate change for a region close to the Rhine that is compiled
in a consistent way (Bultot et al., 1988), has been used for the calculation of "future"
climate conditions. On the basis of this scenario historical weather data for a period of
20 years (1969-1988) have been changed in the way described in Section 6 to obtain
future weather data. These data are used to calculate future crop productions. The
changes in temperature and rainfall according to this scenario are rather limited.

Probably much larger changes in climate will occur in situations that for example rising
temperatures cause changed courses of the gulfstreams. This might result in larger
changes in temperature and precipitation and in a larger differentiation in temperature
and rainfall between summer and winter. An indication of the effects of such more
drastical changes in climate can be derived from the sensitivity analyses for weather
parameters that are changed separately to various extents (Section 7).

8.1 Effects on land use

As discussed at the beginning of Section 2, the use of land for agriculture depends on
both environmental and on socio-economic and other factors. In addition to climate,
other environmental factors that may set limitations to land use, are the soil, the
topography and the hydrology. This means that possible change in climate can only be
just one of the factors that altogether determine changes in land use.

A main problem in analyzing the effects of climate change on land use is the fact that
information on future climate conditions contains a considerable degree of uncertainty.
In this study the changes in climate conditions that may occur at doubling atmospheric
CO, concentration, are derived from the Bultot scenario (see Section 6). These changes
are mainly a rise in temperature of 3 °C, a limited increase in precipitation which is
a little more unevenly distributed over the year and is not much larger than the increase
in evapo-transpiration (due to rise in temperature), and a relative air humidity that is
kept constant at the higher temperature.

The resulting future climate conditions for the Rhine basin can be found at present in
South France and North Italy. In all these european regions agriculture functions within
the same system of market regulations of the European Communities. Hence, socio-
economic conditions do not differ too much and comparison of the land use in South
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France and North Italy with that in the Rhine basin (Section 2.5) and comparison of
the land use in France and Italy with that in Germany (Section 2.2) may give good indi-
cations of the possible changes in land use that are to be expected from climate change.

The following changes in land use in the Rhine basin as based on the comparisons,

may be expected:

- increase in area of permanent crops,

- decrease in area of permanent grassland and possibly also of arable land;

- increasing part of the area with permanent crops used as vineyards;

- smaller areas cultivated with oats and rye and larger areas with grain maize;

- smaller areas cultivated with root crops;

- smaller areas cultivated with rapeseed and tumip rapeseed and larger areas with
sunflower and soyabean.

8.2 Effects on crop production

For the field crops, winterwheat and silage maize, and for permanent grassland the
effects of climate change on production have been calculated. The calculations have
been carried out for four soil types (i.e. sandy, sandy loam, loamy and optimal soils)
that differ in their maximum amount of available water. The sandy soils are the
marginal, gravelly and/or stony, eroded etc. soils that generally are not used for
agriculture. The potential production level that has been calculated for the optimal soils,
can only be attained if crop stress due to water excess and/or drought can be prevented
completely by artificial draining and irrigation. Hence for the Rhine basin the results
for the sandy loam and the loamy soils may be considered as representative.

Crop productions have been calculated for historical weather data over a period of 20
years (1969-1988) from six meteorological stations in the Rhine basin. On the basis of
the Bultot scenario (see Section 6) these historical weather data have been changed to
obtain future weather data. For these future weather data crop production has been
calculated again to derive effects of climate change on crop production.

The following average changes in production (absolute change and relative change
compared to production at present climate conditions) due to climate change in the Rhine
basin have been calculated (i.e. average of results for sandy loam and loamy soils and
for all meteorological stations in the Rhine basin, for which calculations have been
carried out; see Sections 6.1, 6.2 and 6.3):

winterwheat +2860 kg/ha grain dry matter (+35%);
silage maize -1860 kg/ha total dry matter (-10%);
permanent grassland +8550 kg/ha dry matter (+53%).

The productions are influenced by climate change in the following ways. Doubled
atmospheric CO, concentration results in a larger assimilate production of the leaves
of winterwheat and grass. But the assimilate production of maize leaves remains
unchanged (Section 3.2.3). The rise in temperature causes a shorter growth period for
winterwheat and silage maize. This undoes partly the vield increase of winterwheat by
doubled atmospheric CO, concentration and results in a yield decrease for silage maize.
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On locations where temperatures at present are relatively higher, this effect is found
to be relatively stronger than on locations with relatively lower temperatures (Section
6.1.1). In reality, yields for silage maize probably will not decrease, as for maize
cultivation varieties with a longer growth duration can be chosen. Highest increases in
production due to climate change are found for grassland. This is due to both the
doubled atmospheric CO, concentration and the extension of the period that growth of
grass may occur. This extension of the growth period is caused by the rise in
temperature.

A sensitivity analysis of the change in grass production due to climate change according
to the Bultot scenario has been carried out (Section 6.4). For this analysis the change
in production has been established for historical rainfall data for De Bilt, for rainfall
data that were changed on the basis of the Bultot scenario and for rainfall data that were
changed two times as strongly as on the basis of the Bultot scenario. In addition, it is
assumed that atmospheric CO, concentration was doubled in all cases and that the
average daily air temperature increased by 1, 3 (= Bultot scenario) and 5 °C. The
increase in grass production is found to be about completely caused by the increase in
atmospheric CO, concentration. A temperature increase of 1 °C results in a lower
production (compared to production at temperature increase of 3 °C) due to the shorter
growth period and a temperature increase of 5 °C results also in a lower production
because of prolonged periods with drought stress. If rainfall distribution over the year
becomes more uneven, production is reduced too. But all these effects on production
are very small compared to the effect of doubling the CO, concentration.

Weather parameters that determine crop production, are also changed separately to
various extents, In this way the sensitivity of crop production to changing values for
each parameter can be derived. For winterwheat the grain production in De Bilt on sandy
loam and loamy soils is found to increase strongly at increasing atmospheric CO,
concentration, to decrease moderately at increasing temperature, to increase slightly at
increasing rainfall, to increase slightly at increasing solar radiation, to decrease
moderately at increasing windspeed and to increase slightly at increasing vapour
pressure.

For silage maize the total production in De Bilt on sandy loam and loamy soils is found
to increase moderately at increasing atmospheric CO, concentration, to decrease
moderately at increasing temperature, to increase slightly at increasing rainfall, to
increase moderately at increasing solar radiation, to decrease moderately at increasing
windspeed and to increase slightly at increasing vapour pressure.

For permanent grassland the production in De Bilt on sandy loam and loamny soils is
found to increase strongly at increasing atmospheric CO, concentration, to increase
moderately at increasing temperature, to increase moderately at increasing rainfall, to
Temain constant at increasing radiation, to decrease strongly at increasing windspeed
and to increase moderately at increasing vapour pressure. In Table 16 the sensitivity
of crop production to changing values for the different weather parameters is summarized
for winterwheat, silage maize and permanent grassland, respectively.
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Table 16 Sensitivity of crop production in De Bilt, the Netherlands on sandy loam and loamy
soils to increasing values for atmospheric CO, concentration (C}), temperature (T),
rainfall (R), solar radiation (5), windspeed (W) and vapour pressure (V)I

Crop C T R S w v
Winterwheat +++ - + + - +
Silage maize ++ - + ++ - +
Permanent grassl. +++ ++ ++ 0 - ++

I o, +, ++, +++ : no, slight, moderate, strong increase;

-y ==y - : slight, moderate, strong decrease;
Production refers for winterwheat to grain production, for silage maize to total crop production
and for grassland to grass production.

Climate change and particularly doubling the atmospheric CO, concentration is found
to result in large production increases for winterwheat and permanent grassland, as
treated at the beginning of this section. However, it should be kept in mind that such
production increases can only be attained if nutrient supply does not limit production.
For example, the dry matter production of wheat and grass in pot experiments was found
to increase to 140 & 145%, if the atmospheric CO, concentration was doubled and
nutrient supply was sufficient (Goudriaan & De Ruiter, 1983), If nitrogen supply was
deficient, the dry matter production increased to 120 a 125% and if phosphorus supply
was deficient, the dry matter production remained 100% (i.e. no increase in production
due to doubled atmospheric CO, concentration). As discussed by Van Kraalingen (1990),
increases in dry matter production by doubled atmospheric CO, concentration might
in situations with deficient supply of nitrogen and/or phosphorus result in larger amounts
of vegetative plant material but in lower grain yields. Hence, the increases in grain and
grass production at doubled CO, concentration will only be realized, if simultaneously
the amounts of applied fertilizer nutrients are adapted to the higher productions.

8.3 Effects on evapo-transpiration and leaching

For the field crops winterwheat and silage maize and for permanent grassland the effects
of climate change on the components of the water balance have been calculated. These
calculations have been carried out for four soil types, differing in their maximum amount
of available water, of which as discussed in Section 8.2, the sandy loam and the loamy
soils may be considered as representative for agricultural land in the Rhine basin.

The way in which the effect of climate change on crop production and on components

of the water balance has been handled, is described in Section 8.2. The following
average changes in evapo-transpiration and in leaching from the root zone due to climate
change in the Rhine basin have been calculated (i.e. average of results for sandy loam
and loamy soils and for all meteorological stations in the Rhine basin for which
calculations have been carried out; see Sections 6.1, 6.2 and 6.3) for

winterwheat: evapo-transpiration -59 cm; leaching +0.4 cm; change growth duration -29d.;
silage maize: ” 6.7 ¢m; ” +08cm; » » <15d.;
permanent grassl.: » +08cm; +30cm; |, » » 0d.
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The components of the water balance are influenced by climate change as follows.
Doubled atmospheric CO, concentration results in a lower transpiration rate of grass
due to increased stomatal resistance (Section 3.2.3), but this effect is largely compensated
by a longer period of grass growth at the higher temperatures in future. Evaporation
increases at higher temperatures but this is partly compensated by the higher degree
of soil coverage by the canopy. Together this results in a slight increase in evapo-
transpiration. As the amount of rainfall in future increases more strongly and the change
in available soil water over one year is about zero, leaching from the root zone is found
to increase due to climate change.

The decrease in evapo-transpiration for winterwheat and silage maize can be explained
via the lower transpiration rate at doubled atmospheric CO, concentration (Section 3.2.3)
and the shortened period of growth at higher temperatures, and for winterwheat alone,
also via the decrease in evaporation due to increased soil coverage by the canopy. This
decrease in evapo-transpiration is found to result mainly in less depletion of available
soil water in the root zone and practically not in more leaching. But these comparisons
of water balances over different periods of time can only be of limited value.

A sensitivity analysis of the change in grass production due to climate change according
to the Bultot scenario has been carried out (Section 6.4). This analysis that has been
described already in Section 8.2, yields the following. Doubling of the atmospheric CO,
concentration results in a decrease in evapo-transpiration due to increased stomatal
resistance. If also the temperature rises by 1 °C, evapo-transpiration is still less than
the present evapo-transpiration. If temperature rises further by 3 and 5 °C, evapo-
transpiration on sandy loam and loamy soils becomes 1.2 and 3.3 cm, respectively larger
than the present evapo-transpiration. This increase in evapo-transpiration is caused by
the increasing vapour pressure deficit and the extension of the growth period at higher
temperatures. The rainfall distribution is found to have practically no effect on the evapo-
transpiration. Leaching from the root zone is found to increase if evapo-transpiration
decreases, i.e. at increasing atmospheric CO, concentrations and decreasing temperatures,
and if the amount of rainfall increases.

Weather parameters that determine crop production, are also changed separately to
various extents. In this way the sensitivity of crop production and components of the
water balance to changing values for each parameter can be derived. For the cultivation
of winterwheat in De Bilt on sandy loam and loamy soils, evapo-transpiration is found
to decrease moderately at increasing atmospheric CO, concentration, to decrease strongly
at increasing temperature, to increase slightly at increasing rainfall, to increase
moderately at increasing solar radiation, to increase strongly at increasing windspeed
and to decrease moderately at increasing vapour pressure.

For the cultivation of silage maize in De Bilt on sandy loam and loamy soils, evapo-
transpiration is found to decrease strongly at increasing atmospheric CO, concentration,
to remain about constant at increasing temperature, to increase slightly at increasing
rainfall, to increase moderately at increasing solar radiation, to increase moderately at
increasing windspeed and to decrease moderately at increasing vapour pressure.
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For permanent grassland in De Bilt on sandy loam and loamy soils, evapo-transpiration
is found to decrease slightly at increasing atmospheric CO, concentration, to increase
moderately at increasing temperature, to increase slightly at increasing rainfall, to
increase slightly at increasing solar radiation, to increase strongly at increasing
windspeed and to decrease strongly at increasing vapour pressure. In Table 17 the
sensitivity of evapo-transpiration to changing values for the different weather parameters
is summarized for cultivation of winterwheat and silage maize and for permanent
grassland.

Table 17 Sensitivity of cumulative evapo-transpiration in De Bilt, the Netherlands on sandy
loam and loamy soils to increasing values for atmospheric CO, concentration (C),
temperature (T), rainfall (R}, solar radiation (S}, windspeed (W) and vapour
pressure (V)’

Crop C T R S w Vv
Winterwheat - - + ++ +++ -
Silage maize - 0 + ++ ++ -
Permanent grassl. - ++ + + +++ ---

1 g, 4, ++, +++ : no, slight, moderate, strong increase;

uy wmy mue ¢ slight, moderate, strong decrease;

For winterwheat and silage maize cumulative values for evapo-transpiration during the growth
period (dependent on temperature) are compared and for permanent grassland cumulative
values during one year.

The water balance for permanent grassland is calculated for a period of one year. The
change in available soil water over this period is about zero. As a consequence, an
increase/decrease in evapo-transpiration due to for example changes in solar radiation
results in a decreasefincrease of leaching from the root zone, if the amount of rainfall
is not changed. Hence, leaching from permanent grassland in De Bilt on sandy loam
and loamy soils is calculated to increase slightly at increasing atmospheric CO,
concentration, to decrease moderately at increasing temperature, to increase strongly
at increasing rainfall, to decrease slightly at increasing solar radiation, to decrease
strongly at increasing windspeed and to increase strongly at increasing vapour pressure.
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9 CONCLUSIONS

Increasing atmospheric CO, concentrations will probably cause changes in climate
conditions. For the Rhine basin this may result in changes in land use, in crop production
and in the soil water balance.

Land use does not depend only on weather conditions but also on many other factors,
both environmental and socio-economic. Altogether, these factors will determine future
changes in land use. Future climate conditions in the Rhine basin, according to the
applied Bultot scenario for climate change at doubled atmospheric CO, concentration,
can be found at present in South France and North Ttaly. Besides, the socio-economic
conditions in the Rhine basin and in South France and North Italy do not differ much.
Consequently, the effects of climate change on future land use in the Rhine basin may
be derived from the comparison of actual land use in the Rhine basin and in South
France and North Italy, respectively.

On the basis of this comparison mainly the following changes in land use in the Rhine
basin may be expected:

- 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 and rye, rapeseed and tumip rapeseed;
- increase in areas cultivated with grain maize, sunflower and soyabean.

In addition, crop growth will start about three weeks earlier, if future temperatures in
spring increase by 3 °C.

Climate change due to doubled atmospheric CO, concentration according to the Bultot
scenario influences crop production in the Rhine basin mainly in a positive way. Average
grain production of winterwheat in the Rhine basin was calculated to increase by 2900
kg/ha dry matter and the average production of permanent grassland by 8600 kg/ha dry
matter. However, these increases in production due to climate change will only be
realized completely, if applications of fertilizer nutrients are adapted to the higher
productions. Only for silage maize a decrease in total production was calculated, mainly
due to a decreasing length of the growth period at higher temperatures. This decrease
in production will not occur in reality, because at rising temperatures maize varieties
with a relatively longer growth period and a higher production will be grown.

The climate change also influences the components of the water balance. Average evapo-
transpiration 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 is
caused mainly by the lower transpiration rate at doubled atmospheric CO, concentration
and by the shortened period of crop growth. For permanent grassland the lower
transpiration rate at doubled atmospheric CO, concentration is about compensated by
the longer period of grass growth at the higher temperatures in future.
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From a sensitivity analysis it was derived that grain production of wheat mainly
increases due to increasing atmospheric CO, concentration and decreases due to
increasing temperature and windspeed, that total production of silage maize mainly
increases due to increasing atmospheric CO, concentration and solar radiation and
decreases due to increasing temperature and windspeed, and that production of permanent
grassland mainly increases due to increasing atmospheric CO, 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 CO, 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 CO, concentration and vapour pressure, and that evapo-transpiration of
permanent grassland mainly increases at increasing temperature and windspeed and
decreases at increasing vapour pressure, Leaching from the root zone of permanent
grassland was calculated to increase at increasing rainfall and vapour pressure and to
decrease at increasing temperature and windspeed.
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10 SUBSEQUENT PHASES OF THE PROJECT

In this study it has been shown that for each cropping system in the Rhine basin crop
production and the components of the water balance can be calculated. This may be
done for each combination of crop species, soil type and climate in the Rhine basin,
and both for present climate conditions and for "future" conditions derived on the basis
of a climate scenario. In subsequent phases of the project, the following activities may
be carried out:

- analysis of the crop production on a regional scale by use of a geographical
information system. This system contains information on the regional distribution of
soil types, land use and climate and allows calculation of crop production for each
soil - crop - climate combination as specified per location;

- analysis of the components of the water balance (evapo-transpiration, leaching, etc.)
on a regional scale by use of a geographical information system, which allows
calculation of evapo-transpiration, etc. for each soil - crop - climate combination as
specified per location;

- analysis of the effects of climate change on land use, crop production and the
components of the water balance (evapo-transpiration, leaching, etc.), if a specific
climate scenario for the Rhine basin has come available. As discussed in this study,
consequences of climate change for future land use can only be estimated, because
many other factors influence land use too;

- for the main crops and local crop varieties that are cultivated in the Rhine basin and
for newly introduced crop species and varieties after climate change, the plant data
that specify for each plant species the growth and physiological development, can be
collected. This information, together with information on climate and soil
characteristics, may be used to calculate with the WOFOST model crop production,
soil coverage and the components of the water balance for specified locations;

- development of scenarios for changing land use in the Rhine basin due to climate
change. This requires a mixed approach that includes both a study on the effects of
climate change and other environmental factors on crop growth and land use as
presented in this report, and a study on the socio-economic factors that might cause
changes in land use in future;

- approximation of the production and the components of the water balance for areas

in use for permanent crops (vineyards, orchards, etc.);

approximation of the components of the water balance for forests, nature reserves,

mountainous areas, etc. Particularly in mountainous areas the amount of rainfall is

about double the amount in the lowlands and the evapo-transpiration is about halved.

This results in four times larger amounts of leaching water.

At last, it should be mentioned that as discussed in this study, scenarios on climate
change have a considerable degree of uncertainty. This limits the reliability of results
on future crop production, water use, leaching and land use that are calculated on the
basis of these scenarios.
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ANNEX 1 TOTAL LAND USE, USE OF ARABLE LAND AND CROP YIELDS IN COUNTRIES
OF THE EUROPEAN COMMUNITIES (TABLES 18-24)

Table 18 Land use (1000 ha) in 1985 for the regions that drain to the river Rhine (Source: Eurostat, 1987)

Country, Total Fraction drai- Woeded  Agricultural area
Country part area ning to Rhine  area
(Nuts I}, (ronghly esti- Total Permanent  Permanent Arable
Region (Nuts II) mated) grassland crops crops (fr.
(fr. vine- greenfodder
yards) Crops)

Germany .
Nordrhein-Westfalen 3406.6 0.47 838.1 16193 5103 9.4 {0.0) 1094.4 (0.16)
- Diisseldorf 528.3 0.5
- Kiln 7368 0.75
- Miinster 6897 0.0
- Detmold 651.5 0.0
- Arnsberg 799.8 10
Hessen 21114 061 835.8 778.6 258.8 59 (0.56) 512.8 (0.11)
- Darmstadt 744.6 1.0
- Gielten 538.0 1.0
- Kassel 828.8 0.0
Rheinland-Pfalz 1984.7 1.0 781.5 729.4 224.0 753 (0.89) 428.8 (0.08)
- Koblenz 809.2 L0
- Trier 4925 1.0
- Rheinhessen-Pfalz 683.0 1.0
Baden-Wiirttemberg 3575.2 0.49 1305.5 15153 626.3 447  (0.56) 8397 (0.19)
- Stuttgart 1055.7 1.0
- Karlsruhe 692.0 1.0
- Freiburg 935.8 0.0
- Tiibingen 891.7 0.0
Bayern 7055.1 0.27 2378.2 34557 13433 13.6 (0.39) 2085.0 (0.29
= Oberbayern 1752.8 0.0
- Niederbayern 1033.0 0.0
- Oberpfalz 969.1 0.0
- Oberfranken 723.1 05
- Mittelfranken 724.5 1.0
- Unterfranken 853.1 LO
- Schwaben 999.4 0.0
Saarland 257.0 L0 85.1 67.6 28.0 06 (0.1I7) 387 (0.14)
France
Est 4803.0 0.54 1863.7 23020 12364 1257  (0.14) 1043.0 (0.22)
- Lorraine 2354.7 0.75 859.1 1187.0 605.7 60.8 (0.01) 578.0 (0.21)
- Alsace 828.0 1.0 305.6 331.0 96.2 43 (L0) 218.0 {0.15)
- Franche-Comté 1620.2 0.0 698.9 784.0 534.5 537 (0.09) 2470 (0.32)
Luxemburg (Grand Duch

258.6 1.0 82.1 127.6 70.6 1.6 (0.81) 553 (0.33)
Netherlands
Qost Nederland 1124.7 0.15 131.8 561.7 362.1 106 {0.0) 189.0 (0.35)
- Overijsel 4333 0.0 345 245.7 165.0 1.6 (0.0) 791 (0.39)
- Gelderland 691.4 0.25 91.3 316.0 197.0 9.1 (0.0) 109.9 (0.32)
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Table 19 Areas of arable land (1000 ha) used in 1985 for the main crops in regions that drain to the river Rhine (Source: Eurostat,

1987)
Country + Region All cereals  Wheat Barley Grain maize Potatoes Sugar-beet  Sunflower  Rape
Germany
Nordrhein-Westfalen 7715 2354 3274 57.5 183 81.6 0.0 19.6
Hessen 388.7 141.7 141.6 49 9.7 2.7 00 18.6
Rheinland-Pfalz 3338 106.9 138.4 29 12.5 23.1 0.0 10.0
Baden-Wiirtemberg 571.0 2186 200.8 29.1 155 234 0.0 4.1
Bayern 1292.6 487.6 530.8 44.2 809 838 0.0 56.8
Saarland 30.8 6.1 10.7 0.2 0.5 0.0 0.0 0.9
France
Est 673.2 260.5 285.9 79.2 5.1 63 11 75.3
- Lorraine 376.8 150.4 193.9 103 1.7 0.4 0.1 52.5
- Alsace 1559 65.8 279 57.5 23 4.7 1.0 82
- Franche-Comté 140.4 44.3 64.0 11.4 1.1 1.2 0.1 14.7

Luxembourg (Grand Duchy)

4.7 6.6 17.0 0.0 0.9 0.0 0.0 0.5
Netherlands
Oost Nederland 320 231 6.6 0.1 30.8 244 0.0 41
- Overijsel 1.2 59 0.6 0.0 16.8 9.9 0.0 0.0
- Gelderland 24.8 17.2 6.0 0.0 14.0 14.5 0.0 4.0

Table 20 Yields (100 kg/ha) in 1985 for the main crops in reglons that drain to the river Rhine (Source: Eurostat, 19871

Country + Region All cereals  Wheat Barley Grain maize Potatoes Sugar-beets Sunflower  Rape
Germany

Nordrhein-Westfalen 55 62 52 65 ase 502 - 28
Hessen 53 60 50 70 4 489 - 27
Rheinland-Pfalz 48 55 46 61 304 509 - 24
Baden-Wiirtemberg 52 56 47 71 313 522 - 28
Bayern 54 61 50 68 338 578 - 29
Saarland 45 53 44 47 296 27 - 4
France

Est 54 56 47 78 296 594 30 30
- Lorraine 50 53 48 58 251 435 23 29
- Alsace 67 61 49 84 33s 610 31 32
- Franche-Comté 50 57 45 76 282 591 20 31

Luxemburg (Grand Duch

38 43 36 - 320 444 - 19
Netherlands
QostNederland 60 67 43 - 472 541 - kil
- Overijsel 63 67 46 . 427 504 - 30
» Gelderiand 60 67 43 . 527 565 . 31

! Dry matter fractions in grains. in seeds from sunflower and rape, in potatoes and in sugar-beets are 0.85, 0.85, 0.22 and 023 kg/kg,
respectively.
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Table 21 Areas harvested (1000 ha) and crop yields (100 kg/ha) in Germany (D) and France (F)
{Source: Eurostat, 1988)

Couniry  Area Crop yiela!
1983 1986 1983 1986
Total agricultural arca D 12079 12000
' F 31557 31389
Total arable land D 7226 7244
. F 17410 17735
Permanent grassland D 4630 4537
i F 12535 12094
Permanent crops D 181 181
” F 1358 1311
Cereals (excl. rice) D 5044 4812
" F 9382 9487
Wheat and spelt D 1655 1648 54.4 63.4
’ F 43825 4865 51.8 555
Rye D 445 414 35.0 42.7
" F 101 80 28.9 28.2
Oats and mixed grain D 729 6§05 344 45.0 (oats)
» F 546 407 326 342(")
Barley D 2035 1947 4.0 48.2
" F 2143 2097 40.9 48.3
Grain malze D 169 187 55.3 69.6
» F 1685 1884 62.5 61.8
Dried pulses D 13 69
" F 204 354
Potatoes D 224 210 253.0 3524
” F 204 201 261.0 299.1
Sugar beet D 393 390 414.7 518.8
”» F 490 449 537.0 553.9
Fodder beet D 120 94
” F 135 105
Other root crops D 6 6
” F 132 74
Rape and turnip rape D 232 308 25.9 315
” F 470 386 20.6 271
Sunflower D 0 0
" F 431 901
Green fodder total D 5734 5791
” F 17748 17189
Permanent grassland D 4630 4537 74.2 78.1
” F 12535 12094 49.2 48.7
Green fodder from
arable land D 1104 1255
”» F 5214 5095
Silage maize D 807 947 414.0 479.7
”» F 140% 1619 399.7 377.2

1 Dry matter fractions in grains, in sceds from sunflower and rape, in potatoes, in beets and in silage maize are

0.85, 0.85, 0.22, 023 and 0.27 kg'kg, respectively.
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Table 22 Land use (1000 ha) in 1985 in South France and North Italy (Source: Eurostat, 1987)

Country, Total Wooded Agricultural area

Country part area area

{Nuts I), Total Permanent Permanent Arable

Region (Nuts IT) grassland crops crops (fr.
(fr. vine- green fodder
yards) crops}

France

Ouest

- Poitou-Charentes 2581.0 434.9 1860.0 4123 1027 (1.00} 13420 (0.33)

Sud-Ouest

- Aquitaine 4130.8 18323 1697.0 6053 140.0 (1.00) 9260 (0.25)

- Midi-Pyrénées 4534.8 1163.4 27340 10313 1117 (0.55) 1616.0 (0.30)

- Limousin 1694.2 5521 936.0 638.9 644 ©.02) 2910 (0.57)

Méditerranée

- Languedoc-Rousillon  2737.6 794.6 1204.0 5060 3924 (099  263.0 (0.22)

Italy

Nord-Ovest

- Piemonte 2539.9 598.5 1337.7 4540 1042 (0.70) 6818

Lombardia 23857 479.1 12159 3354 373 (0.83) 8019

Nord-Est

- Veneto 1836.4 263.1 1002.7 18%0 1270 0.73) 602.0

Table 23 Areas of arable land {1000 ha) used in 1985 for the main crops in South France and North Italy (Source: Eurostat, 1987)

All cereals  Wheat Barley Grain maize Potatoes Sugar-beet  Sunflower  Rape
France
Quest
+ Poltou-Charentes 622.6 331.9 140.5 111.5 24 0.0 167.6 384
Sud-Ouest
- Aquitaine 571.4 91.2 53.8 404.7 54 - 421 53
- Midi-Pyrénées 824.5 2173 1488 269.8 7.3 - 160.0 44.2
- Limousin 100.4 293 26.9 7.7 4.4 - 02 L1
Méditerranée
- Languedoc-Rousillon  106.2 57.9 195 8.6 55 . 28.1 51
Italy
Nord-Ovest
- Piemonte 431.4 1410 321 145.1 83 4.5 -
- Lombardia 424.5 81.9 92.3 1783 4.2 i5.0 0.2
» Nord-Est
- Veneto 371.1 80.3 25.3 264.5 6.4 336 0.2 -
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Table 24 Areas of agricultural land and arable land used in 1986 in the Netherlands (NL), Germany (D), France (F), Italy (I) and
Greece (GR) (Source: Eurostat, 1988)

Country Arez (1000 ha) Relative area (%)
Total agricultural area NL 2024 100
" D 12000 100
" F 31339 100
” I 17445 100
" GR 5741 100
Total arable land NL 876 433
» D 7244 60.4
” F 17735 56.5
” I 9061 51.9
» GR 2925 50.9
Permanent grassland NL 1108 54.7
" D 4537 378
» F 12094 385
" i | 4944 233
b GR 1789 1.2
Permanent crops NL s 1.7
” D 181 1.5
’” F 1311 42
” L 3359 i%3
» GR 1040 18.1
Cereals (incl. rice) NL 170 8.4
” D 4812 40.1
” F 9499 303
i I 4737 27.2
" GR 1464 255
Wheat and spelt NL 116 57
» D 1648 13.7
” F 4865 155
” | 3072 17.6
” GR 904 187
Rye NL 4
» D 414 35
i F 80 0.3
" I s
” GR 13
Qats and mixed grain NL 7
i D 605 5.0
1 F 407 1.3
” 1 177 1.0
1 GR 43 0.7
Barley NL 42 21
" D 1947 16.2
” F 2097 6.7
i I 440 25
" GR 266 4.6
Grain maize NL 0
» D 187 1.6
» F 1884 6.0
b I 833 4.8
n GR 218 38
Dried pulses NL 1 1.6
i D 69 0.6
» F 354 1.1
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Table 24 {continued)

Country Area (1000 ha) Relative area (%)
Dried pulses I 174 1.0
i GR 43 0.7
Potatoes NL 167 83
D 210 1.8
” F 201 0.6
b I 120 0.7
» GR 56 1.0
Sugar beet NL 138 6.8
”» D 3%0 33
» F 449 14
» I 273 1.6
” GR 42 0.7
Fodder beet NL 2
i D 94 038
" F 105 0.3
» 1 12
i GR 0
Other root crops NL 0
” D 6
” F 74
" I 14
» GR ]
Rape and turnip rape NL 6
” D 308 2.6
b F 386 1.2
» I 14
Lhg GR -
Sunflower NL -
” D -
jd F 901 29
" I 0 0.5
" GR 79 1.4
Green fodder total NL 1345 66.5
” D 5791 48.3
” F 17189 54.8
” I 7547 433
” GR 2009 3590
Permanent grassland NL 1108 547
" D 4537 378
" F 12094 385
» I 4944 283
” GR 1789 31.2
Green fodder from arable land NL 237 11.7
» D 1255 10.5
” F 5005 162
” I 2603 14.9
” GR 220 38
Silage malze NL 196 9.7
” D 947 7.9
" F 1619 52
” 1 300 1.7
” GR 4 0.1
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ANNEX 2 CALCULATED PRODUCTIONS OF WINTERWHEAT, SILAGE MAIZE AND
PERMANENT GRASSLAND AND WATER BALANCES DURING THE GROWING
SEASONS (TABLES 25-40)

Table 25 Water-limited production and water use of winterwheat sown half November in De Bilt (B) and T'wente (T), the Netherlands,
in Strasbourg (), France and in Karlsruhe (K), Freiburg (Fre) and Frankfurt (Fra), Germany on loamy® soils and leaching
during the growing season over twenty years (1969-1988)

Year, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
location growing production during during during during soll water
season® Total grain season season season season during season®
() (kg/ha) (em) (em) {em) {cm) {cm)
1969,B 226 19568 8520 41.4 28.6 92 18.2 -14.5
1969,T 229 17683 7115 41.1 30.5 9.5 17.6 -16.5
19698 216 17733 8386 41.7 252 91 159 8.5
1969,.K 212 19574 8917 53.8 26.2 84 24.6 54
1969,Fre 209 19616 9623 62.9 284 9.1 25.6 0.3
196%,Fra 219 18168 8116 389 258 88 154 -11.1
1970,B 235 20330 9405 55.6 29.2 10.2 24.5 -8.2
1970,T 237 18208 8099 524 16 9.8 24.2 -133
19708 220 18222 8729 452 24.7 10.8 18.6 9.0
1970,K 216 17280 8048 64.0 2338 113 375 8.6
1970,Fre 215 17134 7917 73.5 255 12.6 38.5 3.1
1970,Fra 27 18166 8368 46.5 252 9.7 19.5 7.9
1971,B 226 19738 10611 390 26.0 80 134 -84
1971,T 229 18823 10237 342 231 8.1 11.3 -8.4
19718 211 18711 9673 21 27.0 6.1 33 -143
1971,K 208 176538 9213 265 235 6.5 L5 9.1
1971,Fre 206 17971 9352 414 263 8.6 10.0 =34
1971,Fra 215 18323 9773 285 25.2 58 5.7 -8.2
1972.B 230 19832 8932 46.2 25.0 95 11.9 0.2
1972,T 236 17361 8109 §5.4 203 10.2 25.0 0.1
19728 218 17949 8808 323 239 7.5 6.0 5.1
1972,K 212 15853 7892 372 21.0 8.6 12.5 -4.9
1972, Fre 208 18978 9042 490 275 74 14.3 -0.2
1972,Fra 220 11170 7763 348 234 6.7 9.7 5.1
1973,B 229 18460 8826 42.6 25.1 113 18.4 12,2
1973,T 232 15647 7851 40.5 213 134 18.6 -12.8
19738 215 17141 7982 314 256 91 6.4 9.7
1973, K 214 16869 7717 4.7 245 9.7 144 3.8
1973.Fre 212 17090 7895 57.8 26.2 10.8 22.7 -2.0
1973,Fra 220 15503 7090 255 233 89 57 -12.3
1974.B 223 22376 11007 433 2790 6.9 12.4 2.5
1974, 228 19669 9445 424 25.5 84 11.7 232
1974,8 204 18774 9784 280 258 74 55 -10.7
1974,K 205 17278 9109 401 21.7 8.6 13.7 39
1974, Fre 201 17550 9375 50.0 234 9.1 173 +0.2
1974,Fra 214 19283 9610 324 244 7.1 10.9 -10.0
19758 220 16812 8350 8.5 233 10.0 18.5 13.4
1975,T 223 18220 8745 397 24.6 89 20.2 -14.0
19758 211 15569 7569 303 21.1 81 5.6 4.6
1975,K 206 14389 6898 50.5 19.0 98 234 -1.7
1975,Fre 205 14225 7147 538 197 10.6 24.7 -1.3
1975,Fra 214 16100 7316 40.9 225 89 16.2 -6.6
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Tabhle 25 (continved)

Year, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location growing production during during during during soil water
season® Total grain season season season season during season’
(d) (kg/ha) {cm) (cm) {cm) (cm) {cm)

1976,B 218 14858 6259 298 244 82 133 -16.0
1976, T 226 17099 7434 30.2 274 6.6 133 -17.2
19768 206 13493 4357 21.6 249 7.2 5.7 -16.2
1976, K 200 14251 5327 26.4 237 73 12.4 -17.0
1976,Fre 198 16617 6088 310 295 10 9.7 -15.2
1976,Fra 209 11238 3112 19.7 213 7.0 73 -15.9
1977,B 225 18168 8554 458 24.7 2.7 224 -11.1
1977,T 233 19600 9033 45.6 255 9.9 15.2 4,0
19778 208 14997 7283 393 237 10.1 2.6 4.1
1977 K 203 16185 7905 40.0 232 8.1 18.0 93
1977, Fre 199 16045 8153 55.1 23.0 105 225 0.9
1977.Fra 215 15514 7128 378 225 9.1 18.9 -12.8
1978.B 231 20448 10433 8.7 26.5 88 14.1 -10.7
1978,T 237 19210 9758 41.8 237 8.7 13.2 3.8
1978, 217 19363 979 47.5 26.9 104 i6.5 -6.3
1978, K 214 197715 10290 674 257 8.2 344 0.9
1978 Fre 212 19520 9737 70.5 26.8 9.2 335 +0.9
1978 Fra 220 17856 9430 43.2 23.6 84 218 -10.5
19798 243 19782 8759 59.6 259 113 303 -8.0
199.T 249 19155 8723 49.2 243 10.1 192 4.3
1979, 217 18241 9070 37.2 277 10.3 12.7 -13.5
199,K 213 19060 8917 196 27.2 7.6 203 -15.6
1975, Fre 211 19029 9178 61.3 287 9.7 32.2 9.4
1979,Fra 223 17818 83386 43.0 272 9.3 16.9 -10.4
1580,8 229 21013 9262 538 289 6.9 207 -2.6
1980, 239 20481 8917 494 26.9 74 20.0 -4.8
19808 221 18334 7971 362 274 8.1 7.9 7.2
1980.K 217 19237 8237 53.5 26.5 7.1 21.2 -1.8
1980, Fre 216 17539 7187 649 25.6 93 313 -1.3
1980,Fra 224 19084 8519 514 271 7.7 191 2.5
1981,B 223 19135 9514 574 23.6 7.5 27.5 -1.2
1981,T 222 18049 9126 522 2358 73 231 -1.8
1981,S 209 15263 7540 51 22.0 8.6 4.8 0.4
198K 208 16208 8034 49.7 22.7 9.1 203 2.4
1981,Fre 204 15906 7753 538 23.7 10.4 19.1 +0.2
1981,Fra 215 17066 8250 513 241 83 212 -23
19828 219 19006 9391 303 273 74 10.1 14.5
1982,T 225 16777 8643 324 22.9 83 12.6 113
1982, 210 18300 8532 419 28.9 79 88 A7
1982,K 206 17831 8393 48.7 27.0 7.5 142 0.1
1982, Fre 201 18638 8137 47.6 30 7.8 16.0 1.3
1982, Fra 214 16176 6362 299 252 77 141 -17.1
1983,B 217 17955 8558 532 241 96 327 -13.2
1983,T 222 17966 8777 508 26.4 102 30.4 -16.1
1983, 205 16173 7980 51.7 22.7 10.2 29.9 -11.0
1983,K 201 16305 8089 493 21.7 8.7 304 -11.5
1983,Fre 200 15962 1767 74.0 23.0 10.9 43.2 32
1983, Fra 208 16462 7880 50.3 232 10.0 26.4 9.2
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Table 25 (continued)

Year, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location growing production during during dwring during soil water
season® Total grain season Season season Season during season®
(d) (kg/ha) {em) (em) {cm) (cm) (em)
1984,B 235 15837 9116 531 233 8.1 29.7 -8.0
1984,T 240 20457 10200 56.5 223 9.1 23 7.3
1984.8 225 18858 8948 197 280 9.6 121 -10.1
1984, K 219 18308 8671 553 24.8 9.2 25.9 -4.6
1984,Fre 215 17489 8232 49.9 26.0 10.8 222 9.2
1984,Fra 228 17180 8009 42.5 24.7 8.7 20.7 -11.6
19858 234 20197 9434 458 263 $.1 10.4 0.1
1985,T 243 20030 9624 513 26.2 10.0 157 0.5
1985,8 216 19219 9871 358 28.0 8.8 9.3 -10.3
1985, K 212 19011 9737 46.9 26.1 8.8 17.5 -5.5
1985,Fre 207 17400 8811 516 253 9.3 235 6.6
1985.Fra 223 18993 2240 330 278 7.9 6.5 93
1986.B 233 20460 8321 385 30.0 8.5 18.1 -18.1
1986, T 237 21609 9678 424 311 8.7 178 ‘153
1986, 215 14919 1449 41.6 23.2 122 i59 9.7
1986,K 211 14798 7020 46.8 222 11.0 224 -8.8
1986,Fre 209 14850 7105 70.7 230 12.2 381 -2.5
1986,Fra 216 17079 7944 139 25.6 9.1 13.7 -14.5
1987, 238 20759 9147 64.0 26.3 8.5 284 +0.8
1987, T 245 21397 9145 563 268 7.1 226 0.2
19878 228 17705 7896 538 24.7 83 210 0.2
1987,K 219 18099 7750 55.6 253 9.1 21.8 0.7
1987,Fre 214 17353 7182 63.5 265 10.0 30.6 3.5
1987 Fra 230 19724 8599 50.5 26.9 7.3 17.3 -1.1
1983,B 218 16264 8047 59.6 221 10.5 311 4.1
19887 223 15330 m4 490 20.2 10.2 231 4.5
1988,S 204 16950 8767 36.0 22.7 10.2 111 7.9
1988, K 201 16818 8809 553 22.7 11.0 29.5 -1.9
1988.Fre 197 15887 8756 56.6 211 13.3 23.1 0.8
1988,Fra 209 16902 8399 385 236 9.6 194 -14.1
AverageB 228 19197 9022 46.8 259 9.0 20.3 -8.3
» T 233 18639 8819 45.7 252 9.1 194 8.0
Y8 214 17296 8320 374 25.2 9.0 113 -8.1
» K 210 17239 8250 47.6 239 88 21.¢ -6.2
o JFre 207 17240 8252 56.9 255 9.9 24.9 -3.4
" ,Fra 218 1719 7990 386 24.6 83 153 9.6
Standard
deviation,B 7 1762 1015 9.8 22 13 7.6 59
*» T 8 1734 885 7.9 33 15 59 6.0
”» 8 7 1672 1244 8.6 22 1.5 6.7 43
» K 6 1671 1082 10.6 22 13 8.0 48
v JFre 6 1482 71 11.0 28 1.6 9.3 41
* JFra 6 1858 1410 920 18 11 6.0 4.5

! Sl with effective rooting depth of 100 cm and 2 maximum amount of available water of 21 cm water per m soil,

2 Growing season is considered from January 1 till moment of crop maturing and components of water balance are calculated for this
indicated season duration. In cold winters crop growth will actually start at a later date than January 1.

3 Initial amount of available water at January 1 is set at the maximom amount per soil type,
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Table 26 Water-limited production and water use of silage maize sown end of April in De Bilt (B) and Twente (T, the Netherlands,

and half April in Strasbourg (S), France and in Karlsruhe (X), Freiburg (Fre) and Frankfurt (Fra), Germany on lt)amy1 soils
and leaching during the growing season over twenty years (1969-1988)

Year, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
lIocation growing production during during during during soil water
season’ Total ear Season Season season season during season’
() (kg'ha) {em) (cm) {cm) (cm) (cm)
1969.B 140 20111 10629 347 26,9 7.4 21 -1.6
1969, T 140 17180 8499 26.8 28.7 8.5 1.3 117
1969,S 122 20866 10488 26.7 28.0 6.6 0.9 -89
1969, K 115 20964 10793 336 274 59 22 -1.9
1969, Fre 113 21688 10655 44.3 308 6.1 4.7 +2.7
1969,Fra 124 20483 10631 27.7 26.3 7.2 1.2 -7.0
1970,B 140 22062 12000 332 27.2 4.5 0.1 +1.3
1970,T 140 190%0 10419 30.6 29.1 6.6 0.0 -52
1970, 121 21304 12309 253 253 6.0 1.0 70
1970,K 115 20880 12121 130 26.0 58 6.6 7.0
1970,Fre 113 20516 11799 426 272 6.8 132 4.7
1970,Fra 126 19842 11406 25.6 239 63 0.0 -4.6
1971,B 140 20171 8502 268 27.2 59 57 -12.0
1971, T 140 18572 8089 242 243 5.0 1.6 -6.7
19718 113 22242 10543 223 3o.2 4.6 0.0 126
197LK 106 21543 10407 19.5 283 48 0.0 -13.6
1971,Fre 107 22050 11189 339 304 4.7 4.9 -6.0
1971,Fra 118 22845 11682 25.0 30.2 44 25 -121
1972,B 140 16141 8807 318 17.5 10.5 2.9 +0.9
1972,T 140 14827 7319 43.1 15.1 8.6 18.7 +2.6
19728 141 21237 11749 303 26.2 7.2 29 -6.0
1972,K 126 20151 10848 30.6 25.1 6.8 KR 5.0
1972 Fre 125 20387 11332 36.3 26.4 6.6 8.0 -4.7
1972,Fra 147 19393 10562 322 25.1 7.2 56 -5.6
1973,B 137 21683 12163 28.6 26.5 6.3 1.5 5.8
1973.T 140 19020 10652 210 244 6.5 0.0 -9.9
19738 114 20261 10901 20.6 281 5.4 0.0 -13.0
1973.K 111 20001 10758 298 26.6 54 0.0 -2.1
1973,Fre 108 20131 10543 333 278 63 5.9 -6.6
1973,Fra 118 18107 10019 16.7 25.1 5.7 0.0 -14.1
1974,8 140 19211 9337 42.2 211 77 10.1 +33
1974,T 140 15869 7739 134 17.7 9.9 2.8 +3.0
19748 122 21134 10664 224 30.3 5.0 0.0 -13.0
1974,K 121 20773 10719 26.5 280 51 0.0 6.6
1974,Fre 118 21333 10478 40.4 313 6.1 4.2 1.2
1974,Fra 134 19953 11123 234 25.1 71 0.0 -3.83
1975,B 133 20434 11541 194 25.5 58 0.0 -11.9
1975,T 140 20466 11643 19.5 251 6.3 0.0 -11.9
19758 119 18817 10586 28.0 24.7 6.4 a1 6.1
1975,K 113 18531 10719 40.4 24.0 6.2 11.2 -1.1
1975,Fre 115 19119 10803 51.1 26.1 63 158 +2.9
1975,Fra 118 15086 8999 276 19.3 8.6 24 2.7
1976,B 132 19406 10522 18.9 254 6.4 0.0 -12.9
1976,T 140 19944 11580 183 258 7.2 0.0 -14.6
1976,S 108 14460 6017 135 247 4.9 0.0 -16.1
1976,K 102 16631 6841 148 25.5 44 0.0 -15.1
1976,Fre 103 19028 9485 235 293 6.2 0.8 -12.8
1976,Fra 110 12096 5136 85 20.0 48 0.0 -16.4
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Table 26 (continued)

Year, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location growing production during during during during soll water
season® Total ear SCASON: Season season season during season®
() {kgha) (em) (em) {cm) {em) (cm)
1977,B 140 18023 9096 234 208 6.0 0.0 34
1977, T 140 14944 6500 26.5 16.6 7.7 1.0 +1.2
19778 126 19354 10931 3.7 24.1 6.7 2.6 -1.7
1977.K 119 19358 10691 23.0 242 58 a0 -6.8
1977.Fre 119 21295 11956 40.6 27.1 53 6.2 +2.0
1977 Fra 132 17329 10038 238 210 63 0.0 3.6
1978,B 140 19860 8615 25.5 24.5 s 0.9 3.7
1978, T 140 18457 7951 303 21.6 54 1.6 +1.6
1978, 138 22994 12756 38.6 287 5.6 6.7 2.5
1978, K 133 22932 12257 50.8 274 5.4 19.7 -38
1978,Fre 130 22288 12390 521 28.1 6.6 18.2 0.8
1978, Fra 142 21275 10955 263 27.7 56 6.0 -13.0
1979,.B 140 19921 9045 280 24.2 6.9 4.6 7.7
1979, T 140 18117 8232 243 219 64 0.0 4.0
19795 123 20503 11534 22.8 25.6 7.4 0.9 -11.1
1979.K 116 19452 10577 18.2 242 53 0.0 -11.3
1979.Fre 114 21138 11772 340 283 66 0.0 0.9
1979,Fra 123 20050 11207 219 253 6.8 0.9 -10.2
1980,B 140 19589 9583 356 223 5.6 8.8 -1.1
1980,T 140 14894 8248 355 14.6 9.6 12.0 0.8
1980,8 135 18418 11091 315 22.6 1.5 0.7 +0.7
1980,K 129 18978 11028 40.4 236 6.7 10.8 0.8
1980,Fre 126 18309 10660 459 246 8.2 139 0.8
1980, Fra 138 18564 10401 311 222 7.0 10.0 2.2
1981,B 140 21345 10931 309 23.7 6.0 3.0 -1.8
1981,T 140 20836 11285 3.6 233 7.0 43 -3.5
1981,S e 20155 10571 29.2 26.4 5.2 1.4 3.7
1981 K 117 20202 10284 27.7 26.1 52 31 -6.7
1981,Fre 115 19578 10458 41.7 264 6.0 93 +0.1
1981,Fra 126 20460 11184 43.0 26.1 5.3 13.5 -1.8
1982,B 125 22657 12308 19.2 29.0 4.7 0.0 -14.4
1982, T 129 22627 11582 17.2 28.1 42 0.0 -15.1
19828 110 18484 9868 32.0 239 6.5 1.0 +0.6
1982,.K 104 18038 9546 310 232 59 1.2 +0.7
1982, Fre 103 17592 §319 369 24.1 6.2 49 +1.6
1982,Fra 111 16491 7222 143 23.7 52 0.0 -14.6
1983.B 130 19758 11275 27.1 24.5 69 1.0 -5.3
1983,T 140 17569 8551 216 25.6 7.7 1.4 -13.2
19838 o 17099 8831 279 246 1.6 10.8 -15.1
1983, K 106 16380 7667 19.6 227 6.2 63 -15.7
1983,Fre 105 17868 9995 399 251 8.0 16.8 -10.0
1983,Fra 112 18391 10170 222 253 6.7 4.3 -14.0
1984,B 140 17265 8413 364 20.2 7.1 54 +3.7
1984, T 140 21153 9915 358 222 7.7 44 +1.4
19848 135 20243 10425 344 27.2 71 4.3 -4.7
1984 K 129 19806 10736 369 254 1. 6.3 2.5
1984,Fre 120 19308 10868 326 26.1 7.2 55 -6.2
1984,Fra 139 19251 9715 2.6 26.1 T4 5.4 -6.2
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Table 26 (continued)

Year, Duration Drymaiter Ralnfall Transpiration Evaporation  Leaching Change amount
location growing production during during during during soil water
season’ Total ear season season season season during season”
(d) {kg/ha) (em) (cm) {em) {em) {cm)
1985,B 140 20890 10112 33.6 243 52 id4 +23
1985,T 140 17973 8426 349 223 6.9 33 +24
1985, 121 23081 11545 26.9 k8 ] 53 1.5 -11.9
1985K 115 22663 11637 281 30.0 52 38 -10.9
1985,Fre 109 20533 10804 293 29.1 6.1 28 -8.8
1985,Fra 130 22939 12094 26.3 3.2 5.2 0l -10.3
1986,B 140 18546 8772 228 249 6.7 0.0 -8.8
1986,T 140 17620 7395 220 156 6.2 0.0 9.8
1986,5 116 20859 12166 30.2 288 6.7 11 6.5
1986,K 106 20097 10865 294 28.0 5.6 23 -6.5
1986,Fre 104 20170 11374 40.2 279 1.0 57 -0.5
1986,Fra 119 18220 10058 19.8 255 6.4 0.0 -12.2
1987,B 140 15448 7830 46.0 16.8 9.4 17.2 +2.6
1987,T 140 13699 6099 41.8 144 10.8 14.0 +2.7
19878 128 14976 8982 413 16.9 10.9 12.8 +0.7
1987.K 124 17198 10294 40.1 19.9 11.0 8.4 +0.8
1987.Fre 119 17653 10519 454 224 10.7 13.2 0.9
1987 Fra 134 17315 10152 317 196 10.0 6.5 +1.5
19888 140 19133 10642 34.2 22,0 54 38 +3.0
1988, 140 18409 10062 30.5 214 6.0 1.0 +2.1
1988, 115 21089 11574 248 27.2 6.0 6.0 -83
1988,K 110 21517 11485 235 29.1 43 0.0 -10.0
1988.Fre 107 21645 11607 33.2 29.4 6.0 31 -53
1988 ,Fra 118 19735 10311 159 26.6 4.0 0.0 -14.6
Average,B 138 19583 10029 29.9 238 6.4 34 3.7
* ,T 139 18063 9029 28.4 224 7.3 32 4.5
L8 122 19882 10676 28.0 26.3 6.4 2.6 7.3
* K 116 19805 10514 29.8 257 59 4.3 6.3
*  LFre 114 20084 10900 388 274 6.6 79 -3.0
** ,Fra 126 18891 10153 25.4 2438 6.4 29 8.6
Standarddevi-
ation,B 4 184 1381 T4 33 L6 44 59
O 2 2353 1716 7.5 4.6 L7 49 6.6
* 85 10 2313 1482 63 33 14 36 53
* K § 1808 1283 89 25 L4 5.2 51
* JFre 8 1477 795 71 23 1.2 54 4.4
v JFra 11 2512 1577 8.4 32 14 3.9 53

L Soil with effective rooting depth of 100 cm and a maximum amount of available water of 21 cm water per m soil.

2 Growing season is considered from crop emergence (May 8 for locations in France and Germany and May 15 for locations in the
Netherlands) till date of crop maturing or date of harvest (set at October 2 when crop is nol yet mature at that date) and components

of water balance are calculated for this indicated season duration.

3 Initial amount of available water at crop emergence is set at the maximum amount minus 3 cmn water.
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Table 27 Water-limited production and water use of mown permanent grassland in De Bilt (B} and Twente (T), the Netherlands, and
in Strasbourg (), France and in Karlsruhe (K), Freiburg (Fre) and Frankfurt (Fra}, Germany on loam)r1 soils and leaching
per ye:m-2 over a period of twenty years (1969-1988)

Year, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location production soil water®
{kg/ha) {cm) (cm) (cm) {em) (em)
1969,B 16876 74.8 330 12.2 29.6 0.1
1969.T 14386 67.0 298 13.7 234 +0.1
19698 17376 60.0 343 115 15.2 -1.0
1969.K 19963 79.1 348 12.4 320 +0.0
1969,Fre 21127 95.1 40.2 14.1 40.8 +0.0
1969,Fra 17022 58.1 30.8 11.3 16.0 0.1
1576,B 16450 90.9 315 12.9 46.4 +0.0
1970,T 14472 833 29.2 12.6 414 +0.1
1970,8 18048 58.6 344 13.7 16.0 5.5
1970,K 18158 85.5 338 14.1 372 +0.4
1970,Fre 18522 105.4 399 17.0 434 +0.1
1970,Fra 17146 66.8 322 13.0 21.1 +0.6
19718 17842 56.2 315 10.3 144 +0.0
1971,T 16560 528 287 10.2 13.9 +0.0
19718 15561 353 31.0 11.3 22 4.7
1971L,K 15603 46.2 298 11.1 54 +0.0
1971,Fre 20209 68.2 4a@.7 13.4 13.2 +0.0
1971,Fra 16145 45.0 329 9.6 4.2 -1.7
1972,8 18007 65.6 30.0 12.7 23.0 0.1
1972,T 16879 74.6 274 11.2 36.2 0.1
19728 18078 541 317 10.7 9.7 +0.0
1972, K 179717 66.0 3258 11.4 22.1 +0.0
1972.Fre 20704 713 37.1 119 283 +0.0
1972,Fra 17360 56.0 319 9.4 14.7 0.1
1973,B 15613 78.0 294 12.2 363 +0.0
1973,T 11710 71.6 ’ 24.9 135 332 +0.0
19738 14950 49.1 35 12.8 i3 -04
1973,K 17938 75.6 73 13.3 25.0 +0.0
1973,Fre 18458 90.0 40.5 14.2 353 +0.0
1973, Fra 12714 46.7 27.2 114 a1 +0.0
19748 20018 99,3 1.9 12.8 54.5 +0.1
1974,T 18715 83.6 2.0 12.7 88 +0.1
19748 16494 513 26 13.0 11.5 +0.2
1974,K 18290 761 338 134 284 +0.5
1974,Fre 20140 99.2 42.5 153 414 +0.0
1974, Fra 16712 649 30.6 112 225 +0.5
19758 15239 62.8 28.4 117 22.7 +0.0
1975,T 14349 58.7 27.2 114 20.2 -0.1
19758 17614 59.0 M1 10.6 144 +0.0
1975,K 18331 82.0 35.2 12.2 343 +0.2
1975,Fre 18738 100.0 38.2 12.6 49.1 +0.1
1975Fra 16817 631.5 134 11.0 18.9 +0.2
1976,B 9312 54,2 221 120 20.2 +0.0
1976,T 7434 50.0 19.5 13.2 17.3 +0.0
19765 7501 72 20.5 164 10.2 +0.0
1976,K 14234 64.8 288 12.7 233 +0.0
1976,Fre 16980 7.9 3.0 14.0 209 +0.0
1976,Fra 5222 36.7 16.0 12.2 8.6 +0.0
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Table 27 (continued)
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Year, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location production soil water®
(kg/ha) (em) (cm) {cm) (em) {cm)
19778 16394 81.3 28.6 11.5 40.9 +0.3
1871,T 17614 719 31.7 11.7 28.1 +0.4
19778 18518 68.4 38.7 13.2 16.6 +0.0
1977.K 18949 70.0 357 10.9 234 +0.0
i977,Fre 21164 96.9 396 14.6 42.8 +0.0
1977,Fra 14684 70.2 28.7 10.6 38 +0.0
1978,B 17598 64.5 305 9.9 23.9 +0.1
1978,T 17122 63.2 29.0 9.9 242 +0.1
1978,8 19333 67.7 380 14.0 15.1 +0.6
1978 K 19670 96.2 357 12.4 453 +2.8
1978,Fre 20139 104.0 381 153 50.1 +0.4
1978,Fra 15221 64.7 298 10.5 235 +0.9
1979, 16957 873 30.4 12.5 43.2 +1.2
91,7 16228 68.5 282 i1.5 28.6 +0.1
19798 16703 63.4 329 13.9 16.5 +0.0
1979.K 16620 69.6 30.0 13.0 26.6 +0.0
1979.Fre 19094 102.3 38.2 15.4 48.5 +03
1979.Fra 17250 75.6 332 11.9 304 +0.1
1980,B 17168 86.3 295 11.2 45.5 +0.0
1980,T 17051 2.3 279 10.5 338 +0.0
1980,5 18385 57.9 36.1 12.6 9.2 +0.0
1980,K 19341 832 356 12.9 348 +0.0
1980,Fre 18977 94.9 393 14.2 41.5 +0.0
1980,Fra 17750 713 336 11.9 258 +0.0
1981,B 18528 99.2 29.7 11.6 57.2 +0.7
1981,T 179585 81.0 296 11.4 39.7 +0.3
19818 18607 683 365 128 19.0 +0.0
1981.K 18826 1014 36.0 13.1 524 +0.0
1981.Fre 19080 111.2 399 is.1 55.2 +0.0
1981.Fra 18509 98.2 337 127 51.8 +0.0
1982,8 14031 63.5 2715 12.7 233 +0.0
1982,T 13608 65.5 2758 114 26.6 +0.0
19828 18243 76.5 384 14.0 24.1 +0.0
1982,K 18774 91.3 8.0 13.7 39.7 +0.0
1982,Fre 19752 113.0 42.5 14.3 56.2 +0.0
1982,Fra 8767 60.8 21.5 13.2 26.1 +0.0
_1983B 15342 89.1 273 11.9 50.0 +0.0
1983, T 11724 81.7 23.7 14.0 43.9 +0.0
19838 11801 671 251 16.9 28.4 -3.2
1983,K 11740 71.2 238 14.4 33.0 +0.0
1983,Fre 17550 104.7 39.0 15.5 50.3 +0.0
1983, Fra 14851 70.1 303 13.0 26.7 +0.0
1984.8 16707 89.0 299 10.2 49.0 +0.0
1984,T 17634 877 272 123 48.2 +0.0
1984, 16840 65.1 356 131 16.5 +0.0
1984, K 17963 829 345 119 6.5 +0.0
1984,Fre 17844 971.8 384 13.9 45.5 +0.0
1984,Fra 14712 67.8 29.7 11.8 26.3 +0.0



Table 27 (continued)

Year, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
location production soil water®
(kg/ha) (cm) {cm) (cm) (cm) {cm)
1985,B 17679 72.7 30.6 12.6 29.5 +0.0
1985,T 16925 73.5 303 13.2 30.0 +0.0
1985,8 17833 56.6 377 13.7 6.0 -0.8
1985,K 18444 69.6 362 12.7 20.6 +0.0
1985,Fre 18827 79.1 41.1 139 24.1 +0.0
1985,Fra 16699 46.7 38 120 5.0 4.0
1986,B 15569 834 289 11.4 41.0 +2.0
1986,T 16418 LT 299 11.2 3.6 +2.1
1986,S 17006 7.1 36.2 13.2 279 0.2
1986,K 17020 90.3 349 131 41.6 +0.7
1986,Fre 18958 106.7 40.8 14.5 51.6 -0.1
1986,Fra 14565 63.7 284 12.6 22.5 +0.2
1587,8 18002 97.6 294 13.8 54.3 +0.2
1987,T 17717 89.3 274 12.7 49.1 +0.1
19878 17702 811 352 13.7 322 +0.0
1987,K 18509 81.0 353 14.8 1.0 +0.0
1987 Fre 19030 103.8 388 15.6 49.6 -0.1
1987.Fra 17981 73.7 325 133 27.9 +0.0
1988,B 17185 933 312 12.0 50.1 +0.0
1988,T 15737 789 289 108 39.2 +0.0
1988,8 17641 734 33.7 14.9 248 +0.0
1588,K 17965 9.5 355 14.6 43.5 +0.0
1988,Fre 20440 103.9 42.7 16.7 4.5 +0.0
1988,Fra 13421 65.6 265 12.3 26.9 +0.0
Average,B 16526 794 296 119 378 +0.2
» T 15514 72.6 28.0 12.0 325 +0.2
» 8 16712 62.4 339 13.3 15.9 0.8
» LK 17713 78.8 319 12.9 s +0.2
»* LFre 19287 96.3 398 14.6 4.9 +0.0
*  LFra 15178 633 298 1.7 219 0.2
deviation,B 2165 14.4 23 1.0 133 0.5
» T 2742 109 28 1.2 9.8 0.5
] 2718 160.6 44 1.6 83 1.7
* LK 1942 12.9 34 1.1 10.5 0.6
» L Fre 1155 12.7 17 13 11.8 0.1
> ,Fra 3249 13.3 4.5 11 10.9 10

1 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 10.5 cm water per m soil.
2 Production and components of water balance are calculated for a period of one year, i.e. 365 days.

3 Initial amount of available water at January 1 is set at the maximum amount per soil type.
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Table 28 Average values and standard deviation of water-limited productions and components of the water balance during the growing
season for winterwheat sown half November in De Bilt and Twente, the Netherlands, in Strasbourg, France and in Karlsruhe,
Freiburg and Frankfurt, Germany on sandy (s),, sandy loam (sl), loamy (I)* and eptimal (0)* soils; average values and
standard deviation have been established for historical weather data over a period of twenty years (1969-1988)
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Location, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during soil water
season® Total grain season season Season season during season’
(d) (kg/ha) {cm) (cm) (cm) (cm) (cm)
Average
De Bilt,s 228 15387 6212 46.8 20.1 9.5 210 -38
| 228 18383 8264 46.8 24.6 9.0 204 7.1
. | 228 19197 9022 46.8 259 9.0 20.3 -8.3
5 50 228 19324 9166 46.8 26.1 920 203 -8.5
Twente,s 233 15650 6461 45,7 204 9.5 19.8 -4.0
» Sl 233 180246 8215 45.7 24.0 9.1 194 -6.8
w o} 233 18639 8819 45.7 25.2 9.1 19.4 -8.0
» 20 233 18837 2007 45.7 25.7 9.1 194 -8.5
Strashourg,s 214 15097 6375 374 21.3 9.2 11.5 -4.5
. ,51214 17019 8003 374 24.6 9.0 11.3 7.5
- 1 214 17296 8320 374 252 9.0 11.3 -8.1
” ,0 214 17397 8431 374 25.5 9.0 113 -84
Karlsruhe,s 210 15638 6786 47.6 213 3.9 21.2 -38
- st 210 17066 8055 47.6 235 88 21.0 -5.8
» J 210 17239 8250 47.6 219 88 21.0 6.2
» 0 210 17268 8291 47.6 24.1 8.8 21.0 -6.3
Freiburgs 207 16565 7647 56.9 24.1 10.0 25.1 23
” .8 207 17189 8195 56.9 253 9.9 24.9 -32
» J 207 17240 8252 56.9 255 9.9 249 -3.4
" 0 207 17264 8289 56.% 25.7 99 24.9 -3.6
Frankfurts 218 14042 5392 386 196 8.6 154 5.0
o 81 218 16605 7360 38.6 235 83 153 -8.5
»w s 218 17190 799 386 24.6 83 15.3 9.6
. 0 218 17368 8188 38.6 25.0 83 15.3 -10.1
Standard deviation
De Bilt;s 7 3545 2747 9.8 33 14 7.8 29
» oSl 7 2261 1885 9.8 2.0 1.3 7.6 4.8
| 7 1762 1015 2.8 22 1.3 7.6 59
w30 7 1680 842 9.8 2.4 13 7.6 6.2
Twentes 3 3366 2817 79 34 1.6 6.1 2.6
s o8l 8 2105 1582 1.9 23 1.5 59 4.6
w ol 8 174 885 79 33 LS 5.9 6.0
» 50 ] 1708 736 19 41 1.5 59 6.7
Strasbourgs 7 21in 1758 8.6 29 L4 6.6 2.0
. sl 7 1812 1433 8.6 23 1.5 6.7 35
” J 7 1672 1244 8.6 22 1.5 6.7 43
- o0 7 1483 937 8.6 25 1.5 6.7 4.9
Karlsruhe,s 6 2613 2147 10.6 s 1.2 8.0 2.5
” sl 6 1796 1352 10.6 23 1.3 8.0 4.0
” J 6 1671 1082 10.6 22 1.3 8.0 4.3
- ,0 6 1635 995 10.6 2.3 1.3 8.0 52
Freiburg,s 6 1712 1645 11.0 25 1.6 9.2 2.1
s A8l [ 1516 1112 11.0 2.7 1.6 93 36
- K| 6 1482 971 1.0 2.8 1.6 2.3 4.1
” 0 6 1475 896 11.0 31 1.6 923 4.6



Table 28 (continued)

Location,  Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
soil growing production during during during during sofl water
season Total grain season season season season during season®
)] (kg'ha) (cm) (em) {em) {em) {em)
Frankfurts 6 3618 2673 9.0 4.5 1.2 6.0 1.5
»w S 6 2455 1992 9.0 2.8 1.1 6.0 34
» ol 6 1858 1410 9.0 1.8 11 6.0 4.5
mw 0 6 1486 972 9.0 13 11 6.0 53

1 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 7 cm water per m sofl.
2 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 14 cm water per m soil.
3 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 21 cm water per m soll.

4 Sofl with effective rooting depth of 100 cm and a maximum amount of avallable water of 50 cm waier per m soil; on this fictive soil
water shortage and crop stress wil not occur under any climatic condition.
% Growing season is considered from January 1 1)l moment of crop maturing and components of water balance are calculated for this
indicated season duration. In cold winters crop growth will actually start at a later date than January 1.
¢ Initial amount of available water at January 1 is set at the maximum amount per soil type.

117



Table 29 Average values and standard deviation of water-limited productions and components of the water balance during the growing
season for silage malze sown end of April in De Bilt and Twente, the Netherlands, and half April in Strasbourg, France and
in Karlsruhe, Freiburg and Frankfurt, Germany on sandy (s)!, sandy leam (sl)z, loamy (l)’ and optimal (o)‘ soils; average
values and standard deviation have been established for historical weather data over a period of twenty years (1969-1988)

Laocation, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during s0il water
season® Total ear season season Season Season during season®
(d) (kg/ha) {cm) {cm) {cm) (cm) (cm}
Average
De Bilts 138 14015 6688 29.9 16.2 8.1 48 +0.8
| 138 18226 8854 299 21 6.6 s 2.3
| 138 19583 10029 299 238 6.4 34 3.7
5 30 138 19791 10226 299 24.0 64 14 -39
Twente,s 139 13371 5957 284 15.8 8.7 a5 +0.4
- | 139 16519 7610 28.4 204 75 iz 2.7
OO | 139 18063 9029 284 224 7.3 32 4.5
1 90 139 18386 9344 284 229 7.2 32 -4.9
Strasbourg,s 122 14672 6693 28.0 19.0 7.6 2.3 1.3
» ,s1 122 13206 9127 28.0 242 6.6 26 54
" 1 122 19882 10676 28.0 26.3 6.4 2.6 73
" ,0 122 20498 11205 28.0 271 64 2.6 8.1
Karlsruhe,s 116 14988 6844 29.8 19.3 6.9 4.7 -1.1
. sl 116 18614 9467 298 242 6.0 4.4 -4.9
" J 118 19805 10514 29.8 25.7 59 43 -6.3
" ,0 116 20246 10951 298 26.3 59 4.4 -6.9
Freiburgs 114 17269 8818 38.8 233 74 8.6 -0.6
" s 114 19753 10632 388 269 6.7 7.8 -2.5
» J 114 20084 10900 8.8 27.4 6.6 7.9 -3.0
” 0 114 20194 10992 38.8 27.6 6.6 8.1 -3.4
Frankfurgs 126 12514 5502 254 16.1 78 3.1 -1.7
" 8 126 16988 8439 254 224 6.5 2.9 -6.4
1 J 126 18891 10153 254 248 6.4 2.9 -8.6
" 0 126 19729 10923 254 259 63 2.9 9.7
Standard deviation
De Biit,s 4 4029 2625 74 43 1.5 4.5 24
» 551 4 2318 1631 74 23 1.6 4.4 4.5
.| 4 184 1381 74 33 1.6 4.4 59
] 4 198% 1625 74 35 1.6 4.4 6.3
Twente,s 2 4178 2639 1.5 4.3 1.8 4.8 24
R | 2 2404 1831 7.5 34 1.7 49 4.6
» ol 2 2353 1716 7.5 4.6 L7 4.9 6.6
» 40 2 2504 1962 7.5 5.1 1.7 4.9 7.2
Strasbourg,s 10 3881 3209 6.3 4.4 13 3.6 2.0
. sl 10 2886 2362 6.3 3.2 13 3.6 KX
o Jd 10 2313 1482 63 33 1.4 3.6 53
- ,0 18 1971 893 6.3 4.1 1.4 36 7.0
Karlsruhes 9 3959 3031 89 4.7 1.4 5.5 24
- s 9 2826 2374 89 32 14 5.5 36
»” A 9 1808 1283 8.9 25 1.4 52 51
» o0 9 1491 664 8.9 2.7 L5 52 6.1
Freiburg,s 8 3191 2160 7.1 4.3 1.6 5.5 24
- 48l 8 1732 1013 T1 2.4 1.2 55 39
. N 8 1477 795 71 23 1.2 54 4.4
w0 8 1476 726 71 2.6 1.2 53 50
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Table 29 (continued)

Location, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during soil water
season’ Total ear Season season season Season during season®
(d) (kg/ha) (em) (em) {cm) (cm) {cm)
Frankfurts 11 4500 3176 84 54 L3 39 2.1
» oSl 11 3398 2608 84 ar 13 39 35
w oA 1 2512 1577 8.4 32 14 39 53
s 0 11 1896 944 84 35 L5 39 70

1 Soil with effective rooting depth of 100 cm and 2 maximum amount of available water of 7 cm water per m soil.

2 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 14 cm water per m soil.

3 Soit with effective rooting depth of 100 cm and a maximum amount of available water of 21 cm water per m soll.

4 Soll with effective rooting depth of 100 cm and a maximmm amount of available water of 50 cm water per m soil; on this fictive soll
water shortage and crop stress wil not occur under any dimatic condition.

5 Growing season is considered from crop emergence (May 8 for Jocations in France and Germany and May 15 for locations in the
Netherlands) till date of crop maturing or date of harvest (set at October 2 when crop is not yet mature at that date) and components
of water balance are calcvlated for this indicated season duration.

€ Initial amount of available water at crop emergence is set at the maximvm amount per soll type minus 3 cm water.
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Table 30 Average values and standard deviation of water-limited productions and components of the water balance per year for mown
permanent grassiand in De Bilt and Twente, the Netherlands, and in Strasbourg, France and in Karlsruhe, Freiburg and
Frankfurt, Germany on sandy (s)!, sandy loam (sl)?, loamy (I)° and optimal (0)* soils; average values and standard deviation
have been established for historical weather data over a period of twenty years (1969-1988}s

Location, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil production soil water®
(kg/ha) (cm) (cm) {cm) (em) (cm)
Average
De Bilt,s 12775 79.4 228 13.1 43.4 +0.2
o 58l 15119 79.4 27.0 12.4 9.3 +0.2
.| 16526 794 29.6 119 7.8 +0.2
» o0 18194 79.4 33.0 117 kLK) 03
Twente,s 12030 72.6 21.4 13.1 319 +0.2
» o8l 14343 72.6 258 122 34.5 +0.2
» ol 15514 72.6 28.0 120 325 +0.2
5 30 17538 726 22 11.4 29.8 0.7
Strasbourg,s 13119 624 26.6 14.4 214 +0.0
” ,sl 15638 624 31.6 13.5 17.6 0.3
»» | 16712 62.4 119 133 159 0.8
- 0 18628 624 184 12.6 14.4 -3.0
Karlsruhe,s 14268 788 271 139 376 +0.2
- .5l 16604 78.8 6 132 337 +0.2
» | 17713 78.8 319 12.9 31.8 +0.2
” s0 19000 788 36.7 12,5 30.2 0.6
Freiburg,s 16975 96.3 34.6 15.4 463 +0.0
» ,8l 18753 96.3 8.5 14.9 42.9 +0.0
” o 19287 96.3 398 14.6 41.9 +0.0
» 40 19660 96.3 40.7 145 41.0 +0.0
Frankfurt,s 11699 633 23.0 128 274 +0.1
PR | 13621 633 26.7 12.4 24.1 +0.1
sl 15178 633 298 117 219 0.2
» 40 17872 633 356 112 18.6 2.1
Standard deviation
De Biits 2903 14.4 38 1.2 13.0 0.5
» 551 2743 144 3.2 1.1 129 0.5
N | 2165 14.4 23 1.0 133 0.5
” 0 707 144 28 11 14.6 2.1
Twente,s 3709 109 4.9 1.8 9.7 0.5
» oSl 3231 10.9 34 14 9.7 0.5
w ool 2742 109 2.8 1.2 9.8 0.5
» 40 705 10.9 38 1.0 10.6 29
Strasbourg,s kI K] | 10.6 53 19 8.5 0.2
» ,sl 2446 10.6 44 1.3 82 0.9
” o 2718 10.6 44 1.6 83 1.7
”» 0 721 10.6 2.6 1.2 8.8 5.0
Karlsruhe,s 2978 129 52 1.3 10.2 0.6
” ,sl 2455 12.9 4.4 1.0 10.0 0.6
" | 1942 12.9 34 11 10.5 0.6
» 0 667 12.9 2.0 1.2 i1.2 2.6
Frelburg,s 1905 12.7 32 13 111 0.1
n 48 1479 12.7 23 13 11.4 0.1
" ] 1158 12.7 1.7 1.3 11.8 0.1
n 0 889 127 2.0 1.3 12.5 0.1
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Table 30 {continued)

Location, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil production soil water®
{kgha) (cm) (em) (cm) {cm) (em)
Frankfurt,s 3635 133 57 1.2 10.5 0.3
. 35% 133 53 12 10.8 0.3
U | 249 133 4.5 1.1 10.9 1.0
n a0 642 113 2.6 1.3 11.1 4.9

1 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 7 cm water per m soil.

2 Sail with effective rooting depth of 50 cm and a maximum amount of available water of 14 cm water per m soll.

3 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 21 em water per m soil.

4 Soil with effective rooting depth of 100 cm and a maximum amount of avaflable water of 50 cm water per m soil; on this fictive soll
water shortage and crop stress wil not occcur under any ciimatic condition.

5 Production and components of water balance are calculated for a period of one year, Le. 365 days.

$ Initial amount of available water st January 11s set at the maximum amount per soll type.
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Table 31 Average values and standard devlation of water-limited productions and components of the water balance during the growing
season for winterwheat sown half November in De Bilt, the Netherlands, and in Freiburg and Frankfurt, Germany on sandy
(s)‘, sandy loam (sl)z, loamy (I}:’ and optimal (o)4 sotls; average values and standard deviation have been established for
historical weather data over a period of twenty years (1969-1988) that were changed on the basis of the Bultot scenario

Location, Duration Dry matter Ralnfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during soil water
season® Total grain season season season Season during season®
d) {(kg/ha) (cm) (cm) (cm) (em} {em)
Average
De Bilt,s 195 21595 9238 429 180 7.3 213 3.7
oSl 195 24515 11937 429 210 71 20.9 6.2
U | 195 25231 12680 42,9 217 7.1 20.9 -6.9
9 0 195 25276 12737 429 21.8 71 209 7.0
Frelberg,s 131 19857 9475 51.7 18.7 9.0 256 -1.6
» 81 181 20417 10070 517 193 9.0 253 2.0
» J 181 20432 10090 51.7 194 9.0 253 2.1
» L0 181 20432 1009 517 194 2.0 253 2.1
Frankfurt,s 191 15648 7964 36.0 17.6 7.0 155 4.2
w8l 191 22256 10563 36.0 203 6.9 i5.s 6.7
s o 191 22576 10917 36.0 207 6.9 155 7.1
- ,0 191 12629 10990 36.0 209 6.9 15.5 1.3
Standard deviation
De Bilt,s 6 4011 3590 92 i3 1.2 8.1 2.7
- | 6 2666 2002 9.2 2.6 1.2 79 4.1
| 6 2449 1231 9.2 29 1.2 7.9 45
S 6 2440 1195 92 30 12 7.9 4.8
Freiburg,s 6 2649 1718 1.3 29 1.8 99 2.0
' ,sl 6 2991 1415 113 34 1.8 10.1 2.6
”» .1 6 2917 1414 11.3 3s 1.8 10.1 2.8
w 0 8 2917 1414 1.3 as 13 10.1 28
Frankfurt,s 6 3359 317 9.3 i3 1.5 6.8 2.5
» Sl 6 2038 1555 93 23 1.6 6.8 4.3
R | 6 1945 1041 93 25 1.6 6.8 5.0
w 0 6 1951 966 9.3 2.7 1.6 6.8 5.4

1 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 7 cm water per m soil.

2 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 14 cm water per m soil.

3 Soil with effective rooting depth of 100 cm and a2 maximum amount of available water of 21 cm water per m soil.

4 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 50 cm water per m soil; on this fictive soil

water shortage and crop stress wil not occur under any climatic condition.

§ Growing season is considered from January 1 till moment of crop maturing and components of water batance are calculated for this
indicated season duration.In cold winters crop growth will actuaily start at a later date than January 1.

S Initial amount of available water at January 1 is set at the maximum amount per soil type.
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Table 32 Average values znd standard deviation of water-limited productions and companents of the water balance during the growing
season for silage maize sown begin April in De Bilt, the Netherlands, and end of March in Freiburg and Frankfurt, Germany
on sandy (s)', sandy leam (s1)%, loamy (1)° and optimal {0)! soils; average values and standard deviation have been established
for historical weather data over a period of twenty years (1969-1988) that were changed on the basis of the Bultot scenario

Location, Duration Drymatter Rainfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during soil water
season® Totat ear Season season scason scason during season®
(d) (kg/ha) _ {cm) {cm) (cm) (cm) (cm)

Average
De Bilt,s 118 15176 7397 243 14.5 74 36 1.2

n oSl 118 18416 9547 243 18.2 6.5 32 3.6

[ | 118 19028 10167 243 18.9 6.5 32 4.3

w0 118 19075 10217 243 18.9 6.5 32 4.3
Freiburg,s 104 15988 8845 350 16.8 7.8 10.2 +0.3

s oSl 104 16413 9171 350 174 7.6 10.2 0.2

a4 104 16495 9255 350 17.4 7.6 103 0.4

w0 104 16495 9256 350 174 7.6 i0.6 0.7
Frankfurts 110 13435 6777 220 134 7.2 32 -1.9

s Sl 110 15860 8596 220 16.2 6.8 il -4.0

w o 110 16162 8904 220 16.5 6.7 31 -4.4

w0 110 16307 9050 2290 16.7 6.7 31 4.5
Standard deviation
De Bilt,s 6 3805 3168 7.1 32 13 37 2.8

- | 6 1671 1494 7.1 1.8 13 38 4.6

» ol 6 1534 741 7.1 24 13 38 55

» 40 6 1553 750 7.1 25 13 s 5.6
Freiburg,s 5 2175 1658 8.1 23 15 59 1.6

»w Sl 5 1884 1073 8.1 21 1.6 58 24

w ol 5 1848 951 8.1 22 1.6 58 2.7

» 0 5 1848 951 8.1 22 Lé 5.6 28
Frankfurts 6 3748 2678 6.9 a7 13 39 1.6

P N 2723 1899 6.9 2.8 L6 s 33

P | 6 2312 1279 6.9 26 L6 39 39

w © 6 2166 981 6.9 2.7 16 39 4.2

I Soil with effective rooting depth of 100 cm and a maximum amount of available water of 7 cm water per m soil.

2 Soil with effective rooting depth of 100 cm and a2 maximum amount of available water of 14 em water per m soil,

3 Soil with effective rooting depth of 100 cm and 2 maximum amount of available water of 21 cm water per m soil,

4 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 50 cm water per m soil; on this fictive soil
water shortage and crop stress wil not occur under any cimatic condition.

§ Growing season is considered from crop emergence (April 18 for locations in Germany and April 25 for locations in the Netherlands)
till date of crop maturing or date of harvest (set at Oclober 2 when crop is not yet mature at that date) and components of water
balance are calculated for this indicated season duration.

$ Initial amount of available water at crop emergence Is set at the maximum amount per soil type minus 3 cm water.
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Table 33 Average values and standard deviation of water-limited productions and components of the water balance per year for mown
permanent grassland in De Bilt and Twente, the Netherlands, and in Strasbourg, France and in Karlsruhe, Freiburg and
Frankfurt, Germany on sandy s, sandy loam (sh?, loamy ) and optimal (0)* solls; average values and standard deviation
have been established for historical weather data over a period of twenty years (1969-1988}5 that were changed on the basis
of the Bultot scenario

Location, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil production soil water®
(kg/ha) {cm) (cm) {cm) (cm} {em)
Average
De Bilts 20460 84.1 225 14.6 46.7 +0.2
a8l 23887 84.1 26.8 13.8 43.2 +0.2
O | 25829 84.1 294 132 41.2 +0.2
.9 30 27787 84.1 324 12.9 38.8 +0.0
Twente,s 19740 76.8 21.5 14.1 40.9 +0.2
| 22741 76.8 25.5 13.2 379 +0.2
U | 24343 76.8 278 12.9 359 +0.2
w 0 26807 76.8 4 12.4 333 0.4
Strasbourg,s 20452 64.9 26.4 15.8 227 +0.0
» ,sl 23697 64.9 311 15.0 19.1 0.2
» W 25282 64.9 334 14.7 17.5 0.7
” 0 27766 64,9 3.6 14.0 16.1 2.8
Karlsruhe,s 21936 82.8 26.7 15.2 40.7 +0.2
» sl 24835 82.8 308 14.6 372 +0.2
" J 26357 82.8 329 14.4 354 +0.2
" ,0 28059 828 357 13.9 336 -0.4
Freiburg,s 25199 100.7 339 17.1 49.6 +0.0
" 48l 27545 100.7 37.6 16.7 46.3 +0.0
» E 28187 106.7 388 164 454 +0.0
” 0 28591 100.7 396 16.3 44.7 +0.0
Frankfurt,s 18522 66.6 226 14.0 29.9 +0.1
”» .8l 21267 66.6 26.3 135 26.6 +0.1
PR | 23629 66.6 29.7 12.7 243 -0.1
s S0 26897 66.6 348 12.2 21.2 -1.7
Standard deviation
De Bilt,s 4140 153 44 1.7 141 0.6
. 3i23 153 3.2 13 14.2 0.6
P | 2497 15.3 23 1.2 14.6 0.6
3 30 1071 15.3 24 1.3 15.7 13
Twentes 4629 114 4.4 1.7 10.4 0.5
» 451 3739 11.4 29 1.6 10.4 0.5
| 3476 11.4 2.7 14 10.5 0.5
4 S0 1233 11.4 38 1.2 11.0 22
Strasbourg,s 3986 1.0 52 1.8 8.9 0.2
”» K | 3693 11.0 4.5 1.4 8.9 0.8
» sl 3065 11.0 a7 14 9.1 1.6
» K 1246 11.0 25 1.2 9.6 4.7
Karlsruhe,s 3882 136 5.0 1.3 111 0.7
» ,sl 3614 136 4.5 1.2 11.2 0.7
” ! 2863 13.6 35 1.2 11.6 0.7
» 0 857 13.6 20 1.2 122 23
Freiburg,s 2392 134 i3 13 11.7 0.1
" K| 1741 i34 22 1.4 12.0 0.1
- J 1325 134 1.7 14 12.4 0.1
" 0 1025 134 1.9 14 12.9 0.1
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Table 33 {continued)

Location, Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil production soil water$
(kg/ha) (cm) (em) (cm} (cm) (cm)
Frankfurts 4408 141 53 12 1.7 0.3
| 4478 14.1 52 13 12.2 6.3
N | 3624 14.1 4.0 1.0 123 0.8
] 01 14.1 23 11 124 42

1 Soil with effective rooting depth of 50 cn and a maximum amount of available water of 7 cm water per m soil.

2 Sodl with effective rooting depth of 50 om and » maximum amount of available water of 14 om water per m soil.

3 Soil with effective rooting depth of 50 an and a maximum amount of available water of 21 ¢cm water per m soil.

4 Soil with effective rooting depth of 100 cm and & maximum amount of available water of 50 cm water per m soll; on this fictive sofl
water shortage and crop stress wil not occur under any dimatic condition.

% Production and components of water balznce have been calculated for a period of one year, i.e, 365 days.

S Initial amount of available water at Janvary 1 is set at the maximum amount per soll type,
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Table 34 Average values and standard deviation of water-limited productions and components of the water balance per year for mown
permanent grassland in De Bilt, the Netherlands on sandy (s)l, sandy loam (sl)z, loamy {I}3 and optimal (o)“ soils; average
values and standard deviation have been established for historical weather data (HIST) over a period of twenty years {1969-
1988)5 but with doubled CO, concentration and a daily average temperature increased by 1,3 and 5 % (T41, T+3, T+5), for
historical weather data of which alse the rainfall data were changed on the hasis of the Bultot scenario (BULT) and for
historical weather data of which the rainfall data were changed two times as strongly as according to the Bultot scenario

(2*BULT)
Rainfall Dry matter Rainfall Transpiration  Evaporation Leaching Change amount
temperature, production soll water®
soil (kg/ha) {cm) (cm) (cm) {cm) {cm)
Average
HIST,T+1,5 19690 79.4 215 137 44.0 +0.2
" 48l 23051 79.4 256 127 40.9 +0.2
” | 24564 79.4 275 125 39.2 +0.2
» 40 26104 79.4 29.7 12.4 34 +0.0
HIST,T+3,5 20617 79.4 27 145 42.1 +0.2
» ,sl 24032 79.4 270 137 385 +0.2
" | 25896 79.4 29.5 13.1 36.6 +0.2
» 0 27787 79.4 324 128 344 -0.1
HIST,T+5,s 19708 79.4 2.6 16.1 40.5 +0.2
. | 23425 79.4 276 150 36.6 +0.2
" | 25686 79.4 308 14.1 343 +0.2
”» 40 28342 79.4 350 135 313 04
BULT,T+1,s 19582 84.1 ©213 139 48.6 +0.2
» s 22966 84.1 255 12.8 45.5 +0.2
1 ) 24487 84.1 27.5 125 43.8 +0.2
» 0 26104 84.1 297 124 41.8 +0.1
BULT,T+3,5 20460 84.1 225 14.6 46.7 +0.2
» +Sl 23887 84.1 268 13.8 43.2 +0.2
» .l 25829 84.1 294 13.2 41.2 +0.2
» ,0 27787 84.1 324 129 388 +0.0
BULT,T+5,s 19559 84.1 224 16.2 45.2 +0.2
» sl 23154 84.1 274 15.1 41.3 +0.2
" A 25506 84.1 30.6 143 330 +0.2
» 0 28342 84.1 350 136 35.6 -0.2
2*BULT,T+1,s 19366 88.7 211 14.0 533 +0.3
”» K 22808 887 253 13.0 50.1 +0.3
" J 24422 88.7 274 12.6 48.4 +0.3
' ,0 26104 337 29.7 12.5 46.3 +0.2
2*BULT,T+3,s 20327 88.7 23 147 514 +0.3
" K| 23754 . 887 26.7 13.9 47.9 +0.3
» ol 25678 887 29.2 133 459 +0.3
” ,0 27787 88.7 324 129 433 +0.1
2*BULT,T+5s 19524 88.7 224 161 49.9 +0.3
» oSl 22976 88.7 271 153 46.0 +0.3
" o 25297 88.7 303 144 43.6 +03
”» 40 28341 88.7 35.0 13.7 40.0 0.1
Standard deviation
HIST,T+15 4023 144 38 13 13.0 0.5
» Wl 2707 14.4 2.3 09 13.4 0.5
» | 1975 144 16 1.0 13.8 0.5
» K 957 144 2.4 1.0 14.9 1.1
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Table 34 {continued)

Rainfall Dry matter Rainfall Transpiration Evaporation Leaching Change amount
temperature, production soil water®
soll (kg/ha) {tm) (em) (cm) (em) {cm)
HIST,T+3,s 3937 14.4 43 1.6 13.1 0.3
P | 3082 144 31 1.2 133 0.5
| 2403 144 22 12 13.6 0.5
. gy | 144 24 13 14.6 15
HIST,T+5,s 4632 14.4 5.8 2.0 2.8 0.5
" | 3656 144 42 1.5 12.7 0.5
w o f 2940 144 3.2 14 13.1 0.5
» 50 938 144 2.5 13 14.1 22
BULT,T'+Ls 4154 153 39 14 139 0.6
- ,sl 2799 153 24 0.9 143 0.6
» A 2066 153 1.6 1.0 14.8 0.6
- ,0 957 153 24 1.0 159 0.9
BULT,T+3,s 4140 153 4.4 1.7 14.1 0.6
» ,sl 3123 15.3 12 1.3 14.2 0.6
”» .1 2497 153 23 12 14.6 0.6
. 0 1071 153 24 1.3 15.7 13
BULT,T+5,s 4617 153 5.7 21 13.8 0.6
. K | 379 153 4.4 1.7 13.7 0.6
' J 3102 15.3 14 1.5 14.0 0.6
» 0 938 15.3 25 14 15.3 1.9
2*BULT,T+1s 4376 163 4.1 14 150 0.6
» ,5l 2966 163 2.5 0.9 153 0.6
. N 2124 16.3 1.7 1.0 15.7 0.6
” 0 957 163 24 1.0 17.0 0.7
2*BULT,T43s 4162 16.3 4.4 L6 15.1 0.6
. K- | 3224 16.3 R 13 15.2 0.6
” s1 2601 16.3 25 12 15.5 0.6
” K 1071 16.3 24 13 16.7 1.1
2*BULT,T+5,s 4425 16.3 56 2.1 14.7 0.6
. K | 3880 163 4.5 1.7 14.7 0.6
. W 3279 16.3 36 1.5 15.0 0.6
” 0 937 16.3 2.5 14 164 1.6

1 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 7 cm water per m soil.

2 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 14 cm water per m soil.

3 Soil with effective rooting depth of 50 cm and a maximum amount of available water of 21 cm water per m soil.

4 Soil with effective rooting depth of 100 cm and a maximum amount of available water of 50 cm water per m soil; on this fictlve soil
water shortage and crop stress wil not occur under any dimatlc condition.

% Production and components of water balance have been calculated for a period of one year, l.e. 365 days.

% Initial amount of available water at January 1 is set at the maximum amount per soll type.
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Table 35 Sensitivity to changes in atmospheric CO, concentration of the average values and standard deviations of water-limited
productions and components of the water balance during the growing season of winterwheat, silage maize and mown
permanent grassland in De Bilt, the Netherlands on sandy (s)", sandy loam (s1)?, loamy (D® and optimal (0)* soils; average
values and standard deviations have been established for historical weather data over a period of twenty years (1965-1988)
but with the CO, concentration varying between actual (L0*CO,) and three times the actual concentration (3.0*C0O,)

CO,, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
cone,, gruwinsg production during during during during soil water
soil Season Total grain season season season SeaAson during season'®
(d) (kg/ha) {em) {em) (em) (cm) (cm)
Winterwheat
Averages
L0*CO,s 228 15387 6212 46.8 20.1 9.5 21.0 3.8
» S 228 18383 8264 46.8 24.6 9.0 204 7.1
» J 228 19197 9022 46.8 259 9.0 203 -8.3
» 0 228 19324 9166 46.8 26.1 9.0 203 8.5
15*C0Q,s 228 20877 8440 46.8 210 84 213 3.8
» s 228 24539 10874 46.8 253 8.0 20.6 -1.0
» J 228 25566 11841 46.8 265 8.0 20.5 8.2
» 0 228 25715 12001 45.8 26.7 8.0 205 -8.4
20+CO,s 228 24517 10001 46.8 20.7 83 21.6 37
» sl 228 28446 12699 46.8 24,6 7.9 210 -6.7
» J 228 29409 13621 46.8 256 7.9 20.9 1.6
» o 228 29524 13745 46.8 257 19 209 1.7
25%C0,s 228 26761 11037 46.8 20.1 8.4 220 -3.7
» sl 228 30703 13867 46.8 23.7 8.1 21.3 -6.3
” J 228 31511 14658 46.8 244 8.1 213 7.0
» ,0 228 31590 14743 46.8 245 8.1 213 -7.1
3.0*CO,s 228 23673 11927 46.8 19.6 8.6 222 -3.6
» sl 228 32652 14868 46.8 23.0 83 21.6 -6.0
» Jd 228 33363 15571 46.8 236 83 21.6 -6.6
» 0 228 33422 15634 468 23.6 83 21.6 -6.6
Standard deviation
10*CO,,s 7 3545 2747 9.8 38 14 78 2.9
» 58l 7 2261 1885 98 2.0 13 7.6 4.8
» J 7 1762 1015 98 22 13 7.6 5.9
» 0 7 1680 842 9.8 2.4 13 7.6 6.2
1.5*COy,s 7 4311 3452 9.8 3.6 14 1.9 29
” N 7 2524 2273 9.8 1.7 13 1.7 4.8
» ol 7 1813 1184 9.8 18 1.2 7.6 6.0
» ,0 7 1632 963 9.8 2.0 12 7.6 6.3
2.0*CO,,s 7 4707 3869 9.8 33 14 8.0 29
» K| 7 2589 2336 9.8 1.6 i3 1.7 4.8
» o 7 1939 1251 9.8 1.8 13 7.7 58
» ) 7 1791 1104 9.3 1.9 13 7.7 6.0
2.5*CO0,,s 7 4865 4088 9.8 31 14 8.1 29
» K| 7 2571 2229 9.8 1.6 13 1.7 4.8
" ol 7 2076 1281 9.8 1.9 13 1.7 5.6
» ) 7 1993 1209 9.3 1.9 1.3 7.7 57
3.0%CO,,s 7 4970 4241 9.8 29 1.4 8.1 2.9
" ,8l 7 2622 2153 9.8 1.6 13 78 4.8
» | 7 2228 1340 9.8 1.9 13 7.8 54
" ) 7 2177 1306 2.8 1.9 1.3 7.8 55
Maize Averages
1.0*CO,s 145 14056 6723 313 164 9.1 4.9 +0.9
» ;81 145 18517 9320 313 224 7.6 3.6 22
» Jd 145 19910 10528 313 24.1 7.4 a4 3.6
" 0 145 20202 10797 313 24.4 14 34 3.9
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Table 35 (continued)

CO,, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
conc., growing production during during during during soil water
soil season® Total grain season season season Season during season’®
(d) (kg/ha) {cm) (em) {em) {em) (cm)
15*COys 145 15748 7706 313 158.7 8.6 59 +1.1
» sl 145 19578 10256 313 20.1 7.4 4.9 -1.1
- J 145 20115 10712 313 207 7.4 4.8 -1.6
” , o 145 20202 10797 33 20.7 T4 4.8 -1.7
20%COys 145 17138 8629 313 15.0 81 6.7 +1.4
» st 145 19961 10578 313 17.9 7.4 6.1 0.1
» 1 145 20196 16790 313 18.1 74 6.1 0.2
” ,0 145 20202 10797 313 18.1 74 6.1 0.3
2.5*C0,s 145 18085 9320 313 14.4 79 7.4 +1.6
» sl 145 20079 10679 313 163 74 7.0 +0.7
» 0 145 20202 10797 313 16.4 74 7.0 +0.6
» 0 145 20202 10797 313 16.4 74 7.0 +0.6
3.0%C0O,s 145 18447 9589 313 14.0 78 1.7 +1.7
» ;S 145 20125 10723 313 15.6 74 73 +1.0
» J 145 20202 10797 313 15.6 7.4 7.3 +0.9
” ,0 145 20202 10797 313 15.6 74 7.3 +0.9
Standard deviation
1.0*COy,s 7 4295 3009 7.7 4.6 i9 49 23
» 58l 7 2851 2130 7.7 33 1.9 4.7 4.5
» | 7 2275 1483 1.7 38 20 4.7 6.0
» 50 7 2295 1580 .7 4.1 2.0 4.7 6.6
1L5*CO,,s 7 3897 2695 17 3.7 19 54 23
» ,8l 7 2446 1646 1.7 31 2.0 53 4.3
» ol 7 2226 1463 1.7 33 2.0 53 5.0
» »0 7 2295 1580 7.7 35 2.0 53 52
2.0%CO,s 7 3406 2214 7.7 29 1.9 5.9 21
» 5sl 7 2259 1470 1.7 28 2.0 58 3.6
» N 7 2288 1568 1.7 3.0 20 58 4.1
» s0 7 2295 1580 17 3.0 2.0 58 41
2.5%C0,,s 7 a7 1917 7.7 2.5 i9 6.3 2.0
”» ,Sl 7 2217 1442 7.7 26 2.0 6.3 3.2
» A T 2295 1580 1.7 2.7 2.0 6.3 3s
» »0 7 2285 1580 17 2.7 2.0 6.3 s
3.0%CO,s 7 2971 1797 7.7 24 19 64 2.0
» »sl 7 2231 1473 17 25 20 6.4 30
» | 7 2295 1580 7.7 2.6 2.0 6.4 32
” 0 7 2295 1580 1.7 2.6 20 6.4 32
Grass Averages
10*CQ,s 365 12775 79.4 228 13.1 43.4 +0.2
» sl 365 15119 794 27.0 124 39.8 +0.2
” 0 365 16526 794 29.6 11.9 378 +0.2
» 0 365 18194 794 33.0 11.7 as5.0 0.3
15%CO,s 365 16193 79.4 21.2 13.7 44.3 +0.2
» 8 365 19327 794 25.4 12.7 41.1 +0.2
» J 365 20608 79.4 273 12.6 39.3 +0.2
» 0 365 22070 79.4 29.7 12.3 74 +0.1
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Table 35 {continued)

Co,, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Chanpe amount
conc,, growing production during during during during soil water
soil season’ Total grain season season season Season during season’®
{d) {kg/ha) {cm) (cm) {em) {cm) (cm)
2.0*C0O,s 365 19071 79.4 21.0 13.4 48 +0.2
»” ;s 365 22242 79.4 24.9 12.5 41.9 +0.2
» J 365 23763 794 26.6 12.3 40.2 +0.2
» 50 365 24847 79.4 283 12.2 38.9 +0.1
2.5*CO,s 365 20296 79.4 20.1 13.7 45.4 +0.2
» 8 365 23651 79.4 23.5 13.1 42.6 +0.2
» Jd 365 25028 794 252 12.8 412 +0.2
»”» 0 365 26096 79.4 26.5 12.8 40.0 +0.2
3.0*CO,s 365 21410 79.4 19.5 14.0 45.8 +0.2
” 81 365 24786 794 2.7 13.4 43.1 +0.2
»” 0 365 26196 79.4 24.2 13.2 418 +0.2
» 0 365 27046 794 25.2 13.2 40.8 +0.2
Standard deviation
1.0*CO,,s 0 2903 144 38 1.2 13.0 0.5
» 58l 0 2743 144 32 11 129 0.5
» of 0 2165 144 23 1.0 13.3 0.5
» ,0 0 707 14.4 28 11 14.6 2.1
1L.5*CO,s 0 3518 144 35 11 13.1 0.5
» K| 0 2639 14.4 22 0.9 13.3 0.5
" oA 0 1974 14.4 1.6 0.9 13.8 0.5
” ,0 0 787 144 24 11 14.9 0.8
2.0%CO,,s o 3715 144 3.0 1.1 13.1 0.5
» ,sl 0 2708 14.4 1.9 10 13.5 0.5
» R 0 1932 14.4 1.5 1.0 14.0 0.5
» ,0 0 705 144 22 11 14.7 0.8
2.5*C0O,;s 0 3691 14.4 28 1.0 13.2 0.5
”» »51 0 2425 144 1.7 1.0 13.6 0.5
»” ol 0 1582 14.4 14 0.9 14.1 0.5
” »0 0 1063 14.4 22 1.0 15.0 0.6
3.0*CO,s ¢ 3813 14.4 27 0.8 13.2 0.5
» »8l @ 2151 i4.4 14 L0 1.7 0.5
» ol 0 1446 14.4 1.5 1.0 14.2 0.5
» 10 0 948 i44 2.1 11 15.0 0.5

1 Soil with effective rooting depth of 50 cm for permanent grassiand and 100 cm for winterwheat and silage maize and a maximum
amount of avaiiable water of 7 ¢cm water per m soil.

2 Sofl with effective rooting depth of 50 am for permanent grassland and 100 cm for winterwheat and silage maize and a maximum
amount of avallable water of 14 cm water per m soil.

3 Soil with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 21 cm water per m soll.

4 Soil with effective rooting depth of 100 cm for permanent grassland, winterwheat and sllage maize and a maximum amount of
available water of 50 cm water per m soil; on this fictive soil water shortage and crop stress wil not occur under any climatic
condition.

5 For winterwheat a growing season Is considered from January 1 &ll moment of crop maturing. In cold winters wheat growth will
actually start at a later date than January 1. For silage maize a growing season is considered from emergence at May & till moment
of crop maturing or date of harvest (set at October 2 when crop is not yet mature at that date). Permanent grassiand has a growing
season of one year, l.e. 365 days. For the indicated season durations the components of the water balance are calculated,

¢ For silage maize the total amount in the ears is given.

7 Initial amount of available water for winterwheat and permanent grassland is set at the maximum amount per soil type.

® Initial amount of available water at emergence of silage maize is set at the maximum amount per soil type minus 3 cm water,
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Table 36 Sensitivity to changes in average daily air temperature of the average values and standard deviations of water-limited
productions and components of the water balance during the growing season of winterwheat, silage maize and mown
permanent grassland in De Bilt, the Netherlands on sandy (s)', sandy loam (sl), loamy ()® and optimal (c}* soils; average
values and standard deviations have heen established for historical weather data over a period of twenty years (1969-1988)
but with the average daily temperature varying between 1C below (T-1) and 59C above the actual temperature ('l‘+5)s

Tempera-  Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
ture, growin‘g production during during during during soil water
soil SeAson Total grain season Season season season during season®”
U] (kg/ha) (cm) {cm) (cm) {cm} (cm)
Winterwheat
Averages
T-1,s 241 16312 6515 49.6 209 98 223 -34
T-1,sl 241 19245 8375 49.6 253 93 214 -6.5
T-1,1 241 20189 9258 496 26.7 93 213 -7.8
T-Lo 241 20331 9426 9.6 2710 93 213 8.1
T,s 28 15387 6212 46.8 20.1 9.5 21.0 3.8
T,sl 228 18383 8264 46.8 24.6 9.0 204 -T1
T 228 19197 9022 46.8 259 9.0 203 -8.3
T, 228 19324 9166 46.8 26.1 920 203 -8.5
T+l 216 14758 5969 4.8 19.4 91 20.0 -3.6
T+1,s! 216 17508 7997 448 23.6 8.6 19.4 -6.9
T+1,1 216 18295 8779 44.8 249 8.6 193 -8.0
T+1,0 216 18416 8918 4.8 251 8.6 193 -8.3
T+2,s 205 14240 5860 424 18.6 8.6 19.1 -3.9
T+2,s1 205 16635 7801 424 22.4 82 18.6 -6.9
T+2,4 205 17352 8539 424 236 8.2 18.5 -7.9
T+2,0 205 17432 8635 424 233 82 18.5 -8.2
T+3,s 195 13388 5617 40.0 173 8.4 13.1 3.7
T+3,sl 195 15333 7360 40.0 20.5 8.1 17.7 -6.3
T+3,} 195 15892 7934 40.0 214 8.1 17.6 7.1
T+3,0 195 15950 8003 40.0 216 81 17.6 7.3
T+4,s 186 12024 5256 373 154 8.6 17.2 -3.9
T+4,1 186 13463 6649 373 17.9 8.5 17.2 6.3
T+4,} 186 13806 7018 373 18.5 8.5 17.2 6.9
T+d,0 186 13837 7056 73 186 8.5 17.2 7.0
T+55 177 10440 4832 357 133 89 16.9 3.4
T+5,s1 177 11306 5727 357 14.9 89 169 -5.0
T+5, 177 11430 5874 kE%) 152 8.9 16.9 -5.3
T+5,0 177 11437 5884 35.7 153 8.9 16.9 -5.3
Standard deviation
T-1,5 8 3744 2764 9.6 4.1 L5 8.0 28
T-1,sl 8 2403 1888 9.6 23 13 7.7 48
T-1,1 8 1810 821 9.6 24 1.3 7.7 5.7
T-1,0 8 1807 748 9.6 2.7 1.3 7.7 6.0
T,s 7 3545 2747 93 is 1.4 1.8 2.9
T,sl 7 2261 1885 98 20 13 7.6 4.8
Ty 7 1762 1015 93 22 13 7.6 59
T,o 7 1680 842 928 24 13 7.6 6.2
T+1s 7 3376 2662 %4 3.7 1.2 1.7 2.6
T+1,s1 7 2222 1846 94 22 1.2 74 4.0
T+1,1 7 1906 1164 9.4 24 1.3 7.3 5.0
T+1,0 7 1801 963 9.4 2.6 13 73 54
T+2,s 7 3146 2589 9.1 a7 1.2 1.5 23
T+2,st 7 2031 1700 2.1 24 13 71 38
T+21 7 1786 987 9.1 27 1.2 71 4.5
T+2,0 7 1755 869 9.1 29 12 71 5.0



Table 36 {continued)

Tempera-  Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
ture, growin‘g production during doring during during soil water
soil SeaS0N Total grain season Season Season season during season®™’
) {kg/ha) (cm) (em) {em) {cm) (cm)
T+3,5 6 2880 2435 85 3.6 1.1 7.1 2.7
T+3,sl 6 1997 1451 8.5 2.8 1.2 6.9 4.0
T+3, 6 1847 891 85 3.1 12 6.9 4.6
T+3,0 6 1838 847 8.5 32 1.2 6.9 4.8
T+4,s 6 2690 2203 73 35 1.0 6.9 2.2
T+4,5 6 2095 1264 13 3.1 1.0 6.8 29
T+4,1 6 2078 1016 73 34 1.0 6.8 as
T+4,0 6 2083 1016 7.3 35 1.0 [ %] a7
T+5,s 1 2238 1704 7.5 3.2 1.2 6.8 i8
T+5s1 6 1972 996 15 3.1 12 6.8 2.7
T+5,1 6 2011 976 1.5 a3 1.2 68 31
T+5,0 6 2017 981 7.5 34 1.2 6.8 32
Maize Averages
T-Ls 150 13492 6001 32.0 15.5 9.5 5.8 +1.1
T-1,sl 150 17301 2312 32.0 204 84 4.7 1.5
T-1,1 150 18126 9059 32.0 214 8.2 4.7 2.3
T-1,0 150 18230 9161 320 21.5 8.2 4.7 -24
T,s 145 14056 6723 313 164 9.1 4.9 +0.9
T,sl 145 18517 9320 313 224 7.6 1.6 2.2
T, 145 19910 10528 313 24.1 7.4 34 -3.6
T,o 145 20202 10797 313 24.4 74 34 3.9
T+1,s 134 13737 6612 28.6 16.5 8.6 a7 0.1
T+1,s1 134 18516 9319 28.6 23.2 6.8 2.6 -4.0
T+1,l 134 20236 10728 28.6 254 6.6 2.5 5.9
T+1,0 134 20843 11286 28.6 26.2 6.5 2.5 6.6
T+2,5 122 12733 5990 26.2 158 83 2.7 0.6
T+2,sl 122 17629 8646 262 23,0 6.3 1.7 -4.8
T+2,1 122 19425 10047 26.2 254 6.0 1.7 7.0
T+2,0 122 20281 10814 262 26.6 59 1.7 8.1
T+3,8 112 11559 5354 23.7 14.8 8.0 22 -1.4
T+3,5l 112 16540 7909 237 223 58 14 -5.9
T+3,1 112 18306 9227 23.7 249 5.6 14 8.2
T+3,0 112 19267 10105 23.7 26.2 5.5 14 9.5
T+d,s 104 10560 4790 222 14.0 8.0 1.9 -1.6
T+4,8 104 15476 7307 22.2 214 58 1.2 6.2
T+4,) 104 17230 8617 222 24.1 5.5 1.2 -8.5
T+4,0 104 18163 9529 222 255 5.4 1.5 -10.2
T+5,5 98 9604 4315 21.3 13.0 8.0 1.9 -1.6
T+5,sl 98 14354 6755 213 203 58 14 -6.2
T+ 98 16036 8028 213 229 5.6 LS -8.7
T+5,0 98 16944 8929 213 24.2 5.5 21 -10.6
Standard deviation
T-1,s 1 3570 2234 7.1 4.0 2.1 53 22
T-1, 1 2761 1703 7.1 4.0 2.2 53 4.3
T-1,1 1 2907 2005 7.1 4.5 23 53 54
T-1,0 1 2985 2157 7.1 4.6 23 53 5.6
T,s 7 4295 3009 7.3 4.6 1.9 4.9 23
T,sl 7 2851 2130 77 33 1.9 4.7 4.5
T,1 ? 2275 1483 7.7 38 2.0 4.7 6.0
T,o 7 2295 1580 7.7 4.1 2.0 4.7 6.6
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Table 36 (continued)

Tempera-  Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
ture, growing mdm_v during during during during soil water
soil season Total grain season season SEAS0N season during season®’
(d) (kg/ha) {em) (em) {cm) {em) (cm)
T+1,8 11 4792 3340 8.6 53 1.7 4.1 2.8
T+1,s 11 3267 2738 8.6 3.0 1.5 39 4.8
T+1,1 11 2052 1445 8.6 29 L6 39 6.5
T+1,0 11 1815 956 8.6 3.6 1.6 3.9 2.7
T+2,8 8 5155 3338 7.3 6.1 1.8 34 2.5
T+2,sl 8 3398 2971 73 3.0 i3 31 4.3
T+2,1 8 1995 1668 7.3 2.4 13 390 58
T+2,0 8 1704 870 73 34 14 3.0 7.2
T+3,s 7 5063 3191 71 6.2 1.9 3.2 2.5
T+3,sl 7 3226 3058 71 2.9 11 28 4.0
T+3,1 7 1908 1870 7.1 2.1 12 2.7 58
T+3,0 7 1542 866 7.1 33 1.2 2.7 7.5
T+d,s 6 4772 2856 6.7 6.1 Le 2.9 2.6
Ted,sl 6 2864 2844 6.7 2.5 09 2.2 4.0
T+4,1 6 1600 1734 6.7 1.9 1.0 2.1 58
T+4,0 6 1316 694 6.7 33 11 21 7.6
T+5,8 5 4358 2510 6.4 5.7 1.7 23 2.0
T+5,s1 5 2625 2656 64 2.3 09 2.0 a7
T+5, 5 1432 1596 6.4 1.9 1.0 2.0 5.6
T+50 5 1187 598 6.4 33 1.1 22 73
Grass
Averages
T-1,5 365 12106 794 220 12.8 4.4 +0.2
T-1,s1 368 14366 79.4 26.1 123 40.8 +0.2
T-1,1I 365 15761 79.4 285 119 a8.7 +0.2
T-1,0 365 17262 79.4 31.5 117 353 0.1
T,s 365 12775 794 22.8 13.1 434 +0.2
T,st 365 15119 79.4 270 12.4 398 +0.2
T, 365 16526 79.4 29.6 11.9 7.8 +0.2
T,o 365 18194 194 330 1.7 as.0 0.3
T+1s 365 13079 %4 23.0 13.7 425 +0.2
T+1,sl 365 15537 79.4 217 12.9 38.7 +0.2
T+1,1 365 17050 79.4 303 12.4 36.5 +0.2
T+1,0 65 19116 794 34.6 11.8 333 0.3
Ts+l3 365 13036 19.4 229 145 41.8 +0.2
T+2,sl 365 15810 79.4 281 13.2 9 +0.2
T+2,1 365 17372 79.4 31.0 12.6 5.6 +0.2
T42,0 365 19752 79.4 36.1 11.8 320 04
T+ds 365 13230 79.4 233 14.9 41.0 +0.2
T+3,sl 365 15893 79.4 285 13.8 169 +02
T+3,1 365 17619 79.4 319 12.9 344 +0.2
T+30 355 20193 79.4 376 12.1 30.6 -0.8
T+4,5 365 12710 79.4 230 15.9 40.4 +0.2
T+4,sl 365 15693 79.4 287 14.4 161 +0.2
T+4,1 365 17275 79.4 321 13.8 334 +0.2
T+4,0 365 20424 79.4 39.2 12.5 28.9 -1.1
T+5,s 365 12270 9.4 227 16.9 197 +0.2
T+5sl 365 15067 79.4 286 15.3 353 +0.2
T+51 368 16641 79.4 323 14.5 2.5 +0.2
T+5,0 365 20319 79.4 40.7 12.8 27.2 -1.3
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Table 36 {continued)

Tempera-  Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
ture, growinﬁg production during during during during soil water
soil Season Total grain season season Seasen season during season’™®
() (kg/ha) {cm) {em) (cm) (cm) (cm)
Standard deviation
T-1,5 0 3030 14.4 39 12 13.0 0.5
T-1,s 0 2457 14.4 2.8 0.8 13.2 0.5
T-1,1 0 1951 144 21 0.9 13.7 0.5
T-1,0 0 588 144 2.5 0.9 148 1.6
T,s 0 2903 144 38 12 13.0 0.5
T,sl 0 2743 144 32 11 2.9 0.5
Tl o 2165 14.4 23 10 133 0.5
T,0 0 707 14.4 28 11 14.6 2.1
T+1.8 0 178 14.4 4.5 1.2 130 0.5
T+1,s 0 2931 14.4 39 1.2 i29 0.5
T+1, 0 234 14.4 29 11 133 0.5
T+l,0 ] 644 14.4 2.6 1.1 143 1.9
T+2,8 0 3682 144 5.7 17 12.9 0.5
T+2,s1 ] 3162 14.4 4.5 14 12.8 6.5
T+2, 0 2664 14.4 s 1.0 13.2 0.5
T+2,0 0 745 144 28 10 144 23
T+3,8 L 35N 144 58 13 12.8 0.5
T+3,sl 0 3231 14.4 4.9 16 12.7 0.5
T+3,1 0 2760 144 33 1.2 13.0 0.5
T+3,0 0 818 14.4 30 1.0 14.1 29
T+d,s i} 3666 14.4 64 2.2 27 6.5
T+4,8 ¢ 3385 14.4 55 18 12.5 0.5
T+4,1 0 3070 14.4 47 1.3 12.7 0.5
T+d,0 i} 814 14.4 2 io0 13.9 35
T+5,8 0 M7 14.4 6.6 22 12.5 0.5
T+5,51 0 3446 14.4 6.1 2.0 124 0.5
T+5,1 0 3324 14.4 55 1.6 12.5 0.5
T+5,0 0 734 14.4 3.0 11 134 4.0

L Soil with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and 3 maximum
amount of available water of 7 cm water per m soil.

2 Soil with effective rooting depth of 50 cm for permanent grassiand and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 14 cm water per m sofl.

3 Soil with effective rooting depth of 50 cm for permanent grassiand and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 21 cm water per m soil.

4 Soll with effective rooting depth of 100 cm for permanent grassland, winterwheat and silage maize and a maximum amount of
available water of 50 cm water per m soil; on this fictive soil water shortage and crop stress wil not occur under any climatic
condition.

£ Relative humidity is kept constant by correcting the vapour pressure for the change in temperature.

¢ For winterwheat a growing season is considered from January 1 1ill moment of crop maturing. In cold winters wheat growth will
actually start at a later date than January 1. For silage maize a growing season is considered from emergence at May 5 titl moment
of crop maturing or date of harvest (set at October 2 when crop is not yet mature at that date). Permanent grassland has a growing
season of one year, i.e. 365 days. For the indicated season durations the components of the water balance are calculated.

7 For silage maize the total amount in the ears is given.

8 Initial amount of available water for winterwheat and permanent grassiand is set at the maximum amount per soil type.

% Initia) amount of available water at emergence of silage maize is set at the maximum amount per soil type minus 3 cm water.
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Table 37

Sensitivity to changes in the amount of ralnfall of the average values and standard deviations of water-limited productions
and components of the water batance during the growing season of winterwheat, silage maize and mown permanent grassland
in De Bilt, the Netherlands on sandy )1, sandy loam (s1)2, loamy (I and optimal (0)* soils; average values and standard
deviations have been established for historical weather data over a period of twenty years (1969-1988) but with the daily
rainfall varying between 0.7 times (0.7*R) and 1.3 times the actual rainfall data (13*R)

Rainfall, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
soll growing production during during during during soil water
season® Total grain season season SERSON SEASOn during season™®
) (kg/ha) {cm) (em) (cm) (cm) (cm})
Winterwheat
Averages
0.70*R,s 228 13312 4559 32s 172 89 119 5.3
0.70*R,sl 228 17568 7446 328 234 8.2 118 -10.6
0.70*R,1 228 19009 8812 328 255 8.2 11.8 -12.7
0.70*R,0 228 19324 9166 328 26.1 8.2 11.8 -13.3
0.85*R,s 228 14526 5546 3938 18.9 23 i6.1 -4.5
0.85*R,sl 228 18082 7961 398 24.1 87 159 3.8
0.85*R,1 228 19124 8940 39.8 25.7 8.6 15.9 -10.4
0.85*R,0 228 19324 9166 39.8 26.1 8.6 15.9 -10.8
1.00*R s 228 15387 6212 46.8 201 9.5 21.0 -3.8
1.00*R sl 228 18383 8264 46.8 246 9.0 20.4 7.1
1.00*R,) 228 19197 9022 46.8 259 9.0 203 -8.3
1.00*R,0 228 19324 9166 46.8 26.1 9.0 203 5.5
L.15*R,s 228 16039 6689 539 21.0 9.7 26.5 34
1.15*R,sl 228 18602 8480 539 25.0 9.3 255 -5.9
1.15*R,1 228 19253 9087 539 26.0 923 25.5 -6.9
1.15*R,0 228 19324 9166 539 26.1 9.3 255 -7.0
130*R,s 228 16514 7028 60.9 21.8 9.9 322 3.0
1.30*R,sl 228 18758 8635 60.9 252 9.5 313 5.2
1.30*R,| 228 19290 9129 60.9 26.0 9.5 311 -5.8
130*R,0 228 19324 9166 60.9 26.1 9.5 311 5.9
Standard deviaticn
0.70*R,s 7 3206 2350 6.9 LX) 1.2 4.5 21
0.70*R,sl 7 2620 2245 6.9 24 1.2 4.5 33
0.70*R,) 7 1872 1290 6.9 20 12 4.5 4.6
0.70*R,0 7 1680 842 6.9 24 1.2 4.5 5.4
0.85*R,s 7 3515 2705 83 38 13 6.1 2.6
0.85*R,sl 7 2477 2124 83 2.2 1.2 6.0 4.0
0.85*R,1 7 1804 E130 83 21 1.2 6.0 5.3
0.85*R,0 7 1680 842 83 24 1.2 6.0 58
1.00*R,s 7 3545 2747 938 38 14 78 2.9
1.00*R,s 7 2261 1885 9.8 2.0 13 7.6 43
1.00*R,1 7 1762 1015 9.8 22 13 1.6 59
1.00*R,0 7 1680 842 9.8 24 i3 1.6 6.2
L15*R,s 7 418 2665 11.3 3.6 1.5 9.5 29
L15*R,st 7 2092 1660 113 20 14 9.0 4.9
1.15*R,| 7 1744 942 11.3 23 i4 9.0 58
1.15*R,0 7 1680 842 11.3 24 14 9.0 6.0
130*R,s 7 3213 2530 12.8 33 15 11.1 29
130*R sl 7 1964 1451 12.8 2.0 14 10.6 4.6
130*R,1 7 1731 905 12.8 23 14 10.5 54
130*°R,0 7 1680 842 12.8 24 14 10.5 5.5
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Table 37 (continued)

Rainfall, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing p_rgMﬂl_‘ during during during during soil water
season® Total grain season season season season during season’®
) (kg'he) {cm) (ent) {cm) {cm) (em)
Maize
Averages
0.70*R,s 145 10879 4741 219 12.6 9.2 0.7 -0.6
0.70*R sl 145 16812 7768 21.9 20.4 71 0.4 -6.1
0.70*R,1 145 19383 10020 1.9 2315 6.8 0.4 -8.7
0.70*R,0 145 20202 10797 219 24.4 6.7 0.4 9.6
085*R,s 145 12707 5887 26.6 14.7 92 23 +0.4
0.85*R, sl 145 17851 8729 26.6 21.6 7.4 i5 4.0
0.85*R,) 145 19724 10354 26.6 238 72 1.5 5.9
(0.85*R.0 145 20202 10797 266 24.4 11 1.5 6.4
1.00*R,s 145 14056 6723 313 16.4 9.1 4.9 +0.9
1.00*R,sl 145 18517 9320 313 224 1.6 36 22
1.00*R,1 145 19910 10528 31.3 24.1 14 34 3.6
LO0*R,0 145 20202 10797 313 24.4 74 34 -39
1L15*R s 145 14949 7288 35.9 175 9.1 8.1 +13
L15*R sl 145 19041 9788 359 230 1.3 6.5 -1.3
L15*R,| 145 20012 10620 359 24.2 1.6 6.3 2.1
L15*R,0 145 20202 10797 359 244 1.6 6.3 -24
1.30*R,s 145 15650 7751 40.6 18.4 92 114 +1.7
130*R,sl 145 19376 10096 40.6 233 19 9.8 04
1.30*R,} 145 20083 10683 40.6 243 7.8 9.7 1.1
1.30*R,0 145 20202 10797 40.6 244 18 9.6 1.2
Standard deviation
0.70*R,s 7 4408 3198 54 4.6 1.6 1.4 23
0.70*R sl 7 3614 3051 54 35 1.7 11 1.7
0.70*R,1 7 2423 1606 5.4 3.6 L7 11 57
0.70*R,0 7 2295 1580 54 4.1 18 1.1 6.8
0.85*R s 7 4541 3224 6.6 48 1.8 3.2 2.3
0.85*R,sl 7 3288 2578 6.6 35 1.8 29 4.2
0.85*R,1 7 2360 1541 6.6 37 L9 2.9 6.0
0.85*R,0 7 2295 1580 6.6 41 1.9 29 6.8
1.00*R,s 7 4295 3009 1.7 4.6 19 4.9 23
1.00*R,sl 7 2851 2130 1.7 33 L9 4.7 4.5
1.00*R,} 7 2275 1483 1.7 as 2.0 4.7 6.0
L.00*R,0 7 2295 1580 7.7 4.1 2.0 4.7 6.6
1.15*R,s 7 3954 2749 8.9 4.4 21 6.6 22
L15*R sl 7 2597 1835 89 34 2.0 63 43
1.15*R,1 7 2225 1439 8.9 as 2.0 64 54
1.15*R,0 7 2295 1580 8.9 4.1 20 6.4 5.9
130*R,s 7 3719 2553 10.0 4.2 2.2 83 21
130*R,sl 7 2400 1608 10.0 35 20 8.0 4.0
1.30*R,) 7 2217 1444 10.0 s 2.0 8.1 4.8
130*R,0 7 2295 1580 10.0 41 2.0 8.1 52
Grass
Averages
0.70*R s 165 9851 556 17.9 13.4 24.2 +0.1
0.70*R, sl k1 12398 556 22,5 123 20.6 +0.1
0.T0*RI 365 14487 55.6 26.1 11.5 17.9 +0.0
0.70*R,0 55 18185 55.6 33.0 10.7 14.5 2.6
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Table 37 (continved)

Rainfall, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soit growinsg production during during during during soil water
season Total grain season season season season during season’®
(d) (kg/a) (cm) (cm) (em) {em) (cm)
0.85*R,s 365 11430 67.5 206 134 334 0.2
0.85*R,sl 365 14122 67.5 253 124 29.7 +0.2
0.85*R,\ 365 157719 67.5 283 1.7 274 +0.2
0.85*R,0 365 18190 67.5 33.0 11.3 244 1.1
1.00*R,s 365 12775 79.4 28 13.1 434 +0.2
LO0*R sl 365 15119 79.4 270 12.4 358 +0.2
1.00*R,1 365 16526 79.4 29.6 1L9 378 +0.2
1.00*R,0 365 18194 79.4 330 11.7 35.0 -0.3
1.15*R,s 365 13484 914 239 13.3 539 +0.2
L15*R,s 365 15730 91.4 28.1 12.7 50.4 +0.2
1.15*R,I 365 17019 91.4 30.5 12.1 48.6 +0.2
L15*R,0 365 18198 91.4 330 12.1 46.2 +0.1
130*R,s 365 13939 103.3 24.8 134 64.7 +0.3
130*R,sl 365 16200 103.3 29.0 12.7 61.3 +0.3
1.30*R,] 365 17354 103.3 311 12.4 59.5 +0.3
1.30*R,0 365 18198 103.3 330 124 57.6 +0.3
Standard deviation
0.70*R,s ] 3539 10.1 4.7 14 8.2 0.4
0.70*R,sl o 3491 10.1 4.5 Lo 8.1 0.4
0.70*R,t 0 3229 10.1 39 1Ll 8.0 0.7
0.70*R,0 0 712 10.1 28 Lo 1.6 54
0.85*R,s 0 3387 12.3 4.6 14 10.5 0.4
0.85*R,sl 0 3371 123 43 1.2 104 0.4
0.85*R, o 2887 123 33 11 10.7 0.5
0.85*R,0 0 709 12.3 23 1.0 11.4 k¥
1.00*R,s o 2903 14.4 s 1.2 13.0 0.5
1.00*R,sl o 2743 14.4 32 L1 12.9 0.5
1.00*R,) 0 2165 144 23 1.0 13.3 0.5
1.00*R,0 0 707 14.4 28 11 14.6 21
1L.15*R,s 1] 2687 16.6 35 13 153 0.6
L15*R,sl 0 272 16.6 24 11 15.5 0.6
LI5*R,I 0 1763 16.6 1.7 L1 159 0.6
1.15*R,0 0 706 16.6 28 1.2 17.2 1.0
L30*R,s 0 2474 18.7 31 12 17.6 0.7
130*R,sl 0 2015 18.7 2.0 1.1 17.9 0.7
130*R,| o 1467 18.7 1.8 1.2 184 0.7
130*R.0 ) 706 18.7 28 12 19.7 0.7

1 Soil with effective rooting depth of 50 cm for permanent grassland znd 100 cm for winterwheat and silage makze and a maximum
amount of avajlable water of 7 cm water per m soil.

2 Soil with effective rooting depth of 50 cm for permanent grassiand and 100 ¢cm for winterwheat and silage maize and a maximum
amount of available water of 14 an water per m soil.

3 Soil with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and a maximom
amount of available water of 21 an water per m soil.

4 Soll with effective rooting depth of 100 cm for permanent grassland, winterwheat and silage maize and a maximum amount of avai-
lable water of 50 cm water per m soll; on this fictive soil water shortage and crop stress wil not occur under any climatic condition,

5 For winterwheat a growing season s considered from January 1 till moment of crop maturing. In cold winters wheat growth will
actually start at a later date than January 1. For silage maize a growing season is considered from emergence at May 5 till moment
of crop maturing or date of harvest (set at October 2 when crop is not yet mature at that date). Permanent grassland has a growing
season of one year, i.e. 365 days. For the indicated season durations the components of the water balance are calculated.

¢ For silage maize the total amount in the ears is given,

7 Initial amount of avallable water for winterwheat and permanent grassiand Is set at the maximum amount per soil type.

# Initial amount of available water at emergence of silage maize is set at the maximum amount per soil type minus 3 cm water.
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Table 38 Sensitivity to changes in radiation of the average values and standard deviations of water-limited productions and components
of the water balance during the growing season of winterwheat, silage maize and mown permanent grassland in De Bilt, the
Netherlands on sandy (s)!, sandy loam (sh?, loamy (I and optimal {0)* soils; average values and standard deviations have
been established for historical weather data over 2 period of twenty years (1969-1988) but with the amount of radiation
varying between 0.9 times (0.9*RAD) and 1.3 times the amount of radiation actually received (13*R)

Radiation, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
soil growing m’_ction_‘ during during during during soil water
season® Total grain season season season season dlllingsem:ln”s
(d) (kg/ha) (cm) {em) (cm) (cm) (cm})
Winterwheat
Averages
090*RAD,;s 228 14541 6020 46.8 19.2 9.7 21.6 3.6
0.90*RAD,sl 228 16921 7761 46.8 228 9.3 210 6.2
090*RAD,} 228 17409 8231 46.8 23.6 93 20.9 -7.0
0.90*RAD,c 228 17447 8275 46.8 23.6 93 209 7.0
1.00*RAD,s 228 15387 6212 46.8 201 9.5 210 3.8
1.00*RAD,sl 228 18383 8264 46.8 24.6 20 20.4 7.1
LO0*RAD,1 228 19197 9022 46.8 259 9.0 203 -8.3
1.00*RAD,0 228 19324 9166 46.8 26.1 9.0 203 -8.8
1.10*RAD,s 228 15874 6276 46.8 208 95 20.5 -4.0
1L.10*RAD,sl 228 19372 8491 46.8 26.1 88 19.9 7.9
1.I10*RAD 228 20581 9575 46.8 28.0 8.8 19.8 -9.7
1.10*RAD,c 228 20887 9900 46.8 28.5 88 19.8 -10.3
120"RAD,s 228 16074 6171 46.8 21.3 9.6 201 -4.2
120*RAD,sl 228 20029 8506 46.8 274 88 19.5 -8.8
1.20*RAD,1 228 21663 9907 46.8 29.9 8.6 19.4 -11.2
120*RAD,0c 228 22286 10546 46.8 1.0 8.6 19.4 323
130*RADs 227 16067 5951 46.8 21.6 9.8 19.7 -4.4
130*RAD,sl 228 20334 8310 46.8 28.3 8.8 19.1 9.4
LA0*RAD,] 228 22480 10057 468 3.7 8.6 19.1 -12.6
130*RAD,0 228 23554 11125 468 336 8.6 19.1 -14.5
Standard deviation
0.90*RAD,s 7 3095 2450 9.8 33 13 7.9 2.9
0.90*RADsl 7 1915 1416 93 2.0 1.3 7.6 4.7
0.90*RAD,I 7 1725 359 9.8 2.4 L3 7.6 55
090*RAD,0 7 1693 813 9.8 2.4 13 1.6 56
1.00*RAD,s 7 3545 2747 98 3.8 14 7.8 29
1L.00O*RAD,Sl 7 2261 1885 9.8 2.0 13 7.6 4.8
1L.00*RAD,} 7 1762 1015 98 2.2 1.3 7.6 59
LO0*RAD,0 7 1680 842 9.8 24 1.3 7.6 6.2
1.10*RADs 7 3947 2977 93 4.3 1.5 7.7 2.8
110*RAD,sl 7 2736 2371 9.8 2.4 13 7.4 4.6
L10*RAD,I 7 1918 1340 LX) 2.0 1.3 74 6.0
LI0*RAD,0 7 1665 876 98 23 1.3 7.4 6.7
120*RAD,s 7 4200 3044 98 4.7 1.6 7.5 2.7
1.20*RADsl 7 3238 2806 98 29 1.3 73 43
1.20*RAD,) 7 2206 1775 93 2.0 1.3 73 5.7
1.20*RAD,0 7 1637 906 98 24 1.3 73 7.0
1.30*RADs 7 4334 3002 93 49 1.6 74 2.7
130*RADsl 7 3607 3065 938 34 1.4 7.1 4.0
130*RAD,I 7 2599 2238 9.8 21 1.4 7.1 5.4
1.30*RAD,0 7 1616 949 9.8 24 14 7.1 7.4
Maize Averages
0.99*RAD,s 145 13405 6462 3.3 16.0 8.7 55 +1.0
0.90*RAD I 145 17265 8974 313 211 7.5 4.4 1.7

138



Table 38 (continued)

Radiation, Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
soil growing production during during during during soll water
season® Total grain Sesson season season season during season’?
4 (kg/ha) (cm} (cm) (cm) (cm) {em)
0.90*RAD,1 145 18109 9704 313 222 7.4 43 -2.6
0.90*RAD,0 145 18261 9849 313 223 7.4 43 -2.8
1.00*RAD,s 145 14056 6723 313 164 9.1 49 +09
1.00*RAD,st 145 18517 9320 313 224 7.6 kX1 2.2
1.00*RAD,1 145 19910 10528 313 24.1 7.4 34 -3.6
1.00*RAD,0 145 20202 10797 3.3 244 7.4 34 3.9
L10*RAD,s 145 14277 6784 313 16.4 9.7 43 +0.8
1LI10*RAD,sl 145 19408 9477 313 234 7.7 2.9 2.7
L10*RAD,| 145 21277 11061 313 257 7.5 2.7 -4.7
1.10*RAD,0 145 21855 11587 313 264 74 27 -5.3
120*RAD,s 145 14146 6669 313 16.2 10.5 is +0.8
120*RADS 145 20012 9495 313 243 8.0 24 34
120*RAD, 145 22247 11289 313 27.1 1.7 23 5.8
120*RAD,0 145 23337 12277 313 28.5 7.6 23 1.1
130*RAD,s 145 13847 6461 313 16.0 113 33 +0.7
130*RAD,s1 145 20330 9389 313 249 84 1.9 -4.0
130*RAD, 145 22938 11329 313 284 1.9 1.8 -6.9
1.30*RAD,0 145 24693 12902 313 30.6 18 1.8 9.0
Standard deviation
0.90*RADs 7 3748 2686 7.7 4.1 1.8 5.2 23
090*RADsSl 7 2450 1742 17 33 18 51 44
0.90*RAD,I 7 2167 1381 1.7 37 LY 5.1 54
0.80*RAD,0 7 2243 1508 1.7 39 19 51 58
1.OO*RADs 7 4295 3009 77 4.6 1.9 49 23
LOO*RAD,sl 7 2851 2130 1.7 33 1.9 4.7 4.5
1LOO*RAD, 7 2275 1483 7.7 38 20 4.7 6.0
1.00*RAD,0 7 2295 1580 7.7 41 2.0 4.7 6.6
110*RADs 7 4859 3301 7.7 5.3 21 4.6 23
LI0O*RADsl 7 3425 2617 1.7 3.6 2.0 43 4.5
L10*RAD. 7 2464 1606 7.7 39 21 43 6.3
LI0*RAD,0 7 2337 1631 7.7 43 21 4.3 7.4
120*RAD,s 7 5598 3644 1.7 6.1 2.6 43 24
120*RAD,sl 7 4061 3163 .7 - 40 21 38 43
1.20*RAD,I 7 2773 1800 7.7 kXY 21 38 6.2
1.20*RAD,0 7 2381 1675 7.7 4.6 22 a8 8.0
130*RAD,s 7 6302 3968 .7 7.0 29 41 24
130*RADsl 7 4682 3681 7.7 4.5 22 a3 4.1
L30*RAD, 7 323 2212 7.7 39 2.2 33 6.0
130*RADe T 2416 1694 7.7 4.8 22 i3 8.6
Grass
Averages
0.90*RAD,s 365 12400 794 229 12.7 437 +0.2
0.90*RAD,sl 365 14639 794 27.0 12.2 40.1 +0.2
0.90*RAD,l 365 15947 79.4 294 11.7 8.1 +0.2
0.90*RAD,0 365 17309 79.4 321 11.6 59 0.1
1.00*RAD,s 365 12775 79.4 228 13.1 434 +0.2
1.00*RAD,sl 365 15119 79.4 27.0 124 398 +0.2
LOO*RAD,l 365 16526 79.4 296 11.9 378 +0.2
1.00*RADy0 365 18194 794 3.0 11.7 350 0.3
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Table 38 (continued)

Radiation, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing Eog_:mn____‘ during during during during soll water
seRson’ Totat graln season season season season during season’®
@ (kg/ha) (cm) (cm) (em} (cm} (em)
L10*RAD,s 365 12891 .4 225 13.6 43.0 +0.2
1.I0*RAD,sl 365 15261 79.4 269 13.0 393 +0.2
1.10*RAD, 365 16846 9.4 29.7 12.4 kYA +0.2
1L.10*RAD,0 365 18938 9.4 342 12.0 37 0.4
120*RAD,s 365 12616 79.4 219 14.7 42.6 +0.2
120*RAD,sl 365 15196 79.4 268 13.7 38.7 1+0.2
120*RAD,) 365 16942 794 30.0 13.1 36.2 +0.2
1.20*RAD,0 365 19709 794 35.6 12.2 321 0.5
1.30*RAD,;s 365 12275 79.4 21.5 15.6 42.1 +0.2
L30*RAD,sl 365 14884 794 264 14.6 sl +0.2
130*RAD,] 365 16809 79.4 30.0 13.8 354 1+0.2
1.30*RAD,0 365 20284 79.4 372 12.8 30.3 -0.9
Standard deviation
0.90*RAD,s 0 2744 14.4 3.6 14 13.0 0.5
0.90*RADsl © 2406 14.4 28 0.8 133 0.5
090*RAD, 0 1831 14.4 2.0 0.9 13.8 0.5
0.90*RADe ¢ 584 144 2.6 1.0 14.8 1.7
1.60*RAD,s 0 2903 144 a8 1.2 13.0 0.5
1.00*RADsl © 2743 14.4 32 11 129 0.5
1.00*RAD,I 0 2165 144 23 1.0 133 0.5
1.00*RAD,o0 © 707 144 2.8 1.1 14.6 2.1
1.10*RAD,s 0 3216 144 44 12 129 0.5
1.10*RADsl 0 3181 14.4 39 1.2 12.8 0.5
1.10*RAD| 0 2524 144 2.7 11 13.2 0.5
1.10*RAD,o ¢ 736 14.4 2.8 1.1 144 2.4
1.20*RAD,s 0 3494 14.4 48 1.5 12.8 0.5
120*RADsl O 3621 14.4 4.6 1.4 12.8 0.5
120*RAD, 0 3153 144 36 1.3 13.0 0.5
1.20*RAD,e © 651 14.4 29 1.2 14.2 2.8
130*RADs 0 717 14.4 51 1.8 12.7 0.5
1.30*RADsl O 4076 14.4 54 1.9 128 0.5
1.30*RAD, 0 3666 144 4.4 1.5 12.8 0.5
130*RADoe 0 648 14.4 2.9 1.3 13.8 , é.s

1 Soil with effective rooting depth of 50 cm for permanent grassland and 100 ¢cm for winterwheat and silage maize and a maximum
amount of available water of 7 cm water per m soil.

2 Soll with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 14 cm water per m soil.

3 Soll with effective rooting depth of 50 ¢cm for permanent grassland and 100 ¢em for winterwheat and silage maize and a maximum
amount of available water of 21 cm water per m soil.

4 Soll with effective rooting depth of 100 cm for permanent grassland, winterwheat and silage maize and a maximom amount of
available water of 50 cin water per m soll; on this fictive soil water shortage and crop stress wil not eccur under any climatic
condition.

5 For winterwheat a growing season Is considered from Januvary 1 till moment of crop maturing. In cold winters wheat growth will
actually start at a later date than January 1. For sllage mailze 2 growing season Is consldered from emergence at May 3 till moment
of crop maturing or date of harvest {(set at October 2 when crop is not yet mature at that date). Permanent grassland has a growing
season of one year, i.e. 365 days. For the indicated season durations the components of the water balance are calculated.

¢ For silage maize the total amount in the ears is given.

7 Initial amount of available water for winterwheat and permanent grassland is set at the maximum amount per soil type.

& Initial amount of available water at emergence of silage maize is set at the maximum amount per soil type minus 3 cm water
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Tabile 39 Sensitivity to changes in windspeed of the average values and standard deviations of water-limited productions and components
of the water balance during the growing season of winterwheat, silage maize and movn permanent grassland in De Bilt, the
Netherlands on sandy (s)!, sandy loam (sl), loamy (1)* and optimal (0)* solls; average values and standard deviations have
been established for historical weather data over a period of twenty years (1969-1988) but with the windspeed varying between
0.5 times (0.5*WIND) and 2.0 times the actual values for the mean daily windspeed (2.0*WIND)

Windspeed, Duration Dry matter Rainfall Transpiration Evaporation Leaching Change amount
soil growing production during during during during soll water
season’ Total grain season season season Season during season’®
(d) (kg/ha) (cm) {cm) (em) {(em) (em)
Winterwheat
Averages
0.5*WIND,s 228 16727 7054 46.8 194 7.8 232 3.5
0.5*WIND,sl 228 18982 8816 46.8 225 7.6 22.6 -5.8
0.5*WIND,1 228 19319 9160 46.8 23.0 7.5 22.6 -6.2
05*WIND,o 228 19324 9166 46.8 23.0 7.5 22.6 6.3
1.O0*WIND,s 228 15387 6212 46.8 201 9.5 1.6 -3.8
1.0*WIND,Sl 228 18383 8264 46.8 246 9.0 204 1.1
LO*WIND,I 228 19197 9022 46.8 259 9.0 203 -8.3
LO*WIND,o 228 19324 9166 46.8 26.1 9.0 203 -8.5
20*WIND,s 227 12808 4719 46.8 20.5 13.1 115 4.3
2.0*WIND,sl 228 16558 6796 46.8 212 12.0 17.0 93
2.0*WIND,] 228 18370 8234 46.8 304 iL7 169 -123
20%WIND,o 228 19320 9161 46.8 24 11.7 16.9 -14.2
Standard deviation
0.5*WINDs 7 3080 2534 9.3 3.0 12 8.1 2.9
0.5*WIND,sl 7 ity 1281 9.8 1.8 11 7.8 4.7
0.5*WIND,I 7 1692 855 9.8 2.0 1.1 7.8 5.3
05*WIND,e 7 1680 842 9.8 20 1.1 7.8 53
10*WINDs 7 3545 2747 98 38 14 7.8 29
10*WINDsl 7 2261 1885 9.8 2.0 1.3 7.6 48
1.0*WIND,I 7 1762 1015 9.8 2.2 13 7.6 59
1O*WIND,0e 7 1680 842 9.8 24 i3 7.6 6.2
20*WINDs 7 3767 2516 9.8 4.9 18 7.1 28
2.0°WINDsl 7 314 2622 9.8 34 1.7 638 4.1
20*WIND! 7 2283 1892 9.8 24 1.7 6.8 54
20*WIND,e 7 1689 853 9.3 32 1.7 6.8 7.4
Maize
Averages
0.5*WINDs 145 15877 7697 313 16.7 7.6 6.0 +1.1
0.5*WIND,sl 145 19548 10208 313 209 6.7 5.0 -1.3
0.5*WIND,I 145 20118 10713 3 21.5 6.7 4.9 -1.8
0.5*WIND,0 145 20202 10797 313 21.6 6.7 1.9 -1.9
1.0*WIND;s 145 14056 6723 313 164 9.1 49 +0.9
LO*WIND,sl 145 18517 9320 313 22.4 7.6 36 22
1.0*WIND,I 145 19916 10528 313 241 74 34 3.6
1LO*WIND,0 145 20202 10797 313 244 7.4 34 -39
20*WIND,s 145 10495 4809 313 14.6 12.6 34 +0.7
2.0*WIND,sl 145 16251 7581 313 23.9 9.5 1.9 4.0
2.0*WIND,l 145 18576 9340 313 215 89 1.8 -1.0
20*WIND,o 145 20182 10778 313 30.0 8.7 L8 9.3
Standard deviation
05*WIND,s 7 a7s 2770 7.7 3.6 L7 54 23
0.5*WIND,sl 7 2475 1675 7.7 31 18 53 4.4
0.5*WINDI 7 2228 1464 77 a3 18 53 5.1
0.5*WIND,e 7 2295 1580 7.7 3.4 18 53 53
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Table 40 (continued)

Yapour Duration Dry matter Rainfall Transpiration Evaporation  Leaching Change amount
pressure, growing m_d_t_lgh)n_‘ during during during during soil water
soil season® Total grain season Season SEASON SEASOn during season’ ®
Y] (kg/ha} (cm) {em) {em) (cm) {cm)
1.0*VAPs 7 4295 3009 7.7 4.6 19 4.9 23
LO*VAPsI 7 2851 2130 7.7 33 19 4.7 4.5
1.0*VAP| 7 2275 1483 1.7 33 2.0 4.7 6.0
LO*VAP,0 7 2295 1580 7.7 4.1 2.0 4.7 6.6
L1*VAPS 7 4023 2793 1.7 33 1.8 5.5 23
1I*VAP;sl 7 2602 1770 1.7 3.2 18 5.4 44
LI1*VAP,| 7 2223 1438 7.9 3.6 13 54 54
1I*VAPo 7 2295 1580 7.7 39 18 54 58
Grass
Averages
0.9*VAPs 365 115M 79.4 24.6 16.0 38.6 +0.2
09*VAPsl 365 14183 79.4 299 149 344 +0.2
09*VAP) 365 15777 79.4 331 14.2 319 +02
09*VAPo 365 18186 794 38.1 13.8 28.5 -0.9
10*VAPs 365 12775 79.4 228 13.1 434 +02
1.0*VAPsl 365 15119 9.4 27.0 12.4 398 +0.2
1LO*VAPI 365 16526 79.4 29.6 119 373 +02
LO*VAP,0 365 18194 79.4 3340 11.7 5.0 0.3
1.1*VAPs 365 13569 9.4 20.0 11.0 482 +02
1.I*VAPsl 365 15854 194 239 10.3 45.0 +02
L1*VAP) 365 17143 19.4 26.0 99 43.3 +02
1.1*VAPo 365 18198 79.4 282 9.3 414 +0.0
Standard deviation
09+*VAPs 0 3318 14.4 51 1.5 12.4 0.5
0.9*VAPsI 0 123 14.4 44 1.2 124 0.5
0.9*VAP] 0 2649 144 a5 1.2 126 0.5
09*VAP,e 0 711 14.4 2.8 1.3 13.5 33
1.0*VAPs 0 2903 14.4 38 1.2 13.0 0.5
1.0*VAPsi 0 2743 14.4 32 L1 129 0.5
LO*VAP) 0 2165 14.4 23 1.0 133 0.5
1.0*VAP,0 0 707 14.4 28 L1 14.6 2.1
L1*VAPs 0 2838 14.4 k- 1.0 134 0.5
1.1*VAPs] 0 2406 14.4 23 1.0 13.6 0.5
L1*VAP! 0 1759 14.4 1.6 0.9 14.0 0.5
LI*VAPo 0 706 14.4 2.8 1.0 152 1.1

! Soll with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 7 cm water per m sofl.

2 Soil with effective rooting depth of 50 cm for permanent grassland and 100 ¢m for winterwheat and silage maize and a maximum
amount of available water of 14 cm water per m soll.

3 Soil with effective rooting depth of 50 cm for permanent grassland and 100 cm for winterwheat and silage maize and a maximum
amount of available water of 21 cm water per m soil.

4 Sl with effective rooting depth of 100 cm for permanent grassland, winterwheat and silage maize and a maximum amount of
available water of 50 cm water per m soil; on this fictive soll water shortage and crop stress wil not occur under any climatic
condition.

5 For winterwheat a growing season is considered from January 1 till moment of crop maturing. In cold winters wheat growth will
actually start at a later date than Janvary L For silage maize a growing season Is considered from emergence at May 5 till moment
of crop maturing or date of harvest (set at October 2 when crop is not yet mature at that date). Permanent grassland has a growing
season of one year, i.e. 365 days, For the indicated season durations the components of the water balance are calculated.

¢ For silage maize the total amount in the cars is given.

7 Initial amount of avsilable water for winterwheat and permanent grassland is set at the maximum amount per soil type.

% Initial amount of available water at emergence of sllage maize is set at the maximum amount per sofl type minus 3 cm water,
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