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A Climate and yield

Main mechanisms contributing to yield elaboration

Ecophysiological modelling underlines the distinction between the phenology* of the plant, which is directly and mainly dependent on temperature, (but also on photoperiod for winter crops), and the growth* of biomass, related primarily to photosynthesis* processes and dependent directly on the radiation absorbed by the crop and the concentration of CO 2 in the atmosphere.

The availability of nutrients and water is also very important. In fact while the plant exchanges CO 2 and O 2 in the processes of photosynthesis and respiration, it also loses water which evaporates from the stomata. If insufficient water is available, the resulting stomatal closure also affects photosynthesis by preventing gaseous exchange. Growth is also limited when other factors are lacking, such as mineral elements, mainly nitrogen, the main constituent element of proteins. In this study, by means of adequate nitrogen fertilisation, (based on current practices) or by not taking account of possible limitations (such as other mineral elements or nitrogen in certain models; cf. MODELS section), we have tried to choose a context in which factors not directly linked to the climate* are non-limiting. However there are close relationships between water supply and the absorption of mineral elements, and water shortage often causes nitrogen deficiency due to lack of absorption. Moreover it cannot be ruled out that nitrogen fertilisation, calculated on the basis of current practices, could have been insufficient in the situations with a high yield potential.

For most crops the harvested product (or yield*) is formed, after flowering, during the final period of growth (or nearly so): this is so for crops whose harvested organ is the result of sexual reproduction. When the harvested organ is vegetative (such as grassland or forests), the harvested product is formed during the whole period of growth. However even in the first case, the number of harvested organs depends on the pre-flowering physiology of the crop, so that the yield is the result of all the processes which take place throughout growth. Because of this its determination is particularly complex, as it is subject to numerous interactions which we will try to illustrate.

What are the predictable impacts of climate change?

Whatever the scenario, it is expected that atmospheric CO 2 concentrations will continue to increase (cf. CLIMATE section for a deeper analysis of the climatic variables sensu stricto), which should favour the process of photosynthesis, particularly for C3* plants (wheat, sunflower, oilseed rape, vines, fescue, beech etc.) rather than C4* plants (maize, sorghum). Furthermore, for the same evaporative demand, the water requirements of the C3 crops should diminish, since the increase in CO2 causes, in their case, a reduction in stomatal opening (the antitranspirant effect).

Combined probably with the reduction in rainfall (cf. CLIMATE section), we see a slight change in the increase in radiation (especially clear in summer), one of the other major factors in the process of photosynthesis. For the plant, this change has to be considered together with the changes in the seasonal timing of the crop cycles, which depend on the temperature (cf. TIMING section).

Temperature is the most important and most publicised aspect of climate change, as there is agreement among experts and climate models to suggest the likelihood of warming. This means that crop growth cycles will accelerate, which will have consequences in terms of earliness of growth stages and/or the duration of phases (cf. TIMING section). This could allow better adaptation of certain crops to the conditions of the north of France, but on the other hand it could be harmful to crops which are sensitive to high temperatures towards the end of their growth. The shortening of the growth phases also means less time to accumulate radiation and fix CO 2 , and hence less growth. 
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At present, with high-input cropping systems as generally practised in France, the water supply is the main factor influencing yield, whether it varies from one region to another (assuming the crop can be grown) or from one year to another. The climate projections forecast a reduction in rainfall (particularly in summer: cf. CLIMATE section) which would tend to intensify water stress (cf. WATER section), which in turn could lead to nitrogen stress by blocking mineralisation of the soil organic matter (cf. ORGANIC MATTER section) or reducing the availability of nitrogen fertilisers in the soil etc.

B Can one estimate the trends from a crop classification?

We propose in this part to investigate the changes in yields of various French crops by means of simple classifications. We find for example the contrast between C3 and C4 crops, which is very significant in terms of the utilisation of atmospheric CO 2 , but also between winter and summer growth, thought to exploit temperature and water in different ways.

But before going into these classifications, table 1 gives a summarised view of changes in yields for the whole of France and indicates the global impact brought about by climate change. Among the annual crops, we see big differences between crops which are "ecophysiologically" far apart, like maize and rape, but also between crops which are similar (maize and sorghum). One also sees that climate change can have effects which are always harmful (as for pines).

Wheat
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C3/C4

The comparison of two summer crops, one C3 (sunflower) and the other C4 (irrigated maize), shows that the change is very clearly to the advantage of the former, especially in the distant future. This is in agreement with what we know about their physiology, C3 plants tending to better exploit increases in CO 2 concentration. For sorghum, another C4 crop, the large increase in yield results from several advantages compared with maize: a better exploitation of the higher temperatures, drought resistance, and expansion due to its zone of cultivation spreading northwards (cf. MAIZE-SORGHUM section). Hence the C3-C4 classification is not enough to predict the reaction of plants faced with climate change.

Winter/summer

The comparison of two oilseed crops such as rape and sunflower seems to show a clearly more favourable trend for winter crops (rape) compared with summer crops. Thus the yield increase in the DF is more than twice as large. In this case the determinant process seems to be one of avoidance*: for the winter crops, climatic warming* results in advancement of growth stages, allowing growth to be completed before the appearance of serious stress, while the summer crops suffer the full effects of the increased water and heat stress*, particularly severe at this time of year. Moreover the summer crops suffer a clear shortening of their grain-filling phase, detrimental to yield (cf. TIMING section).

Annual/perennial

The comparison of two C3 grasses, one annual (wheat) and the other perennial (fescue), shows a slight advantage to the former. To explain this result, one can, as a simplification, consider the grassland as an association of a winter crop and a summer crop, for which the moisture conditions are clearly less favourable. Moreover the grassland may suffer more than other crops from soil drying, due to its rather shallow rooting system. Also, the memory effect of the grassland by way of its winter reserves could amplify the drought problem if it becomes recurrent.

Woody/herbaceous plants

The trend for pine is the only example of a clearly negative prediction, and the advantage therefore seems clearly to be with the herbs (grassland). However the case of the pine, like that of the beech (cf. FOREST section) is particular, since, although they are C3 plants, these species do not benefit from the antitranspirant effect of the increase in atmospheric CO 2 ; it is therefore subject to more severe water stresses than the forage grass. Moreover because their buds are formed in the summer, the woody species are very exposed to the accumulated effects of water and heat stress. This leads to delayed effects on leaf development in the following years, and hence to a limitation of production even if growing conditions revert to being more favourable. The comparison with the vine is difficult, as the positive trend for the latter is mainly due to its spread to new growing regions made possible by the increase in temperature (cf. ADVANTAGES AND VULNERABILITIES section).

Adapted or not to cold

Wheat and rape are both C3 winter crops, but wheat foliage is more resistant to winter frosts than that of rape, so that the increase in temperatures is very favourable to growing rape, whose yield increase (in particular in the centre-north and north-eastern zones) is directly linked to the reduction in the risk of frost (cf. OILSEED RAPE section).

Adapted or not to drought

We have already cited the case of sorghum compared with maize, but the geographical expansion of sorghum can mask the effect of the single character of "drought resistance". On the other hand, if one compares the results for fescue and ryegrass, the latter being less well adapted to drought, one obtains, for the same conditions (of model and climate) a 6% increase for fescue and only 4% for ryegrass (cf. GRASSLAND section).
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Yield There is therefore a set of characters which can explain the response of plants to climate change: C3/C4, annual/perennial, winter/summer, adapted or not to cold and/or drought, and sensitivity to the antitranspirant effect of atmospheric CO 2 . This complexity shows why it is necessary to make use of crop models to work out the effects of this set of interactions.

C Some aspects of the analysis of the impact of the main climatic factors

Although they cannot be separated, here is a rapid analysis of the impact of the three main yield factors likely to be altered by climate change: CO 2 , water stress and temperature.

Scale of the CO 2 effect

For the present production zones of each crop, the increase in CO 2 concentrations is the main beneficial factor associated with climate change. We have seen in the part above that it would profit mainly C3 crops and that its benefit would be expressed more for winter crops, less subject to rainfall shortages.

Without this large increase (a doubling by 2100 in the most studied scenarios), the yields of most crops would fall, even in the most favourable cases. Hence for winter wheat, in the hypothetical case of climate change of the predicted magnitude, but without the increase in CO 2 , the yield of wheat would show an average fall over all sites in the distant future of more than 25%.

Impact of moisture conditions on yield

With climate change, the water sufficiency* of the crops will tend to deteriorate if practices are not altered (cf. WATER section), at least in the NF. This is illustrated in figure 1 for four rainfed crops representative of "water behaviour": two perennial crops (grassland and pine forest) and two spring crops including one C3 (sunflower) and one C4 (sorghum). Figure 1, which relates water sufficiency and yield, and in which a low ETR/ETM* ratio indicates severe water stress, enables one to follow the dynamics of each site and to present regressions over all the sites for the period of interest.

If we just look at the regressions for each period, we see that, for a given level of water stress, the yield shows an increasing trend, which if we are not careful could lead us to undue optimism. First we see that although the shift of the curves between the three periods is considerable for sunflower and grassland, it is much less for pines and almost non-existent for sorghum between the RP and NF. If we now look at what happens site by site, we find that the water stress increases, so that the trend is not always to the benefit of yield. For the perennial crops, after a phase of decreasing yield in the NF, fescue shows a slight increase in the DF; which is not the case for pines.

For the annuals, we can distinguish between an increase in water stress in the NF followed by a decline in the DF. This decline, accompanied by an increase in feasibility (of growing the crop, due to more favourable temperatures in the north), causes an upward movement of the sorghum curve (a C4 plant, but not very sensitive to CO 2 ) in the DF and accentuates that of sunflower further. Thus we see the avoidance effect from which perennial plants are unable to benefit. 

Effects of temperature on yield

As we have already mentioned in the previous part, temperature has a complex effect on yield, and its increase may have conflicting effects on different crops.

In general, the temperature effect is rather positive. For certain crops, the higher temperatures will be more suited to the needs of the crop, or will reduce problems associated with the cold. This is the case for example for sunflower, sorghum and vines, whose expansion towards the north would be greatly favoured (cf. ADVANTAGES AND VULNERABILITIES section). Thanks to this temperature rise, winter crops (e.g. wheat and rape) are also less subject to frost. However, for these last two, the predominant temperature effect is that of advancement of phenological stages, which allows the crop to avoid, to a large extent, the increased stress in summer (cf. TIMING section), and thus to limit the yield losses. However we should not forget that this advancement can only take place without harm because the occurrences of late frost diminish. For perennial crops, the increase in temperature lengthens the growing periods: an earlier start in spring and a later cessation in winter. Hence the direct temperature effect is rather beneficial to yield, even though global warming may have harmful effects through interactions with other climatic factors, notably to do with water.

There are however some negative effects. For annual spring crops, the increase in temperatures brings forward the growth stages, but also shortens the grain-filling phase (due to its seasonal timing explained in the TIMING section), which would tend to reduce the yield. Also, the avoidance resulting from the advancement of stages does not completely remove the harmful effects of high temperatures on wheat and sunflower (cf. TIMING section). 

The climate

The UNCERTAINTY AND VARIABILITY section gives a clear picture of the effect of the uncertainty attributable to the different scenarios, climatic models and downscaling* methods on wheat yield. In particular it shows that this variability increases with the future period considered, both as a trend of the medians and for the year-to-year scatter. One can also see that the downscaling methods generate uncertainties* of about the same size as the SRES scenarios or the choice of climatic models. However these uncertainties as a whole are substantially smaller than the year-toyear variability: for example for wheat, the latter is about five times greater than the uncertainty due to the climatic scenarios, whichever agronomic model is used.

Apart from these changes, one may also wonder what effect climate change will have on the stability of agricultural production. For this we have shown in figure 2 the coefficients of variation (standard deviation/mean) of yields over all the sites for crops representative of these sites. This way we see a slight tendency towards a decline in the standard deviation for most crops (except sorghum and pines) between the RP and NF, but this trend can be reversed between NF and DF, (as for wheat) and may differ with the agronomic models used (cf. following §). As a first approximation, it is therefore preferable to keep in mind the importance of this year-to-year variability, which remains the main climatic signal, even for crops more regulated by irrigation, such as maize, or by their perennial character, such as grassland. 
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The agronomic models

The agronomic models are at best simplified representations of reality (cf. MODELS section). Although their formalism is able to represent very precisely the processes at work (the most mechanistic models come close to them), there remain the uncertainties caused by errors in estimating the parameters* of the model equations (which become more numerous as the model becomes more mechanistic). These errors themselves arise from uncertainties and imprecision in the measurements of data used to calibrate the models and thus constitute part of the incompressible uncertainty [START_REF] Passioura | Simulation models ; Science, snake oil, education, or engineering[END_REF].

To try to evaluate this uncertainty, we have, wherever possible, tried to use several models in parallel. Thus for sunflower and grassland, two models were used (STICS and SUNFLO, and STICS and PASIM respectively), whereas for soft wheat three models could be used (STICS, CERES, PANO-RAMIX).

Our results show that the variability between models for a given situation can be very large, even for projections (the difference between NF or DF and RP), and is often at least one order of magnitude greater than the climate change signal. One can attribute this uncertainty to different reactivity of the models to variability in soil and weather, which generates up to twofold year-toyear variability and different behaviour depending on the soils. Thus we are able to identify three very distinct kinds of behaviour (fig. 3 and4). • The models show the same evolutionary trend with climate change: this is the case of STICS and CERES or of STICS and PASIM or STICS and SUNFLO for soil 1 at Toulouse.

• One of the models is rather insensitive to climate change: note the difference between PA-NORAMIX and the other wheat models or between STICS and SUNFLO for soil 2 at Toulouse. These results are due to compensation between the negative effects of stresses at the end of growth and the positive effect of CO 2 .

• There is a strong interaction between the uncertainty between the models and the soil type: e.g. for STICS and PASIM, which seem to agree for soil 2 but not for soil 1 (the same for SUN-FLO and STICS). One finds similar behaviour for the grassland species, i.e. a better agreement between STICS and PASIM for ryegrass than for fescue.

Each of these models is one point of view about the reality, and it is not our aim in this study to pronounce on their quality, especially when it comes to their projections for the future, which it is impossible for us to validate. However this uncertainty leads us to use the models independently of one another and to discuss their divergences in the sections as required. Although this uncertainty means that we have to be cautious about the figures shown, we have not found a case where they contradict the main thrust of the messages. 

Importance of taking account of both positive and negative effects of climate change

In order to understand the mode of action of the positive and negative effects of climate change, we tested, using the CERES wheat model, different options for the effects of CO 2 and warming*. Thus three options were combined: inclusion or not of grain shrivelling caused by high temperatures; inclusion or not of the CO 2 effect; and the method of calculating this CO 2 effect either by the mechanistic approach of Farquhar, explicitly simulating the processes of carboxylation, respiration, electron transfer etc. and their laws of action as a function of temperature, or the more empirical approach of Monteith, based on the notion of conversion efficiency of solar radiation into biomass (Radiation Use Efficiency).

Our results (fig. 5) show that taking account of the increase in CO 2 concentrations in the atmosphere is the most important effect as one moves into the future, and that the way it is calculated (Farquhar or Monteith) has little effect. Heat stress has little effect on the median value, but always causes a lowering of the maximum attainable yield. 

The systems

In the framework of this project, most of the yields were simulated for monocultures with fixed practices so as to bring out the main effects of the expected trends in the climatic factors on crop yields. However their behaviour in different crop rotations was also tested with the STICS model, and for each system, several specific forms of variability were explored (cf. description in the AGRI-CULTURE section and analyses in the crop sections). These were mainly varietal earliness and soil variability. In the context of the grassland system, two different species were compared; fescue and ryegrass. For vines, varieties, planting densities and the use of irrigation were tested, whilst for pines it was the length of rotation which was considered. However we should emphasise that, except for a few specific cases (maize, wheat), adaptation of practices was not considered.

The sites

Clearly the largest source of variability is associated with the geography, represented in our study by the various sites scattered over the whole of France (the tropical crops being treated separately: see WEST INDIES section). Table 2, in which are shown the yield trends expected for each site between the RP and the DF, shows how it would be wrong to produce a generalised synthesis for the whole country and all the crops. The crops which seem to suffer most are the pines, which show a downward trend at all the sites, and irrigated maize, whose trend is downward in most of the present growing areas. The south-west region appears particularly affected as regards its main crops. On the other hand the winter crops like rape and wheat seem destined for productivity gains because of their capacity to benefit from the expected increase in CO 2 due to their C3 physiology, and to avoid the stresses which accumulate during the summer. Similarly, the regions in the north of France and the mountainous regions (represented in this study by Clermont-Theix) seem to be the most suited to benefit from climate change because of the possible expansion of the present production zones of crops requiring a warm climate. 3 All the climatic factors are likely to affect the final yield of a crop. The main influen- tial factors which are altered significantly by climate change are the atmospheric CO 2 concentration, the temperature and the water balance (P -ET0). The CO 2 plays a major and positive role for C3 crops, without which we would have to expect losses of wheat yields of about 25% in the DF. Drought plays a significant negative role whose magnitude varies with the crops, their avoidance capacity (winter crops) and their sensitivity to the antitranspirant effect of CO 2 . The increase in temperature is largely beneficial by allowing certain crops (vines, sorghum, sunflower) to expand into new environments and a lower incidence of frost damage for others. But it can also generate increased heat stress on growth and grain-filling, which are particularly harmful to yield. Consequently these often conflicting effects make the prediction of the yield trend very complex in the context of the diversity of French crops and their production zones.

3 In considering several crop typologies, it seems that those which are best to allow one to work out the predictability of the impact of climate change are winter/summer, adapted or not to drought, and adapted or not to cold. It is becoming apparent that in future there may be a change in the hierarchy of limiting factors, with increased emphasis on water supply and high temperatures in late life, which will overtake problems of low temperatures.

3 The climatic and agronomic estimates are subject to considerable uncertainty which will have repercussions on the yield estimates. It should be borne in mind that the main source of climatic uncertainty remains, by far, the year-to-year variability, and that even if agronomic uncertainties introduce noise into the figures produced, they do not refute the main trends. Finally, the yields will not react as a whole: the diversity of sites and of cropping systems presents so many sources of variability which may react positively, negatively or (not uncommonly) not at all to the climate trend.

What needs further study …

3 The limitations of this study lie mainly in the way that practices are not varied to suit the conditions or adapted according to the predicted changes. This is the case for example of nitrogen fertilisation, whose quantities are fixed in this study, whereas at present it is one of the main levers of cereal and forage production and is involved in numerous processes with environmental effects: to attempt to work out how to optimise it in a context of climate change could be a very original sequel to these studies.

3 Moreover, taking account of very specific phenomena or serious troubles during par- ticularly sensitive phases such as meiosis or pollination could not be envisaged due to lack of data and references on the question. One could also envisage taking account of other influential atmospheric elements such as ozone. 
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Figure 1 :

 1 Figure 1: yield as a function of ETR/ETM for sunflower, simulated with SUNFLO (top left), fescue simulated with PASIM (top right), sorghum simulated with STICS (bottom left) and pines simulated with GRAECO (bottom right). The soil conditions (1) and climate (WT*) are the same for all, and each point represents the mean of 30 years for a site.

Figure 2 :

 2 Figure 2: changes in the coefficients of variation (standard deviation/mean) of yields, for different crops (only maize being irrigated) and sites, calculated by the models and on the appropriate soils. WT downscaling method.

Figure 3 :

 3 Figure 3: boxplots* (with extreme values, medians and 2 nd and 8 th deciles) allowing one to compare the wheat models (left) and the sunflower models (right) at Toulouse for the deep soil (1) and the shallow soil (2). WT downscaling method. The periods are identified by letters (A=RP, B=NF, C=DF).

Figure 4 :

 4 Figure 4: comparison of STICS and PASIM for fescue and soils 1 (common arable soil) and 2 (shallow grassland soil). Each point represents the mean value per period (WT downscaling method).

Figure 5 :

 5 Figure 5: comparison of the results of CERES wheat (mean of the Toulouse and Colmar sites) with or without three simulation options (CO 2 or not), heat stress or not, calculation of the CO 2 effect with Farquhar or Monteith for the two extreme periods (RP and DF).
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Irrigated maize Rapeseed Sunflower Sorghum Vine Pine Festuca

  

	FP-PR	0.87	0.45	1.21	0.64	1.03	0.93	0.21	-0.22
	FL-PR	0.98	0.44	2.39	1.14	2.13	1.47	0.50	0.51

Table 1 :

 1 yield differences between future periods (NF* and DF*) and the RP*, averaged over all sites*, in t/ha. All the values (except Festuca in the DF) are significant at the 1% threshold. All the crops except maize are rainfed.