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A Irrigation in France

Historically practised in south-eastern France and to a lesser extent in the south-west, irrigation has developed strongly since the 1970s because of its profitability, (due to increased and stabilised yields), our ample water resources, the dry spells at the turn of the 1990s and the CAP, which introduced direct aid for irrigated schemes. From 1970 until 2000 therefore, the irrigated area tripled (from 500 000 to 1 500 000 ha, according to Agreste). Since then, due to increasing public misgivings and tighter regulations, it has fallen somewhat. In 2007, the irrigated area was 1 414 000 ha (5.6% of the UAA) and the area equipped for irrigation was 2 508 000 ha (10% of the UAA), putting France at about the average for the world.

Irrigation has thus become a major feature of French agriculture in 40 years: of the 326 000 professional farms in metropolitan France in 2007, 74 000 (23%) were equipped for irrigation, and 64 500 (20%) actually practised it. Irrigation is practised to a greater or lesser extent in all the regions and the threshold of 5% of the UAA is exceeded in 55 departments (fig. 1). less than 5% 5 to 10% 10 to 20% more than 20% Irrigation is used for a wide range of crops: maize, forage crops, trees, vegetable crops, cereals (other than maize), oil and protein crops, sugar beet, potatoes etc. However maize (including forage maize) accounts for half of the irrigated area (fig. 2 
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Frédéric Levrault, Bernard Itier, Nadine Brisson Just as the influence of irrigation on the profitability of maize is considerable, so is its effect on the environment: out of 32.6 billion m 3 abstracted from the aquifers in France in 2006 (fig. 3), irrigation represents the third largest share (4.8 billion m 3 ie 11%) after the production of energy (19.1 billion m 3 ie 59%) and of drinking water (5.9 billion m 3 ie 18%). Expressed in relation to the irrigated area, this represents about 3 000m 3 per hectare, or 300mm. When one analyses the volumes of water not returned to the aquifers, (consumption) irrigation is the largest user. The management arrangements established after the 1990s, since revised, aim to establish a balance, year after year, between the availability of the resource and the requirements for irrigation (fig. 4). We see that the volumes of water used for irrigation vary markedly from one year to another according to the weather conditions: the national averages for maize are 1 600m [START_REF] Leenhardt | Usage agricole et autres usages de l'eau : comment mieux partager l'eau ? Conférence de l'association « Les eaux et les hommes[END_REF].

These economic, geographical and environmental figures show that the impact of climate change* on irrigation is very important for French agriculture. If we begin to study these effects now it will assist our choice of adaptation to climate change* in terms of production methods. 
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None

No decree

Planned measures

Measures for limitation of use not in force but have been planned for the long term in case of necessity (framework decrees).

Measures already in force

Level 1-restricted measures: all limitation measures for use up to one day/week or 15% of the volume on at least one catchment zone.

Level 2 -strong measures: limitation measures for use at least one day/week on at least one catchment zone, but less than 7 days/week.

Level 3 -total restriction: total restriction on at least one catchment zone.

New departments concerned (restrictions updated weekly).

State of decrees concerning limitation of uses:

Data source: Prefectures Mapping basis: IGN -BD GÉOFLA© 

B Climate change challenges for irrigation

The practice of irrigation is widespread. Regional differences in climate change must be taken into account: we should not be thinking about "the effect" but about "the effects" of climate change.

The irrigation of maize gives rise to many questions. However other crops are currently irrigated (wheat, sunflower, sorghum etc.) which must not be forgotten. One might even consider the value of irrigation for crops which are not currently irrigated (e.g. vines, grassland, rape)

Climate change will affect the irrigation requirements of crops, and these can be studied as they are now. However the capacity to supply this water, which is related to the availability of the resource itself, remains a fundamental aspect of the problem.

Finally, if questions arise about volumes of irrigation, so they do for its seasonal timing, which is dependent on the dynamics (recharge/release) of the aquifers.

C Changes in the irrigation requirements of crops currently irrigated

The question of irrigation requirements can be examined in different ways: one can choose to analyse "to the potential" which avoids any limitation of the water supply of the plants (ETR* = ETM*) (cf. WATER section fig. 6), or else accept the hydrological and agricultural reality of a varying degree of water shortage (ETR < ETM). We have chosen the second case, with irrigation able to supply 80% of the water needs of the crop in the case of maize, 70% for wheat and 50% for sorghum (irrigating when ETR reaches 0.8, 0.7 and 0.5 of ETM respectively). We distinguish crops for which irrigation is "central", typically maize, from those for which it is only given towards the end of life, typically wheat, and crops which may need occasional watering, such as sorghum or sunflower. 

Irrigation

Maize

Figure 5 shows the changes in irrigation amounts needed to grow maize at 80% of ETM according to the difference between the rainfall and the evaporative demand represented by reference evapotranspiration ET0. Almost everywhere one can see an increase between the recent past and the near future, followed by a decline between the near future and distant future. This result, obtained with the WT downscaling method and in complete agreement with that shown in the WATER section for the difference ETM -ETR, is explained by the correlations between the reduction in annual rainfall and the increase in temperature. In fact the diminishing amounts of irrigation required in the second part of the century are due to the shortening of the lifespan. Although this shortening has a beneficial effect on irrigation, we must not forget that it reduces the total amount of radiation intercepted by the crop and the duration of grain-filling, which, without varietal change, will also affect the yield (cf. MAIZE-SORGHUM section). This reduction in crop lifespan results in a different relationship between the amount of irrigation and the annual agroclimatic index (P -ET0) as shown in figure 6. This different relationship explains, in particular, the change in the relationship between aquifer recharge and rainfall under irrigated maize for the end of the century (cf. WATER section), which will alleviate the pressure on the resource, given the declining rainfall (provided that longer-term varieties are not used!). This being so, the demand for water for irrigating maize will increase in the near future as shown in figure 7, whatever the uncertainty represented by the two downscaling methods (WT* and QQ*). This extra requirement can be estimated at about 40mm. However the influence of the year-to-year variability and the choice of soil remain predominant: for a deep soil they are estimated at about 60mm.

Wheat

On a deep silty soil (fig. 8 left), the irrigation requirements do not change much, remaining on average within a range of 40-60mm per year, and occurring mainly towards the end of growth. On the other hand changes do appear for the sites in the south (Toulouse and Avignon) and the east (St-Étienne, Colmar, Dijon) on soils with a small AWR (fig. 8 right) with irrigation needed before flowering. Apart from the Toulouse site, we do not see any significant fall by the end of the century, as for maize, as the advancement in developmental stages is not accompanied in wheat by a shortening of the phase subject to water deficit (cf. TIMING section). Moreover, we see that the increase in irrigation needs is greater with the WT downscaling method than with the QQ method. 

Sorghum

The supplementary irrigation of sorghum at Toulouse shows a similar trend to that for maize, with an increase in the NF of about 20%, followed by a fall in the distant future (fig. 10). As opposed to maize, this trend does not affect yield* (cf. MAIZE-SORGHUM section). There is, however, an increase in the variability of the irrigation, and if the mean values at the end of the century are about the same as in the RP, the 200mm of irrigation will be exceeded more often. 

D New needs for irrigation

Vines

Irrigation of vines is very controversial, but as part of our prospective study we have analysed the changes in the amounts of irrigation needed for growing vines at 30% of the ETM on a soil with a low AWR (73mm) by drip irrigation, as is often found in vineyards.

We see (fig. 11) that, apart from Avignon, where the requirements are rather stable and then decreasing in the DF, there is an increase in irrigation requirements for vines. However, as for maize, the increases are especially large between the RP and NF. Because the foliage remains on the vines throughout the season of high evaporative demand, this change in slope in the second part of the century is rather the result of the antitranspirant effect of CO 2 , active in C3 plants (like vines) but barely so in C4 plants (like maize).

Figure 11: changes in irrigation requirements for growing a crop of vines at 30% of the ETM as a function of the water deficit (P -ET0) at various places in France on a soil with a low available water reserve (73mm).

Grassland

Except for a few isolated examples (the Crau grasslands for example, well represented by the Avignon site), grasslands are not currently irrigated. Figure 12 shows that effectively, in the NF, the rainfall in the traditional pasture areas, like Clermont-Theix, Mirecourt or Rennes, should be able to supply 80% of the needs of the crop. 

B 3

However the increase in the water deficit in the future could generate significant irrigation requirements to continue to assure forage production. Thus, in the DF, the irrigation needed to supply 80% of the average water needs on a typical grassland soil will almost everywhere be more than 100mm.

"Starter" irrigation

Even for traditional rainfed crops like rape, sunflower or sorghum, a change in the planting conditions could necessitate the use of irrigation at the beginning of growth ("starter" irrigation) in order to start the crop off.

Thus we see at Toulouse (fig. 13), from the 2030s, the seed-bed moisture conditions deteriorate, and also in the layer below, which could hinder the growth* of the young plants. For rape (the example of Versailles in figure 14), the problem of establishing the crop will be particularly difficult in the near future (cf. OILSEED RAPE section) and, without the application of some additional water, there would be a risk of nitrogen deficiency. One difficulty confronting irrigation, when water is abstracted from the environment without any intermediate storage, is not so much the volumes abstracted annually as the timing (spring and summer) and the intensity of these abstractions, at the very time of year when the aquifers are vulnerable (so-called low-water levels). 
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In this context it is important to study how the advancement expected in the phenological cycles will affect the irrigation schedules, and hence the year-to-year dynamics of water abstraction. For this purpose will we examine here the case of irrigated maize in three geographical locations: Toulouse (late variety DKC5783), Lusignan and Versailles (early variety Méribel). The same criteria for triggering irrigation and the same soil (AWR = 226mm) are used for all these simulations.

We see that the changes in irrigation patterns (mm/day on average per 30-year period) apply over the whole irrigation period (fig. 15).

On the triggering date for irrigation

This changes little at Toulouse, but is about ten days earlier at Lusignan and Versailles between the recent past and the distant future (this effect could only be accentuated by optimising the sowing dates, i.e. by sowing earlier: bear in mind that all the simulations were done with "fixed practices").

On the increase in requirements at the beginning of growth

This increase is due largely to the increase in leaf area. It is shorter and more marked (with a steeper slope) for all three sites, starting in the near future. The increased temperatures are the cause of an earlier and more rapid increase in the leaf area of the crop.

On the maximum irrigation requirements

This is constant at Toulouse, slightly higher at Lusignan (+ 0,5mm/d), and distinctly higher at Versailles (+ 1mm/d). With the varieties used, the maximum leaf areas are reached in the recent past at Toulouse and Lusignan, but not at Versailles.

On the decrease in irrigation requirements towards the end of growth

This is slightly earlier and distinctly more rapid at Toulouse, earlier and more rapid at Lusignan, a little later and distinctly more rapid at Versailles.

Generally, the irrigation requirements remain higher in the south than in the north of France, but relatively speaking the largest changes are seen at Versailles. For confirmation, these results should be complemented by an analysis of the water balances including the climate* and the soil, by taking into account the advancement of sowing dates, and by including a larger number of sites.

The "local" character of these results is striking, due especially to the geographical variations in climate change and the diversity of agricultural practices/sowing dates and the choice of varieties in particular. These results should also be compared with the changes (as affected by climate change) in the variability of the water resource (cf. following §).

In addition to studies on the value of increased water storage, comparisons of "irrigation/availability of the resource" will allow us to determine:

• at what point will this expected advancement in irrigation schedules compensate for the earlier and more severe low-water levels predicted by hydrologists because of climate change;

• what adaptations of irrigation practices should be introduced to boost the positive effects of developmental advancement (sowing dates, choice of earlier varieties) and hence to limit abstraction in the low-water level period.

F On the scale of water management zones

The study of the effect of climate change on the balance between availability from the environment and abstraction of water for irrigation (including for winter recharge of artificial reservoirs) will require the use of aquifer models (absent from CLIMATOR) coupled with climate models.

Apart from changes in the amount of available water from rainfall in the upper regions of the catchment areas concerned, the simulations made in CLIMATOR have shown (cf. WATER section) that aquifer recharge by the different systems in the catchment area itself will fall by about two thirds of the reduction in rainfall. This is of major importance, not only in the catchments which can only be supplied from their own aquifers (e.g.: the Beauce plain, south west of Paris), but also for those with only small external sources (e.g.: Gascogne hills, on the left bank of the river
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Figure 1 :

 1 Figure 1: fraction of the UAA equipped for irrigation in 2007 (source Agreste).

  left), drawing attention and controversy to this cereal. Four regions alone represent three quarters of the area of irrigated maize: Aquitaine, Midi-Pyrénées, Centre and Poitou-Charentes (fig.2 right). It is in these same regions that the imbalance between resources and abstraction is most problematic.

Irrigation| 3 Figure 2 :

 32 Figure 2: distribution by crop of the irrigated areas in France (left) and the area of irrigated maize by region in 2007 (right) for a total of 916 000 ha (source Agreste).

Figure 4 :

 4 Figure 4: prefectorial decrees for limitation of water use at August 2009 (Source: MEEDM).
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Figure 5 :

 5 Figure 5: changes in the amount of irrigation needed for growing a maize crop at 80% of ETM as a function of the water deficit (P -ET0) at various places in France. Varieties used: DKC5783 in the sites* in the south and Méribel elsewhere. Soil with a high AWR* and WT downscaling method.

Figure 6 :

 6 Figure 6: relation between the irrigation requirement of maize and the water deficit (P -ET0) for three periods (red: recent past, blue: near future, and green: distant future).
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Figure 7 :

 7 Figure 7: comparison of differences in irrigation requirements of maize between the NF and RP with two downscaling methods (soil 1 with a high AWR).

Figure 8 :

 8 Figure 8: changes in the irrigation requirement for growing a wheat crop at 70% of the ETM as a function of the water deficit (P -ET0) in various places in France on two arable soils, one with a high AWR (223mm) (left), and the other with a low AWR (104mm) (right).

Irrigation| 3 Figure 9 :

 39 Figure9: comparison of the differences in irrigation requirements of wheat between the NF and RP using two downscaling methods (soil 2, with a low AWR).

Figure 10 :

 10 Figure 10: changes in irrigation requirements of sorghum grown with supplementary irrigation (50% of requirements) at Toulouse. Soil1, WT climate downscaling method.

Figure

  Figure 12: changes in average requirements of a fescue grassland to supply 80% of its water needs (AWR=92mm) simulated with the PASIM model and the WT downscaling method.

Figure 13 :

 13 Figure 13: changes in the gravimetric water content of an arable soil near Toulouse, on average, over the months of possible sowing of spring crops (March, April, May) with (left) the surface layer, and (right) the 10-30cm layer. The data have been smoothed (running means over 10 years), except for the month of April, in order to show the year-to-year variability.

Figure 14 :

 14 Figure 14: changes in the gravimetric water content of an arable soil near Versailles, on average, over the months of possible sowing of rape (August, September) with (left) the surface layer, and (right) the 10-30cm layer. The data have been smoothed (running means over 10 years),except for the month of August, in order to show the year-toyear variability.

Figure 15 :

 15 Figure 15: daily irrigation requirements (means over thirty years, smoothed over 7-day periods) of a maize crop irrigated to 0.8 ETM (for Lusignan and Versailles, early varieties; for Toulouse a late variety).
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The irrigation requirements of crops currently irrigated will increase. For maize, we can expect an increase of about

40mm on average in the present production areas of irrigated maize (Toulouse, Lusignan) between the RP and NF, which corresponds to two irrigations with current cultural practices. The increase in irrigation of wheat will only be needed in particularly unfavourable situations of shallow soils, with water applications needed before flowering. As to supplementary irrigation (e.g. for sorghum), we can expect to have to apply about 20% more in the NF than in the RP. In the DF, the effects of shortening of the lifespan of spring crops will bring about a stabilisation, or even a fall, in the applications of water which will only be effective if the varieties remain unchanged, obliging farmers to accept substantial reductions in yield. Although there is a lot of uncertainty between downscaling methods, there is no doubt about the rising trend. It is subject to year-to-year variability which can hide it.3 New requirements will appear here and there for vines, grassland (for a more regular supply of forage throughout the year) or for annual crops like rape or sunflower. In fact for the last two, "starter" irrigations will be needed to assure the establishment and crop of the crop stand.3 The advancement of irrigation schedules due to warming, intensified by the choice of early varieties, appears to be an effective adaptation to the reduced water availability. The probable decline in winter rainfall, generalised for the distant future, will cause difficulties with aquifer recharge. Projects for increased storage capacity for water for irrigation should take this into account.

Garonne). For a reduction in rainfall of about 100mm over most of the sites in western and central France, this represents a deficit in the recharge of about 60-70mm/yr. Hence a major problem confronting catchment area managers will be to reconcile the fall in the recharge with the increase in demand for spring crops (about 40mm for maize), which, if the present land use patterns remain the same, will lead to an overall deficit of about 100mm for these crops. 3 The irrigation requirements of crops should be studied not at a fixed level of water suffi- ciency but for a constant yield, which would make it possible to calculate the economics of water use.

What you need to remember

3 The effect of sowing dates and the choice of varietal earliness should be studied careful- ly because they seem to offer a worthwhile way of saving water, especially for maize.

3 Our work should be coupled with models of aquifers to identify the possibilities for recharge from building new reservoirs dedicated to irrigation.

To find out more...