Michel Vennetier 
  
Jean Ladier 
  
Freddy Rey 
  
  
Erosion control on forest soils with vegetation, under global change

Erosion is a risk for soil fertility but foresters usually prevent it with adapted management practices. Ecological restoration in mountain lands was a great success in the last two centuries. Thanks to the past experience and continuous research until now, a complete outfit of methods and species are available to control erosion whatever its forms. Technical guidelines put them at every one's disposal. But new inputs due to global change, particularly climate change, changes in practices and demand for energy, increase or modify soil erosion risk and call for new approaches developed in this paper. We conclude that it is necessary to adapt the traditional knowledge in regions where the risk has always been significant, and to anticipate its increase in regions where it was usually low. RESUME L'érosion constitue un risque pour la fertilité du sol, mais les forestiers sont habituellement attentifs à la prévenir par des pratiques de gestion adaptées. La politique de restauration des terrains en montagne (RTM) a fait ses preuves durant les deux derniers siècles. Grâce à l'expérience acquise ainsi par les anciens et à la poursuite des recherches jusqu'à nos jours, les forestiers disposent d'une panoplie relativement complète de méthodes et d'espèces adaptées à la lutte contre l'érosion des sols sous toutes ses formes. Des guides techniques mettent ces connaissances à disposition de tous. Mais de nouveaux éléments liés aux changements globaux, notamment le changement climatique, le changement de pratiques et la demande énergétique, accroissent ou modifient le risque érosif et nécessitent de nouvelles approches qui sont détaillées dans cet article. Nous concluons qu'il est nécessaire d'adapter les savoirs traditionnels dans les régions où le risque érosif est ancien, et d'anticiper son accroissement dans les régions où il était habituellement faible.

-Introduction

Soil erosion is a complex phenomenon which combines the deterioration of their surface layers and the movement of the eroded materials that make it up. It is a constant issue for foresters, in particular in the management of new or restored forests. In metropolitan France, we spontaneously think about the restoration of mountain terrains (RTM), implemented from 1860 to stabilise degraded mountain soils, following a decade that was especially rainy and that caused devastating floods. These disasters have been attributed to deforestation and overgrazing, which has bared the soils. The situation was particularly critical in the Mediterranean region, linked with slow vegetation dynamics, recurrence of fire, and sheep or goat farming that have been omnipresent for thousands of years.

The RTM policy consisted in restoration works that were essentially carried out until the First World War. A century later, the results are probing (figure 1). Lastly, it is accepted that a plant cover -in particular a forest -protects soil from surface erosion. Thanks to the traditional experience of forestry and the most recent research projects, forest managers have today effective tools for the reconciliation of forestry and soil protection.

Anyway soil protection remains a current preoccupation of foresters and ecologists. On the one hand, in the mountainous and Mediterranean regions, active erosion remains on bare soils. On the other hand, current global changes may directly or indirectly throw back into question the protection provided by the forest. Indeed, climate change scenarios give reason to fear -for the forest stands in place -massive decline that would be impossible to contain using silviculture. At the same time, the risk of fire, which is intensifying and stretching to new regions, represents a major and direct threat to the forest and to the soil.

Figure 1: Erosion is mostly under control in the main

French mountain forests, although there are still some small areas of bare soil prone to active erosion, as here on black marls in the Southern Alps (Photo Jean Ladier/ONF) Moreover, the rise in prices for energy is tending to increase the demand for fuelwood in all its forms, which has thereby shaken up the range of outlets of forest production. Lastly, the operating methods are changing, with increasingly advanced mechanisation that requires higher levels of harvesting. These two cyclic factors often guide the characteristics of logging operations. Already, at least in the south of France, they are having consequences on forestry with less frequent but larger interventions (Landmann et al., 2011).

-Reminders of traditional knowledge

-The erosion phenomenon

Soil erosion is a natural phenomenon that is mostly caused, at least in France, by rainfalls. We can distinguish the impact of raindrops which tear up fine materials from the surface, the surface runoff that mobilises them, and water concentration, which may cause an incision of the terrain by gully erosion and remove coarser materials. Wind erosion represents a substantial risk in areas that have been recently burned, whilst erosion by trampling is restricted to areas that are intensively grazed or to some tourist areas. To this we should add chemical erosion caused by the washing away or leaching of mineral elements or organic molecules, or the accelerated degradation of the latter. It is often a corollary of mechanical erosion when it is exacerbated by the downgrading of the plant cover. But it is naturally and continuously produced, at various degrees depending on climate, soil type and vegetation type.

As all natural risks, soil erosion hazard needs to be assessed while disregarding plant cover and any possible protective structures (Ladier et al., 2011). It is therefore potentially present on all slopes that are prone to movement of soil particles, i.e. from an approximate threshold of 20% in a forest environment, and less than 10% in an agricultural or bare environment, on worked or destructured soil., Therefore erosion does not only concern mountainous regions, but also all reliefs on all scales, up to metric microrelief. From an operating point of view, the scale considered is the hazard functional unit, the management unit or the forest plot. The forest manager should keep in mind that the natural hazard remains latent and may reveal itself at any time following a disturbance, even if it is currently mastered thanks to the protective role provided by the forest.

Soils have a variable vulnerability to erosion. It depends on their texture (clay, silt and sand ratios), their organic matter content, their structure and in particular the presence of more or less stable aggregates, their higher or lower permeability and hydrophobicity regulating runoff and rainwater infiltration, the proportion of coarse elements which may slow down water flows, etc. In addition, erosion may exist even in a wooded or herbaceous environment as soon as the slope is significant.

-Surface erosion control by vegetation

Vegetation limits the number of negative effects of water:

 leaves intercept part of the rain. This reduces the kinetic energy of raindrops that reach the soil indirectly, and consequently their direct erosive impact;

 grasses, leaf litter and surface roots slow down the mobilisation of soil particles by runoff;

 the deeper roots of trees indirectly limit erosion by providing resistance to superficial landslides and also partly to soil compaction;

 the structure of the humus layers of the soil limits their sensitivity to the impact of raindrops and to the movement of soil particles. In the same way, a high porosity favours water infiltration.

In this way, plant cover protects the soil from surface erosion, all the more that it is complete, dense and multi-layered. However, the forest is not indispensable and a dense cover of woody shrubs or herbaceous plants may just be as effective. An incomplete cover may be sufficient to control it. In this way, the experimental results show that a cover of 70% limits the mobilisation of soil particles and traps them in immediate proximity, almost as well as a complete cover. A cover of 30% already significantly reduces the aggressiveness of runoff and sometimes strongly reduces particle movement. Any vegetation type is therefore useful to protect the soil.

In addition (see 3.3), the debris of the dead plants lying on the soil also play a protective role, and the spatial distribution of vegetation or this debris counts as much as the percentage of surface area that they cover. Lastly, improved protection against erosion risk is often guaranteed thanks to a high functional diversity of plants. In marly eroded mountain regions that have been restored for over a century, beyond their fertility (nutrients stock and availability), this diversity is mainly driven by soil water-holding capacity.

In spite of undeniable successes, in the mountains and in the French Mediterranean region, bare soils remain and are prone to active erosion (figure 1), mainly in the form of gullies. For example, in the catchment of Durance river (South-Eastern France), erosion concerns a surface area of around 40,000 ha. This area, although relatively small at the regional scale, supplies the majority of materials that are displaced today, confirming the effectiveness of artificial and natural forest plantations on the rest of the area. The current presence of these degraded terrains illustrates the limits of former reforestation and grass seeding techniques, and of natural plant dynamics: they are confronted with very steep slopes and the absence of a soil horizon, which both characterise these environments. This is the domain of soil bioengineering, which has considerably evolved thanks to recent experimental works.

-Soil bioengineering for revegetating eroded soil

Soil bioengineering brings together all techniques and strategies using plants to control, stabilise and manage eroded soil, and more broadly to restore, rehabilitate and 'renature' degraded environments.

Structures such as fascines, wattle fences, palisades and brush layers of cuttings or plants may be used advantageously (figure 2). The aim of current research is to better understand the functioning of these structures and their influence on erosion risk. They lead on to accurate diagnosis methods for environment conditions, as well as methodologies for the selection of the best bioengineering structures adapted to the control of erosion and sedimentation, in particular in torrential catchments (Rey, 2011).

Whilst these bioengineering techniques apply to small catchments, the stabilisation of large catchments of several hectares requires the use of civil engineering, another tool of the RTM services (not developed in this article). The objective is here to control concentrated erosion and runoff in torrent and gully beds, therefore limiting the damage dowstream, more than a question of soil surface protection. 

-Applied forest management

The first campaigns of RTM works have concerned large-scale reforestation, using a wide range of local and exotic species, both conifers and broadleaved species. Shrubs such as Laburnum anagyroides and brush plants such as Ononis fruticosa have also been planted. The purpose was to recreate perennial ecosystems, albeit initially artificial. RTM reforestation was then completed by grass planting.

Areas reforested within the RTM amount to a total of 260,000 ha, which are far from the one million hectares envisaged, but still show the unprecedented scale of the undertaking. To these surface areas are added abandoned farmlands colonised by heathlands and then by forest, due to a human exodus that increased after the First World War. The results are obvious in the landscape when we consider that a large proportion of the previous eroded slopes are now afforested, and that the soil has begun to recover under these woodlands. The observation is less clear in a low altitude Mediterranean climate, as the plant dynamics and pedogenesis are slower and sometimes stopped, and some soils continue to be rejuvenated by surface erosion in spite of their fixation by overly sparse scrubland.

Currently surface erosion is globally controlled on the scale of the large French forests. From now, the issue for foresters is therefore less to reduce erosion than to maintain the current level of soil protection.

In forest management terms, the erosion control principles expressed above are held in three broad types of recommendations:

 preserve the spontaneous vegetation as well as possible during each intervention,  avoid any damage on the soil; the quality of the work is strongly linked to the operating period (avoid waterlogging periods ), the equipment used and the skill of the operator,  limit the surface area of the clear cuts, to ensure that the remaining vegetation can control the potential reactivation of the erosion. Contiguous surface areas of less than 1 ha or -better stillless than 0.5 ha are recommended.

Lastly, foresters of today have all the know-how required to guarantee an effective erosion control within the framework of the day-to-day management of forest stands. The mountain forestry guide for the Southern French Alps is a recent example of this (Ladier et al., 2011). It integrates, on the one hand criteria for the diagnosis of risk and protection level (Rey et al., 2009), and on the other hand a typology of situations, as well as adapted management rules for the maintenance or improvement of the protection level.

In practice, two types of situation must be distinguished. (i) stands managed with an objective, primary or secondary, of wood production; and (ii) stands whose management is not profitable, due to the a low value of the woods or difficulties in access. These situations call for a range of different responses that arise from almost opposite thoughts.

In 'production' stands, the only phase in which the soil is prone to erosion is stand regeneration when it is obtained by clear cutting. Soil is less vulnerable with the selection system. We therefore stick to the basic recommendations set out above and to their possible local adaptations, which add few constraints to usual sylviculture.

In 'protective' stands, no intervention or logging needs to be scheduled, unless the trees planted a century ago on poor soils, too close together to develop a crown, are showing signs of decline. In an initial phase, the mountain forestry guide for the French Southern Alps offers a structured diagnosis to decide if an intervention is necessary, depending on the survival expectancy for the stand, its stability, the plant dynamics and the risk level. To simplify, an intervention is considered to be a priority if the level of protection provided by the stand is decreasing or would decrease in the short term without any intervention. For example, the prospect of mortality in a population of pines does not justify an intervention if the undergrowth is developed. In a second phase, if the decision is taken to make an intervention, the guide puts forward the terms and conditions, broken down by type of stand. In the case of a dense pine forest without any identified plant relay, it is recommended to open the canopy so as to trigger a natural dynamics, and to abandon the boles unless they can be put to effective use. After this, and only in case of failure, bioengineering should be used.

-Erosion and fire

The situation becomes unusually complicated after a fire, eliminating the plant cover. It deteriorates the structure of the upper soil horizons, thereby reducing their capacity to absorb precipitations, whilst making them more sensitive to erosion. The fire leaves a bed of ash that can easily be mobilised by the water and the wind. The soil is thus under the threat of stripping by any substantial precipitation with in addition a direct loss of fertility. On a number of different experimental catchments around the world, an increase of 30 to 100 times in soil loss has been thereby measured in the year following a fire. The sensitivity of the soil to surface erosion remains high for one to two years, and quickly decreases with the winning back of the land by vegetation. The techniques aimed at minimising erosion after a fire, and as far as possible at rehabilitating burnt areas, are very close to those used in bioengineering and RTM: dead or live fascines, mulching by spreading burnt plants and slash piles on the soil after cutting or grinding, etc.

-Techniques are mastered, but vigilance is still required

Lastly, erosion control by vegetation rests is based on skills that are firmly anchored in French forestry culture, as well as on techniques that are globally well mastered. A list of reference works is provided in the appendix. However, climate change and new management practices mean that we have to stay vigilant. In particular, we need to make sure that we do not abandon the monitoring of experimental basins, so that we can study the changes in progress and their consequences, and test the necessary adaptations. In this way, we will be able to swiftly respond so as to ensure that forest managers do not find themselves in deadlocks that might have serious consequences, with the resumption of huge scale erosion.

Climate change runs the risk of causing harm to areas previously eroded and now covered vegetation (figure 3). But it also threatens, with mortality or fire, large areas of forest that are older in regions where the erosion risk had until then been considered low. In addition, the intensification of certain management practices, such as an increased harvesting of biomass, leads to certain precautions being taken concerning erosion, and not only soil fertility. These new risks, together with the precautions and research that they entail, are presented below. Climate change obliges forces us to reconsider the species and technical choices that had been established with years of experience and research for over a century in RTM and in engineering in order to manage forests, especially in mountainous areas and in the Mediterranean region. As suggested previously, the adaptation of species to the local water balance is one of the key points of the success of these works and the ensuing natural regeneration. Under the drastic conditions that are imposed by these eroded environments, the margin of tolerance of the species is narrower than in classic forest management. Some of these species may no longer be adapted. On the other hand, the ranges of altitude and aspects in which they can be used will also be modified, with altitude limits that may shift several hundred meters up on the slopes. The techniques themselves will have to be adapted: modification of work periods, relative share of plant material and civil engineering in highly restrictive sites, types of plants or cuttings, etc. New experiments and attentive monitoring of the evolution of sensitive sites are therefore necessary, even more than in the remainder of the French forests where this concern is already very much present.

-Risk linked to changes in rainfall and temperature patterns

In the future, models predict a higher frequency of extreme rainfall events, which are by far the most dangerous in terms of erosion. Heavy rains are all the more damaging when they occur on dry soils that are less permeable, and encounter dry vegetation that covers the soil less. The forecasted higher frequency of long lasting heat waves and droughts in summer will multiply the risk of a combination of heavy rainfall and dry soil in the autumn. This risk is particularly high in the Mediterranean region, where autumn storms are usually the most violent. It will also multiply the combination of these strong rainfalls with episodes of forest decline and fires (see below).

-Risks linked to storms

Climate change scenarios underline a risk of stronger and more numerous storms, in particular on the Atlantic Ocean and in the bordering countries. The mass destruction of forest stands by the wind is accompanied by a loss of vegetation cover and the partial stripping of the soil, in particular by the uprooting of large trees, leading to a temporary increase in erosion.

-Risks linked to forest die-off

The risk that vast forests or some species die out over large areas is not limited to the southern regions and Mediterranean forests. A rapid and widespread increase in forest die-off has been affecting all the ecosystems on the planet since the 1990s, from tropical forests to taiga, and from sea level up into the mountains (Vennetier, 2012).

A few foreign examples help quantifying the erosion hazard with forest die-off. In France, forest mortality has been compensated, until now, by the natural vegetation dynamics that guarantees a perennial soil protection. In south-western USA, at the limit of semi-arid forests that were initially dominated by ponderosa pine, with a dense understorey of piñon pine (Pinus edulis E) and junipers, the different vegetation layers have gradually disappeared over several million of hectares following periods of drought and extreme heat wave, which today have only left a sparse juniper scrubland with a very irregular herbaceous layer. Erosion increased (20-50%) at each stage of forest decline, but not linearly nor in a spatially homogeneous way. It remains contained, provided the vegetation covers a substantial part of the soil, but above all provided that the areas of bare soil are disconnected, separated by living vegetation or plant debris. More than the surface of the bare soil, its connectivity is therefore crucial (figure 4). (Photo Michel Vennetier) In addition, the connectivity of the gullies themselves at all scales is also a key point. As an example, in the areas that are the most severely affected, where there is less than 10% of tree or shrub cover and where bare soil represents over 50% of the surface area, the cutting and slashing of dead trees and shrubs and the random distribution of this debris on the soil have divided the quantity of soil eroded and exported by three. Anything that can slow down and deviate water flows is therefore beneficial. In a natural way, the extensive mortality of trees leads to their complete falling down piece by piece, and consequently the production of many obstacles to run-off. However, in a Mediterranean or semi-arid climate, this falling can take many years and even decades, i.e. too far to compensate the direct effects of dieback. The death of trees is also generally compensated by the development of a sufficient herbaceous layer to control erosion. But in some arid zones, this layer may be highly discontinuous as the grasses do not have the capacity of trees to draw water very deeply, and have sometimes been decimated at the same time as the trees.

Dead biomass produced by vegetation mortality greatly increases the risk of fire. It increases firstly in the canopy: in Provence, 30% of dead branches were measured in the crowns after the reapeated drought between 2003 and 2007. It also accumulates on the soil due to a thick litter that is poorly decomposed, along with dead wood of all sizes lying on the ground, in particular fragments of twigs and small branches, which fall first. In the Rocky Mountains in the USA and Canada, tens of thousands of hectares of mountain forest, which had until now been considered to be exempt from fire risk, have also been ravaged by fire following massive mortality between 2002 and 2005, in the aftermath of exceptional periods of drought.

-Risks linked to the recurrence of fire

In addition to the increased fire risk linked to forest die-off, fires may increase in intensity and frequency, and consequently in severity, with higher levels of water stress. The length of time during which a burned zone remains vulnerable to erosion -i.e., the time required for the regeneration of a sufficient plant cover -may be longer under the effect of the increased severity of the fires and a slower regeneration, sparser and potentially less diversified. In the Maures mountains (south-eastern France), an increase in the frequency of fires in forest environments that are nonetheless adapted to the Mediterranean climate, and to fire, led to a degradation in the physical and chemical qualities of the soil and in its biological activity that is hard to reverse. These various deteriorations include desagregation of soil surface, reduction of permeability and water holding capacity due to the reduction in the level of organic matter and to low porosity (less biological activity for both macroand microfauna), slowdown of biogeochemical cycles and in particular of the nitrogen cycle linked to the modification of microbial communities, loss of quality of the remaining organic matter, which becomes more recalcitrant to decomposition and contains toxic compounds. The forest structure has itself been altered, with a reduction in tree cover and an increase in bare soil (figure 5). All the ingredients that benefit erosion are therefore brought together. Even in the absence of mortality, fires should also be expected to occur in regions where they are not common, as it was the case in 2003 in the internal Alps and the French Massif Central. Indeed, as vegetation there is less adapted and less resilient to fire, the period of sensitivity to erosion is longer. Mountain areas are doubly concerned due to the steep slopes. In addition to soil water erosion, wind erosion of ashes is possible. Ashes remaining in burned areas reintegrate part of the nutrients in the soil, but the wind may blow them away into gullies, from where they are evacuated by run-off, which causes locally a net loss of fertility.

For fighting and preventing fires, regulatory clearing is applicable in sensitive areas, as as the creation of fuel-breaks in some forest areas. This clearing work is intensive and regularly repeated, every 3 to 7 years according to local conditions. Currently this policy only concerns the Mediterranean region and South-Western France, but the legal obligation will probably stretch well beyond this in future. The surface areas treated represent more than two hundred thousand hectares in south-eastern France, mainly in forest areas. Carried out manually or using light machinery, clearing retains some protective plant cover. However, the use of heavy machinery all along the communication networks, and on certain large fuel-breaks, strips part of the soil (figure 6) -on average 25% for the year of the works, 10 to 70% depending on the soil, the slope and the type of machinery. These scars close up gradually, but still represent 10% on average after fouryears. The risk of soil erosion is therefore high in the long term with repeated operations. 

-Changes in soil functioning

Global warming and droughts are changing the biological functioning of the soil. Earthworms for example, but also in general all burrowing soil fauna, can only work efficiently in a wet environment. The activity of these animals is essential for soil structure on all levels. Macro-aggregates and centimeter-sized galleries, created by earthworms, allow for the infiltration of water and limit run-off and erosion. As regards the micrometric pores linked to the activity of the microfauna, they are essential for soil water holding capacity. A period of reduced activity over time or the disappearance of some species may therefore strongly alter soil structure, and consequently make it more sensitive to erosion.

-Risks linked to the management methods

Changes in management, whether in progress or expected, result in three factors concomitant with the context change : the mechanisation of forest operation, the rise in demand for fuelwood and the need to adapt forests to climate change.

Forest operations are becoming increasingly mechanised. For some fifteen years now, forest operators have been equipping themselves with very expensive machines, in particular harvesters which need to run for at least 10 hours a day in order to be profitable, and large transport vehicles. This actually has an effect on the characteristics of logging areas bought by the operators, as they have to yield more than 70 m 3 /ha, and bring them a large total volume. The amount of harvesting is therefore sometimes a lot higher than that traditionally practised, with manual felling by lumberjacks. To date, this trend concerns especially conifer forests that have little value in southern France, but it is on the rise. On the other hand, gap-silviculture in mountain forests is increasingly favoured, linked with cable operation. Interventions within this framework are clear cuts with a reduced unit surface area, but with harvesting that is always at a high level in order to make use of the cable profitable. Furthermore, demand for fuelwood is growing. Although the trend is weaker than expected, it represents 40% of the production of renewable energy in France. After a fall in demand over the past few decades, there has been a return to a previous situation in which fuelwood played a key role. The operating methods for hardwood coppices are still traditional and harvesting does not change. Prices are quite simply increasing and remote areas or plots difficult to access are finding buyers again. On the other hand, wood chips and pellets create a new opening for low value products, previously used mainly for pulp or abandoned in the forest. As the margins are still low, there is a need for a homogeneous resource, easy to access or in very large batches. We should add, in the case of operation by cable or the harvesting of fuelwood, the possibility of directly exploiting entire trees or of a secondary harvesting of the branches, which, in the short term, can deprive the soil of the physical protection provided by the left-over. The proposed harvesting of the biomass during fire-prevention clearings in the Mediterranean region poses the same problem, due to a reduction in the plant cover on soil. In the longer term, the lack of humus and organic matter caused by this additional harvesting of biomass generates the risk of a decrease in soil fertility. But this also increases the risk of erosion due to less structured surface horizons.

Crops dedicated to biomass, such as very short rotation coppices (with a revolution of less than 3 years), are currently under development. This treatment differs from simple coppices due to the frequency of operations and their mechanisation. It is more related to multi-year agricultural production, with the same concerns for soil: absence of accompanying protective vegetation and compaction due to machinery. It is difficult to predict the scale of the surface areas that are potentially concerned, but this will probably remain limited to lowland regions. Soil protection should be a priority for these production sites. Lastly, one of the possible ways for adapting populations to climate change is to reduce leaf area so as to restrict the evapotranspiration caused by rising temperatures and competition between the trees. This requires a reduction in the density of the dominant stand and a good grasp of the accompanying vegetation. Nevertheless, the corresponding technical itineraries have not yet been finalised. These contextual elements will help increasing forest harvest. There may be a risk, during strong clearings, of uncovering or compacting the soil, thereby making it more vulnerable to erosion. The precautionary measures listed above and already implemented within current management practices will therefore become more important in future. They must be given special attention in order to be respected despite technical difficulties and economic pressure.

-Conclusion

Erosion represents a risk to soil fertility and forest managers are usually careful to avoid it in their current practices. However, new elements linked to global change, and in particular climate change and the rise in energy demand, increase the pressure on forest stands and, directly or indirectly, soil erosion risk. In this context, it seems necessary to reconsider and adapt traditional skills of foresters, experts and companies, and to anticipate the increase in this risk in regions where it was previously limited.
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 2 Figure 2: Classic bioengineering techniques (in this case fascines), but the choice of the species to use may be rethought due to climate change. (Photo Freddy Rey)
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 3 Figure 3: Although controlled by the success of RTM plantations, erosion remains latent in a large number of forests. Tree mortality or fire can immediately reactivate it. (Photo Freddy Rey)
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  Figure 4: Soil exposed by the widespread die-off of the forest and herbaceous layers following a severe heat wave. Dead wood lying on the floor and the dry herbaceous cover still protect it partly and provisionally from erosion.(Photo Michel Vennetier) 
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 5 Figure 5: Even forests that are supposed to be resilient to fire may suffer with climate change. A cork-oak forest in Les Maures (Var), one year after the fire of 2007 and following 5 years of drought (2003-2007): by contrast to what usually happens, the crowns have almost not resprouted at all and the soil is still partly bare. (Photo Camille Mas)
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  Figure 6: Practised repeatedly with heavy machinery, regulatory clearing aimed at limiting fire risk may lead to substantial erosion in the medium term. (Photo: Jeanne Bodin)
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