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-Introduction

Assessing the structure of tree root systems (root number, size and distribution, root system span, depth and volume) is a difficult task, and their relationship with environmental conditions has been poorly investigated for large adult trees. For many species and environments, research was limited to root biomass distribution according to the distance from the stump in depth or laterally [START_REF] Plourde | Spatial distribution, architecture, and development of the root system of Pinus banksiana Lamb. in natural and planted stands[END_REF]. Indeed, modelling root systems is not easy, because of their complexity and of the multiple parameters influencing their development and structure. However, some models have been developed and implemented for cultivated plants and fruit trees [START_REF] Jourdan | Architecture and development of the oil-palm (Elaeis guineensis Jacq) root system[END_REF][START_REF] Vercambre | Architectural analysis and synthesis of the plum tree root system in an orchard using a quantitative modelling approach[END_REF] because roots can be fully extracted and measured in agricultural soils. Such an extraction is far more difficult for large trees because of the span and depth of their root systems [START_REF] Canadell | Maximum rooting depth of vegetation types at the global scale[END_REF][START_REF] Stone | On the maximum extent of tree roots[END_REF], except in very favourable conditions, such as deep, homogeneous soils with a fine texture (Danjon et al., 2005;[START_REF] Vyskot | Tree Story Biomass in Lowland Forests in South Moravia[END_REF]. This is why in most cases, studies on tree root system architecture deal with small and young trees. One of the more thorough investigations of root system development for many forest tree species in various environments was performed by [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF] but data on root system global structure according to soil material are scarce. We particularly lack descriptions of root systems on coarse materials [START_REF] Devine | Root system morphology of Oregon white oak on a glacial outwash soil[END_REF]. Tree root system and its development processes are partly known by studies carried out in specific contexts, for example in planted forests [START_REF] Plourde | Spatial distribution, architecture, and development of the root system of Pinus banksiana Lamb. in natural and planted stands[END_REF], in agroforestry systems [START_REF] Akinnifesi | Below-ground dynamics in agroforestry systems[END_REF], after storms or avalanches on uprooted systems (Danjon et al., 2005;Nicoll et al., 2006b), in sand dunes [START_REF] Wagner | Cross-sectional interpolation of annual rings within a 3D root model[END_REF] or alluvial environment [START_REF] Rood | Root architecture of riparian trees: river cut-banks provide natural hydraulic excavation, revealing that cottonwoods are facultative phreatophytes[END_REF], and on unstable or steep slopes [START_REF] Reubens | The role of fine and coarse roots in shallow slope stability and soil erosion control with a focus on root system architecture: a review[END_REF]. Some specific methods and tools were progressively developed to accurately describe and model roots and root systems [START_REF] Armengaud | EZ-Rhizo: integrated software for the fast and accurate measurement of root system architecture[END_REF][START_REF] Danjon | Assessing and analyzing 3D architecture of woody root systems, a review of methods and applications in tree and soil stability, resource acquisition and allocation[END_REF][START_REF] Tobin | Towards developmental modelling of tree root systems[END_REF].

Tree root system classification is generally defined by its global structure [START_REF] Atger | Premières données sur l'architecture comparée des systèmes racinaires et caulinaires[END_REF] and its adaptation to the environment [START_REF] Fitter | Architectural analysis of plant root systems 2. Influence of nutrient supply on architecture in contrasting plant species[END_REF][START_REF] Fitter | Architecture and biomass allocation as components of the plastic response of root system to soil heterogeneity[END_REF][START_REF] Foussadier | Les systèmes racinaires des arbres de la ripisylve : effets des contraintes physiquues et exemples[END_REF]. Root systems are differentiated according to their morphology and main types of roots [START_REF] Sutton | Root and root system terminology[END_REF]. The three most used groups [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF] are: (i) the heart root system, which roots occupy the whole space around the stump, with no preferential root angle, (ii) the plate-shape root system, also called the shallow root system, in which all roots remain superficial, and (iii) the taproot root system in which one single or a few large vertical roots dominate. Mixed root systems combining plate-shape and taproot systems are frequent, with two dominant root angles (vertical and horizontal) and no or few oblique roots.

Root system structure is generally considered as a trade-off between the genetic potential of a species and its plasticity in allowing adaptation to local environment [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF]. Variations in soil conditions are known to drive root growth at local scale [START_REF] Desnos | Root branching responses to phosphate and nitrate[END_REF][START_REF] George | Responses of Picea, Pinus and Pseudotsuga roots to heterogeneous nutrient distribution in soil[END_REF][START_REF] Soar | The effect of changing patterns in soil-moisture availability on grapevine root distribution, and viticultural implications for converting full-cover irrigation into a point-source irrigation system[END_REF], as well as at root system scale [START_REF] Schenk | Mapping the global distribution of deep roots in relation to climate and soil characteristics[END_REF]. Therefore, strong soil constraints should result in at least partly similar root systems structure for various tree species.

Hundreds of thousands of km of dikes are found along rivers and canals throughout the world, in addition to countless earth dams built for irrigation, flood control, fishing, tourism, landscape or electricity. The presence of mature trees and even forest stands on such fills is common. Very few scientific articles have been published on tree root development in earth dikes or dams [START_REF] Corcoran | The Effects of Woody Vegetation on Levee Performance[END_REF][START_REF] Haselsteiner | Woody Vegetation on Small Embankment Dams[END_REF][START_REF] Shields | Effects of woody vegetation on the structural integrity of sandy levees[END_REF]. Recently, dike managers in France and other countries started removing these trees, giving us the opportunity to study a large number of tree root systems in contrasting environments.

This study aimed at comparing the structure and development of tree root system according to two main soil materials (fine and coarse), taking advantage of a study of root system structure and growth in earth dikes and dams [START_REF] Zanetti | Characterization of tree root systems in earth dikes[END_REF]. The goal was to relate root system structure to biological and physical parameters: species, tree age and size, water availability, soil material, slope angle and climate. We hypothesized that due to the contrasting physical constraints between the two types of soil, particularly for water availability and nutrients, tree root systems would adapt their morphology to environmental constraints independently from tree species and that resulting root systems would be very different in terms of root size, number and distribution for a given species.

-Material and methods

-Study Sites

Study sites (Fig. 1) were distributed along a wide range of climates from dry and hot Mediterranean plains to humid and cold mountains (Table 1). Access to water resources for trees growing on the dikes varied with fill size and with the distance between the stump and the canal, river or dike toe. In this study, canal dikes and dams with a permanent water head were twice to three times larger than flood protection dikes.

Figure 1: Study sites (rivers) and number of trees per site Table 1 : Characteristics or the 8 study sites

Dikes or their sub-sections were split into two groups according to fill material, coarse and fine. Coarse materials (dominant particle size between 63 mm to 0.63 mm) correspond to the stony to gravely-sandy ones according to GTR NFP 11-300 norm, and fine materials (dominant particle size between 0.63 mm and 0.002 mm) include medium and fine sand, silt, and clay [START_REF] Zanetti | Characterization of tree root systems in earth dikes[END_REF].

Tree sampling design included five criteria: tree species, size, age, position on the dike or dam (crown, toe, lower, middle or upper slope), and soil material (coarse or fine). Twelve species frequently growing on European dikes were studied (table 1): oaks (Quercus ilex L. and Q. pubescens Willd.), maples (Acer campestris L. and A. negundo L.), ash (Fraxinus excelsior L.), poplars (Populus nigra L.and P. alba, L.), locust (Robinia pseudo-acacia L.), willow (Salix alba L.) and alder (Alnus glutinosa L.) in low elevation sites, larch (Larix decidua Mill.) and Scots pine (Pinus sylvestris L.) in mountains.

A total of 243 root systems of mature trees were extracted. Mature means that most of these trees were not far from the maximum height they can reach on studied sites. The study was divided into two phases. In the first, exploratory phase, 87 tree root systems were described in broad terms (global structure, span, size, direction and depth of large roots [proximal diameter > 5 cm], root number, distinctive features). In the main study phase, the remaining systems (156), were described in the same way together with accurate measures of individual roots.

The comparisons between the two types of material were computed only for 191 trees growing on homogeneous materials after exclusion of heterogeneous sites and root systems severely constrained by artificial obstacles (masonry, rockfill, lining or wall).

-Root system extraction

At the start of sampling, the tree characteristics were noted: tree base diameter (TBD), position on the fill, and side (river-canal side or landside). Then the selected trees were cut at one metre from the base to allow slinging them up.

Root system excavation was performed in several stages: (1) superficial roots were first free and bared, followed by progressively deeper roots, with a mechanical shovel and by hand, from the stump towards the periphery and when possible up to their tip (limit: 0.2 cm in diameter). Once the stump had been cleared from ground materials as much as possible, it was slowly lifted in a sling to observe remaining deep and vertical roots and finally fully uprooted. If some large roots remained in the soil at that stage, they were extracted immediately. This excavation method was used because of the great number and large size of studied trees. It was impossible in many cases to remove all material around root systems, particularly very coarse material, using water or compressed air. In many cases, we dug throughout the whole fill down to the foundation or to the natural soil, which allowed an accurate measurement of the position and distance from the stump to available resources such as a water table or buried organic layers. Tree age was obtained by counting tree rings on the stump, or on the main roots for coppiced trees. 

-Root systems measurements

During the excavation process, the root structure was described and measured (root number, orientation, proximal diameter and length), photographed, and drawn. Proximal diameter is the initial diameter at root connection with the stump or another root. Root orientation was noted according to the slope: height sectors of 45 degrees each, four upwards and four downwards. Vertical angle was noted according to soil surface: parallel, oblique or vertical. When roots had to be cut during extraction, their position on the stump was spotted, their direction and angle were noted and they were kept aside for later measurement.

After the extraction, stumps were stored upside down. Root number was counted separately for the upward and downward side when trees were growing on a slope. We counted only root larger than 2 cm in diameter at a distance of 1 m from the stump periphery. This distance was chosen (1) to eliminate the zone of rapid taper [START_REF] Eis | Root system morphology of Western Hemlock, Western Red Cedar, and Douglas-Fir[END_REF], linked to buttresses and the many anastomosis present close to the stump of large trees, and (2) to take fast changes in root orientation into account, these changes being common in this first meter. Roots with a proximal diameter of more than 5 cm were considered as large roots. All vertical roots were counted and measured separately. Root system volume was computed according to the width and depth of coarse roots.

-Statistical analyses

Root proximal diameter (mean and maximum), root length and root number, were computed for each soil material, root system type, and species. Their correlation with tree base diameter (TBD) was computed. On each material, results were successively computed for all trees and for three classes of TBD, common to both soil materials: small, intermediate and medium size trees corresponding respectively to TBD of 25-35 cm, 35-45 cm and 45-55 cm. Only a few large trees (over 55 cm) were found on coarse material so it was not possible to make comparisons with fine material for this class. Because of low numbers in certain TBD classes for some species, multiple comparisons between species were possible only for small trees on coarse material and medium to large trees on fine material. The correlation between root length and root proximal diameter was computed only for entire roots. Root size and number per material, root system type, root orientation or species were compared by analysis of variance in the case of normal distributions, or a Kruskal-Wallis test followed by a Nemenyi test [START_REF] Nemenyi | Distribution-free multiple comparisons[END_REF] in the case of non-normal distributions. The number of roots per orientation (upwards/downwards) was compared with a pairwise nonparametric signed ranks test. Statistics on root diameter were computed with and without large vertical roots (taproots) to test the possible impact of this particular type of roots.

-Results

-Root system type according to soil material, species and position on the fill

Four root system types were found (Fig. 2): shallow (2a), heart (2b), mixed (2c) and tap root system (2d). While heart root systems were limited to fine material, mixed root systems developed mainly (96%) on coarse material. Shallow root systems were found on both materials. Only four tap root systems were observed, all of them on coarse material (Fig. 3).

The distribution of root system types by soil material for individual species or genera was consistent with the general trend (Table 2). When they were found on both materials, none of the studied species or genus developed a specific root system structure. Except for alder, which was always found very close to canals or rivers, all of them presented at least two out of the four root system types, and many of them (e.g. poplars, locust, oaks, willow and ash) had three to four types.

On large dikes made of coarse material, root systems were mainly of the shallow type, and less than 50 cm in depth, located on the crown and the upper part of the slope (75-95%). Among these shallow root systems, many had a short (<50 cm) and weak vertical root corresponding to a dead or aborted taproot. Root systems were mostly of mixed or taproot types in the middle and the lower part of the slope while all types except the heart root system were found at the dike or dam toe. On large dikes made of fine material, the heart root system type was found at all positions and the shallow root system was found only at the dike toe.
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-Number of roots per root system

The number of roots per root system depended on soil material and partly on tree base diameter (TBD) and root system type (Table 3a and Fig. 4). Taking all species and root system types together, roots were three to four times more numerous in fine material than in coarse material. The difference was significant for all TBD classes (P<0.001; table 3.a), and increased with TBD. In fine material, the root number was always over 80 for trees with TBD over 25 cm, and increased with TBD, reaching more than 300 for the largest trees. In coarse material, root number varied from 25 to 60, and no trend was found with TBD over 20 cm even for the largest trees. No differences in root number were found between root system types in fine material. Conversely, root number was higher for mixed and tap root systems than for shallow root systems in coarse material (P<0.01) for small and intermediate TBD classes. Within the same TBD classes, roots of shallow root systems were three times more numerous in fine than in coarse material (P<0.001), matching the general trend.

For a given type of material and for the same class of TBD, no significant differences in root number were found between species (Table 3b), except for locust which had a slightly and significantly higher number of roots than other species but only on coarse material.

-Root size

As a whole (Table 3c), although sampled trees were larger on fine material, the mean root diameter was significantly higher on coarse material (6.3 cm versus 3.7 cm; P<0.001). This difference was independent from TBD, as illustrated by the ratios between mean or largest root diameter and TBD, which were two to three times higher for coarse material. In fine material, mean root diameter did not increase with TBD over 25 cm, never exceeding 5 cm (Fig. 5a, table 3.c). Conversely, it increased significantly following a logarithmic trend in coarse material (r² = 0.53, P<0.001), up to 9 cm for the largest trees. The diameter of the largest root by root system (Fig. 5b) was equal on both materials for small trees. It increased with TBD only for trees over 50 cm on fine material, far slower than on coarse material. Consequently, either for the mean or for the largest root diameter, the difference between coarse and fine material increased regularly with TBD and was significant over 30 and 40 cm respectively. We found no differences in the results with and without vertical roots, the average as well as the maximum root diameter being reduced by less than 5% when excluding vertical roots and in the same proportion for each material and species. Vennetier M., Mériaux, Provansal M. (in press). Plasticity of tree root system structure in contrasting soil materials and environmental conditions. Plant and Soil. On line 2014;DOI: 10.1007DOI: 10. /s11104-014-2272-9 -9 -7 -

The mean root diameter was not significantly different between root system types for a given material and similar TBD (Table 3d). It was significantly smaller for shallow root systems in fine material compared to coarse material, for small and intermediate TBD classes, varying consistently with the general difference between materials. The low numbers of mixed root systems on fine material did not allow a comparison with coarse material.

On coarse material, many poplars and locust, and some willows, developed a few very large roots per stump, sometimes out of proportion compared to the average of the system. The same trend could be found in fine material, but to a lesser extent. All roots over 30 cm in diameter were found on poplars stumps on coarse material. This trend is illustrated by the ratio of maximum/mean root diameter (Table 3b) which was 50% higher for poplars on coarse material and for poplars and locust on fine material. Other species did not present such a wide range of root diameter within a single root system whatever their size. Table 3b presents values from small trees on coarse material, and large trees on fine material, respectively, for which all species could be compared. Results are similar for intermediate size trees, but all species were not found in this size class on both materials (data not shown).

Roots were shorter in fine than in coarse material (average of 127 versus 166 cm, P<0.01). This difference was strongly related (Table 3e) to root diameter decreasing rate (DDR): it was highly significant for roots with DDR < 3.1 cm/m but not over this limit. No significant differences were found in length or decreasing rate between species or root system types, whatever the root type or size class. Taking all roots together, the ratio proximal root diameter/DDR was similar whatever the species (Fig. 6), material and root system type. 

Table 3: Number and size of roots and root system volume according to root system type, soil material, species and TBD classes (Large

3.a: Number of roots per root system type and material for all trees and different TBD classes

3.b: Root number, mean and largest root diameter per root system according to species, for small trees on coarse material and for large trees on fine material. Values in bold are significantly different from others for a given material. -8 -

3.a

3.c: Mean root diameter per root system type and material for different TBD classes

3.d: Mean root diameter, root system volume and ratio mean and maximum root diameter / TBD for coarse and fine material

3.e: Mean root length (cm) and decreasing rate (cm/m) according to two types of roots and material. The probability is given for the difference between fine and coarse material. NS = non significant (P>0.05).

Figure 4: Relationship in bold line between root number per root system and tree base diameter according to soil material. Thin upper and lower lines = span of observations. Root number higher in fine material than in coarse material.

3.c

Mean 

Figure 5: Relationship in bold lines between (5a) root system mean root diameter or (5b) diameter of root system largest root and tree base diameter according to soil material. Thin upper and lower lines = span of observations. Mean and Max root diameter higher in coarse material than in fine material. Figure 6: Relationship between root diameter decrease rate (cm/m) and root proximal diameter (cm) by species all roots together and by material (logarithm scale; -1 = 0.1 cm and 1= 10 cm). No significant differences between species nor between material

-Root system volume according to material and root system type

Root system volume varied from 3 to 8 m 3 for small trees and from 6 to 22 m 3 for the largest ones (Table 3c). Root system volume was only weakly correlated with TBD or tree age on the whole sample (r² = 0.3, P<0.01) due to the differences between root system types and material. The correlation with TBD was good for shallow root systems (r 2 = 0.80), and remained significant, although far weaker, for mixed and tap root systems (r² = 0.53) and heart root systems (r² = 0.47). For the same class of TBD, (30-35 cm) shallow root systems averaged about 50% of the volume of mixed root system (5.4 versus 10.5 m 3 , p=0.025); the same difference was observed when combining tap root and mixed root systems. Heart root systems had about the same mean volume as mixed root systems (10 and 10.8 m 3 resp.), although their average TBD was much larger (61 versus 34 cm). Thus heart root systems seemed to have a far smaller spatial development, consistent with their shorter roots. These differences between root system types may be linked to material, because heart root systems were found only on fine materials while mixed and tap root systems developed mainly on coarse material. Root system mean volumes were identical on fine and coarse materials (8.7 m 3 ), whereas the average TBD was by far larger on fine material (58 versus 42 cm).

For trees which had been coppiced once or several times, root system volume depended mainly on stump age and not on TBD for given material and species. However stump age was rarely known for trees coppiced several times and on old dikes, so no precise relation could be established.

Zanetti C., Vennetier M., Mériaux, Provansal M. (in press). Plasticity of tree root system structure in contrasting soil materials and environmental conditions. Plant and Soil. On line 2014;DOI: 10.1007DOI: 10. /s11104-014-2272-9 -9 -10 -

-Influence of slope and water resources

As a whole, root number was higher downslope than upslope (67 versus 53, p = 0.025). However, only 57% of the trees had a higher root number downwards (mean difference in root number = + 67%) while 25% had a higher root number upward with a smaller mean difference (+21%) and 18% the same number (±10%).

Root systems with a privileged access to water were asymmetric. The largest roots systematically developed in the direction of the closest water resource when available, thus downslope to reach a water channel or vertically (taproots) to reach the water table. The mean root diameter was 65% larger downslope or vertically than upslope (P < 0.001). In coarse material, such roots reaching a permanent water resource were larger, from 2-3 times (P<0.001), than the mean diameter of other large roots. Mixed or tap root systems were found in coarse material when water or nutrient resources were less than 3 m in depth. The largest vertical roots (proximal diameter up to 40-60 cm) were found in such conditions on poplar stumps.

Climate influenced these general patterns. On the crown and upper slopes of the Castérino dike, a large dike made of coarse material in a cold and humid mountain climate, all seven trees had one or several taproots and several other roots growing throughout the embankment. The permanent availability of water in the fill attenuated the upward/downward dissymmetry and allowed vertical roots to develop through the coarse material. Conversely on the Donzère and Montélimar dikes in a Mediterranean climate with a long summer drought, 95% of the trees (35/37) growing at the same position on the dike had shallow root system and the dissymmetry was more pronounced.

With only one exception (alder), roots never penetrated more than a few centimetres in permanent water tables. Root penetration was also limited in hydromorphic horizons, all the more since the hydromorphy was severe. Thus, root systems were often shallow close to the toe of canal dikes or on the lower banks of rivers, being limited in depth by a permanent or temporary water table. In fine material (pseudogleys) at dike toes, old poplars developed dozens of small vertical roots (sinkers) 5 to 15 cm in diameter and up to 2 m long, growing out from horizontal roots, densely lining up into soil cracks. These additional roots were found mainly under the stump and in a radius of three metres around it. They contributed to increase considerably the volume of these root systems and made them difficult to extract.

-Discussion

Root system structure results from an interaction between genetic heritage and environmental constraints [START_REF] Atger | L'architecture racinaire est-elle influencée par le milieu? L'arbre[END_REF][START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF]. In this study, however, the type of soil material was one of the strongest environmental factors influencing root system structure. In coarse materials, trees develop only few roots but they are large and rather long, whereas fine materials favour denser systems with smaller diameters (less than 5 cm) and shorter roots (mean length < 2 m). Roots tend to proliferate in nutrient-rich pockets and horizons when the soil is heterogeneous [START_REF] George | Responses of Picea, Pinus and Pseudotsuga roots to heterogeneous nutrient distribution in soil[END_REF][START_REF] Hodge | The plastic plant: root responses to heterogeneous supplies of nutrients[END_REF]. In fine materials, roots multiplied over a TBD of 25 cm while the mean root diameter was stable and the maximum root diameter increased slowly. This finding suggests either that trees produce continuously new roots in the core of the root system, directly on the stump and from older roots, or that pre-existing small roots are slowly growing in length and diameter. These new small roots reaching the minimum size limit (2 cm) can compensate for the growth of the older ones, stabilizing the mean root diameter. Such developmental instability is considered as an adaptive trait [START_REF] Forde | Is it good noise? The role of developmental instability in the shaping of a root system[END_REF], useful for plasticity to be able to respond to potentially changing conditions. The permanent production of roots is possible thanks to the absence of strong constraints from the environment. The presence of abundant resources (nutrients and water) in fine materials allows trees to feed in a small volume around the stump. This may explain the reduced length and depth of roots as observed by [START_REF] Tatarinov | Application of "clump technique" for root system studies of Quercus robur and Fraxinus excelsior[END_REF] on clayey alluvial soils: the average radius of root systems for large oaks and ash trees with diameters up to 65 cm were smaller than seven metres. The sharing between many roots, of soil resources in a small volume around the stump, as well as of energy and substances elaborated in the crown, probably contributes to the limited root diameter in these systems.

In water or nutrient-limited environments, particularly those with little organic matter, in sandy soils or in arid climates, tree root systems tend to be large compared to aerial parts, and they reach greater depths [START_REF] Schenk | The global biogeography of roots[END_REF]. In Mediterranean forests, Quercus ilex L. develops roots up to 33 m-long spanning up to seven times the surface of its canopy [START_REF] Moreno | Fine root distribution in Dehesas of Central-Western Spain[END_REF]. Accordingly in dikes made of coarse material, the root system span was far higher and vertical roots were longer and larger than in fine materials. In coarse materials, resources are limited and sometimes far from the stump, particularly on large and thick fills. Moreover, on very coarse material, root length and diameter growth is physically constrained by pebbles, stones and blocks, obliging the growing roots to skirt around hundreds of obstacles and worm their way into narrow and winding chinks. However, roots are able to take advantage of small pockets of better soil and to adapt at small scale to substrate heterogeneity [START_REF] Desnos | Root branching responses to phosphate and nitrate[END_REF], while sending remote signals to the plant to favour their development [START_REF] Forde | The nutritional control of root development[END_REF]. It could be hypothesized that roots probably explore and exploit most of the rare possible routes close to the stump from the very beginning of tree settlement, and only the few successful ones finding water or nutrient resources survive and develop. As most of the supplying of the tree depends on these few roots, they drain all resources from the soil but also those coming from the crown, and grow rapidly. This may be especially true for vertical roots or long shallow roots which have reached a water resource, and become out of proportion compared to other main roots. In such conditions, it would be difficult for new roots to encounter additional resources or unexplored routes. Thus, in contrast to fine material, the root number remains stable with tree size, while mean and maximum root diameter increase rapidly with TBD.

The position of a tree on the dike and dike size act on two parameters which influence root system structure: slope and access to water and nutrient resources. On slopes, roots are generally more numerous and larger upwards in order to secure tree anchoring [START_REF] Iorio | Root system architecture of Quercus pubescens trees growing on different sloping conditions[END_REF]Nicoll et al., 2006a;[START_REF] Schwarz | Quantifying lateral root reinforcement in steep slopes -from a bundle of roots to tree stands[END_REF]. In this study, this general pattern was rarely observed, due to the fact that resources were unevenly distributed around the stump. The presence of a channel, river or water table, a layer of fine and richer materials under a coarse fill, and natural soil easy to reach at dike toe clearly bias root system development towards the richest and wettest targets downslope. This result is consistent with observations on experimental irrigation or fertilization devices [START_REF] George | Responses of Picea, Pinus and Pseudotsuga roots to heterogeneous nutrient distribution in soil[END_REF][START_REF] Soar | The effect of changing patterns in soil-moisture availability on grapevine root distribution, and viticultural implications for converting full-cover irrigation into a point-source irrigation system[END_REF][START_REF] Sokalska | Spatial root distribution of mature apple trees under drip irrigation system[END_REF] that show a strong asymmetry in root system development in the direction of resources.

Many tree species are able to explore the soil and rock layers deeper than 5 m and for some of them as far as 20 m [START_REF] Canadell | Maximum rooting depth of vegetation types at the global scale[END_REF]. Deep rooting depths are generally found in water-limited environments [START_REF] Schenk | The global biogeography of roots[END_REF], particularly those with little organic matter, in sandy soils or in arid climates. Surprisingly in this study, root systems on coarse materials were of mixed or taproot types only when trees had a vertical access to a water table or to a more humid layer at less than 3 m in depth. However, deep rooting depth was reported in the literature mainly for natural old stands [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF][START_REF] Plourde | Spatial distribution, architecture, and development of the root system of Pinus banksiana Lamb. in natural and planted stands[END_REF]. Indeed, most of the largest and highest dikes of this study, where the 3 m limit appeared, are less than 100-years old and often much younger. Such a short time may have limited the ability for roots to find all possible routes or to take advantage of an especially long humid period to cross the critical 1-3 m depth. In fact, very deep rooting seems possible in materials and soils where roots can find some resources and particularly water all along their way down, for example, in the cracks of a karst [START_REF] Jackson | Ecosystem rooting depth determined with caves and DNA[END_REF].

On the crown and upper slope of large dikes or river banks made of coarse, well-drained materials, there are no vertically accessible nutrient resources and the heart of the dike is extremely dry in summer. Accordingly, [START_REF] Devine | Root system morphology of Oregon white oak on a glacial outwash soil[END_REF] found only shallow root systems for Oregon white oak on coarse and poor glacial outwash soils, one of the rare studies on coarse material similar to that of some dike fills. As shown by the presence of small vertical roots (initial taproot) on the youngest stumps and their remainder in older ones, vertical roots appear at an early stage of root system development, which is common for many species [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF]), but remain weak or abort later as they cannot find good growing conditions or water in depth [START_REF] Hipondoka | Root system of Terminalia sericea shrubs across rainfall gradient in a semiarid environment of Etosha National Park, Namibia[END_REF]. Conversely, shallow roots may take advantage of rain water, of fine material deposits at soil surface or of a superficial humus layer formed by vegetation. Moreover, physical constraints may be partially released close to the surface, where roots can more easily move stones while they grow in diameter.

On fine materials the position of trees on the dike seems much less important for root system structure. Resources are more regularly distributed and root development has no severe constraints in any direction. However, permanent water resources also lead to asymmetric development of root systems.

The tap root systems were scarce in this study as well as in the literature [START_REF] Köstler | Die Wurzeln der Waldbäume. Untersuchung zur Morphologie der Waldbäume in Mitteleuropa[END_REF]. Indeed, even when they develop one or several large vertical roots, trees generally produce a set of significant shallow roots to secure their anchoring, especially for support against wind (Danjon et al., 2005;[START_REF] Kamimura | Root anchorage of hinoki (Chamaecyparis obtuse (Sieb. Et Zucc.) Endl.) under the combined loading of wind and rapidly supplied water on soil: analyses based on tree-pulling experiments[END_REF]Nicoll et al., 2006a;[START_REF] Tamasi | Influence of wind loading on root system development and architecture in oak (Quercus robur L.) seedlings[END_REF], and to extract nutrients. Sheer tap root systems tend to occur only when a lack of shallow resources is combined with a permanent deep water table.

Roots of most tree species cannot develop directly in a permanent water table, as abundantly documented in the scientific literature [START_REF] Imada | Water table depth affects Populus alba fine root growth and whole plant biomass[END_REF][START_REF] Nieuwenhuis | The effect of soil cultivation methods on rooting depth of young Sitka spruce (Picea sitchensis (Bong.) Carr.) trees on wet mineral soils in Ireland[END_REF]. The higher proportion of shallow systems on fine material for alder and willow compared to other species in this study is explained by their natural trend to grow very close to the river or canal, and therefore to the water table. Root development is also strongly constrained by soil compaction as well as hard pan layers, presenting unfavourable mechanical proprieties [START_REF] Danjon | L'arbre et son enracinement[END_REF][START_REF] Unger | Soil Compaction and Root Growth: A Review[END_REF]. Accordingly, shallow root systems were found irrespective of the material when a permanent or semipermanent water table existed in the first 50 cm or when dike structure included a compacted silty or clayey core. Each species has a specific tolerance to hydromorphy. Poplars proved to be able to colonize part of a pseudogley up to 2 m in depth, with dozens of small or medium-size vertical roots filling and following cracks. Such root systems should be considered as a specific type, very different from the typical mixed root systems with only one or a few large taproots. Although the soil initially presents less anoxic conditions along these cracks thanks to evaporation, water uptake by the roots entering these cracks may rapidly contribute to expand the width of the desiccation zone around the cracks and, as a feedback, accelerate their colonisation by roots. Unfortunately, the studied sites offered no opportunities to study root system development of other species in the same conditions.

Root system volume is partly linked to the development of its main roots (Table 3c). The good correlation between volume and TBD for shallow root systems can be explained by the direct relation between the area colonized by roots at low depth and root system volume. Shallow root systems logically have a smaller volume than mixed ones because the latter have similar long shallow roots but they have large and long vertical roots also. Heart root systems and root systems on fine material have a smaller volume than mixed root systems or those on coarse material, because of the reduced root length. Similar differences in root plate volume and span according to root system type were found by [START_REF] Ray | The effect of soil water-table depth on root-plate development and stability of Sitka spruce[END_REF] in Sitka spruce uprooting experiments. Root system volume also depends on the distribution of small and fine roots, which can be highly irregular, leaving large gaps between main roots [START_REF] Tatarinov | Application of "clump technique" for root system studies of Quercus robur and Fraxinus excelsior[END_REF]. As tree anchorage is strongly linked to these characteristics, measuring them more precisely may allow assessing the volume of the root plate which could be lifted when the tree is uprooted, this volume varying with material types and soil humidity [START_REF] Kamimura | Root anchorage of hinoki (Chamaecyparis obtuse (Sieb. Et Zucc.) Endl.) under the combined loading of wind and rapidly supplied water on soil: analyses based on tree-pulling experiments[END_REF].

Root length is significantly correlated to root proximal diameter (Table 3e), as already found in other contexts (Van Noordwijk et al., 1994). Thus, for a given environment and soil material, a validated and calibrated predictive relationship could be used to infer the potential root length from a simple proximal diameter measure close to the tree without fully extracting the stump. As diameter decreasing rates are significantly different between fine and coarse materials, variations in soil composition must be taken into account for a practical use of this relation in field expertise. A detailed analysis of individual root architecture recently confirmed the influence of material on root length and decreasing rate (Vennetier et al., in press) as well as on other architectural characteristics as branching patterns. Long roots with low decreasing and branching rates and short roots with higher values for these two parameters were identified. This may help for recognizing contrasting root types close to the stump. However, the proportion of such root types is unknown for a given root system, and it is difficult to determine except close to the soil surface. Thus assessing root potential length from proximal diameter may only be possible for the root system as a whole, not for all individual roots.

-Conclusion and prospects

The global structure of tree root systems seems opportunistic, mainly influenced by environmental conditions, and particularly by soil material, and to a lesser extent by the tree species. This architectural plasticity offers trees a high capacity of adaptation to various conditions. This study gives a new insight in root development: it will help predict tree root growth in various environments and more specifically on dikes. Material type and water availability allow to presage root system structure.

Although these results are reliable, based on one of the largest set of trees and species ever extracted to study root systems, they focus on locally homogeneous and quite deep soils. The response of tree species to more heterogeneous or extreme conditions or with severe physical or chemical constraints may have been more contrasting due to the specific tolerance of some species to these constraints. Additional research is required to confirm them in other environments, on other soil materials, and for other species.
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  = TBD >55 cm, Medium = 45-55 cm, Int = 35-45 cm, Small = 25-35 cm. Standard deviation is given between brackets.

  

  

  

  

  Soil samples were collected in the excavation hole at the level of each tree and for each different layer. After separation and volume measurement of the largest blocks and stones, grain size distribution was determined by wet and dry screening (screens 20 mm to 80 µm -French norm 94-056 / International norm ISO 14688) and sedimentation analysis (French norm 94-057 / International Norm ISO 14688). These materials could be clearly split into coarse and fine types[START_REF] Zanetti | Characterization of tree root systems in earth dikes[END_REF]; no site with intermediate material was considered in this study.

	Study sites characteristics	Montélimar, Donzère	Lyon, Roussillon, St Vallier	Grenoble	Cosne-sur-Loire	Pertuis	Castérino	Chambéry	Montjoux
	River	Rhône	Rhône	Isère, Drac Romanche	Loire	Durance	Bieugne	Leysse	Gervonde
	Altitude (m)	85	200	250	150	200	1 500	270	254
	Rainfall (mm/yr)	700	800	934	690	640	1 200	1 136	946
	Temperature (°C) Min/Mean/Max	9.2/13.8/18.5 8.1/12.8/17 6.3/12/16.2	6.3/10.1/15. 4	7.2/13/18.8 0/6.1/12.6	6.7/12/18	6.6/10.6/17
	Type of dike	Canal	Canal	Flood protection	Flood protection	Flood protection	Flood protection	Flood protection	Dam
	Water head	Permanent	Permanent	Temporary	Temporary	Temporary	Temporary	Temporary	Permanent
	Dike dimension (m) (Height / Width)	10 / 100	8-12 / 80 -100	5 / 20	7 / 30	4 / 15	4 /10	3 / 15	10/50
	Fill slope	20%	20%	40-60%	40-60%	40-60%	40-60%	40-60%	20%
	Studied species	Oak, Locust, Poplar	Oak, Locust, Poplar, Ash, Maple, Willow, Adler	Oak, Locust, Poplar, Ash, Willow	Oak, Locust, Poplar, Ash	Poplar, Oak	Larch, Scots pine	Poplar, Ash, Adler Willow,	Poplar, Ash

Table 2 : Number of sampled trees per root system type according to soil material for each species or genus.

 2 

										Total root
		Shallow	Mixed		Taproot	Heart		system number
		Coarse	Fine	Coarse	Fine	Coarse	Fine	Coarse	Fine	
	Locust	18	0	18	0	0	0	0	8	44
	Poplar	14	3	29	0	3	0	0	10	59
	Oak	2	0	11	0	1	0	0	8	22
	Ash	1	7	6	0	0	0	0	6	20
	Maple	2	2	0	0	0	0	0	4	8
	Willow	1	5	5	3	0	0	0	2	16
	Alder	0	5	4	0	0	0	0	0	9
	Scots pine	2	0	4	0	0	0	0	0	6
	Larch	0	0	7	0	0	0	0	0	7
	Total root system									
	number	40	22	84	3	4	0	0	38	191

C = Coarse material, F = Fine material
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