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Abstract  26 

 27 

Ecological studies need environmental descriptors to establish the response of species or 28 

communities to ecological conditions. Soil water resource is an important factor but is 29 

poorly used by plant ecologists because of the lack of accessible data. We explore 30 

whether a large number of plots with basic soil information collected within the 31 

framework of forest inventories allows the soil water holding capacity (SWHC) to be 32 

mapped with enough accuracy to predict tree species growth over large areas. We first 33 

compared the performance of available pedotransfer functions (PTFs) and showed 34 

significant differences in the prediction quality of SWHC between the PTFs selected. 35 

We also showed that the most efficient class PTFs and continuous PTFs compared had 36 

similar performance, but there was a significant reduction in efficiency when they were 37 

applied to soils different from those used to calibrate them. With a root mean squared 38 

error (RMSE) of 0.046 cm3 cm-3 (n = 227 horizons), we selected the Al Majou class 39 

PTFs to predict the SWHC in the soil horizons described in every plot, thus allowing 40 

84% of SWHC variance to be explained in soils free of stone (n = 63 plots). Then, we 41 

estimated the soil water holding capacity by integrating the stone content collected at 42 

the soil pit scale (SWHC’) and both the stone content at the soil pit scale and rock 43 

outcrop at the plot scale (SWHC”) for the 100.307 forest plots recorded in France 44 

within the framework of forest inventories. The SWHC” values were interpolated by 45 

kriging to produce a map with 1 km² cell size, with a wider resolution leading to a 46 

decrease in map accuracy. The SWHC” given by the map ranged from 0 to 148 mm for 47 

a soil down to 1 m depth. The RMSE between map values and plot estimates was 33.9 48 

mm, the best predictions being recorded for soils developed on marl, clay, and hollow 49 

silicate rocks, and in flat areas. Finally, the ability of SWHC’ and SWHC” to predict 50 
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height growth for Fagus sylvatica, Picea abies and Quercus petraea is discussed. We 51 

show a much better predictive ability for SWHC” compared to SWHC’. The values of 52 

SWHC” extracted from the map were significantly related to tree height growth. They 53 

explained 10.7% of the height growth index variance for Fagus sylvatica (n = 866), 54 

14.1% for Quercus petraea (n = 877) and 10.3% for Picea abies (n = 2067). The 55 

proportions of variance accounted by SWHC” were close to those recorded with 56 

SWHC” values estimated from the plots (11.5, 11.7, and 18.6% for Fagus sylvatica, 57 

Quercus petraea and Picea abies, respectively). We conclude that SWHC” can be 58 

mapped using basic soil parameters collected from plots, the predictive ability of the 59 

map and of data derived from the plot being close. Thus, the map could be used just as 60 

well for small areas as for large areas, directly or indirectly through water balance 61 

indices, to predict forest growth and thus production, today or in the future, in the 62 

context of an increasing drought period linked to a global change of climatic conditions. 63 

 64 

Keywords: Digital soil mapping, soil water holding capacity water balance, GIS, site 65 

index, vegetation modelling. 66 

 67 

1. Introduction 68 

 69 

Relating plant species to environmental factors is a central topic in plant ecology 70 

since pioneers recognized the importance of climate in determining global vegetation 71 

types (Von Humboldt, 1807). Currently, plant species or communities response to 72 

ecological conditions is increasingly studied and concerns many applications, such as 73 

modelling ecological niches and mapping distribution range, evaluating species 74 

abundance, diversity or productivity (Coops and Waring, 2001). For these studies, the 75 
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availability of accurate environmental descriptors is of crucial importance (Dirnböck et 76 

al., 2002). Most of the time, climatic factors are considered alone because of their 77 

availability in large climatological datasets or because geographic information systems 78 

(GIS) programs allow their calculation (Piedallu and Gegout, 2008). Although soil 79 

factors have been recognized for their importance (Coudun et al., 2006), they are poorly 80 

used as input in predictive models (Guisan and Zimmermann, 2000), particularly for 81 

broad areas, due to the high cost and long duration of fieldwork required to obtain 82 

relevant data. The availability of accurate digital soil information at scales relevant for 83 

plant ecologists and forest managers is now a crucial factor in plant modelling studies 84 

(Cresswell et al., 2006; Carré et al., 2007b). 85 

The soil water regime is recognized to be one of the most important soil factors for 86 

plant growth, influencing photosynthesis rate, carbon allocation, microbial activity and 87 

nutrient cycling  (Lebourgeois et al., 2005; Breda et al., 2006). On the other hand, 88 

available water for plants remains difficult to evaluate due to the lack of accessible data, 89 

its estimation requiring expensive laboratory measurements (Wosten et al., 1999).It is 90 

most of the time estimated by plant ecologists thought climatic water balance (rain – 91 

actual evapotranspiration), more easily available (Piedallu and Gegout, 2007). However, 92 

the water contained in the soil enabling to compensate the lack of rain over dry periods 93 

during the year (especially during summer), the maximum amount of water available for 94 

plants stored in a soil is particularly important to evaluate. It is characterised by the soil 95 

water holding capacity (SWHC), defined as the difference between the water content at 96 

field capacity and at wilting point (specified in cm of water for a soil of a given depth) 97 

(Bruand et al., 2003). This local characteristic is related to the vegetation production 98 

variability and, combined with climatic variables, allow the calculation of soil water 99 

balance. 100 
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  5 

Numerous studies focus on the development of pedotransfer functions (PTFs) 101 

(Bouma, 1989), allowing the prediction of complex soil hydraulic characteristics from 102 

basic soil properties which are easier to collect in the field (Wösten et al., 2001). The 103 

simplest ones are PTFs providing average values of the hydraulic properties of soil 104 

horizons grouped in classes (class PTFs). Their use requires easy-to-collect data, 105 

allowing the sampling density to be increased for the same effort, in order to better 106 

describe the soil spatial heterogeneity (Islam et al., 2006). During the last two decades, 107 

continuous PTFs which relate particle size distribution, bulk density or organic carbon 108 

content to hydraulic parameters by empirical equations have been developed. Unlike 109 

class PTFs, continuous PTFs require input variables that are costly to collect. 110 

Comparison of PTFs for water content estimation shows poor to good prediction 111 

accuracy depending on calculation method and on the location and characteristics of soil 112 

samples used for their calibration (Cornelis et al., 2001; Wagner et al., 2001; Givi et al., 113 

2004). Comparison between continuous and class PTFs shows contrasting results, some 114 

studies highlighting lower uncertainty with continuous PTFs (Van Alphen et al., 2001), 115 

others pointing out that the choice between class and continuous PTFs can be unclear 116 

when calculating soil functional characteristics (Al Majou et al., 2007; Rubio et al., 117 

2008). Other authors such as Nemes (2003) have discussed the geographical origin of 118 

PTFs and achieved better prediction with PTFs developed locally than with PTFs 119 

developed with soils originating from a large territory. Finally, it has been shown that 120 

PTFs developed on soils similar to those of the studied area perform well, thus avoiding 121 

the undesirable effect of regional specificity (Rawls et al., 2001; Schaap et al., 2001).  122 

In forest areas, the relation between water content and stand productivity has been 123 

studied for several decades but the lack of available data is actually a major limit to 124 

model species productivity over large and diversified areas. The knowledge of SWHC is 125 
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particularly important in the present climate change context, with an expected decrease 126 

in water availability in a large part of the world (Nemani et al., 2003). However, most 127 

studies have focused on the creation of PTFs to predict water hydraulic soil properties 128 

but only a few have evaluated the performance of such PTFs, particularly when they are 129 

used for vegetation modelling (Nemes et al., 2006). The validity of PTFs to predict the 130 

hydraulic properties of forested soils is thus poorly known, most samples used for their 131 

elaboration originating from cultivated soils, whose characteristics are different (Vincke 132 

and Delvaux, 2005). In this context, little research has focused on mapping the SWHC 133 

despite a clear interest for ecological studies and forest management (Romano and 134 

Santini, 1997; Orfanus and Mikulec, 2005). The existing SWHC maps are generally 135 

achieved at a local scale using inventories requiring information that is costly to collect 136 

and those few existing for large territories are generally derived from soil maps 137 

achieved at low resolution (McBratney et al, 2003; Al Majou et al, 2008b). The quality 138 

of these maps is difficult to estimate and their predictive ability is generally unknown. 139 

The aim of this study is thus to discuss if easy-to-collect soil information observed 140 

on numerous forest plots during broad scale inventories can be used to achieve a fine 141 

resolution SWHC map over large areas. Firstly, we studied the performance of six class 142 

PTFs available for French soils to convert the textural classes of horizons recorded by 143 

the National forest inventory into SWHC values. Their prediction quality was compared 144 

with values recorded with three more sophisticated continuous PTFs, using a dataset of 145 

227 horizons for which particle size distribution, organic carbon content, bulk density 146 

and SWHC values were known. The class PTFs giving the best performance were 147 

selected to estimate soil water holding capacity at the pit scale by taking into account 148 

the stone content of the soil (SWHC’) and at the plot scale by taking into account both 149 

the stone content of the soil and the proportion of rock outcrop (SWHC”) for 120,902 150 
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plots scattered over the whole of France. In a second step, we used 100,307 of these 151 

plots to map the SWHC” using geostatistical methods. The map resolution was chosen 152 

according to the cell size after comparison of the prediction accuracy recorded with a 153 

validation dataset containing 20,595 independent plots. The quality of the final map was 154 

evaluated according to the type of bedrock and at different scales using the same 155 

validation dataset. Finally, on the basis of previous studies showing an effect of SWHC 156 

on forest productivity (Bravo-Oviedo and Montero, 2005; Mitsuda et al., 2007), we 157 

compared the ability of SWHC’ and SWHC” to predict potential growth for three 158 

common tree species of European forests. The suitability of using basic soil information 159 

available in forested areas to map SWHC” and to improve potential production 160 

modelling is then discussed.  161 

 162 

2. Material and methods  163 

 164 

2.1. PTFs selected to identify the class PTFs used for study 165 

 166 

We selected 6 class PTFs established on soil datasets collected in France or 167 

including soils located in France: 168 

- The class PTFs established by Jamagne et al. (1977) using soils originating from the 169 

North of the Paris basin (Jamagne class PTFs) and which provide SWHC values 170 

according to 16 texture classes; 171 

- The class PTFs developed by Bruand et al. (2002) and Bruand et al. (2004) using 219 172 

and 302 horizons (85 horizons A and 217 horizons E, B, C), respectively, originating 173 

from soils located in different French regions (Bruand-2002 and Bruand-2004 class 174 

PTFs). The Bruand-2002 class PTFs are volumetric water contents at different matrix 175 

potentials according to classes combining 8 textures and bulk density values. The 176 
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Bruand-2004 class PTFs are also volumetric water contents at different matrix 177 

potentials but according to 13 texture classes without any reference to bulk density; 178 

- The class PTFs established by Al Majou et al. (2008) using 320 horizons (90 topsoil 179 

and 230 subsoil horizons) corresponding to a large range of French soil characteristics 180 

(Al Majou class PTFs). The Al Majou class PTFs are volumetric water contents at 181 

different matrix potentials but according to the 5 texture classes of the CEC texture 182 

triangle (Commission of the European Communities, 1985) and location of the horizon 183 

in the profile (topsoil or subsoil); 184 

- The class PTFs developed by Schapp et al. (2001) and which correspond to the H1 185 

first level of prediction of the Rosetta software which was developed using 2134 soil 186 

samples originating from North American and European soils (Shaap class PTFs). The 187 

Shaap class PTFs were sets of parameter values according to the 12 texture classes of 188 

the USDA triangle (SSSA, 1997) for the water retention curve established by Van 189 

Genuchten (1980): 190 

nn
rs

r h
h

/11])(1[
)( 







         (1) 191 

with (h), the volumetric water content (cm3 cm-3) at the matrix potential h (cm), s and 192 

r the saturated and residual water contents (cm3 cm-3), respectively,  (cm-1) a 193 

parameter related to the reciprocal of the air entry matrix potential, and n another 194 

parameter related to the pore-size distribution; 195 

- And finally the class PTFs developed by (Wosten et al., 2001) using the European 196 

Hypres soil database (Wösten class PTFs). Among the 5521 horizons making up 197 

Hypres, 171 originate from French soils. The Wösten class PTFs were also sets of 198 

parameter values for the water retention curve established by Van Genuchten (1980) 199 
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  9 

according to the 5 texture classes of the CEC triangle (Commission of the European 200 

Communities, 1985).  201 

The prediction quality of the 6 above class PTFs was compared with the prediction 202 

quality of 3 continuous PTFs requiring particle size distribution, organic carbon content 203 

and bulk density information:  204 

- The continuous PTFs developed by Vereecken et al. (1989) using soils from Belgium 205 

(Vereecken continuous PTFs) and recognized as leading to the best prediction when 206 

used for soils with similar characteristics in Belgium (Cornelis et al., 2005), Switzerland 207 

(Mermoud and Xu, 2006) and Germany (Tietje and Tapkenhinrichs, 1993); 208 

- The continuous PTFs developed by Teepe (Teepe et al., 2003) with German soils 209 

located exclusively under forest (Teepe continuous PTFs); 210 

- And the continuous PTFs developed by Al Majou et al. (2007) using soils originating 211 

from different regions of France (Al Majou continuous PTFs). 212 

 213 

2.2. Evaluation of efficiency of the selected PTFs 214 

 215 

The ability of the selected class PTFs to predict water content at different matrix 216 

potentials was discussed and compared to continuous PTFs, by using a database 217 

containing water content measurements. We brought together 227 horizons 218 

corresponding to 63 entire soil profiles, independent of the plots used to map SWHC 219 

and not used to develop the selected PTFs. A set of 140 horizons originating from the 220 

SOLHYDRO database (Bruand et al., 2003), the other 87 horizons originating mainly 221 

from the work published by Bigorre (2000). The 227 horizons were collected in 222 

different soil types distributed mainly in lowlands throughout the whole of France and 223 

cover various texture conditions (35 sandy, 128 loamy and 73 clayey horizons). Since 224 
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most of available PTFs are derived from measurements on cultivated soils, we evaluated 225 

their performance to predict water content for soils under forest using a subset of 95 226 

horizons. The horizons were sampled during winter when the soil was near to field 227 

capacity. The bulk density was measured using cylinders of 1236 cm3 in volume. The 228 

mean gravimetric water content was determined at different matrix potentials with 229 

pressure membrane or pressure plate apparatus by using twelve to fifteen undisturbed 230 

clods 5-10 cm3 in volume per sample (Bruand and Tessier, 2000). The volumetric water 231 

content (, in cm3 cm-3) was calculated by multiplying the mean gravimetric water 232 

content by the bulk density. The database also contained for each horizon the particle 233 

size distribution and the organic carbon content. The SWHC was computed by the 234 

difference between the volumetric water content at -100 hPa (2,0) and -15,000 hPa 235 

(4,2) matrix potential for each horizon, for a soil depth to a maximum of 1 m. The water 236 

content at field capacity corresponded to its value at -100 hPa according to the results 237 

recorded by Al Majou et al. (2008). The efficiency of the PTFs was discussed by 238 

comparing the SWHC predicted using the 6 class PTFs and 3 continuous PTFs selected 239 

with the SWHC measured for the 227 horizons. It was also assessed by comparing the 240 

predicted SWHC to its calculated value using the measured SWHC and the soil 241 

characteristics collected in every plot (horizon thickness, soil depth) for all 63 soils 242 

studied. 243 

 244 

2.3. Estimation of soil water holding capacity on plots 245 

 246 

The most efficient class PTF allowing the prediction of water content was selected 247 

for SWHC estimation on plots. A set of 120,902 soil descriptions surveyed in forest 248 

within the framework of the National Forest Inventory (NFI, IFN in French) and 249 
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scattered over the whole territory of France (550,000 km²) was used to realize and to 250 

validate the map (Figs. 1a and b). From 1989 to 2004, 100,307 of these plots were 251 

collected over the whole of France by quasi-systematic sampling with a mean density of 252 

1 plot per 1.1 km2 (Drapier and Cluzeau, 2001). Then, from 2005 to 2007, 20,595 other 253 

plots located on a regular mesh on the whole French territory with a density of 1 plot 254 

per 25 km² were surveyed, the mesh being moved each year. The part of the protocol 255 

concerning information required for SWHC estimation remains unchanged between the 256 

two methods. The 100,307 plots originating from the 1989 to 2004 protocol were used 257 

to establish the map, and the 20,595 plots from the 2005 to 2007 protocol were used for 258 

validation. 259 

On each 400 m² surveyed plot, the proportion of surface area occupied by rock 260 

outcrop (RO) was visually estimated and a soil pit was dug down to 1m depth when 261 

possible thus allowing to assess the stone content (i.e. volumetric proportion of visible 262 

mineral fragment > 2mm in size) in every horizon of the vertical faces of the pit (Baize 263 

and Jabiol, 1995). At most two horizons were distinguished in every soil pit. For every 264 

horizon the upper and lower limits were noted with a precision of 10 cm and the texture 265 

was manually estimated according to 9 classes (1, sand; 2, loamy sand; 3, sandy clay 266 

loam; 4, silt loam; 5, silty clay loam; 6, silt; 7, silty clay; 8, clay loam; and 9, clay). For 267 

a limited area in southern France (i.e. in the four French administrative departments 268 

Pyrénées Orientales, Aude, Ariege and Tarn), the survey performed between 1989 and 269 

1992 distinguished only one soil horizon and the depth of the pit was limited to 70 cm.  270 

We first calculated the soil water holding capacity at the soil pit scale (SWHC’ in 271 

mm of water) by taking into account the stone content recorded in the soil in every pit 272 

as follows: 273 

 



n

i

iiii

1
2,40,2
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with n the number of horizons in the soil profile, SCi the stone proportional content in 275 

horizon i, i
2  the water content at -100 hPa matrix potential of horizon i, i

2.4  the water 276 

content at -15,000 hPa matric potential of horizon i and Ti the thickness of horizon i in 277 

mm. 278 

We also calculated the soil water holding capacity at the plot scale (SWHC”) by 279 

taking into account both the stone content recorded in the soil studied and the 280 

proportion of rock outcrop recorded on each plot. We considered that RO corresponded 281 

to the proportion of soil volume which was actually occupied by rock. Thus, SHWC” 282 

was calculated as follows:  283 

 








 


n

i

iiii

1
2,40,2

3 T))(SC1()RO1(" SWHC       (3) 284 

The SWHC” was assumed to be more closely related to the actual soil water holding 285 

capacity of every plot and particularly smaller than SWHC’ in mountain areas or on 286 

calcareous plateaus where rock outcrops are frequent.  287 

 288 

2.4 Mapping of soil water holding capacity 289 

 290 

Ordinary kriging available on the ARCGIS 9.2 geostatistical module was used to 291 

predict SWHC” values at unsampled locations using estimates on NFI plots (Matheron, 292 

1963). It is one of the most used interpolation methods, providing the best linear 293 

unbiased estimates (Brus et al., 1996; Mueller T.G. et al., 2004). Effectiveness of 294 

kriging is known to depend on the representativeness of the observations (Rosenbaum 295 

and Söderström, 2003). The calculation is based on spatial dependence, proximal 296 

observations being supposed to be more similar than distant ones. The modelling of 297 

spatial autocorrelation is summarized by an experimental semivariogram, which 298 
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represents the dissimilarity of values as a function of their distance. In order to perform 299 

the calculation, sample points are grouped in pairs, separated by a distance called the 300 

lag. In our analysis, a semivariogram was visually fitted with an exponential model and 301 

no anisotropy was considered. We used the SWHC” predicted for the 100,307 plots of 302 

the NFI database. Lag spacing was chosen at 2000 m and experimental variograms were 303 

calculated up to distances of 120 km. A limit search radius of 60 km, the distance 304 

beyond semivariogram showed lower spatial autocorrelation, and the values of 40 305 

neighbour plots were the parameters chosen to calculate values in the grid according to 306 

the kriging procedure. These parameters ensure that the root mean square prediction 307 

errors calculated by cross validation with Arcgis software are minimised.   308 

The kriging procedure enables the generation of output surfaces for different cell 309 

size or resolution. The resolution can affect the map quality. A large resolution is 310 

quicker to build and easier to handle, because the file size is smaller, but local 311 

information can be averaged and the map can be less efficient at predicting local 312 

heterogeneity. At the opposite extreme, a small resolution can contain no more 313 

information than a higher one, due to the input plot density and errors in measurements. 314 

We built different grids according to the kriging procedure with a resolution varying 315 

from 100 m to 50 km grid spacing. We thus considered 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 15, 316 

25 and 50 km mesh sizes. We estimated the quality of map predictions for these various 317 

resolutions by comparison with the SWHC” calculated on 20,595 independent NFI 318 

plots. The largest cell size showing no degradation of prediction was selected to 319 

produce the final map. 320 

 321 

2.5. Validity of the map according to its scale  322 

 323 
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The elaborated map was validated for the whole of France using an independent 324 

dataset of 20,595 validation plots. The difference between SWHC” estimated on these 325 

plots and values extracted from the map has been calculated and interpolated using 326 

ordinary kriging to produce a bias map over the whole country. We evaluated map 327 

validity when considering reduced surfaces, a local use representing an evident interest. 328 

We divided France in decreasing areas ranging from 200 km to 5 km side length (with 329 

intermediate analysis at 10, 25, 50 and 100 km), corresponding to 6 levels of analysis. 330 

For all the squares of each level of analysis, we compared predicted values extracted 331 

from the map with SWHC” calculated on the independent NFI plots included in the 332 

area. The calculation was not carried out for areas with less than 10 plots. The quality of 333 

map predictions was then averaged for each level of analysis. 334 

 335 

 2.6. Ability of soil water holding capacity to predict species production  336 

 337 

We examined the ability of SWHC’ and SHWC”, calculated on plots by using the 338 

different class PTFs or extracted from the map, to predict potential productivity of three 339 

frequent tree species in Europe: one coniferous (Picea abies) and two broadleaf species 340 

(Fagus sylvatica and Quercus petraea). Picea abies and Fagus sylvatica are mainly 341 

located in mountain areas or in elevated atmospheric moisture areas. Quercus petraea is 342 

at present mainly established in the lowlands of France and is a species more tolerant to 343 

drought than Fagus sylvatica. We used 3762 NFI plots with site information about 344 

productivity and independent from the soil dataset used to establish the SWHC” map 345 

(Fig. 1c). Site index values were calculated on even age and pure stands on 2068 plots 346 

for Picea abies, 816 plots for Fagus sylvatica, and 878 plots for Quercus petraea 347 

(Seynave et al., 2004; Seynave et al., 2008). In order to eliminate an age effect, the site 348 
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productivity index was defined as the height of the dominant trees at a reference age. 349 

The height at 70 years was chosen for Picea abies and at 100 years for Quercus petraea 350 

and Fagus sylvatica. This index has been commonly used for decades by forest 351 

managers to estimate the production of pure and even aged stands (Zeide, 1993). The 352 

height of dominant trees was supposed to be independent of competition and to vary 353 

only with site conditions and resources. Following previous studies studying site index 354 

variations in relation to ecological factors, an effect of water content was expected for 355 

each of the 3 studied species (Seynave et al., 2004; Seynave et al., 2008). We examined 356 

the performances of SWHC’ and SWHC” calculated with the different class PTFs at 357 

predicting spatial variations of site indices for Picea abies, Fagus sylvatica and Quercus 358 

petraea and we compared SWHC” predictive ability estimated on plots or extracted 359 

from the map. 360 

 361 

2.7. Statistical analysis 362 

 363 

The coefficient of determination (R²), mean error (ME), root mean square error (RMSE) 364 

and the relative RMSE (RMSEr) were used to compare PTF efficiency, to validate the 365 

map, or to estimate SWHC ability to predict potential production of forest stands. They 366 

were computed as follows:  367 

 368 

 
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 372 

where m is the number of recordings, jy  the observed value, jŷ  the predicted value, 373 

and jy  the average of the observed values. R² was used to assess the proportion of 374 

variance explained, ME to estimate the bias in prediction, RMSE to determine the 375 

standard deviation of error and RMSEr to know the variation of standard deviation of 376 

error around the mean expressed in %. 377 

 378 

3. Results 379 

 380 

3.1. PTF selection 381 

 382 

Water content between the wilting point and field capacity was predicted by using 383 

the 6 class PTFs selected (Table 1). The predicted and measured differences of water 384 

content between the wilting point and field capacity were compared for the 227 385 

horizons of the database, for the 6 class PTFs and for the 3 continuous PTFs selected 386 

(Fig. 2). The quality of the prediction was quantified for the 63 plots for every PTF 387 

using ME, RMSE and R² (Table 2). The Al Majou and Vereecken continuous PTFs 388 

explained the highest proportion of variance (R² = 0.40 for both sets of PFTs) but they 389 

showed a bias and RMSE higher than for the best class PTFs. The lowest RMSE was 390 

obtained with the Al Majou class PTFs (RMSE = 0.046 cm3 cm-3), with the Bruand-391 

2002 and Bruand-2004 class PTFs showing similar performances (RMSE = 0.047 392 

cm3 cm-3). These RMSEs represent 20% of the water content range recorded for the 227 393 
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horizons of the validation dataset, ranging from 0.039 to 0.25 cm3 cm-3 for a mean value 394 

of 0.114 cm3 cm-3. The Jamagne, Schaap and Wösten class PTFs, and the Verrecken 395 

and Teepe continuous PTFs showed poor performance with RMSE ranging from 0.053 396 

to 0.070 cm3 cm-3.  397 

Comparison of the PTFs performance with the 95 horizons originating from soils 398 

under forest showed similar results although PTF performances were slightly lower: the 399 

RMSE was 6% higher using the Al Majou class PTFs, 15% and 21% higher using the 400 

Bruand-2002 and Bruand-2004 class PTFs, respectively.  401 

The comparison of the 9 PTFs selected to predict SWHC for the entire soil showed 402 

that RMSE ranged from 18.5 mm with the Al Majou class PTFs to 50.1 mm with the 403 

Jamagne class PTFs (Table 2). Using the Al Majou class PTFs, we predicted 84% of 404 

SWHC variance for the soil profile and the bias was small (ME = 3.8 mm.). 405 

 406 

3.2. Mapping of soil water holding capacity  407 

 408 

The SWHC” calculated for the 100,307 NFI plots using the Al Majou class PTFs 409 

was interpolated at different resolutions over the whole of France. The performance of 410 

the interpolation procedure was evaluated by comparing the SHWC” of the 20,595 411 

independent NFI plots with its value resulting from interpolation of the 100,307 plots. 412 

The performance decreased when the cell size increased: R² varied from 0.35 to 0.15 413 

and RMSE from 33.9 to 39.9 mm for resolutions ranging from 100 to 50,000 m. (Fig. 414 

3a). The accuracy loss started beyond 1 km² cell size and increased greatly beyond 415 

5 km² resolution. With R² = 0.35 and RMSE = 33.8 mm, we selected a 1 km² resolution 416 

to map SWHC” (Fig. 3b).  417 
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The map shows a large range of values over the country. The SWHC” estimated for 418 

a maximum soil depth of 100 cm ranged from 0 to 148 mm, with an average of 78 mm 419 

(Fig. 4b) and with important variations on a local scale (Fig. 4c). A spatial structure in 420 

SWHC” distribution is visible on the map, the semivariogram realized to interpolate the 421 

100,307 plots showing a spatial autocorrelation up to 60 km (Fig. 5). The predicted 422 

SWHC” was the highest on flat areas compared to steeply inclined areas, except for 423 

massive calcareous rocks (Table 3). The highest SWHC” were found in regions H1, H2, 424 

H3 and H4 which correspond to sedimentary plains with alluvium, marl, clay or hollow 425 

silicate rocks (Fig. 4a and 4b). The predicted SWHC” was low in areas located over 426 

igneous, metamorphic or calcareous rocks (Table 3). This concerns regions L5 and L6 427 

mainly in the South East of France (Fig. 4a) and the four regions L1, L2, L3 and L4 428 

dispatched in the rest of France (Fig. 4a and Fig 4b). These regions with a low SWHC” 429 

can show an important variability with a range of SWHC” which can reach 100 mm 430 

such as on calcareous plateaux in region L2 or L5.  431 

The comparison of SWHC” between map and field values showed a difference < 20 432 

mm for 46% of the 20,595 validation plots and a difference > 40 mm for 23% of the 433 

same set of plots. The map of prediction errors shows SWHC” underestimations by the 434 

map particularly in two regions, the South of Bretagne (Fig. 4d, region A) and the 435 

South-East of the Massif Central (Fig. 4d, region B). Areas where mapped SWHC” was 436 

overestimated are mainly located on the Garonne plain and Perigord (Fig. 4d, region C). 437 

The lowest map accuracy found in the South of region A can be attributed to the small 438 

number of plots in this area, due to the limited presence of forest areas. Uncertainties 439 

located in regions B and C concern heterogeneous landscapes with important soil depth 440 

variations due to bedrocks outcropping. In these areas we expected more survey errors 441 

and lower performance of kriging due to the heterogeneity of landscape. In general, the 442 
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RMSE was higher when the area was steeply inclined and for igneous, metamorphic, 443 

massive or hollow silicate rocks (Table 3). In order to compare the quality of 444 

predictions for different rock types, we calculated the RMSEr, allowing the variations 445 

of predictions around the mean unit value to be estimated. The RMSEr highlighted an 446 

important dispersion of predictions for calcareous rocks, probably due to local 447 

heterogeneity of those units which have a globally low SWHC”: the standard deviation 448 

of errors varied from 75% around the mean in flat areas to 88% in the steep ones (Table 449 

3). At the opposite end, marls and clays, mainly located in sedimentary plains, are 450 

geological units having a good quality of prediction, in spite of their high SWHC”. 451 

Map prediction accuracy varied little depending on the size of the study site, for 452 

areas ranging from 10×10 km2 squares to the whole of France (table 4). On a local 453 

scale, using 94 10×10 km2 squares containing more than 10 plots, the mean RMSE 454 

between the SWHC” extracted from the map and the estimated values on independent 455 

plots was 32.1 mm, close to those recorded when considering the whole of France 456 

(33.9 mm.). 457 

 458 

3.3 Ability of soil water holding capacity to predict potential production of forest 459 

stands. 460 

 461 

SWHC’ and SHWC” estimated on the plots with the different class PTFs selected 462 

led to important differences in prediction quality of the site indices of the 3 species 463 

studied. SWHC’ showed globally a lower predictive ability than soil depth alone for 464 

Picea abies and Fagus sylvatica, but higher prediction for Quercus petraea (Table 5). 465 

On the other hand, SWHC” showed a much better ability than SWHC’ to predict site 466 

indices, on average 65% for Fagus sylvatica, 58% for Picea abies, and 27% for 467 
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Quercus petraea. SWHC” was more efficient than soil depth alone at predicting the 468 

potential growth of the 3 studied species for all the class PTFs studied except for the 469 

Schaap class PTFs. Compared to soil depth, SWHC” calculated from the Al Majou class 470 

PTF explained 30% more site index variance for Picea abies, 60% more for Fagus 471 

sylvatica, and 56% more for Quercus petraea. The variance of site indices accounted 472 

for by SWHC” varied from 7.2% to 20.4% for Picea abies, from 4.3% to 11.5% for 473 

Fagus sylvatica, and from 7.7% to 12.1% for Quercus petraea, depending on the class 474 

PTF used. The best results have been recorded using the Al Majou, Bruand-2002 and 475 

Bruand-2004 class PTFs, their performance being statistically different from the 476 

Jamagne and the Schaap class PTFs (p < 0.05), Wösten class PTFs showing  477 

intermediate performance. The SWHC” computed with the Al Majou class PTFs and 478 

extracted from the 1 km cell size map was less efficient than estimations based on plots 479 

at predicting the site index for Picea abies (R² = 10.7 vs. 18.6), more efficient for 480 

Quercus petraea (R² = 14.1 using the map vs. 11.7), the results being close for Fagus 481 

sylvatica (R² = 10.3 using the map vs. 11.5) (Fig. 6).  482 

, 483 

4. Discussion 484 

 485 

Among the data required to perform a water balance, the SWHC is one of the most 486 

difficult to obtain, its estimation requiring complex and costly measurements and 487 

analysis. A method for its evaluation may involve digging a soil pit at each required 488 

location, determining manually the textural class, noting the depth and proportion of 489 

stone and using a class PTF to convert soil texture into water content value. We have 490 

combined such basic soil information collected from numerous plots by forest 491 

inventories and have established a map over a large area. The accuracy of our map 492 
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depends on the original soil information (sample locations, positions, attributes), the soil 493 

water estimation based on PTFs and the mapping procedure (Carré et al., 2007a). 494 

 495 

4.1 Uncertainties linked to the initial soil information 496 

 497 

The original soil information collected to elaborate the map and to validate the 498 

results can be affected by different kind of uncertainties. Errors are expected to be found 499 

in the NFI database due to the fact that texture class, soil depth and stone content are 500 

difficult to evaluate in the field, and because numerous operators are concerned by the 501 

data survey. Errors are particularly expected for the textural classes that are manually 502 

determined and the stone content that is visually quantified, involving a part of 503 

subjectivity in their estimation. Moreover, soil depth can be under-evaluated due to the 504 

aleatory presence of stones preventing to dug the pit, particularly in calcareous and 505 

mountainous areas, explaining probably a part of the highest uncertainties founded in 506 

these areas. Despite the limitation to one meter of the maximum prospectable depth in 507 

the NFI protocol is in agreement with recommendations made in previous studies 508 

(Berges and Balandier, 2010) , it can can also lead to SWHC under-estimations, the part 509 

of the soil prospectable by roots can be more important (Breda et al., 1995). An 510 

important source of errors can be due to the influence of local soil conditions, 511 

particularly on soil depth or stone content, that can make information collected on the 512 

pit not representative of the plot area (Smithwick et al., 2005). These different errors 513 

concerning the raw data are difficult to evaluate but are expected to be one of the most 514 

important source of uncertainties at the plot scale, probably explaining a part of the 515 

important nugget effect found in the semivariogram elaborated for the kriging 516 

procedure. 517 
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 518 

4.2 Uncertainties linked to the soil water estimation 519 

 520 

The transformation of soil information collected on the plots to water content 521 

values can be another source of uncertainties, due to the choice of PTF, the method 522 

defined to estimate the storage volume free of stones, or the simplifications done to 523 

characterise the soil hydraulic properties. Indeed, we considered the soil just as a 524 

reservoir for water although it is constituted of hydraulically different soil layers whose 525 

sequence can influence soil-water storage. If the determination of the wilting point from 526 

the water retention curve at a matric suction of 15,000 hPa (4,2) is commonly accepted 527 

(Becker, 1974), the characterisation of field capacity is more ambiguous. It should be 528 

viewed as a process-based parameter of soil, determined using specifically-designed 529 

field experiments, for example as described by (Romano and Santini, 2002). However, 530 

for practical reasons, field capacity is most of the time associated with a specific point 531 

of the soil water retention curve, various potentials being suggested by different authors 532 

(Minasny and McBratney, 2003). We estimated SWHC using the available PTF based 533 

on this classical method and choose the matric suction of 100 hPa (2,0), for field 534 

capacity, in relation with previous studies carried in the same soil conditions, showing 535 

this value was the closest to in situ volumetric water content whatever the texture (Al 536 

Majou et al., 2008). A comparison with SWHC determined using matric suction of 330 537 

hPa for field capacity showed similar results, ensuring our analysis is not linked to the 538 

choice of a specific threshold. However, this classical static approach based on 539 

benchmark pressure-can be criticized, field capacity being attached to water retention 540 

values rather than hydraulic conductivity characteristics of soils. The evaluation of 541 

SWHC using field capacity values defined as the soil water content when the drainage 542 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  23 

flux become negligeable could be a solution to overcome these limits (Twarakavi et al., 543 

2009). Improvements could also be made by using the integral energy principle, a 544 

method based on the entire soil water retention curve to evaluate the energy required by 545 

plants to remove soil water, avoiding to consider water between the two potentials is 546 

equally available(Minasny and McBratney, 2003). 547 

The comparison of available PTFs showed an RMSE recorded between estimated 548 

and measured SWHC ranged from 0.046 to 0.070 cm3 cm-3 depending on the set of 549 

PTFs used and are consistent with those gathered together by Wosten et al. (2001) or 550 

Schhap (2004) in their review of PTF performance. The relatively low efficiency of the 551 

PTFs allow nevertheless to explain an important part of SWHC variance for soils free of 552 

stone (between 72 and 85 % depending of the PTF used), showing the importance of 553 

soil depth in the SWHC calculation. Prediction of stand productivity for the three 554 

studied species showed a similar hierarchy between PTFs as in a comparison of their 555 

performance with measured SWHC: the Al Majou, Bruand-2002 and Bruand-2004 class 556 

PTFs gave the best results. The important variations in tree growth prediction illustrate 557 

the need to compare the efficiency of the available PTFs  (the worse being less efficient 558 

than soil depth alone). On the other hand, our results showed also that using class PTFs 559 

does not involve a reduction in the prediction quality when compared to more 560 

sophisticated PTFs such as continuous PTFs. Indeed both types of PTF led to similar 561 

prediction performance which is in agreement with the results recorded by Wösten et al. 562 

(1995) and Al Majou et al. (2007). This study complements those showing a lower 563 

performance for PTFs developed with large scale databases or using soils different from 564 

those of the studied area (Nemes et al., 2003). This probably explains the lowest 565 

performance recorded with the Vereecken and Teepe continuous PTFs, and the Wösten 566 

and Schaap class PTFs. We noted that the reduction in prediction accuracy for SWHC 567 
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estimates based on PTF is relatively low when validating with forested soils, 568 

particularly when using Al Majou class PTFs, despite the fact that most of the soil 569 

samples used for the development of PTFs originated from agricultural soils.  570 

Our results have also shown that the proportion of surface area occupied by rock 571 

outcrops on the scale of every elementary plot was required to estimate the amount of 572 

water available for that plot. Indeed, we showed a much better prediction of the stand 573 

productivity by using SWHC” than SWHC’. In addition, its prediction performance 574 

with SWHC’ was similar when using soil depth alone. When the plot was rocky, the pit 575 

was usually dug were the rock outcrops were fewer thus leading to an underestimation 576 

of the stone content at the plot scale. Our results also highlight the significance of 577 

appropriate estimates of both stone content and proportion of surface area occupied by 578 

rock outcrop in SWHC” estimations. 579 

 580 

4.2 Uncertainties linked to mapping procedure 581 

 582 

The uncertainties linked to mapping procedure can be evaluated by comparison of 583 

SWHC’’ values extracted from the map and estimated on the plot, and by determining 584 

their respective predictive ability in regard of tree growth. With a R² of 0.35 and an 585 

RMSE of 33.9mm, the prediction errors between the map and the independent 586 

validation dataset can appear relatively important. However, this comparison is arduous 587 

because it concern information at different scales, map prediction representing a mean 588 

SWHC’’ value over a cell, and the validation plot a local measurement. SWHC’’ is 589 

know to be very heterogeneous due to variations in soil type, topography or presence of 590 

rocks for example, and the plot estimation can be not representative of the mean 591 

conditions of the area (Mummery et al., 1999). Moreover, the validation has been 592 
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realised using NFI plots collected with the same protocol as plots used for mapping, 593 

probably affected by measurement errors as described above. If this comparison allow 594 

to describe the spatial distribution of uncertainties linked to mapping procedure, the 595 

averaging of a large number of measurements recorded at different locations for a same 596 

cell of the map could provide a more realistic idea of the quality of the predictions. 597 

Despite variations with the species being considered, the map shows a global 598 

performance close to estimates based on plots for predicting tree species productivity. 599 

This surprising result can be explained by the combination of two opposing effects. A 600 

negative effect is linked to the interpolation procedure, which used an average of 601 

neighbouring values to predict SWHC” for a specified location, thereby smoothing local 602 

features of the plot. On the other hand, this smoothing can have a positive effect, by 603 

limiting the impact of field survey errors. By predicting SWHC” at un-sampled 604 

locations while considering the effect of many neighbourhood plots, the impact of 605 

survey errors is limited. These two opposing effects can be more or less important 606 

depending on location: in steeply undulating areas, map interpolation can be less 607 

efficient than estimation on plots, probably due to the high spatial variability induced by 608 

topography and geology changes. This likely explains why the productivity of Picea 609 

abies, a mountain species, is better explained by the SWHC” estimated from plots than 610 

the SWHC” extracted from the map. In contrast, Quercus petraea is principally located 611 

in sedimentary plains, where units are more homogeneous over large areas. Due to this 612 

relative homogeneity, an average of soil water content over various neighbouring plots 613 

provides a better estimate for a site than a single estimate carried out locally. This likely 614 

explains the observed higher predictive ability of SWHC” extracted from the map 615 

compared to that calculated from plots for this species. Fagus sylvatica being a species 616 

located both in sedimentary plains and in mountainous areas, the two effects probably 617 
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compensate for each other, and close predictive ability is found using SWHC” estimated 618 

from plots or extracted from the map. These results suggest uncertainties involved by 619 

the mapping procedure could be relatively low comparing to those associated to SWHC 620 

estimate, and locally the mapping procedure could compensate a part of survey errors. 621 

Uncertainties associated with mapping procedure are dependent on output 622 

resolution and interpolation method. The choice of output resolution is in general rarely 623 

discussed in studies leading to map production, despite its importance. We have shown 624 

that a maladapted resolution can lead to a significant increase in map uncertainty. The 625 

1 km² resolution selected to elaborate this map is logically close to the distance between 626 

NFI plots on the mesh (0.9 plots km-2). Uncertainties generated by kriging are more 627 

important for extreme values which are smoothed. We had greater difficulty in 628 

predicting SWHC” in areas with abrupt changes in conditions and achieved better 629 

prediction in homogeneous geomorphological or topographical conditions. The 630 

evaluation of other mapping methods could be a way to reduce interpolation 631 

uncertainties, although little is known about their validity in large area studies. For 632 

example, cokriging or regression-kriging using ancillary variables such as geology and 633 

terrain attributes have given good results in local studies in previous research, 634 

(Bourennane et al., 2000; Minasny and McBratney, 2007). Instead of interpolate the 635 

SWHC’’ value estimated on plot, an other possibility could be to interpolate first the 636 

raw properties required and after to use PTF to calculate SWHC’’ with GIS. Both 637 

procedures has already been compared at local scale (Voltz and Goulard, 1994; 638 

Sinowski et al., 1997), and they showed very small differences in comparison with the 639 

large uncertainties associated with PTF estimates (Vanderlinden et al., 2005). 640 

 641 

4.3 Interest of the SWHC’’map and its use for tree growth modelling 642 
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 643 

The established maps allow to provide for the first time in the French forests 644 

relatively fine spatial information about SWHC’’ and associated prediction errors, for 645 

an area corresponding to 150,000 km². Uncertainties seems to be mainly influenced by 646 

the estimate of the soil volume prospectable by plants (linked to soil depth and stone 647 

volume estimation) and the method allowing to convert these volume in potential water 648 

content. Simple methods based on class PTFs showed near performances compared to 649 

continuous ones, demonstrating the interest of using only textural classes for large scale 650 

SWHC’’ predictions. The mapping procedure seems to have contrasted effects, 651 

increasing prediction errors in heterogeneous areas but improving the map predictive 652 

ability in homogeneous ones.  653 

The obtained digital map can be used for a large range of scales, making it an 654 

useful tool for policy makers and land managers. However, due to the forest origin of 655 

the samples used, the validity of the map has to be considered for forest areas alone. Its 656 

ability to predict SWHC” in unforested areas remains to be determined but can be 657 

assumed to be lower, the distance to sample plots being longer and the soil concerned 658 

being different. Most existing large SWHC maps are based on the use of numerical 659 

maps of soils, thus providing averaged soil property values per soil mapping unit 660 

(Batjes, 1997; Wosten et al., 1999). This approach is criticized because it does not 661 

account for variations of soil properties within soil units, and soil classification criteria 662 

cannot correspond to the soil property being mapped (Leenhardt et al., 1994; Voltz et 663 

al., 1997; Utset et al., 2000). We have shown here that the use of easy-to-collect 664 

information surveyed on numerous plots located at regular spatial intervals allow to 665 

overcome these limits, offering new perspectives for large scale digital mapping of soil 666 

parameters.  667 
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This study also highlight the potential of SWHC’’ maps for modelling tree growth, 668 

which can provide values with a comparable efficiency as data recorded on the plot, 669 

without a ground survey for each location in the space. SWHC’’ extracted from the map 670 

allow to predict between 10.3% and 14.1% of the site index variance for the three 671 

studied species, in agreement with previous results obtained for the same species by 672 

Seynave et al (2005; 2008) . She showed that climatic factors were the main drivers of 673 

growth, soil richness and soil moisture acting as complementary variables, as already 674 

shown in previous studies (Curt et al., 2001; Chen et al., 2002). Due to the lack of data, 675 

the soil moisture effect appeared in these models thought different proxies as soil depth, 676 

stone content or topographic position, or thought SWHC estimated using Jamagne 677 

PTFs. The availability of SWHC’’ values calculated using efficient methods allow to 678 

improve existing models and to progress in the understanding of three growth. By 679 

combination with climatic factors, it also offer the possibility to improve the 680 

characterisation of the soil moisture available for plants through the soil water balance 681 

estimation, thus providing indices having a direct effect on plant physiology and taking 682 

into account water fluxes determined by precipitation, actual evapotranspiration or 683 

runoff (Zierl, 2001). 684 

 685 

5. Conclusion 686 

 687 

A SWHC” map showing local variations over a large area is a useful tool as much 688 

for decision maker who generally need information over vast areas as for land managers 689 

who need descriptors for more local studies. We have demonstrated the potential of 690 

using basic information that already exists or can be collected through national or 691 

international networks, for characterizing water content properties on numerous plots 692 
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with appropriate PTFs, thus allowing the derivation of maps by interpolation 693 

procedures. In this study the site indices selected appeared to be appropriate biological 694 

indicators to compare soil water holding capacity estimation methods or to evaluate 695 

map predictive ability, showing concordant results with those obtained with water 696 

content measurements for comparison of PTFs. The SWHC” values extracted from the 697 

map can be used alone or can be combined with climatic factors to estimate spatially-698 

distributed soil water balance. Those indices which have a physiological significance 699 

can be used to characterize the relation between water available for plants and to 700 

improve plant productivity or distribution models. This knowledge is particularly 701 

important in the current climate change context to determine and to monitor the 702 

potential impacts of global warming on vegetation.  703 

 704 

 705 

 706 

Acknowledgements 707 

We are grateful to the GIP ECOFOR who supported this work through the programme 708 

“Typologie des stations forestières”. We would like to thank the National Forest 709 

Inventory (NFI) who provided the data allowing the map to be realized, François 710 

Bigorre who provided information concerning soil water content measurements, 711 

Bernard Jabiol for his assistance and interesting suggestions, and Jean-Claude Pierrat, 712 

Dominique Arrouays, Jean Luc Flot and Max Bruciamacchie for their help. 713 

 714 

Bibliographie  715 

Al Majou, H., 2008. Etude et prédiction des propriétés de rétention en eau des sols : 716 

prise en compte de la composition et de l'atat structural du sol. Sciences du sol. 717 

Université d'Orléans, Orléans, p. 208p. + annexes. 718 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  30 

Al Majou, H., Bruand, A., Duval, O., 2008. The use of in situ volumetric water content 719 

at field capacity to improve the prediction of soil water retention properties. 720 

Canadian Journal of Soil Science 88, 533-541. 721 

Al Majou, H., Bruand, A., Duval, O., Cousin, L., 2007. Variation of the water-retention 722 

properties of soils: Validity of class-pedotransfer functions. Comptes Rendus 723 

Geoscience 339, 632-639. 724 

Baize, D., Jabiol, B., 1995. Guide pour la description des sols. INRA, Paris. 725 

Batjes, N.H., 1997. A world dataset of derived soil properties by FAO-UNESCO soil 726 

unit for global modelling. Soil Use and Management 13, 9-16. 727 

Becker, M., 1974. Experimental study of transpiration and growth of young douglas-fir 728 

according to water supply Annales des Sciences Forestieres (Paris) 31, 97-110. 729 

Berges, L., Balandier, P., 2010. Revisiting the use of soil water budget assessment to 730 

predict site productivity of sessile oak (Quercus petraea Liebl.) in the perspective of 731 

climate change. European Journal of Forest Research 129, 199-208. 732 

Bigorre, F., 2000. Influence de la pédogenèse et de l'usage des sols sur leurs propriétés 733 

physiques. Mécanismes d'évolution et éléments de prévision. Nancy-Metz. Henri 734 

Poincaré Nancy I, Nancy. 735 

Bouma, J., 1989. Using soil survey data for quantitative land evaluation. Soil Science 9, 736 

177-213. 737 

Bourennane, H., King, D., Couturier, A., 2000. Comparison of kriging with external 738 

drift and simple linear regression for predicting soil horizon thickness with different 739 

sample densities. Geoderma 97, 255-271. 740 

Bravo-Oviedo, A., Montero, G., 2005. Site index in relation to edaphic variables in 741 

stone pine (Pinus pinea L.) stands in south west Spain. Ann. For. Sci. 62, 61-72. 742 

Breda, N., Granier, A., Barataud, F., Moyne, C., 1995. Soil-water dynamics in an oak 743 

stand  .1. soil-moisture, water potentials and water-uptake by roots. Plant and Soil 744 

172, 17-27. 745 

Breda, N., Huc, R., Granier, A., Dreyer, E., 2006. Temperate forest trees and stands 746 

under severe drought: a review of ecophysiological responses, adaptation processes 747 

and long-term consequences. Ann. For. Sci. 63, 625-644. 748 

Bruand, A., Duval, O., Cousin, I., 2004. Estimation des propriétés de rétention en eau 749 

des sols à partir de la base de données SOLHYDRO : une première proposition 750 

combinant le type d'horizon, sa texture, et sa densité apparente. Etude et Gestion des 751 

Sols 11, 323-332. 752 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  31 

Bruand, A., Fernandez, P.N., Duval, O., 2003. Use of class pedotransfer functions based 753 

on texture and bulk density of clods to generate water retention curves. Soil Use and 754 

Management 19, 232-242. 755 

Bruand, A., Perez-Fernandez, P., Duval, O., Quetin, P., Nicoullaud, B., Gaillard, H., 756 

Raison, L., Pessaud, J.F., Prud'Homme, L., 2002. Estimation des propriétés de 757 

rétention en eau des sols : utilisation de classe de pédotransfert après stratifications 758 

texturale et texturo-structurale. Etude et gestion des sols 9, 105-125. 759 

Bruand, A., Tessier, D., 2000. Water retention properties of the clay in soils developed 760 

on clayey sediments : significance of parent material and soil history. Eur. J. Soil 761 

Sci. 51, 679-688. 762 

Brus, D.J., Gruijter, J.J.d., Marsman, B.A., Visschers, R., Bregt, A.K., Breeuwsma, A., 763 

Bouma, J., 1996. The performance of spatial interpolation methods and choropleth 764 

maps to estimate properties at points: a soil survey case study. Environmetrics 7, 1-765 

16. 766 

Carré, F., McBratney, A.B., Mayr, T., Montanarella, L., 2007a. Digital soil assessments: 767 

Beyond DSM. Geoderma 142, 69-79. 768 

Carré, F., McBratney, A.B., Minasny, B., 2007b. Estimation and potential improvement 769 

of the quality of legacy soil samples for digital soil mapping. Geoderma 141, 1-14. 770 

Chen, H.Y.H., Krestov, P.V., Klinka, K., 2002. Trembling aspen site index in relation to 771 

environmental measures of site quality at two spatial scales. Canadian Journal of 772 

Forest Research-Revue Canadienne De Recherche Forestiere 32, 112-119. 773 

Coops, N.C., Waring, R.H., 2001. Estimating forest productivity in the eastern Siskiyou 774 

Mountains of southwestern Oregon using a satellite driven process model, 3-PGS. 775 

Canadian Journal of Forest Research Journal Canadien de la Recherche Forestiere 776 

31, 143-154. 777 

Cornelis, W.M., Khlosi, M., Hartmann, R., Van Meirvenne, M., De Vos, B., 2005. 778 

Comparison of unimodal analytical expressions for the soil-water retention curve. 779 

Soil Science Society of America Journal 69, 1902-1911. 780 

Cornelis, W.M., Ronsyn, J., Meirvenne, M.v., Hartmann, R., 2001. Evaluation of 781 

pedotransfer functions for predicting the soil moisture retention curve. Soil Science 782 

Society of America Journal 65, 638-648. 783 

Coudun, C., Gégout, J.C., Piedallu, C., Rameau, J.C., 2006. Soil nutritional factors 784 

improve models of plant species distribution: an illustration with Acer campestre 785 

(L.) in France. Journal of Biogeography. 786 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  32 

Cresswell, H.P., Coquet, Y., Bruand, A., McKenzie, N.J., 2006. The transferability of 787 

Australian pedotransfer functions for predicting water retention characteristics of 788 

French soils. Soil Use and Management 22, 62-70. 789 

Curt, T., Bouchaud, M., Agrech, G., 2001. Predicting site index of Douglas-Fir 790 

plantations from ecological variables in the Massif Central area of France. For. Ecol. 791 

Manage. 149, 61-74. 792 

Dirnböck, T., Hobbs, R.J., Lambeck, R.J., Caccetta, P.A., 2002. Vegetation distribution 793 

in relation to topographically driven processes in southwestern Australia. Applied 794 

Vegetation Science 5, 147-158. 795 

Drapier, J., Cluzeau, C., 2001. La base de données écologiques de l'IFN. The NFI's 796 

ecological data base. Revue Forestière Française 53, 365-371. 797 

Givi, J., Prasher, S.O., Patel, R.M., 2004. Evaluation of pedotransfer functions in 798 

predicting the soil water contents at field capacity and wilting point. Agricultural 799 

Water Management 70, 83-96. 800 

Guisan, A., Zimmermann, N.E., 2000. Predictive habitat distribution models in ecology. 801 

Ecological Modelling 135, 147-186. 802 

Islam, N., Wallender, W.W., Mitchell, J.P., Wicks, S., Howitt, R.E., 2006. Performance 803 

evaluation of methods for the estimation of soil hydraulic parameters and their 804 

suitability in a hydrologic model. Geoderma 134, 135-151. 805 

Jamagne, M., Betremieux, R., Begon, J.C., Mori, A., 1977. Quelques données sur la 806 

variabilité dans le milieu naturel de la réserve en eau des sols. agro - INRA 127, 807 

627-641. 808 

Lebourgeois, F., Bréda N., Ulrich E., A, G., 2005. Climate-tree-growth relationships of 809 

European beech(Fagus sylvatica L.) in the French Permanent Plot Network 810 

(RENECOFOR). Trees Structure and Function 19, 385-401. 811 

Leenhardt, D., Voltz, M., Bornand, M., Webster, R., 1994. Evaluating Soil Maps for 812 

Prediction of Soil-Water Properties. European Journal of Soil Science 45, 293-301. 813 

Mermoud, A., Xu, D., 2006. Comparative analysis of three methods to generate soil 814 

hydraulic functions. Soil & Tillage Research 87, 89-100. 815 

Minasny, B., McBratney, A.B., 2003. Integral energy as a measure of soil-water 816 

availability. Plant and Soil 249, 253-262. 817 

Minasny, B., McBratney, A.B., 2007. Spatial prediction of soil properties using EBLUP 818 

with the Matern covariance function. Geoderma 140, 324-336. 819 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  33 

Mitsuda, Y., Ito, S., Sakamoto, S., 2007. Predicting the site index of sugi plantations 820 

from GIS-derived environmental factors in Miyazaki Prefecture. Journal of Forest 821 

Research 12, 177-186. 822 

Mueller T.G., Pusuluri N.B., Mathias K.K., Cornelius P.L., Barnhisel R.I., S.A., S., 823 

2004. Map quality for ordinary kriging and inverse distance weighted interpolation. 824 

Soil science society of America 68, 2042-2047. 825 

Mummery, D., Battaglia, M., Beadle, C.L., Turnbull, C.R.A., McLeod, R., 1999. An 826 

application of terrain and environmental modelling in a large-scale forestry 827 

experiment. Forest Ecology & Management 118, 149-159. 828 

Nemani, R.R., Keeling, C.D., Hashimoto, H., Jolly, W.M., Piper, S.C., Tucker, C.J., 829 

Myneni, R.B., Running, S.W., 2003. Climate-driven increases in global terrestrial 830 

net primary production from 1982 to 1999. Science 300, 1560-1563. 831 

Nemes, A., Schaap, M.G., Wosten, J.H.M., 2003. Functional evaluation of pedotransfer 832 

functions derived from different scales of data collection. Soil Science Society of 833 

America Journal 67, 1093-1102. 834 

Nemes, A., Wosten, J.H.M., Bouma, J., Varallyay, G., 2006. Soil water balance 835 

scenario studies using predicted soil hydraulic parameters. Hydrological Processes 836 

20, 1075-1094. 837 

Orfanus, T., Mikulec, V., 2005. Regionalization of potential water storage capacity of 838 

agricultural landscape - a quantification of soil accumulation function. Geophysical 839 

Research Abstracts 7. 840 

Piedallu, C., Gegout, J., 2008. Efficient assessment of topographic solar radiation to 841 

improve plant distribution models. Agricultural and Forest Meteorology 148, 1696-842 

1706. 843 

Piedallu, C., Gegout, J.C., 2007. Multiscale computation of solar radiation for predictive 844 

vegetation modelling. Ann. For. Sci. 64, 899-909. 845 

Rawls, W.J., Pachepsky, Y., Shen, M.H., 2001. Testing soil water retention estimation 846 

with the MUUF pedotransfer model using data from the southern United States. 847 

Journal of Hydrology 251, 177-185. 848 

Romano, N., Santini, A., 1997. Effectiveness of using pedo-transfer functions to 849 

quantify the spatial variability of soil water retention characteristics. Journal of 850 

Hydrology 202, 137-157. 851 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  34 

Romano, N., Santini, A., 2002. Water retention and storage: Field. In: J.H. Dane and 852 

G.C. Topp, e. (Ed.), Methods of Soil Analysis Part 4, Physical Methods. Madison, 853 

WI, USA., pp. 721-738. 854 

Rosenbaum, M., Söderström, M., 2003. Geostatistics as an aid to mapping. 855 

Rubio, C.M., Llorens, P., Gallart, F., 2008. Uncertainty and efficiency of pedotransfer 856 

functions for estimating water retention characteristics of soils. European Journal of 857 

Soil Science 59, 339-347. 858 

Schaap, M.G., Leij, F.J., van Genuchten, M.T., 2001. ROSETTA: a computer program 859 

for estimating soil hydraulic parameters with hierarchical pedotransfer functions. 860 

Journal of Hydrology 251, 163-176. 861 

Schaap, M.G., Nemes, A., van Genuchten, M.T., 2004. Comparison of models for 862 

indirect estimation of water retention and available water in surface soils. Vadose 863 

Zone Journal 3, 1455-1463. 864 

Seynave, I., Gegout, J.C., Herve, J.C., Dhote, J.F., 2008. Is the spatial distribution of 865 

European beech (Fagus sylvatica L.) limited by its potential height growth? Journal 866 

of Biogeography 35, 1851-1862. 867 

Seynave, I., Gégout, J.C., Herve, J.C., Dhote, J.F., Drapier, J., Bruno, E., Dume, G., 868 

2005. Picea abies site index prediction by environmental factors and understorey 869 

vegetation: a two-scale approach based on survey databases. Can. J. For. Res 35, 870 

1669-1678. 871 

Seynave, I., Gégout, J.C., Hervé, J.C., Dhôte, J.F., Drapier, J., Bruno, E., Dumé, G., 872 

2004. Picea abies site index prediction by environmental factors and understorey 873 

vegetation : a two-scale approach based on survey databases. 874 

Sinowski, W., Scheinost, A.C., Auerswald, K., 1997. Regionalization of soil water 875 

retention curves in a highly variable soilscape .2. Comparison of regionalization 876 

procedures using a pedotransfer function. Geoderma 78, 145-159. 877 

Smithwick, E.A.H., Mack, M.C., Turner, M.G., Chapin, F.S., Zhu, J., Balser, T.C., 878 

2005. Spatial heterogeneity and soil nitrogen dynamics in a burned black spruce 879 

forest stand: distinct controls at different scales. Biogeochemistry 76, 517-537. 880 

Teepe, R., Dilling, H., Beese, F., 2003. Estimating water retention curves of forest soils 881 

from soil texture and bulk density. Journal of Plant Nutrition and Soil Science-882 

Zeitschrift Fur Pflanzenernahrung Und Bodenkunde 166, 111-119. 883 

Tietje, O., Tapkenhinrichs, M., 1993. Evaluation of Pedo-Transfer Functions. Soil 884 

Science Society of America Journal 57, 1088-1095. 885 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  35 

Twarakavi, N.K.C., Sakai, M., Simunek, J., 2009. An objective analysis of the dynamic 886 

nature of field capacity. Water Resources Research 45. 887 

Utset, A., Lopez, T., Diaz, M., 2000. A comparison of soil maps, kriging and a 888 

combined method for spatially predicting bulk density and field capacity of 889 

ferralsols in the Havana-Matanzas Plain. Geoderma 96, 199-213. 890 

Van Alphen, B.J., Booltink, H.W.G., Bouma, J., 2001. Combining pedotransfer 891 

functions with physical measurements to improve the estimation of soil hydraulic 892 

properties. Geoderma 103, 133-147. 893 

Van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic 894 

conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892-898. 895 

Vanderlinden, K., Giraldez, J.V., Van Meirvenne, M., 2005. Soil water-holding capacity 896 

assessment in terms of the average annual water balance in Southern Spain. Vadose 897 

Zone Journal 4, 317-328. 898 

Vereecken, H., Maes, J., Feyen, J., Darius, P., 1989. Estimating the soil moisture 899 

retention characteristic from texture, bulk density, and carbon content. Soil Science 900 

148, 389-403. 901 

Vincke, C., Delvaux, B., 2005. Porosity and available water of temporarily waterlogged 902 

soils in a Quercus robur (L.) declining stand. Plant and Soil 271, 189-203. 903 

Voltz, M., Goulard, M., 1994. spatial interpolation of soil moisture retention curves 904 

Geoderma 62, 109-123. 905 

Voltz, M., Lagacherie, P., Louchart, X., 1997. Predicting soil properties over a region 906 

using sample information from a mapped reference area. European Journal of Soil 907 

Science 48, 19-30. 908 

Von Humboldt, A., 1807. Ideen zu einer Geographie der Pflanzen 909 

nebst einem Naturgemailde der Tropenlander. Tubingen, 33 pp. 910 

Wagner, B., Tarnawski, V.R., Hennings, V., Muller, U., Wessolek, G., Plagge, R., 911 

2001. Evaluation of pedo-transfer functions for unsaturated soil hydraulic 912 

conductivity using an independent data set. Geoderma 102, 275-297. 913 

Wosten, J.H.M., Lilly, A., Nemes, A., Bas, C.l., 1999. Development and use of a 914 

database of hydraulic properties of European soils. Geoderma 90. 915 

Wosten, J.H.M., Pachepsky, Y.A., Rawls, W.J., 2001. Pedotransfer functions: bridging 916 

the gap between available basic soil data and missing soil hydraulic characteristics. 917 

Journal of Hydrology (Amsterdam) 251, 123-150. 918 

Zeide, B., 1993. Analysis of growth equations. Forest Sci. 39, 594-616. 919 

in
su

-0
05

31
26

3,
 v

er
si

on
 1

 - 
13

 D
ec

 2
01

0



  36 

Zierl, B., 2001. A water balance model to simulate drought in forested ecosystems and 920 

its application to the entire forested area in Switzerland. Journal of Hydrology 921 

(Amsterdam) 242, 115-136. 922 

 923 

 924 

Figures  925 

 926 

Figure 1 : Location of the 100,307 plots used to establish the map (a),  the 20,595 plots 927 

used to its validation (b), and the 3,762 plots with site information about productivity 928 

for Picea abies (n = 2,068),  Fagus sylvatica (n = 816), and Quercus petraea (n = 878)  929 

(c). 930 

 931 

Figure 2 : RMSE (cm3 cm-3) and coefficient of determination (R²) between  soil water 932 

holding capacity (2 - 4.2) predicted  using 6 class-PTF and 3 continuous-PTF, and 933 

measured values for  all horizons (n = 227) and only for forested ones (n = 95, in 934 

bracket). 935 

 936 

Figure 3 : Relation between SWHC” estimated on plots and obtained from the map (in 937 

mm), for different resolutions (a), and  for1 km² cell size (b) ( n = 20,595).   938 

 939 

Figure 4 : Schematic view of France indicating natural regions with extreme values of 940 

SWHC” (a), SWHC” map (b), with an insert showing local variations (c), and (d) 941 

spatial distribution of prediction errors  interpolated from validation dataset ( n = 942 

20,595). 943 

 944 
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Figure 5 : semi-variogram computed with the ordinary kriging technique, using  945 

100,307 plots with SWHC” values. Each dot represent a pair of points that have a 946 

common distance (lag size) between each other, 60 lags of 2,000 m are represented, 947 

showing relationships between plots for a distance up to 120 km. 948 

 949 

Figure 6 : Picea abies (n = 2,068), Fagus sylvatica (n= 816), and Quercus petraea  (n = 950 

878) site indices variance explained by logarithm of SWHC” estimated on NFI plots 951 

and extracted from the map (in %). 952 

 953 

Tables  954 

Table 1 : Soil water holding capacity (SWHC, 2 - 4.2, in cm3 cm-3), given by different  955 

class-PFTs for the 9 NFI textural classes (STD = standard deviation). 956 

 957 

Table 2 : RMSE (mm.), mean error (ME, in mm.),  and coefficient of determination (R²) 958 

between predicted SWHC  using 6 class-PTF and 3  continuous-PTF, and measured 959 

SWHC, for a soil free of stone. Measured mean SWHC is 87 mm, ranging between 32 960 

and 215 mm. R² between soil depth and measured SWHC 0,73 (n = 63).  961 

 962 

Table 3 :  SWHC” map mean values, RMSE (in mm.) and relative RMSE (RMSEr, in 963 

%) between map and plot estimations (n = 20,551), by bedrock units and according to 964 

topography types. Flat and steep areas are determined using the NFI topography code 965 

determined by field observation.  n = number of plots.  966 

 967 

Table 4 : Average SWHC” map prediction accuracy for different study site sizes, 968 

ranging from the entire France to a mesh of 10*10 kms square. For each of the 6 level 969 
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of analysis considered, number of squares used (repeats), mean number of plots per 970 

square (mean n, at least 10 records per square being required), RMSE and standard 971 

deviation between SWHC” predicted by the map and  estimations on validation plots 972 

are summarized (n = 20595). ND : not calculated. 973 

 974 

Table  5 : Picea abies (n = 2,068), Fagus sylvatica (n= 816), and Quercus petraea  (n = 975 

878) site indices variance (in %) explained by soil depth and  logarithm of SWHC 976 

estimated on NFI plots using 6 class-PFTs at pit scale (SWHC’) or at plot scale 977 

(SWHC”). 978 

 979 
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 980 

 981 
 982 
 983 
Figure 1 984 
 985 
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 986 
 987 
 988 

Measured available water capacity(%)

Pr
ed
ict
ed 
av
ail
abl
e 
wa
ter 
ca
pa
cit
y  
(%

Bruand‐2002 class ‐PTF  
RMSE = 0.047 (0.054) 
R² = 0.25 (0.34)

Jamagne class‐PTF 
RMSE = 0.070 
(0.065) 

Wösten class‐PFT 
RMSE = 0.053 
(0.068)

Schaap class‐PTF 
RMSE = 0.064 
(0.082)

Bruand‐2004 class‐PTF  
RMSE = 0.047 (0.057) 
R² = 0.24 (0.27) 

Al Majou class‐PTF 
RMSE = 0.046 
(0.049) 

Al Majou continuous‐
PTF 
RMSE = 0.050 (0.057) 

Vereecken continuous‐
PTF 
RMSE = 0.063 (0.078)

Teepe continuous‐
PTF 
RMSE = 0.058 (0.074)

Figure 2 
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 1028 
 1029 
 1030 

NFI Jamagne Bruand Bruand        Al Majou               Schaap Wösten MEAN STD
textural class  -2002 -2004 topsoil subsoil topsoil subsoil    

1 sand 0,07 0,08 0,06 0,11 0,09 0,06 0,04 0,0001 0,06 0,035
2 loamy sands 0,10 0,13 0,13 0,14 0,07 0,07 0,06 0,04 0,09 0,038
3 sandy clay loam 0,14 0,13 0,13 0,14 0,07 0,07 0,06 0,07 0,10 0,035
4 silt loam 0,14 0,14 0,17 0,17 0,14 0,09 0,08 0,09 0,13 0,036
5 silty clay loam 0,20 0,16 0,17 0,17 0,15 0,12 0,11 0,10 0,15 0,034
6 silt 0,18 0,16 0,21 0,17 0,15 0,12 0,11 0,10 0,15 0,038
7 silty clay 0,18 0,10 0,14 0,15 0,13 0,10 0,09 0,09 0,12 0,032
8 clay loam 0,17 0,11 0,16 0,16 0,14 0,09 0,08 0,07 0,12 0,041
9 clay  0,17 0,12 0,12 0,13 0,10 0,10 0,08 0,09 0,11 0,029

Table  1

 1031 
 1032 
 1033 
 1034 

                                           class‐PFT               continuous‐PFT

Jamagne Bruand‐2002 Bruand‐2004 AlMajou Schaap Wösten Vereecken Teepe AlMajou

RMSE 50,1 21,8 30,4 18,5 35,0 29,3 30,8 38,4 30,8

ME 41,5 8,3 20,6 3,8 ‐26,2 ‐15,3 ‐33,6 ‐22,9 23,6

R² 0,79 0,79 0,82 0,84 0,72 0,82 0,83 0,82 0,85

Table 2

 1035 
 1036 
 1037 
 1038 

                   Flat areas                   Steep area

Rock type n Mean RMSE RMSEr n Mean RMSE RMSEr

Igneous/metamorphic rocks 56 73 38 51 1783 60 35 73
Massive silicate rocks 18 86 34 43 238 65 37 74

Hollow silicate rocks 4906 93 32 32 6345 83 37 43

Massive calcareous rocks 360 46 26 75 2522 46 30 88
Hollow calcareous rocks 746 66 32 47 2919 57 34 58

Marl, clay 295 101 23 21 363 81 34 37

Table 3

 1039 
 1040 
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 1042 
 

repeats mean n RMSE STD
France 1 20955 33,9 ND

200 km 26 853 33,8 9,1
100 km 77 267 33,6 6,4
50 km 243 84 33,6 7,6
25 km 706 27 33,0 8,9
10 km 94 11 32,1 11,7

Table 4
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n Depth Formula Jamagne Bruand‐2002 Bruand‐2004 Schaap Wösten Al Majou

Picea abies  2068 14,4 SWHC ' 9,4 14,0 12,2 4,5 10,7 11,8

  SWHC" 16,1 20,4 19,0 7,2 17,5 18,6

Fagus sylvatica  816 7,2 SWHC ' 6,3 7,0 5,6 2,2 6,4 7,3

SWHC" 10,4 11,1 9,5 4,3 10,6 11,5

Quercus petraea  878 7,5 SWHC ' 6,7 9,7 9,9 6,5 8,7 9,4

  SWHC" 10,5 11,9 12,1 7,7 10,9 11,7

Table 5  1047 
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