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A B S T R A C T   

Natural and semi-natural grasslands, particularly dry grasslands, are high-value biodiversity hotspots in Europe 
and major challenges for ecological conservation and restoration. Soil transfer has been used successfully to 
restore dry grassland ecosystems (soil and vegetation), but should only be applied as a last resort and where an 
undegraded ecosystem has previously independently been earmarked for destruction. 

Assessing overall restoration success means taking soil recovery into account as well as vegetation regener-
ation. In Mediterranean regions and under global warming, soil hydrodynamic properties are the most critical 
limiting factors for the restoration of dry ecosystems. This study analyses soil physico-chemical parameters and 
hydrodynamic properties in reconstructed soils after soil transfer following a petrol land spill. Six years after soil 
transfer and compared to the surrounding soil reference steppe, the horizons of the soil transfer treatments were 
significantly less colonised by plant roots and showed very few biological activities and earthworm galleries. 
Then, their porosity was also significantly lower. Hydrodynamic properties continue to differ significantly be-
tween the restored site and the surrounding reference steppe ecosystem. There is also less available soil water 
and water drains faster in all soil transfer treatments. This can be explained by significant higher finer grain size 
(clays, silt), chemical elements (N, P, K), and plant cover for soil transfer treatments but significant, lower levels 
of organic matterdue to mechanical soil compaction during soil spreading. The soil transfer treatment involving 
full reconstitution of the three main soil layers yields the most encouraging results. However, the question arises 
of whether long-term vegetation recovery might be compromised by soil hydrological dysfunction under global 
warming.   

1. Introduction 

In Western Europe, dry grasslands are often qualified as hotspots of 
biodiversity (Alard and Poudevigne, 2002; Gibson and Gibson, 2008; 
Habel et al., 2013; Poschlod and WallisDeVries, 2002; Weiher and 
Keddy, 1999; Willems, 2001) However, since the second half of the 20th 
century, there has been a significant loss of these dry grasslands 
(Adriaens et al., 2006; Buisson et al., 2004; Dutoit et al., 2013; Dzwonko 
and Loster, 1998; Lee et al., 2001) due to pressure from the growing 
human population (Gibson and Gibson, 2008; Lee et al., 2001; White, 
2000). Particularly strong pressure has come from land-use changes 
such as agricultural intensification or abandonment, urbanisation or 
industrialisation (Balmford and Bond, 2005; Queiroz et al., 2014; Wil-
liams et al., 2009). This is especially true of the Mediterranean region, 
whose dry grasslands need to be both preserved and restored (Bonet, 

2004; Buisson et al., 2021; Janǐsová et al., 2011; Traba et al., 2003). 
Among the restoration methods succesfully tested, soil transfer 

stands out for its excellent results in restoring ecosystems (Clewell and 
Aronson, 2013). Soil transfer involves extracting soil and biota from a 
donor site previously scheduled for destruction and transferring them to 
a receiver site, often at a ratio of 1:1 (Bulot et al., 2017; Kiehl et al., 
2010). This method ensures the best restoration of soil physical and 
biological characteristics (Lamb et al., 2015), and plays an important 
role in the restoration of the plant community (Bulot et al., 2014b; Török 
et al., 2011; Wubs et al., 2016). Seeds and other propagules, such as 
rhizomes, small shallow-rooted plants and microorganisms, are trans-
ferred together with soil nutrients and materials (Buisson et al., 2018; 
Golos et al., 2016; Harris et al., 2006; Jasper, 2007; Reynolds et al., 
2003; Török et al., 2011; Wubs et al., 2016). This is particularly effective 
when the topsoil layer translocation method, also called bulk topsoil 
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transfer or sod dumping, is used (Buisson et al., 2018; Bullock, 1998; 
Bulot et al., 2017, 2014b; Jaunatre et al., 2014; Kiehl et al., 2010; 
Piqueray et al., 2020). An alternative for severely degraded ecosystems 
may be direct transfer or hauling, which preserve the properties and soil 
quality of the donor site. Moreover, direct transfer can avoid or minimise 
seed loss or microbial biomass reduction at the receiver site (Anderson 
et al., 2008; DePuit, 1984). However, soil transfer is not a sustainable 
restoration process and should be used as a last resort: soil, particularly 
topsoil, is a rare and non-renewable resource that takes centuries to 
create, and its preservation comes before its restoration. 

Several studies focusing on the importance of topsoil in rehabilita-
tion have examined short and longer-term changes in nutrient avail-
ability, organic matter composition, microbial activity or density of 
viable plant seed stocks (Bulot et al., 2014b; Chenot et al., 2017, 2018). 
Their findings point to the need to consider the soil as well as vegetation 
recovery to better measure overall restoration success (Chenot et al., 
2017, 2018; De Deyn et al., 2003; Piqueray et al., 2011). For example, 
adequate levels of soil physicochemical properties such as particle size, 
pH, electrical conductivity, organic carbon, nitrogen and other nutrients 
associated with soil fertility are crucial for the long-term survival of 
targeted plant communities (Alday et al., 2012; Frouz et al., 2008; 
Piqueray et al., 2011). 

Among these soil properties, soil water content is one of the most 
critical limiting factors in the regeneration and distribution of vegeta-
tion in dry environments (Enright et al., 2005; McKenzie et al., 2004; 
Pueyo et al., 2013; Wu et al., 2014). In these arid and semi-arid regions, 
soil weathering is exacerbated by unpredictable rainfall and periods of 
drought, which can drastically limit vegetation recovery after soil 
reconstruction. An enhanced understanding of these hydrological pro-
cesses, particularly the dynamics of water in reconstructed soils, is 
therefore essential (Audet et al., 2013; Beven and Germann, 2013). The 
water infiltration rate and hydraulic conductivity of vegetated soil are 
two important parameters governing surface runoff, soil moisture or the 
recharge of the groundwater table. It is particularly important to 
quantify these parameters, which allow rainfall capture and infiltration, 
together with water retention capacity, when restoring the soil of water- 
limited ecosystems. These limiting factors are useful indicators of soil 
degradation and drought potential (Ludwig et al., 2005; Michaelides 
et al., 2009; Sheoran et al., 2010). Soil physical parameters also need to 
be taken into account because they can influence hydrological processes. 
For example, soil water retention capacity is linked to soil particle-size 
distribution or soil texture (Khlosi et al., 2013; McBride and Mackin-
tosh, 1984; Wösten et al., 2001). 

In the Mediterranean region, where an increasingly dry and windy 
climate due to climate changes can limit plants’ germination, growth or 
survival, quantifying soil physical and hydrological properties is vital to 
measure soil restoration success (Harris et al., 2006; Weng and Luo, 
2008). Here, we conducted a field experiment to measure these prop-
erties in a soil transfer restoration operation that followed a petrol land 
spill in August 2009 in the plain of La Crau in southeastern France. We 
expected the results to shed light on the relative importance of soil pa-
rameters, including hydrological properties, in the success or failure of 
restoration operations involving soil transfers. 

In 2010, the polluted soil was removed and a soil transfer was sub-
sequently performed to enhance the regeneration of the typical pre- 
existing Mediterranean steppe (Bulot et al., 2014b). The soil transfer 
was carried out in 2011 to test the importance of faithfully recon-
stituting the vertical organisation of the three main soil layers (topsoil, 
subsoil, altered bedrock) as a reconstituted technosol (see Bulot et al., 
2017 for more details of the soil transfer). The impacts of this restoration 
operation on the morphology of the soil profile and soil phys-
ical–chemical properties were measured in 2011, 2013 and again in 
2016. Its impacts on soil hydrodynamic properties were also measured 
for the first time in 2016, to determine the medium-term success of 
physical soil recovery (6 years after soil transfer). 

The main objective was to characterise and to compare the hydraulic 

and physico-chemical properties of a reconstructed soil six years after its 
transfer. The spring 2011 restoration respected the vertical organisation 
of the different pedological layers of the steppe ecosystem’s pre-existing 
natural Haplic Cambisol before its destruction by a petrol leak (2009). 
The objective was to restore the same typical Mediterranean steppe soil 
and its vegetation. 

We assumed that (1) reconstituting the main pedological layers, 
including the topsoil, in vertical order would better and more rapidly 
restore hydrological properties with, in particular, slow infiltration and 
drainage of water and greater retention capacity; and (2) soil transfer 
treatments without topsoil, particularly those only involving altered 
bedrock, would lead to a marked difference from the reference steppe 
surrounding the restored site. The treatment involving soil surface 
topsoil transfer was expected to lead to finer grain size and greater 
biological activity and root density, close to that of the topsoil of the 
surrounding undisturbed steppe. 

2. Materials and methods 

2.1. Study area 

Our study site is situated in the French Mediterranean region in 
pseudo-steppe vegetation, Asphodeletum-fistulosii phytosociological 
community (Molinier and Tallon, 1950), located in the plain of La Crau 
(Fig. 1). In the past, this pseudo-steppe covered around 50,000 ha 
(Molliex et al. 2013). Today, agricultural, military or industrial activities 
have reduced it to only a fragmented 10,500 ha, which served as the 
historical reference or target ecosystem (Clewell and Aronson, 2013; 
Gann et al., 2018) as well as the donor site for soil transfers during 
earlier restoration projects (Alignan et al., 2018b; Alignan et al., 2018a; 
Bulot et al., 2017, 2014b; Coiffait-Gombault et al., 2012, 2011; Jaunatre 
et al., 2014). 

The geographic area of the plain of La Crau corresponds to the former 
outlet of the Durance River generated by Quaternay deposits during the 
Pleistocene (Molliex et al. 2013). In this ecosystem, the combined effects 
of original soil conditions (see below for details), a dry and windy 
Mediterranean climate namely a warm temperate climate with dry and 
hot summer according to the Köppen-Geiger climate classification 
(Kottek et al. 2006) and many centuries of itinerant sheep grazing have 
shaped a unique Mediterranean dry grassland locally called “steppe” 

Fig. 1. Location of the plain of La Crau in France (black square), and location of 
study site (black star) and soil donor site (white circle) in the pseudo-steppe 
vegetation of the plain of La Crau (grey areas). 
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(Devaux et al., 1983; Henry et al., 2010; Saatkamp et al., 2010). This 
steppe vegetation is dominated by perennial species and contains many 
annual species where trees cannot grow (Buisson and Dutoit, 2006). The 
dominant soil type has been identified as Mediterranean red soil (Baize 
et al. 2009), also referred as Haplic Cambisol (Calcaric) with a sandy- 
loam texture according to the World Reference Base for Soil Re-
sources (WRB, 2015). covered more than 50 % by siliceous pebbles 
washed from the Alps. The topography is extremely flat and the original 
soil surface layer (around 20 cm of silt) was removed by wind erosion 
during the Late Glacial Period (Molliex et al., 2013). Three main pedo-
logical layers were previously identified under typical steppe vegetation 
(Bouteyre and Duclos, 1994) : 1. an organo-mineral topsoil (0–20 cm 
deep) largely composed of rounded siliceous pebbles (40–70 % of the 
surface) with a mixture of organic (2.5–3.5 %) and mineral matter; 2. a 
mineral horizon (20–40 cm deep) consisting of brown to red-brown soil 
that is very stony and differing from the bedrock in its greater alteration 
(presence of free Fe2O3) and from the surface topsoil in its structure; 3. 
altered bedrock (more than 40 cm deep) formed by the dissolution of the 
matrix hardened by rainwater rendered acidic by moving within the 
upper horizons. This bedrock, located 40–60 cm deep, is a stony 
conglomerate composed of pebbles contained in a calcium carbonate 
matrix (Molliex et al., 2013). It is between 5 and 35 m thick depending 
on location and prevents the plant root system from reaching the water 
table. The upper part of this conglomerate is an encrusting layer be-
tween 1 and 5 m thick resulting from the leaching of calcium by grav-
itational waters and/or from calcareous deposits from rising 
carbonate-rich groundwater (Bouteyre and Duclos, 1994). 

2.2. Study site 

The study site covered 5.5 ha (43◦31′36.77′’N, 4◦53′04.50′’E) where 
the grassland soil and vegetation were polluted by an oil spill in summer 
2009 (Fig. 1). Restoration consisted in excavating the polluted soil down 
to the bedrock (72,000 tons) and taking it to a specialised treatment 
centre. In spring 2011, the excavated area was filled in by direct soil 
transfer (no stockpile) from intact dry grassland at a nearby active 
quarry (soil donor site) 4 km away (Fig. 1). The soil transfer was per-
formed during a rainy period at a ratio of 1:1. The three main soil layers 
were reconstituted with their different degrees of profile complexity 
(reconstituted technosol), as derived from the original pedogenesis in 
the reference undisturbed steppe soil. This process enabled us to eval-
uate three treatments on plots of 100 m2 randomly distributed over the 
5.5 ha site and involving partial or total reconstitution of the soil orig-
inal vertical organisation (for more details of this restoration process, 
see Bulot et al. 2014b and 2017), as follows: 

(1) “topsoil” (TS) comprising altered bedrock (35–40 cm deep) +
subsoil (20–35 cm deep) + topsoil (0–20 cm deep); 

(2) “subsoil” (SS) comprising altered bedrock (20–40 cm deep) +
subsoil (0–20 cm deep); 

(3) “altered bedrock“ (AB) using only altered bedrock (from surface 
to 40 cm deep). 

These treatments were also systematically compared to a positive 
reference: the surrounding undisturbed Mediterranean steppe (Step). 
The AB treatment was considered as a negative control, representing a 
situation with no ecological restoration requirements, as is typical in 
areas without environmental protection status. 

After three years, the plant community revovery was more encour-
aging in TS and SS treatments in terms of composition, similarity and 
species richness but it was always better with the transfer of topsoil even 
if the vegetation structure were still different (Bulot et al. 2014b). In 
2021, after ten years, these results were confirmed (Unpublished data) 
with a higher specis-richness in characteristic plant species of the plain 
of La Crau on the study site but which were absent in the analyzed 
vegetation plots in the surrounding reference steppe. 

2.3. Description of soil profiles 

In spring 2016, a description of each soil profile was undertaken to 
analyse soil development six years after the soil transfer as compared to 
the undisturbed steppe. At the centre of one randomly selected plot for 
each treatment, a pedological pit was described after excavation down 
to the geological bedrock with a manual digger (approximately 1 m2, 40 
cm deep). The physical and biological states of plots were described 
according to the standard procedures using the STIPA 2000 data sheets 
of the Institut National de la Recherche Agronomique (Falipou and Legros, 
2002) recommended by the Association Française d’Etudes des Sols (Baize 
and Jabiol, 2011). This was followed by designation of the soil profile 
and the pedological layers according to the World Reference Base for 
Soil Resources (Anjos et al., 2016). 

2.4. Soil analyses 

2.4.1. Soil sampling 
Soil samples were taken and analysed immediately after the soil 

transfer in spring 2011, three years later in autumn 2013 and six years 
later in spring 2016 to assess changes in pH, nutrients (CaO, K2O and 
P2O5) and particle sizes (silts, sands, clays). Five 200 g soil samples were 
extracted with a shovel (the soil was too hard and pebbly to use a soil 
core) to a depth of 10 cm in the five 100 m2 plots for each treatment in 
order to make correlations between soil physico-chemical parameter 
and soil surface vegetation. To account for heterogeneity within plots, 
samples were homogenised by mixing three sub-samples taken 
randomly in each plot. 

2.4.2. Physico-chemical parameters. 
After air drying and sieving (2 mm) the soil, physico-chemical 

properties (pH water, CaO and K2O and available phosphorous) were 
measured using standard methods: pH in soil; water ratio of 1:2.5; CaO 
and K2O by the Metson method; and available phosphorous by the Olsen 
method (Metson, 1957; Olsen, 1954). Percentages of clay (< 2 µm), silt 
(2 – 50 µm) and sand (50 – 2000 µm) were determined according to the 
Robinson method (Baize, 2018) without decarbonation. Organic C 
content and total N content were quantified from bulk soil (before 
fractionation) in 2016 by dry combustion using a CHN elemental 
analyzer in the soil analysis laboratory of Arras (ISO 10694). 

2.5. Hydrodynamic parameters 

In spring 2016, hydrodynamic parameters were measured on 
restored (TS) or partially reconstituted soils (SS, AB) and compared to 
those of the surrounding steppe natural soil (Step). Three parameters 
were measured: (i) water retention curve, (ii) hydrophobicity, (iii) hy-
draulic conductivity near saturation. 

2.6. Water retention curve 

Because of the soil’s high pebble content and low cohesion due to its 
sandy texture, it was not possible to use undisturbed soil cores or clods. 
Therefore, the water retention curve was measured on disturbed soil 
samples sieved to 2 mm using the usual pressure plate extractor method 
(Dane and Hopmans, 2002). 

Nine samples were collected during the creation of pits for each of 
the four treatments: 

- 2 samples in the Step pit, with only two horizons (TS and SS); 
- 3 samples in the TS pit, one for each of the three horizons (TS, SS 

and AB); 
- 2 samples in the SS pit (SS and AB); 
- 2 samples in the AB pit: 1 in the upper layer between 0 and 10 cm, 

and 1 in the lower layer between 10 and 40 cm. 
After soil drying and sieving to obtain homogeneous samples without 

gravel and pebbles, 5 to 8 g of soil were deposited on porous plates (3 
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replicates) in a ring of about 2.5 cm in diameter, rewetted up to full 
saturation and then placed in the pressure plate extractor. Five levels of 
pressure (0.01, 0.03, 0.1, 0.4 and 1.5 MPa) were applied by injecting 
nitrogen into the pressure chamber, causing the soil samples to drain. 
Once the outflow of soil water from the pressure chamber ceased, the 
water potential of the soil sample could be considered the opposite of the 
applied pressure. Pressure was then reduced to atmospheric, moist soil 
samples were removed from the porous plate and their gravimetric 
water content was calculated. 

A continuous water retention curve using the van-Genuchten equa-
tion (van Genuchten, 1980) was then fitted to the experimental points. 
The van Genuchten equation for the water retention curve is: 

W − Wr

Ws − Wr
=

1
(
1 +

⃒
⃒h/hg

⃒
⃒n )m 

where W (kg kg− 1) is gravimetric soil water content, Wr (resp. Ws, kg 
kg− 1) is residual soil water content (resp. soil water content at satura-
tion), h (Pa) is soil water potential, hg (Pa) is a scale factor in soil porosity 
related to the air entry point, n (-) is a shape factor related to the size 
distribution of soil pores and m = 1 − 1/n. 

2.7. Hydraulic conductivity 

Infiltrometry tests were carried out in situ using a tension disk 
infiltrometer DECAGON® (see Angulo-Jaramillo et al., 2000, for a re-
view on disc infiltrometers). We used the mini disk infiltrometer from 
Meter Environment Group equipped with a ring 8 cm in diameter to 
measure the near-saturated hydraulic conductivity. The infiltration tests 
were conducted applying 3 cm suction, which ensures the saturation of 
all soil pores with a diameter of less than 1 mm according to Jurin’s law. 
As underlined by Jarvis et al., 2002, it is commonly observed that hy-
draulic conductivity increases by 1 to 3 orders of magnitude across a 
small pressure variation near saturation (10 cm to zero suction) due to 
rapid gravity-dominated flow in structural and biological macropores. 
However, following (Mohanty et al., 1997; Jarvis et al., 2002 or Ver-
eecken et al., 2010), near-saturated hydraulic conductivity instead of the 
hydraulic conductivty at full saturation should be used as a scale factor 
of the unsaturated hydraulic conductivity curve to avoid large over-
estimates of the hydraulic conductivity of unsaturated soils. Mohanty 
et al. (1997) recommended a suction of 3 cm as a threshold between 
gravity-dominated flow (suction between 3 cm and 0 cm corresponding 
to near-saturated soils) and capillary-dominated flow (suction above 3 
cm corresponding to drier soils). This threshold was therefore used in 
this study. 

The experimental data were then analysed by BEST (Beerkan Esti-
mation of Soil Transfer parameters) (Haverkamp et al., 1996) using the 
BEST-slope algorithm (Lassabatère et al., 2006). 

These infiltrometry tests were performed in the field for each of the 9 
soil layers identified above. Four replicas were performed for each ho-
rizon, around each of the 4 pits. 

2.8. Hydrophobicity 

We chose simpler methods, characterising soil wettability by calcu-
lating two different hydrophobicity indicators: Water Drop Penetration 
Time (WDPT), which is a measures of the persistence of soil hydro-
phobicity, and Molarity of Ethanol Droplet (MED), which measures the 
degree or intensity of soil hydrophobicity (Deurer et al., 2011). For both 
tests, soil samples were prepared as when measuring the water retention 
curve. 

In the WDPT test, the time required for a drop of water to infiltrate 
the soil was measured using distilled water drops with a constant vol-
ume of 50 μL. Sieved dry soil samples were deposited in a ring of about 
2.5 cm in diameter, with the soil levelled but not compacted. Three 
replicates of soil samples were used to characterise soil hydrophobicity 

based on an infiltration time classification: hydrophilic (< 5 s), slightly 
hydrophobic (5 to 50 s), strongly hydrophobic (60 to 600 s), severely 
hydrophobic (600 to 3600 s) and extremely hydrophobic (> 3600 s) 
(Bisdom et al., 1993). 

In the MED test (King, 1981; Watson and Letey, 1970), several water- 
based solutions containing different volume percents of ethanol (from 
0 to 36 %) were used to determine the infiltration rate of a drop of 50 μL 
deposited on the surface of the ground. The lower the concentration of 
ethanol in a solution infiltrating the soil in 3 s or less, the lower the soil’s 
degree of hydrophobicity (Crockford et al. 1991). The solution con-
taining the lowest volume percent of ethanol and infiltrating in 3 s or 
less reveals the degree of hydrophobicity of the soil (Crockford et al., 
1991). The tests were therefore repeated, starting with higher volume 
percents of ethanol that were reduced until the drops seeped into the soil 
in 3 s or less. Degree of hydrophobicity of the soil was classified as 
follows (ethanol percentage indicated into brackets): 7 = extremely 
hydrophobic (36 %), 6 = very strongly hydrophobic (24 %), 5 = strongly 
hydrophobic (13 %), 4 = moderately hydrophobic (8.5 %), 3 = slightly 
hydrophobic (5 %), 2 = hydrophilic (3 %) and 1 = very hydrophilic (0 
%) (Doerr, 1998). 

2.9. Available soil water and water drainage 

Two indicators were calculated to caracterise soil water holding 
capacity: available soil water (AW), the maximum quantity of soil water 
available to plants, and water drainage (WD), the quantity of water that 
is quickly drained into the soil profile after rainfalls and is therefore only 
briefly available to plants (2 to 3 days). 

AW under field conditions is the difference between the volumetric 
water content at field capacity θcc and the permanent wilting point 
θpθpwp, integrated over the full root depth. The permanent wilting point 
is usually estimated as the laboratory-measured volumetric water con-
tent corresponding to a soil water potential of − 1.5 MPa. The field ca-
pacity was estimated here as the laboratory-measured volumetric water 
content at a soil water potential of − 0.03 MPa, which is a typical value 
for sandy to medium-textured soils (Chessel et al., 2004; Dray and 
Dufour, 2007). Gravimetric water content at these two soil water po-
tentials measured for the water retention curve were converted into 
volumetric water content using the measured bulk density via the cyl-
inder method (4 replicates for each site and soil horizon). AW (mm) was 
calculated over full soil depth according to the different soil layers as 
follows:.AW =

∑
soillayersi

(
θcc,i − θpwp,i

)
• Δzi 

where Δzi is the thickness of soil layer i (mm). 
The quantity of water drainage was calculated as the difference be-

tween volumetric water content at saturation θs and field capacity θcc, 
integrated over the full root depth. θs was calculated from the measured 
bulk density and the estimated Ws of the van Genuchten soil water 
retention curve equation. The same process used to calculate AW was 
applied to calculate WD (mm):.DW =

∑
soillayersi

(
θs,i − θcc,i

)
• Δzi 

AW and WD were calculated for fine earth only, without accounting 
for the high pebble content in the soil profile. Computing the AW of the 
whole soil layer would require a precise estimation of the stone content 
of the soil layers on the different treatments. This estimation is difficult 
to obtain. Moreover, the stone content heterogeneity between treat-
ments may be important and results only from variations during the 
initial soil transfer operationand not from different ecological processes 
that occurred since the initial soil transfer operation. 

2.10. Statistical analyses 

All data analyses were performed using the statistical software R 
version 3.6.1 (R Development Core Team, 2016) and the packages ade4 
(Chessel et al., 2004; Dray and Dufour, 2007). 

To characterise the physical and chemical parameters arising from 
the different soil treatments in 2016 and over three years (2011, 2013 
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Table 1 
The 2016 soil profile standard descriptions (Jabiol and Baize, 2011) for each treatment and for the reference steppe: “Altered Bedrock” (AB), “SubSoil” (SS), “TopSoil” (TS), “Reference Steppe” (Step).   

Topsoil Subsoil Altered bedrock  

AB SS TS Step AB SS TS Step AB SS TS Step 

Upper and lower 
limits (cm) 

/ / 0–15 0–(15–20) / 0–20 15–35 (15–20)–(40–45) 0–5 20–35 35–50 35–40 

Texture 
Sand size 

/ / Silty 
0.05–0.10 mm 

Silty 
0.05–0.10 mm 

/ Silty Silty 
0.05–0.10 mm 

Silty 
0.05–0.10 mm 

Sandy 
0.2–2 mm 

Sandy Sandy 
0.2–2 mm 

Sandy 
0.2–2 mm 

Coarse elements / / 60 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Any orientation 
Reaction: acid 

70 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Horizontal 
orientation 
Reaction: acid 

/ 60 % 
Rounded pebbles 
(2 to 6 cm) 
Slightly 
processed Any 
orientation 
Reaction: acid 

60 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Any orientation 
Reaction: acid 

80 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Horizontal 
orientation 
Reaction: acid 

90 % 
Rounded pebbles (2 
to 6 cm) 
Unprocessed 
Any orientation 
Reaction: acid and 
basic 

90 % 
Rounded stones (6 to 
20 cm) 
Slightly processed 
Any orientation 
Reaction: basic 

95 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Any orientation 
Reaction: acid 

90 % 
Rounded pebbles 
(2 to 6 cm) 
Unprocessed 
Horizontal 
orientation 
Reaction: acid 

Effervescence / / no no / Moderate, 
generalized 

Weak, only in the 
calcareous matrix 
of pebbles 

no Extremely strong, in 
the calcareous matrix 
of pebbles, and in the 
soil skeleton  

Very strong, in the 
calcareous matrix of 
pebbles, and in the 
soil skeleton 

Strong, only in 
the calcareous 
matrix of pebbles 

Strong, only in the 
calcareous matrix 
of pebbles 

Structure / / Subangular 
polyhedric 
(1–10 mm) 

Subangular 
polyhedric 
(0.5–1.5 mm) 

/ Subangular 
polyhedric 
(1–20 mm) 

Subangular 
polyhedric (1–20 
mm) 

Angular 
polyhedric 
(0.5–1.5 mm) 

Particulate Particulate Particulate  

Mechanical 
properties 

/ / Slightly brittle 
Hard 
Very compact 

Slightly brittle 
Slightly hard 
Loose 

/ Slightly brittle 
Very slightly 
hard 
Slightly compact 

Brittle Slightly 
hard 
Very compact 

Slightly brittle 
Slightly hard 
Loose 

Very brittle 
Slightly hard 
Loose 

Slightly brittle 
Slightly hard 
Slightly compact 

Not brittle 
Not hard 
Loose 

Brittle 
Very slightly hard 
Slightly compact 

Soil moisture / / Moist Dry / Less moist Dry Dry Fresh Dry Dry Dry 
Pore of 

aggregates 
/ / no Many (50–200/ 

dm2)Very fine  
(d < 0.5 mm) 

/ no Not many (1–50/ 
dm2)Very fine  
(d < 0.5 mm) 

Many (50–200/ 
dm2)Very fine  
(d < 0.5 mm) 

Quite Numerous 
(50–200/dm2) 
Very fine (d < 0.5 
mm) 

no no / 

Global porosity / / Slightly porous 
(2–5 %) 

Porous (15–40 
%) 

/ Slightly porous 
(2–5 %) 

Moderately 
porous (5–15 %) 

Moderately 
porous (5–15 %) 

Porous (15–40 %) Porous (15–40 %) Very porous (>
40 %) 

/ 

Organic matters: / / Medium 
abundance (1 à 4 
%) 
Very altered 
Very fragmented 

Medium 
abundance (1 à 4 
%) 
Very altered 
Invisible remains 

/ Medium 
abundance (1 à 4 
%) 
Very altered 
Very fragmented 

Low abundance 
(< 1 %) 
Very altered 
Invisible remains 

Low abundance 
< 1 % 
Very altered 
Invisible remains 

no  
no 

no Undetermined 
abundance 
Very altered 
Invisible remains 

Soil layer colour / / Brown-yellow Brown-red / Brown-red Brown-red Red-brown Grey Grey Grey Grey 
Biological 

activities 
/ / no A lot of 

Worm casts 
/ Fewer 

Worm casts 
no Fewer 

Worm casts 
no no no no 

Plant roots / / Few (8–16 / 
dm2) Fine  
(0.5 to 2 mm) 
Vertical 
Normal form 
Healthy 
Inside aggregates 
Constrained by 
physical 
obstacles 
(pebbles) 
No modification 
of the matrix 

Numerous 
(16–32/dm2) 
Medium size  
(2 to 5 mm) 
Vertical 
Normal form 
Healthy 
Inside aggregates 
Constrained by 
physical 
obstacles 
(pebbles) 
No modification 
of the matrix 

/ Few (8–16/dm2) 
Mean size  
(2 to 5 mm) 
Vertical 
Normal form 
Healthy 
Inside the mass 
Constrained by 
physical 
obstacles 
(pebbles) 
No modification 
of the matrix 

Very few (< 8 
dm2) Fine  
(0.5 to 2 mm) 
Vertical 
Normal form 
Healthy 
Inside aggregates 
Constrained by 
physical 
obstacles 
(pebbles) 
No modification 
of the matrix 

Few (8–16/dm2) 
Fine size  
(0.5 to 2 mm) 
Vertical 
Normal form 
Healthy 
Inside aggregates 
Constrained by 
physical 
obstacles 
(pebbles) 
No modification 
of the matrix 

Very few (< 8/dm2, 
Very thin 
(< 0.5 mm), vertical, 
Inside the mass 
Normal form 
Healthy 
Constrained by 
physical obstacles 
(pebbles) 
No modification of 
the matrix 

Very few (< 8 dm2) 
Fine  
(0.5 to 2 mm) 
Vertical 
Normal form 
Healthy 
Inside aggregates 
Constrained by 
physical obstacles 
(pebbles) 
No modification of 
the matrix 

no no 

Earthworm 
galleries 

/ / no no / no no Few vertical 
galleries (1–3/ 
dm2) 

no no no no 

Limits between 
topsoil and 
subsoil 

/ / Regular Corrugated / / / Corrugated / / / / 

Limits between 
subsoil and 
altered 
bedrock 

/ / / / / Very regular Regular Regular / / / /  
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and 2016), a multivariate Principal Component Analysis (PCA) was 
performed. Data on physical and chemical parameters and on hydraulic 
conductivity values were analysed via one-way analyses of variance 
(ANOVA tests). These were followed by post hoc Tukey’s tests, per-
formed to compare means (α = 0.05) between the different soil treat-
ments or soil layers in each soil treatment. When data did not conform to 
parametric conditions, means normality of model residuals (Shapiro’s 
tests) and homogeneity of variance (Mauchly’s tests), Kruskal-Wallis 
non-parametric tests were used, followed by pairwise Mann–Whitney- 
Wilcoxon comparisons with a p-value adjustment according to Benja-
mini–Hochberg (Benjamini and Hochberg, 1995). 

Finally, Pearson’s correlations tests were applied to the measured 
values of hydraulic conductivity, retention of water for the different 
suction strengths, particle sizes and organic matter contents. 

3. Results 

3.1. Soil profile descriptions 

The soil profiles realised in 2016 on the different soil transfer 
treatments (AB, SS and TS) revealed strong differences from the refer-
ence steppe soil in composition and structure even six years after soil 
transfer (Table 1). When the original vertical order of soil layers was less 
faithfully reconstituted, the differences from the reference steppe 
became even more pronounced. 

Principally, compared to the soil of the reference steppe, the horizons 
of the soil transfer treatments were very little colonised by plant roots, 
especially those of the dominant tussock perennial grass of the steppe 
(Brachypodium retusum L.), and they showed very few biological activ-
ities and earthworm galleries. Their porosity was also lower than in the 
steppe reference soil. In addition, the limits between the different soil 
layers remained more distinct in the soil transfer treatments, for 

Table 2 
Physico-chemical properties (spring 2016) of four treatments realised in a restoration soil transfer experiment at a depth of 10 cm in the five 100 m2 plots (La Crau 
plain, south-eastern France). The given values are means ± standard errors; df, F, X2, p correspond to the degree of freedom, the F value, the X2 value and the p value 
resulting from ANOVAs tests or Kruskal-Wallis. Within a row, two boxes with a different letter have significantly different values according to Tukey post-hoc tests or 
Mann-Whitney-Wilcoxon tests.   

ANOVA/Kruskal-Wallis Altered bedrock treatment 
(AB) 

Subsoil treatment 
(SS) 

Topsoil treatment 
(TS) 

Topsoil of Reference steppe 
(Step) 

Fine silts (g/kg) F = 197.4; p < 0.001 90.8 ± 4.76b 202.2 ± 14.50a 198.6 ± 4.83a 193.8 ± 6.10a 
Coarse silts (g/kg) F = 119.2; p < 0.001 73.0 ± 4.74d 121.4 ± 6.73c 136.6 ± 5.77b 155.6 ± 10.40a 
Clays (g/kg) F = 284.0; p < 0.001 65.6 ± 4.67c 189.2 ± 14.89b 237.2 ± 7.01a 204.0 ± 10.17b 
Fine sands (g/kg) F = 204.5; p < 0.001 392.6 ± 22.57a 204.2 ± 1.79c 209.0 ± 12.47c 257.0 ± 9.35b 
Coarse sands (g/kg) F = 106.7; p < 0.001 378.0 ± 14.37a 283.0 ± 23.65b 218.6 ± 17.43c 189.6 ± 15.37c 
Organic carbon (g/kg) X2 = 16.37; p < 0.001 1.224 ± 0.49c 9.898 ± 0.68b 16.320 ± 1.54a 17.160 ± 2.02a 
Total nitrogen (g/kg) X2 = 16.58; p < 0.001 0.246 ± 0.18c 1.032 ± 0.05b 1.578 ± 0.11a 1.516 ± 0.13a 
C:N (g/kg) X2 = 17.6; p < 0.001 5.026 ± 2.35b 9.594 ± 0.30a 10.298 ± 0.32a 11.340 ± 0.35ab 
Organic matter (g/kg) X2 = 16.43; p < 0.001 2.122 ± 0.85b 17.100 ± 1.14ab 28.240 ± 2.71a 29.700 ± 3.48a 
pH (g/kg) X2 = 17.88; p < 0.001 8.770 ± 0.04a 8.396 ± 0.06ab 7.260 ± 0.21b 6.844 ± 0.16b 
CaO (g/kg) X2 = 16.91; p < 0.001 9.198 ± 0.10a 6.766 ± 2.08b 2.622 ± 0.30c 2.124 ± 0.12c 
P2O5 (g/kg) F = 9.05; p < 0.001 0.005 ± 0.00b 0.009 ± 0.002a 0.011 ± 0.002a 0.006 ± 0.001ab 
CEC Metson (g/kg) F = 384; p < 0.001 2.306 ± 0.09c 7.494 ± 0.63a 9.046 ± 0.26b 8.676 ± 0.56b 
K (g/kg) X2 = 15.73; p < 0.01 0.030 ± 0.00b 0.116 ± 0.03a 0.190 ± 0.03a 0.120 ± 0.04a  

Fig. 2. PCA ordinations based on 5 soil samples grouped by treatment with ellipsis (n = 30) a) in 2016 only and b) for the 3 years of soil sampling (2011, 2013, 2016) 
(Step: topsoil of the reference steppe, S-Step: subsoil layer of the reference steppe (S-Step), TS: topsoil layer of the topsoil treatment, SS-TS: subsoil layer of the topsoil 
treatment (S-TS), SS: subsoil of the subsoil treatment, and the altered bedrock treatment (AB)). 
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example in the transferred topsoil (TS) (Table 1). 

3.2. Physico-chemical parameters 

Six years after the soil transfer, the soil transfer treatments showed 
significant differences in soil physico-chemical parameters from the 
topsoil of the reference steppe (Table 2, Fig. 2a). The PCA ordination 
based on soil properties significantly discriminated between treatments. 
Axis 1 (79.2 % of inertia) separated treatments with a topsoil transfer 
(Step, TS) from the negative control (AB) without topsoil transfer. This 
separation can be explained partly by the significantly larger quantities 
of chemical elements (N, P, K) in the TS and Step topsoil treatments, as 
well as by a significantly finer grain size for these treatments (Table 2). 
Conversely, when the topsoil was missing, the substrates were charac-
terised by significantly larger quantities of fine and coarse sands, 
significantly higher CaO content and higher pH (Table 2). Axis 2 (11.1 % 
of inertia) clearly separated the soils of the reference steppe from the TS 
and SS treatments for all the parameters measured. 

Additionally, the physico-chimical characteristics of the subsoil of 
the topsoil treatment (S-TS) were closer of those of the topsoil of the 
reference steppe. The surface layer of the subsoil treatment (S-SS) con-
tained a significantly greater quantity of coarse sands, with higher CaO 
content and pH, than the subsoil of the reference steppe (S-Step). This 
may be due to partial mixing of the two transferred soil layers (S and AB 

layers) during soil transfer in the SS treatments. The subsoil grain size of 
the topsoil treatment (S-TS) was also finer than that of the similar non- 
disturbed soil layer in the reference steppe (Table 3, Fig. 2a). Similar 
results were obtained for 2011, 2013 and 2016 (Fig. 2b). 

3.3. Water infiltration, hydraulic conductivity and hydrophobicity 

Water infiltration was slower in the surface layers for the TS and SS 
treatments and for the reference steppe. It was faster in SS and AB soil 
layers (except for the AB soil layer of TS treatment), particularly in the 
AB treatment and the AB soil layer of the SS treatment. As a rule, water 
infiltration was slower in any layer of the reference steppe than in the 
corresponding layers of all soil transfer treatments (Figs. 3 & 4). 

Near-saturated hydraulic conductivity values were checked against 
experimental infiltration data: low conductivity values correspond to 
slow cumulative infiltrations and vice-versa. For a given depth, hy-
draulic conductivity was therefore lower in the soil of the reference 
steppe than in the transferred soils. In addition, there was a significant 
difference between the surface layer and deeper layers of the AB treat-
ment (Fig. 5). Positive correlations were also found between hydraulic 
conductivity and sand content, whereas there were negative correlations 
between hydraulic conductivity and higher clay, silt and organic matter 
content (Table 4). 

MED and WDPT tests for hydrophobicity always yielded water 
infiltration times of under three seconds, whatever the treatment 
sampled, indicating very hydrophilic soils. 

3.4. Bulk density and water retention 

Mass water content variability was fairly low in soil layers of the 
same type (AB or TS and SS soil layers), except at saturation, where 
amplitudes were greater (Figs. 6 & 7, Table 5). 

For a given treatment, the water content at a given suction decreased 
with depth, except for the AB treatment, where the same water content 
was observed in the surface layer and in the deeper layers. 

The water content of any soil layer of the Step treatment exceeded 
that of the corresponding layer of the TS and AS treatments at suction of 
between 0 cm (saturation) and 1 bar. The difference was most pro-
nounced at saturation, decreasing when suction was 0.1, 0.33 and 1 bar. 
At high suction (dry soil), there was no difference between soil layers, 
nor between Step, TS and SS treatments. 

Whatever the treatment and the water suction, water content in the 
AB soil layers was always lower than in the TS and SS soil layers. 
Virtually no difference was observed for the AB treatment between the 
measurements obtained at the surface and 10 cm deep, whatever the soil 
suction: the two water rentention curves are very similar (see Fig. 7.c). 

Parameters fitted to the water retention curves are presented in 
Table 5. Residual water content was always set to 0 g g− 1 in the BEST 
algorithm, consistent with the sandy or coarse silty texture of the soil. 
The measurements presented in Fig. 6 show lower water content at 
saturation for the AB soil layer than for the other layers, whatever the 
treatment: Ws ranged between 0.320 and 0.402 g g− 1 for the AB layer, 
whereas it ranged between 0.447 and 0.494 g g− 1 for TS and SS layers. 
The n parameter was almost constant, ranging between 1.211 and 1.290 
whatever the treatment, typical values for medium fine/silty soil tex-
tures (Wösten et al., 2001). The hg parameter depended on air entry 
point: the higher the hg, the smaller the soil pore size at the air entry 
point. 

With regard to the retention curves, water still seemed better 
retained in the soil of the reference steppe than in that of the TS treat-
ment (except in the AB layer, where retention capacity was lower). 
Water retention was lower in the SS and AB treatments (Figs. 6 & 7, 
Table 5). 

Negative correlations were measured between water retention and 
sand content, and positive correlations between water retention and 
clay, silt and organic matter contents (Table 4). 

Table 3 
Physico-chemical characteristics (Spring 2016) in the subsoil layer of four 
treatments realised in a restoration soil transfer experiment at a depth of 10 cm 
(SS treatment) and 20 cm (S-TS and S-Step treatments) in the La Crau plain, 
southeastern France. The given values are means ± standard errors; df, F, X2, p 
correspond to the degree of freedom, the F value, the X2 value and the p value 
resulting from ANOVAs tests or Kruskal-Wallis. Within a row, two boxes with a 
different letter have significantly different values according to Tukey post-hoc 
tests or Mann-Whitney-Wilcoxon tests.   

ANOVA/ 
Kruskal- 
Wallis 

Subsoil 
treatment 
(SS)  

Subsoil of 
Topsoil 
treatment 
(S-TS) 

Subsoil of 
Reference 
steppe 
(S-Step) 

Fine silts (g/ 
kg) 

F = 2.709; p 
> 0.05 

202.2 ±
14.50a  

186.4 ±
3.38a 

188.2 ±
11.56a 

Coarse silts 
(g/kg) 

X2 = 9.64;  
p < 0.01 

121.4 ±
6.73b  

142.2 ±
6.91a 

143.0 ± 7.65a 

Clays (g/kg) F = 17.45;  
p < 0.01 

189.2 ±
14.89b  

238.8 ±
12.15a 

237.6 ±
17.85a 

Fine sands 
(g/kg) 

F = 12.97; p 
< 0.001 

204.2 ±
1.79b  

203.4 ±
17.73b 

239.4 ±
13.09a 

Coarse 
sands (g/ 
kg) 

F = 28.99; p 
< 0.001 

283.0 ±
23.65a  

229.2 ±
9.73b 

191.8 ±
20.81c 

Organic 
carbon 
(g/kg) 

F = 14.62;  
p < 0.001 

9.898 ±
0.68b  

12.160 ±
0.38a 

10.302 ±
0.94b 

Total 
nitrogen 
(g/kg) 

F = 26.28; p 
< 0.001 

1.032 ±
0.05b  

1.266 ±
0.03a 

1.054 ± 0.08c 

C:N (g/kg) F = 0.58;  
p > 0.05 

9.594 ±
0.30a  

9.620 ±
0.19a 

9.748 ± 0.23a 

Organic 
matter (g/ 
kg) 

F = 15.63; p 
< 0.001 

17.100 ±
1.14 
b  

21.060 ±
0.63a 

17.820 ±
1.60b 

pH (g/kg) F = 97.27; p 
< 0.001 

8.396 ±
0.06a  

7.546 ±
0.23b 

6.860 ± 0.19c 

CaO (g/kg) F = 18.78; p 
< 0.001 

6.766 ±
2.08 
a  

2.984 ±
0.52b 

2.270 ± 0.28c 

P2O5 (g/kg) X2 = 14.0; p 
< 0.001 

0.009 ±
0.002a  

0.010 ±
0.000a 

0.000 ± 0.000 
b 

CEC Metson 
(g/kg) 

F = 6.59; p 
< 0.001 

7.494 ±
0.63b  

8.524 ±
0.17a 

8.738 ± 0.76a 

K (g/kg) F = 10.34; p 
< 0.01 

0.116 ±
0.03 
ab  

0.110 ±
0.00a 

0.078 ± 0.01b  
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3.5. Available water and water drainage 

The quantity of soil water available to the plant (AW) was higher in 
the soil of the reference steppe and lower in the AB treatment. The TS 
treatment was closer to Step., although AW was also lower (Table 6a). 

There was less difference between treatments in quantity of water 
drainage (WD), although values were higher for Step and TS and lower 
for AB. As with hydraulic conductivity, there was a distinction between 
the AB soil layer of the TS treatment and the AB soil layers of the SS and 
AB treatments (Table 6b). 

4. Discussion 

Soil profiles reveal strong differences in composition and structure 
between the transferred soils and the reference steppe soil that remain 
even six years after soil transfer. This still confirms findings in 2013, 
three years after the soil transfer (Bulot et al., 2017). The pedological 
layers of all soil transfer treatments remain poorly colonised by the roots 
of the tussock perennial grass (B. retusum), despite its clear dominance 
even in the deepest pedological layers of the reference steppe. Soil an-
alyses show that, in the soil layers of the reference steppe and in the 
transferred topsoil, where surface vegetation cover is greatest (Bulot 
et al., 2014b), organic matter content is significantly higher and visible, 

Fig. 3. Experimental data on cumulative infiltration (in mm) as a function of time (in seconds) by treatment: a) reference steppe (Step), b) topsoil treatment (TS), c) 
subsoil treatment (SS), and d) altered bedrock treatment (AB). Solid lines stand for the surface layer (topsoil), thin dotted lines for the mineral layer (subsoil) and 
spaced dotted lines for the altered bedrock layer. 

Fig. 4. Scheme illustrating the infiltration rates in the different soil layers tested in situ (TS: topsoil, SS: Subsoil, AB: altered bedrock) of each treatment (Step: 
reference steppe, TS: topsoil treatment, SS: subsoil treatment, AB: altered bedrock treatment). Lighter grey indicates a slow infiltration rate. 
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in line with the soil profile description of 2016. In contrast, where only 
altered bedrock was transferred, vegetation cover remains very low 
(Bulot et al., 2014b), as does soil organic matter content and biological 
activity (no traces of roots or earthworm galleries, etc.). 

The differences in root colonisation observed between the soil 
treatments and the reference steppe could partially be due to the lower 
vegetation cover, as well as to soil compaction by construction ma-
chinery in spring 2011 during soil layer spreading. Sol compaction has 
been shown to inhibit the growth and distribution of plant roots, thereby 
modifiying the dynamics of hydrodynamic properties (Alaoui et al., 
2011; Alaoui and Helbling, 2006; Berli et al., 2008; Etana and Håkans-
son, 1994; Hamza and Anderson, 2005; Lipiec et al., 2009; Unger and 
Kaspar, 1994). Biological activity also appears extremely low in all the 
transferred soil layers, with very few earthworm galleries or turicules in 
comparison with the soil layers of the reference steppe. This too can be 
attributed to the impacts of the soil transfer in 2011, which destroyed all 
the B. retusum plants (Bulot et al., 2014b) and most of the dominant 
anecic earthworms, Hormogaster elisae (Oligochaeta, Hormogastridae), 
present in the soil of the reference steppe (Dutoit, pers. obs). In 2016, no 
wormcasts were observed at soil surface throughout the restored area 
(Bulot, pers. obs.). The absence of earthworm activity due to soil 
compaction could also explain some of the differences in water vertical 
circulation in the different soil layers (Capowiez et al., 2021; Edwards, 
2002; Ernst et al., 2009; Hallam and Hodson, 2020; Radford et al., 
2001). Certain invertebrates, through their ability to move in the soil 
and to build biogenic structures, can induce changes in the soil’s organic 
and mineral nature (Bottinelli et al., 2015; Jouquet et al., 2006; Lee and 
Foster, 1991; Wills and Landis, 2018), as already proved for ants like 
Messor barbarus L. (Hymenoptera, Formicidae) (Azcárate and Peco, 
2007; Martín-Perea et al., 2019) reintroduced in the restored area (Bulot 

et al., 2014a, 2016; De Almeida et al., 2020). The soil profiles show that 
porosity remains lower in the pedological layers of the transferred soil 
than in the different layers of the undisturbed surrounding reference 
steppe soil. The limits between the different soil layers are also revealed 
as more distinct in the soil transfer treatments than in the soil of the 
reference steppe. Earthworms or ants and galleries from decomposed 
roots are known to contribute to the formation of soil macropores that 
can improve aeration and water infiltration (Capowiez et al., 2021; 
Colloff et al., 2010; De Almeida et al., 2020; Eldridge et al., 2010; Ernst 
et al., 2009; Lavelle, 1997; Lee and Foster, 1991; Lobry de Bruyn and 
Conacher, 1994). 

Concerning physico-chemical soil parameters, compared to the 
reference steppe, the higher calcium and pH content in the SS and AB 
treatments could be explained by the solubilisation of calcium carbon-
ates from the calcareous matrix of the natural conglomerate geological 
substratum or from calcareous stones degraded during transfer. Indeed, 
the subsoil and the altered bedrock were originally more similar to the 
calcareous conglomerate. Similar results were previously obtained in the 
same area in formerly cultivated fields (Jaunatre et al., 2014) and after 
trenching for pipelines (Coiffait-Gombault et al., 2012). The increase in 
organic C content from the negative control (“altered bedrock”) to the 
“topsoil” treatment confirms our assumption that the deeper soil layer 
would contain less organic matter, and therefore less organic carbon 
(Baize et al., 2009). For these same parameters, the significant differ-
ences between the subsoil of the topsoil treatment and the subsoil of the 
reference steppe could also be explained by the mixing of topsoil and 
subsoil during lorry transport. All these findings echo those obtained in 
2013 (Bulot et al., 2017) and show no significant difference from the 
situation prevailing in 2016. 

Similarly, differences in soil hydrodynamic properties were found. 
Water infiltrates more slowly into the reference steppe soil, and for a 
given depth, conductivity is also lower than in the transferred soils. 
Reference steppe water retention capacity is greater, with in particular a 
larger quantity of available soil water. The quantity of water drainable is 
also higher there, especially for the transferred topsoil layer. 

The TS treatment was the most faithful possible reconstitution of the 
reference steppe soil, with the same vertical organisation of the three 
pedological layers. However, the infiltration rate is observed to be faster 
overall than in the reference steppe, especially in the sub-soil layer, 
where the rates are close to those measured in the altered bedrock layers 
of the SS and AB treatments. TS drainage rates are similar to those of the 
reference steppe, but water retention capacity is better in the transferred 
topsoil layer than lower down (transferred S and AB layers), since the 
greater quantity of available soil water means that water infiltrates the 
deeper layers quickly. In contrast, the reconstitution in the SS and AB 
treatments was less faithful to the reference steppe soil. As a conse-
quence, drainage is rather rapid and retention capacities lower. In the SS 
treatment, differences from the soil of the reference steppe mostly 
concern the altered bedrock layer. SS treatment properties show dif-
ferences between the surface and the deeper layers that might indicate 
temporal evolution, with the forming of a vertical stratification of the 
soil. 

Water retention results show little difference between treatments but 
more between the different vertical soil layers. In the same way, water 
infiltration and water drainage rates are faster for subsoil and altered 

Fig. 5. Near-saturated hydraulic conductivity (mm h-1) values obtained with 
the BEST-slope model by soil layer (TS: topsoil, S: subsoil, Surf: 0–10 cm deep, 
depth: 10–40 cm deep) and by treatment in 2016 (Step: reference steppe, TS: 
topsoil treatment, SS: subsoil treatment, AB: altered bedrock treatment). The 
measured values are means ± standard errors; degree of freedom = 8, F value 
= 5.655 and p-value < 0.001 resulting from an ANOVA test. Two bars with a 
different letter have significantly different values according to Tukey post- 
hoc tests. 

Table 4 
Coefficients of correlations (Pearson method) between measured values for near-saturated hydraulic conductivity (Cond), retention of water for the different suctions 
(Ret_Suc0, Ret_Suc01, Ret_Suc033, Ret_Suc1, Ret_Suc4, Ret_Suc15), particle sizes and organic matter content in 2016. All correlations are significant (p < 0.05).   

Cond Ret_suc0 Ret_suc01 Ret_suc033 Ret_suc1 Ret_suc4 Ret_suc15 

Clays  − 0.75  0.93  0.89  0.85  0.89  0.96  0.94 
Fine silts  − 0.73  0.91  0.92  0.91  0.94  0.99  0.99 
Coarse silts  − 0.86  0.92  0.95  0.92  0.94  0.92  0.90 
Fine sands  0.65  − 0.89  − 0.85  − 0.85  − 0.89  − 0.97  − 0.99 
Coarse sands  0.84  − 0.89  − 0.91  − 0.86  − 0.88  − 0.87  − 0.83 
Organic matter  − 0.85  0.91  0.92  0.87  0.89  0.89  0.85  

A. Bulot et al.                                                                                                                                                                                                                                    



Catena 231 (2023) 107308

10

bedrock layers and for the altered bedrock layer of the SS treatment. This 
could be attributed to differences in soil texture and organic matter 
content (see above). Along with bulk density and organic matter con-
tent, soil texture is the characteristic most commonly used to predict soil 
water retention and hydraulic conductivity: hydraulic conductivity de-
creases and water retention increases with an increased fraction of fine 
grains (McBride and Mackintosh, 1984; Vereecken, 1995; Wösten et al., 
2001). In fact, soils with a sandy texture retain little water and become 
desaturated more quickly. However, this is not the case for the altered 
bedrock layer of the AB treatment, where there is slow infiltration. Two 
reasons for these differences can be suggested, particularly when making 
comparisons with the altered bedrock layer of the SS treatment. First, 
discrepancies in the implementation of soil transfer may have generated 
greater compaction in some treatments. Second, a supply of finer ma-
terials from the transferred topsoil or subsoil layers may have reduced 
the porosity of the altered bedrock layer, thus reducing the rate of 
infiltration. 

In addition, for all treatments, the measures of available soil water 
and water drainage only considered the fine fraction of the soil. How-
ever, these types of soils normally contain a high concentration of 
pebbles not conducive to water retention. The real values are then 
certainly lower. 

These changes in soil hydrodynamic properties of soils with respect 
to intact soils can potentially affect the regeneration of the vegetation 
being restored. Several studies have already shown that water avail-
ability can not only limit the production of plant biomass and produc-
tivity, but also modify the species composition and the species richness 

of vegetation (Deng et al., 2016; Enright et al., 2005; McKenzie et al., 
2004; Pueyo et al., 2013; Thompson et al., 2010; Wu et al., 2014). The 
slower water drainage in the intact soil no doubt afforded the plant 
species more time to extract enough water for growth, whether it was 
easy or difficult to access. In addition, the drainable water may have 
remained accessible to vegetation in some locations, depending on the 
infiltrability of the bedrock, which varies greatly. In the TS treatment, 
the most similar to the reference steppe, changes in hydrodynamic 
properties may have slowed down regeneration of the plant community: 
according to the soil profile, six years after soil transfer, the roots of 
plants such as the dominant tussock perennial grass B. retusum. have not 
yet reached the subsoil layer. 

In the subsoil treatment, and even more so in the altered bedrock 
treatment, faster water infiltration and lower water retention capacity 
could act as a brake on vegetation development. These observations are 
consistent with the recovery of plant communities monitored previously 
on the study site (Bulot et al., 2014b). In turn, vegetation may modify 
the soil’s hydrodynamic properties (Fischer et al., 2014, 2015; Gould 
et al., 2016). Vegetation has a strong influence on the infiltration ca-
pacity of soils, mainly through plant roots, and the presence of vegeta-
tion has been shown to increase soil infiltrability (Archer et al., 2002, 
2016; Liu et al., 2019a; Meek et al., 1992). The limited colonisation by 
plant roots observed in the deeper layers of the transferred soil profiles 
may therefore also explain their hydrological functioning differences 
from the reference steppe. 

In addition, adequate vegetation cover can enhance the regeneration 
of hydrodynamic properties. Vegetation can physically protect the soil 

Fig. 6. Retention measures by soil layer (TS: topsoil, S: subsoil, AB: altered bedrock) and by treatment: a) Topsoil in topsoil treatment (TS-TS or in reference steppe 
(TS-Step); b) Subsoil in subsoil treatment (SS-SS), topsoil treatment (SS-TS) and reference steppe (SS-Step); and c) Altered bedrock at surface or deeper in the altered 
bedrock treatment (AB 0–10 cm and AB 10–40 cm), the subsoil treatment (AB-SS) and topsoil treatment (AB-TS). They represent the mass water content w (g.g− 1) for 
a given suction strength (bar). 
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Fig. 7. Retention curves by soil layer (TS: topsoil, S: subsoil, AB: altered bedrock) and by treatment: a) Topsoil in topsoil treatment (TS-TS) or in reference steppe (TS- 
Step); b) Subsoil in subsoil treatment (SS-SS), topsoil treatment (SS-TS) and reference steppe (SS-Step); and c) Altered bedrock at surface or deeper in the altered 
bedrock treatment (AB 0–10 cm and AB 10–40 cm), the subsoil treatment (AB-SS) and topsoil treatment (AB-TS). They represent the mass water content w (g.g− 1) for 
a given suction strength (bar). 

Table 5 
Parameters of the retention curves obtained using the Van-Genuchten model and the bulk density (kg dm− 3) measured in the three main soil layers (topsoil, subsoil and 
altered bedrock) for the four tested treatments: transferred topsoil (TS), subsoil (SS) and altered bedrock (AB) treatments and the soil of the reference steppe (Step). Wr 
is always set to 0 g g− 1 due to the sandy/silty texture of the fine soil.  

Soil layer Topsoil Subsoil Altered bedrock 

Treatment AB SS TS Step AB SS TS Step AB SS TS Step 

Wr (g g-1)   0 0  0 0 0 0 0 0  
Ws (g g-1)   0.480 0.494  0.461 0.447 0.472 Surf: 

0.320 
Depth: 
0.324 

0.351 0.402  

hg (bar)   0.002 0.005  0.002 0.003 0.004 Surf: 
0.006 
Depth: 
0.005 

0.005 0.003  

n (-)   1.211 1.239  1.211 1.219 1.222 Surf: 
1.290 
Depth: 
1.273 

1.250 1.228  

m = 1–1/n   0.174 0.193  0.174 0.179 0.182 Surf: 
0.225 
Depth: 
0.224 

0.200 0.185  

Measured bulk density (kg dm− 3), SD in brackets (n = 4 for SS, TS 
and Step; n = 2 for AB)   

1.53 
(0.06) 

1.40 
(0.06)  

1.39 
(0.15) 

1.40 
(0.07) 

1.41 
(0.06) 

Surf: 1.57 
(0.06) 
Depth: 
1.59 
(0.22) 

1.70 
(0.12) 

1.65 
(0.04)   
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surface against erosion (Loch, 2000; Puigdefábregas, 2005; Sanchez and 
Karl Wood, 1989) by limiting the impact of raindrops, incorporating 
runoff energy and fostering the formation and stabilisation of soil ag-
gregates, for example (Bochet et al., 1999). Infiltration rates and water 
retention capacity can thus be increased, in particular through increased 
organic matter content in soils and enhancement of the nutrient cycle 
and the activity of microorganisms (Cerdà, 1997; Fischer et al., 2014; 
Liu et al., 2019b). Microbial activity is also particularly important in arid 
and semi-arid areas, where vegetation forms a mosaic with areas of bare 
soil (Cerdà, 1997; Maestre and Cortina, 2002), as already shown here for 
the steppe vegetation (Bulot et al., 2017; Martin et al., 2022). 

5. Conclusion 

Six years after soil transfer, hydrodynamic properties in these 
reconstituted soils, with or without topsoil replacement, remain 
different from those in the reference steppe. A difference in hydrological 
functioning is revealed: the reconstituted soils contain less available soil 
water and drain more quickly than the undisturbed soil. This can be 
explained in particular by differences in plant cover and lower organic 
matter content in the transferred soils or by reduced biological activity. 
The most encouraging results were obtained when the three main layers 
of soil were reconstituted, with a direct topsoil transfer from the donor 
site in spring. Nevertheless, soil transfer is not a sustainable restoration 
process, imposing a very heavy economic and environmental burden 
and requiring the destruction of the donor site. 

While good results have been obtained previously on the regenera-
tion of soil surface vegetation (Bulot et al., 2014b), such recovery could 
be compromised in the long term by soil hydrological dysfunction. This 
may increasingly become an issue under more frequent water stresses 
due to global warming. 
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PACA and the Réserve Naturelle Nationale des Coussouls de Crau for 
permission to carry out our study and for access to the study site. We are 
also grateful to all PhD students, student interns, technicians for assis-
tance with the field work. Thanks to Marjorie Sweetko for correcting the 
English of previous versions of this paper. 

References 

Adriaens, D., Honnay, O., Hermy, M., 2006. No evidence of a plant extinction debt in 
highly fragmented calcareous grasslands in Belgium. Biol. Conserv. 133, 212–224. 
https://doi.org/10.1016/j.biocon.2006.06.006. 

Alaoui, A., Helbling, A., 2006. Evaluation of soil compaction using hydrodynamic water 
content variation: Comparison between compacted and non-compacted soil. 
Geoderma 134, 97–108. https://doi.org/10.1016/j.geoderma.2005.08.016. 

Alaoui, A., Lipiec, J., Gerke, H.H., 2011. A review of the changes in the soil pore system 
due to soil deformation: A hydrodynamic perspective. Soil Tillage Res. 115–116, 
1–15. https://doi.org/10.1016/j.still.2011.06.002. 

Alard, D., Poudevigne, I., 2002. Biodiversity in changing landscapes: From species to 
patch assemblages to system organization. Application of geographic information 
systems and remote sensing in river studies 9–24. 

Alday, J.G., Marrs, R.H., Martínez-Ruiz, C., 2012. Soil and vegetation development 
during early succession on restored coal wastes: a six-year permanent plot study. 
Plant Soil 353, 305–320. https://doi.org/10.1007/s11104-011-1033-2. 

Alignan, J.F., Debras, J.F., Dutoit, T., 2018a. Orthoptera prove good indicators of 
grassland rehabilitation success in the first French Natural Asset Reserve. J. Nat. 
Conserv. 44, 1–11. https://doi.org/10.1016/j.jnc.2018.04.002. 

Alignan, J.F., Debras, J.F., Jaunatre, R., Dutoit, T., 2018b. Effects of ecological 
restoration on beetle assemblages: results from a large-scale experiment in a 
Mediterranean steppe rangeland. Biodivers. Conserv. 27, 2155–2172. 

Anderson, J.D., Ingram, L.J., Stahl, P.D., 2008. Influence of reclamation management 
practices on microbial biomass carbon and soil organic carbon accumulation in 
semiarid mined lands of Wyoming. Appl. Soil Ecol. 40, 387–397. https://doi.org/ 
10.1016/j.apsoil.2008.06.008. 

Angulo-Jaramillo, R., Vandervaere, J.-P., Roulier, S., Thony, J.-L., Gaudet, J.-P., 
Vauclin, M., 2000. Field measurement of soil surface hydraulic properties by disc 
and ring infiltrometers: A review and recent developments. Soil Tillage Res. 55, 
1–29. https://doi.org/10.1016/S0167-1987(00)00098-2. 

Anjos, L., Gaistardo, C.C., Deckers, J., Dondeyne, S., Eberhardt, E., Gerasimova, M., 
Harms, B., Jones, A., Krasilnikov, P., Reinsch, T., Vargas, R., Zhang, G.-L., 2016. 
World reference base for soil resources 2014 International soil classification system 
for naming soils and creating legends for soil maps [WWW Document]. JRC 
Publications Repository. URL https://publications.jrc.ec.europa.eu/repository/ 
handle/JRC91947 (accessed 1.25.23). 

Archer, N.A.L., Quinton, J.N., Hess, T.M., 2002. Below-ground relationships of soil 
texture, roots and hydraulic conductivity in two-phase mosaic vegetation in South- 
east Spain. J. Arid Environ. 52, 535–553. https://doi.org/10.1006/jare.2002.1011. 

Archer, N.A.L., Otten, W., Schmidt, S., Bengough, A.G., Shah, N., Bonell, M., 2016. 
Rainfall infiltration and soil hydrological characteristics below ancient forest, 
planted forest and grassland in a temperate northern climate. Ecohydrology 9, 
585–600. https://doi.org/10.1002/eco.1658. 

Audet, P., Arnold, S., Lechner, A.M., Baumgartl, T., 2013. Site-specific climate analysis 
elucidates revegetation challenges for post-mining landscapes in eastern Australia. 
Biogeosciences 10, 6545–6557. https://doi.org/10.5194/bg-10-6545-2013. 
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