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Figure 1: Section of a geotechnical embankments comprehensive of proctor compacted clay core and cover of soil ?R>�
for revegetation purpuses ?SC�

�?S=�

�?SA�

Figure 2: Flow chart of soil carbon (C) cycle and deposition/complexation in different soil fractions. In green square ?SR�
boxes, C input from plants is depicted, and green arrow signifies deposition of direct plant inputs. The red box ?SS�
symbolizes the microbial communities and the red arrows the consumption and deposition of C by microbial ?S@�
communities. Brown boxes represent the different soil C pools. The green dashed line represents the biochemical ?SB�
protection of free particulate organic matter (POM) in soil, while the brown dotted lines the soil protection via ?S?�
aggregate complexation and organomineral absorption on fine silt and clay minerals. ?SQ�
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Figure 3: Representation of different types of carbon (C) protection in soil. Biochemically protected carbon (BPC, ?@C�
left) protection depends on the chemical composition of plant tissues, with recalcitrant C having a lower turnover. ?@=�
Physically protected carbon (PPC) depends on soil properties, more specifically on the aggregate formation and ?@A�
the resulting stability, the fine soil fraction in soil and soil C saturation levels. ?@R�
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Figure 4 : Different soil organic C (SOC) evolutions with a constant carbon (C) input for two conditions: a,b, not ?@B�
considering the effect of C saturation, and c, d including the C saturation effect. Under unsaturated conditions, (a) ?@?�
a steady state soil C accumulation over time will express a linear relationship if expressed (b) over C input. If the ?@Q�
relationship between SOC and time is analyzed for (c) a C saturated soil it will not be proportional, meaning that a ?@>�
C input increase will not result in a linear SOC accumulation over time, but (d) in a asymptotic relationship (after ?BC�
Stewart et al. 2007). ?B=�

�?BA�

�?BR�

Figure 5: Example of soil fractionation following the Gavinelli et al. (2005) methodology. a) coarse POM soil ?BS�
fraction > 200�m (+  sand fraction), b) finePOM, soil fraction 50-200�m, c) the coarse silt fraction 20-50 �m, d) ?B@�
silt+clay fraction, <20�m.?BB�
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Figure 6: scheme of thesis structure and related research questions (RQ). Applied RQ are presented in the first box, together with the title of the thesis. Fundamental 
RQ  are displayed in the different boxes related to the different chapters of the thesis. The scheme in the middle represents a simplified version of Figure 1. The
squared boxes represent the main actors in C-cycle (green plants, red microbs, brown soil) while the circle the pools of C: soil carbon (biochemically and physically 
protected) and the atmospheric C in CO2. 
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Figure 7: Experimental set up with 12 species grown in monoculture in grow-boxes. The picture shows two of the ?SB�
three blocks of growboxes present in the experiment (Chapter II) ?S?�

�?SQ�

Figure 8: Species grown in 13C constant labelling experiment sampled after 6 months for root traits assessment ?S>�
(Chapter III and IV). ?@C�
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Figure 9: Excavation in Pisciotta (SA), Italy, to collect the soil for the experiment described in Chapter III and IV. ?@A�
Topsoil excavated from 0-30cm depth, subsoil from 110-140 cm depth. On the far right a picture with the main ?@R�
components of soil structure visually isolated. ?@S�
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Family Fabaceae Poacea Rosaceae Plantaginaceae 
Effect of species 

(ANOVA) Fabaceae Poaceae 

Effect of families 

(ANOVA) Species 
Lotus 

corniculatus 

Trifolium 

repens 

Trifolium 

pratense 

Onobrychis 

viciifolia 

Medicago 

sativa 

Bromus 

erectus 

Festuca 

rubra 

Dactylis 

glomerata 
Poa pratense 

Lolium 

perenne 

Sanguisorba 

minor 

Plantago 

lanceolata 

Acronym code Lc Tr Tp Ov Ms Be Fr Dg Pp Lp Sm Pl Df F p Df F p 

RERTOT                       

(mm d-1) 

0.55±1.1  

(a) 

0.75±1.5 

(a) 

0.59±1      

(a) 

0.53±10   

(a) 

0.57±0.9 

(a) 

0.42±0.6 

(a) 

0.23±0.50 

(a) 

0.58±0.9 

(a) 

0.66±2.90 

(a) 

0.42±0.8 

(a) 
0.39±0.5 (a) 

0.5±0.7           

(a) 
11,175 18.9 0.061 0.57±0.08 0.42±0.13 2,9 1.8 0.22 

REROLD                      

(mm d-1) 

0.17±0.07 

(a) 

0.2±0.08 

(a) 

0.4±0.11    

(a) 

0.21±0.05 

(a) 

0.26±0.08 

(a) 

0.12±0.03 

(a) 

0.09±0.04 

(a) 

0.14±0.06 

(a) 

0.05±0.02 

(a) 

0.11±0.04 

(a) 

0.13±0.04 

(a) 

0.16±0.04      

(a) 
11,178 17.9 0.081 0.25±0.09 0.13±0.03 2,9 6.3 0.02 

RERNEW                      

(mm d-1) 

0.99±0.27 

(a) 

0.91±0.21 

(a) 

0.73±0.15 

(a) 

0.81±0.16 

(a) 

0.97±0.12 

(a) 

1.06±0.29 

(a) 

0.32±0.08 

(a) 

1.13±0.25 

(a) 

0.96±0.31 

(a) 

0.67±0.11 

(a) 
0.66±0.08 0.76±0.11 11,178 17.4 0.11 0.88±0.11 0.79±0.33 2,9 0.37 0.7 

RLPTOT                         

(m) 
3.03 3.26 3.36 3.62 3.61 2.55 1.19 2.76 2.16 2.95 2.31 3.04 - - - 3.37±2.32 2.32±0.7 2,9 5.17 0.03 

RLPOLD                       

(m) 
4.51 4.91 4.26 4.96 5.23 3.47 1.05 3.30 2.76 4.29 3.32 4.50 - - - 1.33±0.61 0.61±0.2 2,9 7.5 0.01 

RLPNEW                                     

(m) 
0.89 1.05 1.78 1.35 1.60 0.78 0.53 0.81 0.32 0.62 0.47 0.99 - - - 4.78±2.97 2.97±1.21 2,9 5.12 0.03 

Root biomass                 

(g) 

1.53±2.6 

(bc) 

0.55±1.13 

(c) 

2.01±0.62 

(b) 

2.06±1.1 

(b) 

4.23±0.42 

(a) 

0.65±0.08 

(c)  
0.70±1.6 (c)  

0.58±0.51 

(c)  

0.60±0.83 

(c)  

0.57±0.57 

(c) 

0.91±2.13 

(c)  

0.49±0.60      

(c)  
11,24 27.3 <0.001 2.08±1.33 0.62±0.11 1,28 10.9 <0.0011 

Diametre absorptive 

roots  (mm) 

0.47±0.05 

(b) 

0.28±0.05 

(de) 

0.32±0.04 

(cd) 

0.55±0.18 

(a) 

0.35±0.18 

(c)  

0.27±0.02 

(def) 

0.22±0.05 

(fg) 

0.21±0.14 

(g) 

0.22±0.19 

(g) 

0.22±0.05 

(fg) 

0.26±0.09 

(efg) 

0.28±0.14     

(de) 
11,23 98.7 <0.001 0.39±0.11 0.23±0.03 1,27 31.7 <0.001 

Hemicell. +H2O soluble 

compounds (mg g-1) 

779.5±58.1 

(a) 

612±8.3 

(bcde) 

674.5±44.6 

(abc) 

704.1±78.8 

(ab) 

755.1±31 

(a) 

533.9±12.1 

(de) 

572.3±27.3 

(cde) 

530.4±57.6 

(de) 

562.4±31.2 

(cde) 

520.5±31.7 

(e) 

703.2±NA 

(ab) 

639.4±12.7 

(bcd) 
11,21 17.4 <0.001 705.11±74.39 543.51±33.56 1,25 51.5 <0.001 

Cellulose                        

(mg g-1) 

101.6±6.3 

(a) 

163.2±8.7 

(a) 

102.5±17.7 

(a) 

120±69.3 

(a) 

123.9±27.7 

(a) 

177.9±76.5 

(a) 

160.7±44.8 

(a) 

137.5±7.7 

(a) 
89.1±6 (a) 

181.6±32.3 

(a) 

140±NA   

(a) 

151.2±54       

(a) 
11,21 1.7 0.13 122.39±33.61 154.89±50.8 1,25 3.9 0.06 

Lignine                           

(mg g-1) 

118.9±57.8 

(c)  

224.8±0.4 

(abc) 

223±33.7 

(abc) 

175.9±9.4 

(abc) 

120.9±3.5 

(c)  

288.3±88.5 

(ab) 

267±39.5 

(ab) 

332.1±65.3 

(a) 

348.4±25.1 

(a) 

297.9±62.1 

(ab) 

156.8±NA 

(bc) 

209.3±66.7 

(abc) 
11,21 6.7 <0.001 172.5±56.53 301.6±59.02 1,25 33.7 <0.001 

C:N ratio  
15.4±0.8    

(c) 

21.2±1.1 

(c) 

17.6±3.20      

(c)  

20.5±3.2 

(c)  
21.4±2 (c)  

50.8±7.6 

(b) 

61.3±2.6 

(ab) 

62.5±6.4  

(ab) 

59.1±4.1  

(ab) 

61±4.4  

(ab) 

69.8±3.2    

(a) 

68.9±3.1        

(a) 
11,21 96.4 <0.001 19.15±3.07 58.67±6.34 1,25 436 <0.001 

SIR                                     

(µg C-CO2 g
-1 soil h-1) 

5.37±0.46 

(ab) 

4.43±0.48 

(bc) 

6.11±0.35 

(a) 

4.07±0.18 

(bcd) 

6.41±0.56 

(a) 

2.47±0.34 

(d) 

3.22±0.11 

(cd) 

3.58±0.28 

(cd) 

3.15±0.15 

(cd) 

3.17±0.1 

(cd) 

3.16±0.23 

(cd) 

2.99±0.11      

(cd) 
9,20 16 <0.001 5.28±1 3.12±0.4 1,28 45.9 <0.001 
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Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Mean solar 

radiation Family Species

Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Mean solar 

radiation

Dactylis glomerata -0.23 -0.21 -0.1 -0.18 -0.1 Dactylis glomerata -0.27 -0.26 -0.17 -0.22 -0.12

Lolium perenne 0.01 -0.04 -0.03 0.09 0.38 Lolium perenne 0.14 0.13 0.31 0.09 0.21

Festuca rubra -0.21 -0.27 -0.34 -0.2 0.15 Festuca rubra -0.25 -0.3 -0.41 -0.25 0.05

Bromus erectus -0.02 -0.05 -0.01 0.02 0.29 Bromus erectus 0.17 0.28 -0.07 0.2 0.29

Poa pratensis 0.1 0.08 0.34 0.1 0.43 Poa pratensis -0.03 0 0.4 0.04 0.21

Trifolium repens 0.76*** 0.81*** 0.45 0.68** 0.33 Trifolium repens 0.28 0.28 0.15 0.4 0.45

Trifolium pratense 0.02 -0.02 -0.02 0.09 0.4 Trifolium pratense 0.18 0.25 -0.07 0.24 0.38

Lotus corniculatus 0.70** 0.70** 0.44 0.68** 0.72** Lotus corniculatus 0.73** 0.71** 0.51 0.74** 0.89***

Onobrychis viciifolia 0.13 0.09 0.3 0.17 0.54* Onobrychis viciifolia 0.04 0.02 0.26 0.07 0.36

Medicago sativa 0.01 0.01 -0.05 0.02 0.22 Medicago sativa 0.03 0.01 -0.05 0.03 0.23

Rosaceae Sanguisorba minor -0.06 -0.06 -0.06 -0.04 0.16 Rosaceae Sanguisorba minor 0.13 0.2 -0.08 0.1 -0.33

Plantaginaceae Plantago lanceolata 0 -0.04 0 0.04 0.3 Plantaginaceae Plantago lanceolata -0.05 -0.07 -0.05 -0.03 0.21

Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Mean solar 

radiation

Poaceae Dactylis glomerata -0.55* -0.54* -0.47 -0.60* -0.66**

Lolium perenne 0.03 0 -0.05 0.1 0.29

Festuca rubra -0.11 -0.16 -0.04 -0.15 0.26

Bromus erectus -0.06 -0.07 -0.08 -0.05 0.17

Poa pratensis 0.09 0.08 0.36 0.06 0.38

Fabaceae Trifolium repens 0.59* 0.67** 0.17 0.57* 0.17

Trifolium pratense 0.11 0.1 0.37 0.08 0.41

Lotus corniculatus 0.76*** 0.75** 0.48 0.76*** 0.76**

Onobrychis viciifolia 0.13 0.1 0.3 0.15 0.51

Medicago sativa 0.04 0.06 -0.35 0.04 0.21

Rosaceae Sanguisorba minor 0.09 0.16 0.04 0.06 -0.05

Plantaginaceae Plantago lanceolata -0.05 -0.06 -0.06 -0.03 0.19

Poaceae Poaceae

a - Correlation between climate factors and RERTOT of the total root system b - Correlation between climate factors and REROLD of the old roots

c - Correlation between climate factors and RERNEW of new roots

Fabaceae Fabaceae
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Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Average solar 

radiation

Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Mean solar 

radiation

Dactylis glomerata -0.4 -0.41 -0.46 -0.45 -0.38 Dactylis glomerata -0.29 -0.34 -0.38 -0.28 0

Lolium perenne -0.02 -0.05 -0.08 0.04 0.29 Lolium perenne 0 -0.07 -0.02 -0.08 0.24

Festuca rubra -0.19 -0.25 -0.32 -0.18 0.18 Festuca rubra -0.16 -0.22 -0.31 -0.15 0.19

Bromus erectus -0.01 -0.05 0.01 0.03 0.31 Bromus erectus 0.18 0.25 0 0.23 0.38

Poa pratensis 0.12 0.09 0.35 0.12 0.46 Poa pratensis 0.02 0.03 0.4 0.1 0.31

Trifolium repens 0.36 0.37 -0.01 0.33 0.38 Trifolium repens 0.28 0.26 0.2 0.41 0.51*

Trifolium pratense 0.03 0 0.03 0.07 0.34 Trifolium pratense 0.22 0.26 0.02 0.29 0.47

Lotus corniculatus 0.72** 0.72** 0.46 0.70** 0.74** Lotus corniculatus 0.72** 0.69** 0.52 0.75*** 0.90***

Onobrychis viciifolia 0.13 0.09 0.3 0.17 0.54* Onobrychis viciifolia 0.06 0.03 0.28 0.1 0.42

Medicago sativa 0.01 -0.01 -0.04 0.02 0.24 Medicago sativa 0.04 0 0.02 0.08 0.33

Rosaceae Sanguisorba minor -0.06 -0.07 -0.05 -0.04 0.18 Rosaceae Sanguisorba minor -0.04 -0.05 -0.06 -0.02 0.18

Plantaginaceae Plantago lanceolata 0 -0.04 0 0.04 0.31 Plantaginaceae Plantago lanceolata 0 -0.04 0.02 0.05 0.33

Soil 

temperature

Mean air 

temperature

Minimum air 

temperature

Maximum air 

teperature

Mean solar 

radiation

Poaceae Dactylis glomerata -0.52* -0.51* -0.51 -0.54* -0.48

Lolium perenne -0.25 -0.3 -0.43 -0.27 0.04

Festuca rubra -0.08 -0.14 -0.03 -0.1 0.33

Bromus erectus 0.01 -0.03 0.01 0.05 0.33

Poa pratensis 0.13 0.1 0.34 0.12 0.46

Fabaceae Trifolium repens 0.51* 0.57* 0.11 0.49 0.26

Trifolium pratense 0.17 0.14 0.36 0.17 0.51*

Lotus corniculatus 0.69** 0.69** 0.41 0.70** 0.77***

Onobrychis viciifolia 0.06 0.01 0.02 0.13 0.43

Medicago sativa 0.03 0.02 -0.03 0.05 0.27

Rosaceae Sanguisorba minor 0.17 0.14 0.19 0.22 0.46

Plantaginaceae Plantago lanceolata 0.01 -0.03 0.01 0.05 0.32

c - Correlation between climate factors and RLPNEW of new roots

Poaceae Poaceae

Fabaceae Fabaceae

a - Correlation between climate factors and RLPTOT of the total root system b - Correlation between climate factors and RLPOLD of the old roots
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�CSUM �CPOM �CfinePOM �Csilt �Csilt+clay SIR �CSUM �CPOM �CfinePOM �Csilt �Csilt+clay SIR

RERTOT -0.32 -0.2 -0.06 -0.1 -0.17 0.45 -0.32 -0.2 -0.06 -0.1 -0.17 0.45

REROLD -0.17 -0.25 -0.04 0.72** 0.37 0.74** -0.17 -0.25 -0.04 0.72** 0.37 0.74**

RERNEW -0.24 -0.13 -0.2 -0.12 -0.55 0.18 -0.24 -0.13 -0.2 -0.12 -0.55 0.18

RLPTOT -0.34 -0.33 -0.18 0.37 0.34 0.51 -0.34 -0.33 -0.18 0.37 0.34 0.51

RLPNEW -0.3 -0.3 -0.15 0.33 0.17 0.43 -0.3 -0.3 -0.15 0.33 0.17 0.43

RLPOLD -0.32 -0.25 -0.22 0.66* 0.34 0.70* -0.32 -0.25 -0.22 0.66* 0.34 0.70*

Root biomass -0.2 -0.46 -0.37 0.78** 0.3 0.80** 0.18 -0.08 0.02 0.3 -0.07 0.69***

Absorptive 

roots diameter
-0.2 -0.72** -0.17 0.79** 0.14 0.56 0.08 -0.44* 0.21 0.14 0.36 0.50**

Hemicelluloses 

+H2O soluble 

compounds

-0.06 -0.61* -0.13 0.82** -0.3 0.68* 0.26 -0.3 0.25 0.22 0.23 0.60***

Cellulose -0.18 0.47 -0.14 -0.22 0.19 -0.53 -0.24 0.13 -0.16 -0.03 0.18 -0.31

Lignin 0.15 0.56 0.26 -0.84*** 0.49 -0.60* -0.19 0.18 -0.17 -0.21 -0.26 -0.46**

Root C:N ratio 0.26 0.37 0.09 -0.68* 0.29 -0.86*** -0.06 0.28 -0.07 -0.3 -0.17 -0.79***

SIR -0.16 -0.19 -0.11 0.65* -0.57 0.27 -0.15 0.18 0.48** 0.12

a) Pearson's correlations at species level (n = 12, mean of three replicates)  b) Pearson's correlations at individual level (n = 34)

Root growth 

dynamics

Root 

morphological 

traits

Root chemical 

traits
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Fig. S1: Spatial disposition of growth boxes.  >S@�

In left panel, replicates are depicted in different colours according to their family (green: N2->SB�

fixing Fabaceae, brown: non N2-fixing Poaceae, yellow: non N2 fixing P. lanceolata, blue: non >S?�

N2-fixing S. minor). The different shades of colour representing different species are shown in >SQ�

the legend. The blue dot on the upper right-hand corner of the different colored squares shows >S>�

the boxes that were equipped with air/soil temperature and soil moisture sensors. Soil cores >@C�

were removed from each row of ‘soil core replicates’ growth boxes. Half the boxes were fitted >@=�

with rhizotrons (‘rhizotron replicates’). Photographs of each species can be seen in the bottom >@A�

right panel of the figure. >@R�

�>@S�

� �>@@�
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Fig. S2: Growth boxes used in the experiment.  >@B�

Above a gravel layer, soil was homogeneously compacted into growth boxes. Seeds were >@?�

sown at a density of 155 plants m-2. Panes of plexiglass on the front of the box allowed root >@Q�

elongation to be observed over the 37 week long experiment. >@>�

�>BC�

 >B=�

 >BA�
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Fig. S3:  Climatic conditions over the 37 weeks of experimentation.  >BR�

a) Mean daily air temperature (solid black line), minimum air temperature (segmented blue line), maximum air temperature (segmented red line), >BS�

mean daily soil temperature (dotted black line) and mean daily air humidity (segmented black, dotted line). In b), mean daily solar irradiation (solid >B@�

black line) and evapotranspiration (segmented red line). >BB�

>B?�

�F� �F�
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Table 1: Root, microbial and soil characteristics analyzed at time 0, after 183 days of experiment (time 6 months), >SS�
and the difference between time 0 and time 6, for M. sativa, L. perenne sowed on tospoil and subsoil, plus bare soil >S@�
controls. Root traits: Root biomass (g), specific root length (SRL, m g-1), diameter of absorptive roots (mm), >SB�
adsorptive roots C:N ratio; Microbial characteristics: global metabolic activity (GMA, �gC-CO2 g−1 soil h−1), Shannon >S?�
metabolic diversity (H), concentration of DNA in solution as proxy for microbial biomass (DNA, ng µL-1); Soil >SQ�
characteristics: mean weight diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g-1 soil), >S>�
percentage of fine fraction <20µm in soil (FF, %). >@C�

�>@=�

� �>@A�

Bare soil L. perenne M. sativa Bare soil L. perenne M. sativa

GMA  (�gC-CO2 g
−1

 soil h
−1

) 7.56±1.1 - - 8.68±1.94 - -

H (-) 0.85±0.17 - - 1.14±0.05 - -

DNA concentration (ng µL
-1

) 1.00±0.00 - - 13.67±3.06 - -

MWD (mm) 0.82±0.03 - - 1.55±0.02 - -

Soil N (mg N g
-1

 soil) 0.75±0.04 - - 1.25±0.06 - -

FF (%) 51.00±1.00 - - 43.00±1.00 - -

Root biomass (g) - 1.05±0.34 5.13±1.36 - 4.09±1.43 17.53±2.03

SRL  absorptive roots (m g
-1

 soil) - 34.92±4.72 14.77±7.87 - 23.25±2.98 10.25±0.57

Diameter absorptive roots (mm) - 0.09±0.02 0.27±0.04 - 0.10±0.02 0.26±0.01

Absorptive roots C:N - 90.78±15.53 20.12±2.42 - 51.48±10.73 20.23±1.31

GMA (�gC-CO2 g
−1

 soil h
−1

) 6.77±0.72 7.41±2.50 5.98±1.06 7.41±1.72 11.69±1.02 19.06±4.21

H (-+ 0.78±0.07 0.93±0.08 0.90±0.04 1.16±0.01 1.17±0.00 1.17±0.00

DNA concentration (ng µL
-1

) 4.00±2.22 3.00±1.41 5.20±1.64 18.40±5.90 18.40±5.59 19.00±4.32

MWD (mm) 0.84±0.10 0.78±0.07 0.89±0.08 1.64±0.08 2.17±0.20 2.07±0.29

Soil N (mg N g
-1

 soil) 0.63±0.05 0.65±0.08 0.65±0.05 1.19±0.14 1.12±0.10 1.23±0.10

FF (%) 49.84±1.17 50.62±1.16 50.77±0.58 42.24±1.26 42.01±1.31 41.87±1.42

GMA  (�gC-CO2 g
−1

 soil h
−1

) 3.00±2.22 -0.16±2.73 -1.59±1.53 -1.27±2.59 3.01±2.19 10.39±4.63

H (-) -0.07±0.18 0.08±0.18 0.06±0.17 0.02±0.05 0.03±0.05 0.03±0.05

DNA concentration (ng µL
-1

) 3.00±2.22 2.00±1.41 4.20±1.64 4.73±6.64 4.73±6.37 5.33±5.29

MWD (mm) 0.02±0.1 -0.03±0.08 0.08±0.08 0.1±0.08 0.62±0.20 0.52±0.29

Soil N (mg N g
-1

 soil) -0.11±0.07 -0.1±0.09 -0.1±0.07 -0.06±0.15 -0.13±0.12 -0.02±0.12

FF (%) -0.01±0.02 -0.01±0.01 0.00±0.01 0.00±0.02 -0.01±0.02 -0.01±0.02

For �t0-t6 the red values indicate a loss in 6 months, black value a gain

Micorbial 

characteristics

Soil 

characteristics

Root traits

Time 0

Time 6 

months

� t0-t6

TOPSOIL

Micorbial 

characteristics

Soil 

characteristics

Micorbial 

characteristics

Soil 

characteristics

SUBSOIL
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Table 2: Statistical analysis of the effect of treatments (soil and species) on on root, microbial and soil characteristics >@R�
analyzed after 183 days of experiment for M. sativa, L. perenne sowed on tospoil and subsoil, plus bare soil controls. >@S�
Root traits: Root traits: Root biomass (g), specific root length (SRL, m g-1), diameter of absorptive roots (mm), >@@�
adsorptive roots C:N ratio; Microbial characteristics: global metabolic activity (GMA, �gC-CO2 g−1 soil h−1), Shannon >@B�
metabolic diversity (H), concentration of DNA in solution as proxy for microbial biomass (DNA, ng µL-1); Soil >@?�
characteristics: mean weight diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g-1 soil), >@Q�
percentage of fine fraction <20µm in soil (FF, %).. Data where normal according to the Shapiro-Wilk test and the >@>�
ANOVA test was utilized to asses statistical differences.  >BC�

 >B=�

�>BA�

Soil Variable df F p
Root biomass 1,7 136.8 <0.001***

SRL absorptive roots 1,6 73.33 <0.001***

Diameter absorptive roots 1,6 224.6 <0.001***

Absorptive roots C:N 1,7 32.61 <0.001***

GMA 2,11 24.19 <0.001***

H 2,11 5.925 0.0179 *

DNA concentration 2,11 0.018 0.983

MWD 2,11 9.953 0.00341 **

Soil N 2,11 1.168 0.347

FF 2,11 0.034 0.967

Root biomass 1,8 42.13 <0.001***

SRL absorptive roots 1,7 22.98 0.00198 **

Diameter absorptive roots 1,7 64.44 <0.001***

Absorptive roots C:N 1,7 104 <0.001***

GMA 2,11 0.914 0.429

H 2,11 6.827 0.0118 *

DNA concentration 2,11 2.181 0.159

MWD 2,11 2.263 0.15

Soil N 2,11 0.079 0.925

FF 2,11 0.662 0.535

Root biomass 1,7 120.9 <0.001***

SRL absorptive roots 1,6 1.314 0.295

Diameter absorptive roots 1,6 0.098 0.765

Absorptive roots C:N 1,7 0.006 0.939

GMA 1,7 46.22 <0.001***

H 1,7 150.6 <0.001***

DNA concentration 1,7 44.35 <0.001***

MWD 1,7 80.22 <0.001***

Soil N 1,7 129.6 <0.001***

FF 1,7 159.8 <0.001***

Root biomass 1,8 21.33 <0.001***

SRL absorptive roots 1,7 18.3 0.00366 **

Diameter absorptive roots 1,7 0.738 <0.001***

Absorptive roots C:N 1,7 20.3 0.00278 **

GMA 1,8 12.57 0.00757 **

H 1,8 40.75 <0.001***

DNA concentration 1,8 35.61 <0.001***

MWD 1,8 220.4 <0.001***

Soil N 1,8 72.42 <0.001***

FF 1,8 132.1 <0.001***

GMA 1,7 0.398 0.548

H 1,7 149 <0.001***

DNA concentration 1,7 18.83 0.0034 **

MWD 1,7 178.9 <0.001***

Soil N 1,7 56.59 <0.001***

FF 1,7 45.36 <0.001***

Bare soil

Effect of 

Soil

Topsoil

Subsoil

Effect of 

treatmen

t

M.sativa

L.perenne
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Table 3: Pearson’s correlation coefficients (r) showing relationships between microbial characteristics, root >BR�
variables, soil structural characteristics and New, Old C, and �C in different soil C pools. Root traits: Root biomass >BS�
(g), specific root length (SRL, m g-1), diameter of absorptive roots (mm), absorptive roots C:N ratio; Microbial >B@�
characteristics: global metabolic activity (GMA, �gC-CO2 g−1 soil h−1), Shannon metabolic diversity (H), >BB�
concentration of DNA in solution as proxy for microbial biomass (DNA, ng µL-1); Soil characteristics: mean weight >B?�
diameter of aggregates (MWD, mm), soil nitrogen content (Soil N, mg N g-1 soil), percentage of fine fraction <20µm >BQ�
in soil (FF, %). Data where normal according to the Shapiro-Wilk test and the ANOVA test was utilized to asses >B>�
statistical differences.  >?C�

	>?=�

	 	>?A�

Root 

biomass 

(R_bio)

Specific root 

lenght of 

absorptive 

roots 

(SRL_AD)

Diameter of 

absorptive 

roots 

(Diam_AD)

C:N ratio of 

absorptive 

roots(C:N_A

D)

Global 

metabolic 

activity 

(GMA)

Shannon 

metabolic 

diversity 

index (H)

Microbial 

DNA 

concentration 

(DNA)

Aggregates 

mean weight 

diameter 

(MWD)

Soil nitrogen 

(Soil_N)

Fine fraction 

percentage 

(FF)

NewC POM 0.77*** -0.69** 0.59** -0.66** 0.57* 0.34 0.53* 0.36 0.43 -0.36

NewC finePOM 0.57* -0.4 0.06 -0.39 0.71*** 0.90*** 0.87*** 0.97*** 0.94*** -0.94***

NewC silt 0.60** -0.37 0.06 -0.35 0.73*** 0.86*** 0.85*** 0.94*** 0.94*** -0.90***

NewC silt+clay 0.83*** -0.61** 0.45 -0.57* 0.84*** 0.69** 0.71*** 0.74*** 0.82*** -0.76***

NewC SUM 0.88*** -0.73*** 0.56* -0.69** 0.76*** 0.57* 0.71*** 0.61** 0.69** -0.62**

OldC POM 0.25 -0.08 -0.08 -0.04 0.38 0.53* 0.38 0.57* 0.59** -0.57*

OldC finePOM 0.58** -0.3 0.14 -0.17 0.51* 0.36 0.33 0.38 0.43 -0.38

OldC silt 0.06 -0.2 0.05 -0.17 -0.09 0.05 0.05 -0.02 -0.11 0.02

OldC silt.clay -0.55* 0.28 0 0.21 -0.71*** -0.83*** -0.70*** -0.87*** -0.87*** 0.86***

OldC SUM -0.44 0.24 -0.07 0.23 -0.59** -0.57* -0.60** -0.58** -0.59** 0.56*

3C POM 0.02 -0.13 0.24 -0.17 -0.16 -0.36 -0.16 -0.39 -0.38 0.39

�C finePOM -0.47* 0.22 -0.13 0.09 -0.37 -0.17 -0.37 -0.17 -0.24 0.18

�C silt 0.01 0.16 -0.04 0.13 0.17 0.05 0.17 0.12 0.21 -0.12

�C silt+clay 0.60** -0.33 0.05 -0.26 0.74*** 0.83*** 0.74*** 0.87*** 0.89*** -0.87***

�C SUM 0.72*** -0.52* 0.33 -0.50* 0.74*** 0.63** 0.74*** 0.66** 0.70*** -0.65**
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Figure 1. Total soil carbon (C) concentration (a) and concentration changes (b) among different soil types and >?@�
vegetation treatments from t0 (experiment set-up) to t6 (harvest, i.e. 183 days after). In (a): total C concentration at >?B�
t0, corresponding to old C concentration at t0, are all identical within each soil type.  In (b), , for each boxplot, the >??�
lower edge of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to >?Q�
the 75th percentile data point; the upper and lower vertical lines corresponds to the 90th and 10th percentile data >?>�
points, respectively; the horizontal line within the box represents the median and black dots indicate outliers. Letters >QC�
above the boxplots indicate statistically significant differences (p < 0.05*) between species and controls according >Q=�
to Tukey HSD test. >QA�
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Figure 2. Relationships between the loss of OldC and gain in NewC in soil for (a) the sum of old and new C in every pool, (b) the POM pool and (c) the SILT+CLAY pool. The red QA@�
solid line shows correlation between old c decrease and new c input for the vegetated treatment (without considering bare soil control). The grey dashed line shows the divide of QAB�
the data between C gain (on the right ) and loss (on the left) on sum of fraction, POM and SILT+CLAY pools.The red line show the liear correlations between data.QA?�
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Figure 3: Comparison of the difference in carbon (�C) after 6 months in different soil C pools and for each treatment QA>�
in a) subsoil and b) topsoil. In each boxplot, the lower edge of the box corresponds to the 25th percentile data point, QRC�
while the top edge of the box corresponds to the 75th percentile data point. The line within the box represents the QR=�
median and black dots indicate outliers. Different letters above the boxplots indicate statistically significant QRA�
differences (p < 0.05) between families and controls according to Tukey HSD test. QRR�
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Figure 4: Gain of new C and changes in old C in 4 different C pools (POM, finePOM, SILT, SILT+CLAY) and in the QRB�
total bulk soil (as sum of the different pools, Sum) for bare soil control (light yellow), L. perenne (orange), and M. QR?�
sativa (red). a) shows the fluxes of new C in topsoil, b) the fluxes of old C in topsoil, c) the fluxes of new C in subsoil, QRQ�
and d) the fluxes of old C in subsoil. In each boxplot, the lower edge of the box corresponds to the 25th percentile QR>�
data point, while the top edge of the box corresponds to the 75th percentile data point. The line within the box QSC�
represents the median and black dots indicate outliers.Different letters above the boxplots indicate statistically QS=�
significant differences (p < 0.05) between species treatments according to Tukey HSD test. QSA�
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Figure 5: C concentration in % of total C in the different soil C pools at t0 and t6 (after 183 days of experiment). At t6 the C is divided in % of new C in soil (black) and old C in QSB�
soil (white). (a) shows the C concentration in % in POM pool, (b) in fine POM pool, (c) in SILT pool, and (d) in SILT+CLAY pool. QS?�
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 QS>�
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Figure 6: Principal Component Analysis of (a) new C input and (b) old C fluxes in different soil C pools and root traits (SRL_AD: specific root length of absorptive roots, C:N_AD: Q@=�
C:N ratio of absorptive roots, R_bio: root biomass and Diam_AD: diameter of absorptive roots), microbioal processes indicators (ADN: concentration of DNA as proxy for microbial Q@A�
biomass, GMA: global betabolic activity, H: Shannon metabolic diversity),and soil structure indicators (MWD: mean weight diameters of aggregates, Soil_N: nitrogen content in Q@R�
soil, and FF: percentage of fine fraction <20 m�) in soil. Triangles are topsoil and dots subsoil. Green is M.sativa and red is L.perenne. (a) and (b) shows the same PCA analysys, Q@S�
but in (a) only the arrows of new C are shown, while in (b) only the arrows for old C, for a better comprehension of the graph. Q@@�
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Figure S1: Soil fractionation according to the Gavinelli et al. (1995) methodology QQR�
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Figure S2 (ONICA et al.2018): scheme of a MicroResp system QQB�

�QQ?�

Fig. S3 (ONICA et al.2018): scheme of the functioning of a deep well detection system. Soil is placed in a deepwell and QQQ�
sealed, the CO2 respired and accumulating in the detection well change the colour of the detection gel according to the QQ>�
equation [4.5] Q>C�
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Table S1: Substrates used for the MicroResp >B@�
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Figure S4:Scheme representing the organization of the MicroResp detection plate, showing the three replicates for each >BQ�
substrate used, the three for the H2O control and the separation of 2 replicates analyzed in the same MicroResp system. >B>�
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Figure S5: (a) New C moved in the SILT+CLAY fraction in subsoil (light ocra) and tospoil (orange) for g of root biomass >?A�
for the two different treatments (L. perenne, M. sativa) in 183 days of experiment. (b) New C moved in the SILT+CLAY >?R�
fraction in subsoil (light ocra) and tospoil (orange) for cm of root for the two different treatments (L. perenne, M. sativa) >?S�
in 183 days of experiment. , for each boxplot, the lower edge of the box corresponds to the 25th percentile data point, >?@�
while the top edge of the box corresponds to the 75th percentile data point; the upper and lower vertical lines corresponds >?B�
to the 90th and 10th percentile data points, respectively; the horizontal line within the box represents the median and black >??�
dots indicate outliers. Letters above the boxplots indicate statistically significant differences (p < 0.05*) between species >?Q�
and controls according to Tukey HSD test. >?>�
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Table 1: �C is the difference of C content in bulk soil between time 0 and time 6 months in mgC g-1 soil. New C is @S?�
the input of C in bulk soil deriving from the vegetation growth during the 6 months of the experiment in mgC g-1 soil. @SQ�
Old C is the losses of old C in bulk soil. The last column shows the losses of old C in the sum of fractions data. �C @S>�
new C, and old C have been calculated for each treatment (M.sativa, L. perenne and bare soil) and each soil @@C�
(topsoil: 0-30cm depth, subsoil: 110-140cm depth). Different letters next to the average value indicate statistically @@=�
significant differences (p < 0.05) between species or families according to Tukey HSD tests. @@A�
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Figure 1: Graphic explanation of positive priming effect (a) and negative priming effect (b). @@B�
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Figure 2: Comparison of priming effect after 6 months of revegetation between different soils ((a) topsoil and (b) 

subsoil) for each vegetated treatment (L. perenne light yellow, M. sativa orange). The data presented shows the 

priming in the different soil fractions (1.POM, 2.finePOM, 3.silt, 4.silt+clay) the sum of the soil fractions (5.SUM) 

and the bulk soil data (6.Bulk soil). Negative values means a reduced loss of old C, positive values an increased 

loss of old C. In each boxplot, the lower edge of the box corresponds to the 25th percentile data point, while the 

top edge of the box corresponds to the 75th percentile data point. The line within the box represents the median. 

Different letters above the boxplots indicate statistically significant differences (p < 0.05) among species 

according to a ANOVA test 
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Figure 3: Evolution over time of A13C, as the percentage of 13C in the respired CO2. The results shows the trend for a) topsoil vegetated with M.sativa, b) topsoil with L.perenne and c) 
topsoil bare soil control. The second row shows the results for d) subsoil sowed with M.sativa, e) subsoil with L.perenne and f) subsoil bare soil control. The different dots shows the 
A13C result for the single subsample of the treatment in shade of yellow/red according to the sampling time. Different letters above the dots indicate statistically significant differences 
(p < 0.05) according to a Tukey HSD test among different sampling dates. Different letters at the bottom of the graph indicate statistically significant differences (p < 0.05) according to a 
Tukey HSD test among different treatments. 
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Figure 4: Percentage of C derived from mineralization of plant inputs in soil respired CO2 (fPlant) over 4 months in the SQQ�
two vegetated soils.  Triangles represent topsoil and dots subsoil. Green represent M. sativa and red L. perenne, SQ>�
different saturations have been given to better differentiate the points. The red solid line represent the increase S>C�
according to a linear model of the fPlant in topsoil over the 4 months, the blue solid line in subsoil. The slopes of the S>=�
linear models are significantly different, p < 0.001. S>A�
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Figure 5: Correlations between a) New carbon inputs in soil, b) old SOC C losses (OldC) and c) priming effect (Priming), with abundance of 13C in respired CO2 (A13C). Topsoil is S>@�
represented by triangles, subsoil by dots, M.sativa is green, L.perenne red and bare soil control orange. The red line shows the correlation according to a linear model, and the S>B�
significance (R2, p) is shown in a corner box in every graph. S>?�
 S>Q�
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Figure 6: Reconciliation of Preferential Substrate Utilization hypothesis and competition hypothesis. a) shows the effect S>>�
of soil, where the higher input in the fertile soil allow microbial communities to switch preference of substrate and @CC�
decrease old C mineralization, while in subsoil, with low fertility and low input of fresh new C, competition drive the @C=�
priming effect that is generally higher than topsoil. b) shows the species effect in the two soil conditions. In subsoil low @CA�
rhizodeposition from L. perenne stimulate and competition for N hinder old C mineralization and result in a slightly @CR�
negative priming effect. In topsoil, the N rich rhizodeposition from M. sativa increase the soil N content and decrease @CS�
competition, allowing microbial communities to mine more efficiently old C and resulting in positive priming effect. In @C@�
topsoil, contrary to what expected, we did not find any difference between L. perenne and M. Sativa in priming effect, @CB�
suggesting a lower influence of rhizodeposition when the system is rich and efficiently colonized by roots. @C?�
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Figure S1 : Pot preparation. Starting from left to right : Quartile of soil prior to filling the pots, weighting of the pots while @==�
filling and examples of two pots filled with the two different types of soil The soil has been added collecting one scoop @=A�
of soil from each quartile and keep moving to the next quartile, in the same order, until the desired weight was reached. @=R�

�@=S�

Figure S2 : From left to right: example of the ring used for soil respiration analysis, ring with the plastic dome in place @=@�
and ring inside the soil, the red crosses mark the spots were the seeds were planted @=B�

�@=?�

Figure S3 : Pots positioned in the growing chamber at a fix distance from lights in the Ecotron facilities @=Q�
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Figure S4 : Day and night cycles in the three different grow chambers with timing for air samples collection @AC�

�@A=�

  @AA�

Figure S5 : plastic tubes used for irrigation, fix on the single pot on the left and positioned in the chamber on the right @AR�

�@AS�

�@A@�

Figure S6 : Scheme of the plastic dome used for soil respiration analysis @AB�
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Figure S7 : Air sampling protocol : a) fill ring with water, b) place the plastic cap on top, c) take a 5ml air samples using @AQ�
a syringe on the rubber cap and d) transfer the air taken in the airtight exitainers @A>�

������� �@RC�

Figure S8: Comparison of N content in soil between the beginning of the experiment (t0) and the end (t6) in the two @R=�
soils (subsoil and topsoil) and the three treatments (M.satva, L.perenne, and bare soil). No significant differences have @RA�
been found between bare soil and L.perenne, which show no changes from the initial C content. M.sativa, instead, is @RR�
significantly different compared to the other treatments, showing an increase of soil N. In each boxplot, the lower edge @RS�
of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile @R@�
data point. The line within the box represents the median. Different letters above the boxplots indicate statistically @RB�
significant differences (p < 0.05) among species and control according to a Tukey HSD test.  @R?�
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Figure 2: Conceptual framework illustrating complementarity between MEMS and MCP models, enriched by including the soil C pools. Primary plant’s carbon inputs quality 
influence the final stabilization of stored C (MEMS, Cotrufo et al. 2013). The microbial carbon pump determine the entombing of C in the soil system, via ex-vivo modifications 
(green arrows) and in-vivo transformation (brown arrows) (MCP, Liang et al. 2017). Finally, the quality of C input will determine the C distribution in different soil C pools associated 
to soil fractions, through the microbial carbon pump. Labile C input will favor in-vivo turnover, increasing C in the silt and silt+clay fractions, protected in microaggregates and via 
organomineral interactions with fine silt and clay minerals. Recalcitrant C decrease in vivo turnover, and C accumulate mainly in unprotected POM and finePOM fractions via ex-
vivo modifications. 
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Figure 3: Scheme illustrating the changes in the C storage mechanisms along two man axes: x – Soil fertility and y – C input quality. Top right has the higher C storage potential, 
with high fertility soil revegetated with N2-fixing species, that have high labile C input, positively influencing POM and, most importantly, fine silt+clay fraction accumulation through 
high microbial activity. Top left corner shows the potential soil C storage of fertile soil revegetated with non N2-fixing species. The lower input of recalcitrant C decrease microbial 
biomass and activity, and increase POM and finePOM accumulation via decreased mineralization. In fertile topsoil priming effect is high and negative. Bottom right corner shows 
the effect of revegetating poor subsoil with N2-fixing species: decreased C input due to fertility decreases the accumulation in the POM fraction, and decreased microbial 
biomass/activity its complexation in the protected silt+clay fraction. Priming effect is lower in intensity but positive; increasing the loss of preexistent SOC. Bottom left corner shows 
the effects of revegetation of poor subsoil with non N2-fixing species. Decreased input and microbial activity decrease the C accumulation in every soil fraction, however priming 
effect almost absent due to pant-microbes competition for nitrogen. 
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Figure 4: flowchart for soil revegetation to increase C sequestration in geotechnical embankments. First step is soil assessment in regard to N content and microbial 
biomass and activity. The second step shows the treatments to implement if N content is low (fertilization) or microbial communities are underdeveloped (inoculation). 
The fourth step shows the suitable species for revegetation given the soil conditions. The last ox the effects on C sequestration given the soil, the treatments and the 
plant species selected. Green arrow shows the suggested pathway to take, red arrow the alternative unadvised pathway if the first is not possible. This flowchart, 
however, is based on a short term experiment. Long term experiment should be implemented to improve it. 
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Figure A2: Evolution of microstructural voids in 6 months of wet and dry cycles, with no vegetation sowed. Figure (a) shows the pore size density function of topsoil at time 0 (blue ACR�
boxes) and time 6 (red boxes) without vegetation. (b) shows the total intruded void ratio for different diameter classes in topsoil. (c) shows the pore size density function of subsoil at ACS�
time 0 (blue boxes) and time 6 (orange boxes) without vegetation (d) the total intruded void ratio for different diameter classes in subsoil. AC@�
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Figure A3: Evolution of microstructural voids in 6 months of soil vegetated with M.sativa and L.perenne compared to bare soil control. Figure (a) shows the pore size density function A=@�
of topsoil in bare soil control (red boxes), M.sativa (black boxes), and L.perenne (green box) after 6 months of growth. (b) shows the total intruded void ratio for different diameter A=B�
classes in topsoil. (c) shows the pore size density function of subsoil in bare soil control (orange boxes), M.sativa (grey boxes), and L.perenne (dark green boxes) after 6 months of A=?�
growth. (d)shows the total intruded void ratio for different diameter classes in subsoil. A=Q�
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Figure A4: Mean weight diameter (MWD) in topsoil (blue boxplot) and subsoil (red boxplot) for the three different treatments (M.sativa, L.perenne and bare soil control) after 6 months AAQ�
of revegetation. In each boxplot, the lower edge of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile data point. AA>�
The line within the box represents the median and black dots indicate outliers. Different letters above the boxplots indicate statistically significant differences (p < 0.05) between families ARC�
and controls according to Tukey HSD test. AR=�
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Figure A5: amount of CO2 (respired ppm h-1 g-1 of soil) protected inside different aggregate classes (5-3 mm clogs in blue, 3-0.2 macroaggregates in green, 0.2-0.02 mm AR>�
microaggregates in red) in (a) topsoil and (b) subsoil. The protected C is calculated as the difference between the respired C02 deriving from incubation of undisturbed aggregates (CO2 ASC�
deriving from unprotected C) and C02 deriving from incubation of crushed aggregates (CO2 deriving from consumption of protected and unprotected C). In each boxplot, the lower edge AS=�
of the box corresponds to the 25th percentile data point, while the top edge of the box corresponds to the 75th percentile data point. The line within the box represents the median and ASA�
black dots indicate outliers. The red dotted line is the 0 line, meaning no protection of C in aggregates. ASR�
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Figure A6: newC (mg new C g-1 aggregates) deriving from plant input in aggregates for gram of aggregates of different classes for the three analyzed treatment (M.sativa, L.perenne, A@R�
and bare soil control) after 6 months in topsoil (light dotted bars) and subsoil (solid black bars). (a) Show the C concentration in the clogs (5-3mm diameter), (b) in the macroaggregates A@S�
(3-0.2 mm), and (c) in the microaggregates (0.2-0.02mm). Bars represent the standard deviation. A@@�
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