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Abstract 20 

Application of biochar to the soil is globally recognised as a means to improve soil structure and 21 

fertility, increase carbon sequestration, enhance crop production and mitigate climate change. 22 

However, although the fine root system is fundamental for plant growth, crop productivity, carbon 23 

and nutrient cycling, little is known about the effect of biochar on plant fine roots. This study, 24 

conducted in a Montepulciano (Vitis vinifera L.) vineyard, was aimed at investigating the impact of 25 

biochar application (at the rate of 10 t ha
-1

) on soil chemical and physical properties, fine root 26 
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dynamics and arbuscular mycorrhizal fungi (AMF) production during a one-year sampling period. 27 

To this aim, seasonal variation of fine root mass, length and diameter was measured by the 28 

sequential coring technique, whereas fine root annual production was calculated by minimum-29 

maximum procedure and turnover rate of live roots by maximum standing biomass. For AMF 30 

annual production, in-growth mesh bags were used to measure glomalin as quantitative indicator of 31 

mycorrhizae presence. Results showed that biochar significantly increased organic carbon (20.7 %), 32 

available ammonium (84.4 %), and available water content of the soil (11.8%), while it also 33 

promoted the formation of the large fraction of macro aggregates (ø > 2 mm; 3.1% control; 5.5% 34 

treated). Cation exchange capacity, pH, total nitrogen content, and total and available phosphorus 35 

content remained unaffected. Immediately after biochar soil amendment, while fine root length 36 

remained unchanged, a significant increase in fine root biomass was measured resulting in a higher 37 

mean annual biomass (8.56 g m
-2

 control; 13.34 g m
-2

 treated), annual production (8.71 g m
-2

 38 

control; 12.7 g m
-2

 treated) and lifespan (as evidenced by a lower turnover rate; 1.02 yr
-1

control; 39 

0.95 yr
-1

 treated). Moreover, the increase of fine root biomass resulted to be associated with radial 40 

growth since mean fine root diameter was significantly higher in biochar-treated plants (0.56 mm) 41 

than in control plants (0.46 mm). Biochar had no significant effect on the annual production of 42 

AMF. The results of the present study show that the improvements of soil chemical and physical 43 

features due to biochar application have an immediate effect on fine root dynamics and 44 

morphology. Furthermore, the increase of fine root biomass is mainly due to radial growth and 45 

occurs during the water shortage period, supporting fruit setting and ripening in grapevine plants. 46 

 47 
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Biochar, a charcoal produced by controlled pyrolysis, has been widely recognised for its potential 52 

use to improve soil fertility, sequester carbon (C), mitigate climate change (Lehmann et al., 2006; 53 

Lehmann, 2007a; Laird, 2008; Sohi et al., 2010) and enhance phytostabilisation of contaminated 54 

soils (Brennan et al., 2014; Lomaglio et al., 2016). Indeed, the positive effects of biochar on 55 

agricultural productivity have been attributed to: i) the reduction of soil acidity (Yuan et al., 2011; 56 

Pereira et al., 2015); ii) the improvement of cation-exchange capacity (CEC) and nutrient 57 

availability; iii) the dissolution of organic carbon in low-pH acidic soils (Mukherjee and 58 

Zimmerman, 2013); iv) the increase of water retention capacity (Downie, 2011; Baronti et al., 59 

2014); and v) the availability of plant water content (Tammeorg et al., 2014). Despite the growing 60 

amount of data reported in the literature on the positive effects of biochar on agricultural 61 

productivity, plant responses to biochar soil amendments have largely focused on above-ground 62 

biomass and crop yields. Biochar has been reported to increase rooting during germination 63 

(Vookova and Kormutak, 2001), and to enhance root biomass (Lehmann et al., 2003; Joseph et al., 64 

2010; Makoto et al., 2010) and length (Noguera et al., 2010). However, in most of these cases the 65 

analysis of root response to biochar amendment was limited to biomass measurements (Lehmann et 66 

al., 2003; Noguera et al., 2010; Prendergast-Miller et al., 2011) and, therefore, the mechanisms 67 

controlling root–biochar interactions still remain poorly understood (Lehmann et al., 2011). Roots 68 

have important functions in plants, including nutrient and water uptake, anchorage, and mechanical 69 

support, and are the first organs to be affected by biochar (Prendergast-Miller et al., 2013). 70 

Furthermore, within the plant root system, fine roots are the principal structures involved in water 71 

and nutrient acquisition (Mainero et al. 2009; Montagnoli et al. 2012a, 2012b, 2014; McCormack et 72 

al. 2015; Terzaghi et al. 2016). Fine root lifespan has important implications for individual plant 73 

growth, crop productivity, plant-environment interactions, and belowground carbon (C) and nutrient 74 

cycling (Godbold et al. 2003; Montagnoli et al. 2010; Di Iorio et al. 2013; Madhu and Hatfield 75 

2013; Terzaghi et al. 2013; McCormack and Guo 2014). Indeed, Jackson et al. (1997) estimated that 76 

as much as 33% of global annual net primary productivity in terrestrial ecosystems is devoted to 77 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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fine root production, and the growth and maintenance of fine roots may use up to 50% of the daily-78 

produced photosynthate in crop plants (Lambers, 1987).  79 

It has been proposed that biochar may affect root growth and plant performance through two 80 

mechanisms: i) as a direct nutrient source and ii) by enhancing nutrient availability (Lehmann et al., 81 

2011). In a recent investigation, Prendergast-Miller et al. (2013) showed that biochar controls plant 82 

root nutrient acquisition in rhizobox-grown spring barley (Hordeum vulgare L.), both directly as a 83 

nutrient source and indirectly by altering soil nutrient content. Similarly, again in a rhizobox 84 

experiment, Reibe and co-workers (2015) found that nutrients released from different kinds of 85 

biochar might affect root morphology of spring wheat. Furthermore, different types of chars had 86 

different effects on root and shoot growth and soil changes, depending on the feedstock, the 87 

production process and the amount of biochar applied (Bhattacharjya et al., 2015). 88 

Through its effect on nutrient cycles (Steiner et al., 2008) or soil structure (Mummey and Rillig, 89 

2006), biochar has also been shown to create a habitat for beneficial soil microorganisms (Rillig and 90 

Thies, 2009), which in turn may improve plant growth (Warnock et al., 2007). However, the effects 91 

of biochar on soil biota abundance and composition may differ for different groups of 92 

microorganisms (reviewed in Lehmann et al., 2011). Living in symbiosis with plant roots, 93 

arbuscular mycorrhizal fungi (AMF) develop an extensive extraradical hyphal network, which plays 94 

an important role in plant nutrient uptake (Harrison and van Buuren, 1995; Read and Smith, 1997; 95 

Avio and Giovannetti, 2002) promoting plant growth (Schwartz et al., 2006; Compant et al., 2010). 96 

In fact, AMF provide their host plants with mineral nutrients receiving photosynthetically-derived 97 

carbohydrates in return (Read and Smith, 2008). Thus, the presence of AMF is particularly 98 

important in marginal soils, where their contribution to nutrient uptake may be more critical to the 99 

plant (Bücking et al., 2014). Glomalin is a wall protein of the AMF mycelium with concentrations 100 

in the soil generally ranging from 2 to 14 mg g
-1

 (Pikul et al., 2002) and, therefore, commonly used 101 

as a quantitative indicator (Upadhyaya and Wright, 1996; Lovelock et al., 2004). The presence of 102 

biochar in the soil seems to have a general positive effect on mycorrhizal fungi (reviewed in 103 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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Warnock et al., 2007), although negative results have also been reported (Birk et al., 2010; Warnock 104 

et al., 2010).  105 

Due to the economic importance of grapevine, over the last years much attention has been paid to 106 

the effect of biochar on amended groves. Recent studies revealed that the positive effects of biochar 107 

on grape yield and quality are mainly due to: i) the attenuation of water stress (Baronti et al., 2014; 108 

Genesio et al., 2015); ii) the improvement of soil chemical and biological fertility and nutrient 109 

supply to plants (Glaser et al., 2002; Sohi et al., 2010, Vaccari et al., 2011, Schulz et al., 2013); iii) 110 

the enhancement of plant growth and yield (Lehmann and Rondon, 2005; Chan et al., 2007; Major 111 

et al., 2010b); and iv) the reduction of greenhouse gas emissions through C sequestration (Van 112 

Zwieten et al., 2010; Ippolito et al., 2012; Zhang et al., 2012). Once again, in these studies, the 113 

effects of biochar were investigated mainly in terms of changes in soil physical and chemical 114 

characteristics, plant yield and biomass production. Indeed, to our knowledge, the influence of 115 

biochar on fine root lifespan and on the mutualistic interaction between grapevine roots and AMF 116 

(Groot-Obbink and Possingham, 1971; Deal et al., 1972; Menge et al., 1983; Nappi et al., 1985) has 117 

not been investigated yet. Studying the impact of biochar on fine root dynamics of perennials plants 118 

such as grapevine is fundamental for understanding plant-soil interactions and their consequences 119 

for plant growth. Given the above-mentioned effects that biochar can have on soil nutrient and 120 

water availability, we hypothesised that changes in resource supply play an immediate role in root 121 

dynamics and AMF colonization, thereby further affecting crop production and yield. To test this 122 

hypothesis, after assessing the effects of biochar on soil physical-chemical properties, fine root 123 

dynamics and AMF production in a vineyard were investigated in a short-term (one-year) time 124 

course experiment. The identification of possible relationships between any alterations of soil 125 

physical-chemical properties, fine root dynamics and AMF production may further contribute to 126 

elucidating the mechanisms of biochar actions. 127 

2. Material and methods 128 

 129 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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2.1 Experimental site and set up 130 

The field experiment was carried out in a vineyard of the Valerio Vini estate (41°32'19.8"N 131 

14°09'34.9"E; 270 m a.s.l.) in the municipality of Monteroduni (Molise, Central Italy). The 132 

vineyard (Montepulciano wine grape variety) consists of 24 north-west oriented plant rows (2.5 m 133 

spacing), each containing 15-year-old plants (80 cm spacing), not irrigated. During the study period, 134 

from May 2014 to May 2015, total rainfall was approximately 1310 mm with an average air 135 

temperature of 14 °C (data from the Fornelli (IS) weather station, supplied by the Regione Molise). 136 

Soil-milling operations (20 cm depth) were carried out at the beginning of April 2014 as usual 137 

management practice. At the beginning of May 2014, biochar was applied at a rate of 10 t ha
-1 

(Van 138 

Zwieten et al., 2008; Brandstaka et al., 2010; Ndor et al., 2015). In order to obtain a homogeneous 139 

soil application, the biochar was crushed into smaller particles, sieved at 2 mm size and 140 

homogeneously broadcasted by hand (Major, 2010a), between plants and within the whole plot area 141 

(4 m
2
). To avoid biochar loss by wind or water erosion, immediately after spreading biochar on the 142 

soil surface, moisture was applied with a Verdigris sprayer (Karer et al., 2013) and biochar was 143 

incorporated into the soil with a hand-powered rotary hoe at low rotation speed (10 cm depth; Karer 144 

et al. 2013). Finally, another inter-row soil milling was carried out one year later (April 2015), 145 

before the last sampling point. Measurements were carried out in eight plots (four control and four 146 

biochar-treated) of 4 m
2 

in size, each including three plants displaced on the same row (Figure 1). 147 

 148 

2.2. Biochar characterization 149 

Biochar used in this study was produced by Romagna Carbone s.n.c. (Italy) from orchard pruning 150 

biomass through a slow pyrolysis process with an average residence time of 3 hours at 500 °C in a 151 

kiln of 2.2 m in diameter and holding around 2 ton of feedstock. pH measurements were carried out 152 

by potentiometry (pH meter Eutech Instruments pH 700, 2013) according to IBI standards (2014). 153 

The electrical conductivity (EC) value was obtained by direct instrumental determination in 1:20 154 

soil:water (w/v) extracts, according to IBI standards (2014). Cation exchange capacity (CEC) was 155 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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assessed according to Mehlich (1938) using BaCl2. Moisture content was calculated according to 156 

the Black method (1965) as the difference in sample weight before and after oven drying at 105 °C 157 

to constant weight.  158 

Several parameters can be used to assess carbon stability in biochar. Calvelo Pereira et al. (2011) 159 

used the thermo-labile fraction and the oxidation efficiency with potassium permanganate and 160 

potassium dichromate, while Enders et al. (2012) used a combination of volatile matter and H:C 161 

ratios corrected for inorganic C. In the present work, we referred to IBI standards (2014), which 162 

define carbon stability as the molar ratio of hydrogen to organic carbon (maximum 0.7). 163 

Total nitrogen (Ntot), total carbon (Ctot), organic carbon (Corg) and hydrogen (H) contents were 164 

determined by dry combustion (Dumas 1831) using a CHN elemental analyser (Carlo Erba 165 

Instruments, Mod 1500, series 2). In the case of Corg, combustion was carried out after the complete 166 

removal of inorganic C with acid. Available nitrogen (Nav) was determined by a modified Kjeldahl 167 

procedure using Devarda’s alloy (Liao, 1981) as reducing agent to convert (NO3)
- 
and (NO2)

- 
into 168 

(NH4)
+
 and subsequent Kjeldahl digestion. Total phosphorus (Ptot) was detected by 169 

spectrophotometry (UV-1601 Shimadzu) according to the test method described by Bowman 170 

(1988). Available phosphorus (Pav) was extracted by a NaHCO3 solution at pH 8.5 and evaluated by 171 

spectrophotometry according to the Olsen test method (1954). Alkalinity of samples with a pH 172 

value greater than 7.0 was determined by titrimetry according to the Higginson and Rayment 173 

method (1992). Particle size distribution (hereafter also named soil texture) was quantified by 174 

hydrometer analysis through a modification of the Bouyoucos method (1962) (according to Beretta 175 

et al. 2014), on samples previously dry-sieved at 2 mm. The fraction <2mm was treated with H2O2 176 

and wet sieved at 200 μm, 50 μm and 20 μm.  Measurements of density were carried out by a 177 

hydrometer on samples smaller than 20 μm previously dispersed with sodium hexametaphosphate 178 

solution. Moreover, in order to quantify the large fraction of macro aggregates, particles that did not 179 

pass through the 2 mm sieve were treated with sodium hexametaphosphate solution to disrupt 180 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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aggregates and, subsequently, the difference in weight before and after wet sieving at 2 mm was 181 

measured (Kemper and Koch 1966).  182 

 183 

2.3 Soil characterization 184 

To assess soil chemical-physical properties and the effects of biochar on these characteristics, four 185 

soil samples for each plot were collected at two time points (T0, May 2014 and T1, February 2015) 186 

(see details in Figure 1), i.e. before and after treatment with biochar, respectively. Sampling points 187 

were located at approximately 40 cm distance from the plants, thus, reasonably far enough to be 188 

considered bulk soil even though a few weed roots were found. Soil samples, once freed from roots, 189 

were mixed together in one bulk sample, air dried until constant weight, passed through a 2 mm 190 

sieve and stored at room temperature in a closed container until analysis.  191 

Methods for the characterization of moisture, CEC, Ptot and Pav, Ntot, alkalinity (only for soil 192 

samples with pH>7.0) and particle size distribution were as described in the previous paragraph. 193 

The pH was determined by potentiometry (pH meter Eutech Instruments pH 700, 2013) according 194 

to Conyers and Davey (1988). EC was measured by direct instrumental determination according to 195 

Rhoades (1996). The different forms of available mineral nitrogen were determined by ion selective 196 

electrodes (Greenberg et al., 1985) on soil samples dissolved in deionized water. Organic carbon 197 

(Corg) was assessed according to the Black and Walkley (1934) test method based on carbon 198 

incomplete oxidation. Available water content (AWC) was measured for soil samples collected in 199 

February 2015, within each plot, at 5 and 15 cm soil depth. Samples belonging to the same 200 

treatment and soil depth were mixed and homogenized for a total of 8 samples (2 for each treatment 201 

at each soil depth). Soil water retention curves were obtained according to the method described in 202 

Cresswell et al. (2008). Values of AWC (m
3
 m

-3
) were calculated as the difference between water 203 

content measured at field capacity (pressure -0.33 MPa) and at wilting point (-15 MPa) multiplied 204 

by the gravimetrically determined bulk density.  205 

 206 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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2.4 Mycorrhiza measurements 207 

For arbuscular-mycorrhizal fungi (AMF) analysis, in-growth nylon mesh bags were prepared 208 

(Wallander et al., 2001; Lovelock et al., 2004) with 40 μm pore size and 25 cc capacity. Soil was 209 

collected from biochar-treated and control plots, air dried, sieved (<1 mm) to eliminate plant 210 

material and fine roots, sterilized by autoclaving and filled into mesh bags. Within each plot four 211 

mesh bags were placed in the ground at 20 cm depth on 10 June 2014 and harvested on 30 June 212 

2015 (according to the sampling scheme reported in Figure 1). Due to its AM fungus specificity, 213 

glomalin was used as a quantitative indicator of mycorrhizae presence (Upadhyaya and Wright, 214 

1996; Lovelock et al., 2004). Glomalin is composed of two fractions, which differ in the ease of 215 

extraction: easily extractable glomalin (EEG) and total glomalin (TG), which requires more drastic 216 

extraction conditions. Because the distinction between these two fractions is beyond the scope of 217 

this study, we proceeded directly to the quantification of TG. Following the procedure described by 218 

Upadhyaya and Wright (1996), the extraction was carried out in 50 mM sodium citrate, pH 8.0 at 219 

121 °C with five extraction cycles of 90 min each. The supernatant of each extraction cycle was 220 

collected in a single pool and the protein content was determined by spectrophotometric reading 221 

(UV-1601 Shimadzu) according to the Bradford method using bovine serum albumin as a standard.  222 

 223 

2.5 Fine root measurements 224 

The soil core sampling method (Persson and Vogt 1991) was used to quantify fine root mass (<2 225 

mm in diameter) during the 2014-2015 growing season. Within each of the 8 plots (4 control and 4 226 

biochar-treated) at each sampling date, two soil cores (4 cm diameter, 40 cm deep) were collected 227 

using a motor-driven portable core sampler (adapted from Alley and Ponder, 1997) (Figure 1). To 228 

investigate the kinetics of biomass and necromass, soil samples were collected on five dates 229 

between 21 May 2014 and 29 May 2015. Samples were stored in plastic bags at 4°C until further 230 

processed. Each soil sample was placed in a nylon bag (300-µm mesh), contained in a plastic 231 

cylinder (6-mm mesh), and washed automatically using a washing machine (adapted from 232 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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Benjamin and Nielsen, 2004). Fine roots were examined under the microscope and divided into two 233 

groups: grapevine and other species. Fine roots from grapevine were classified live [hereafter 234 

termed fine root biomass (FRB)] or dead [hereafter termed fine root necromass (FRN)] depending 235 

on their colour, texture and shape (Persson and Vogt, 1991). After selection, grapevine root 236 

fragments were first roughly grouped by calliper method in half-millimetre-diameter classes and 237 

scanned at a resolution of 400 dpi with a calibrated flatbed scanner coupled to a lighting system for 238 

image acquisition (Epson Expression 10000 XL). Successively, images were analysed by WinRhizo 239 

Pro V. 2007d (Regent Instruments Inc. Quebec). After fine root length (FRL) measurement, 240 

grapevine live and dead fine root samples were oven-dried separately and weighed. Annual fine 241 

root production was estimated using the minimum–maximum method procedure. This method 242 

calculates, and sums in case of a multimodal seasonal pattern, only significant differences between 243 

seasonal minimum and maximum fine root dry mass (live mass plus necromass) (Edwards and 244 

Harris, 1977; Mc Claugherty et al., 1982; Hertel and Leuschner, 2002). Fine root turnover rates of 245 

FRB were calculated as annual root production divided by maximum standing biomass (Gill and 246 

Jackson, 2000; Godbold et al., 2003). The following fine root traits were determined: (1) mean live 247 

dry mass (FRB - g m
-2

) and dead dry mass (FRN - g m
-2

); (2) mean live length (FRL - m m
-2

) and 248 

dead length (nFRL - m m
-2

); (3) dry mass density (FRMD - mg cm
-3

) and length density (FRLD – 249 

cm cm
-3

) at different soil depths; (4) seasonal pattern of the above mentioned traits; and (5) annual 250 

production and turnover rate of live mass. 251 

FRB = Fine root biomass (live; gm
-2

) 252 

FRN = Fine root necromass (dead; gm
-2

) 253 

FRL = Fine root length (live; cm m
-2

) 254 

nFRL = Fine root length of necromass (dead; cm m
-2

) 255 

FRP= Fine root annual production (g m
-2

)  256 

FRTR= Fine root turnover rate (yr
-1

) 257 

 258 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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2.6 Statistical analysis 259 

To evaluate significant differences between soil chemical-physical properties of biochar-treated and 260 

control plots, a randomized design with four replicates (one at each of four plots) was set up. Data 261 

obtained were analysed with a two-tailed T-test with a significance level of 95% (p<0.05). The 262 

same applies to glomalin data for which 12 replicates (four at each of the three treated and control 263 

plots) were carried out. The root data did not meet a normal distribution, neither when square-root 264 

or log-transformed. Therefore, non-parametric statistics were applied. The Kruskal-Wallis multiple-265 

comparison test was used to compare root biomass, root length and live root diameter 266 

measurements among sampling dates. The Mann-Whitney U test was applied as post hoc test for 267 

pairwise comparison among sampling dates. It was also applied to compare control and biochar-268 

treated plots for sampling dates and for mean annual values. Analyses of non-parametric methods 269 

were applied at a 95% significance level. Statistical analysis was carried out using statistical 270 

software package SPSS 17.0 (SPSS Inc, Chicago, IL, USA). 271 

 272 

  273 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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3. Results 274 

 275 

3.1 Biochar characteristics 276 

The biochar tested was found to meet European Biochar Certificate (EBC, 2012) and IBI-Standard 277 

(2014) requirements with regard to Ctot and Corg content, respectively. Its C:H value, close to 0.7, 278 

ensures a good stability to the organic carbon. The conductivity value showed that the biochar used 279 

has a higher salt content than soil. Moreover, available phosphorus and nitrogen represented 17.7% 280 

and 0.3% of total phosphorus and nitrogen, respectively (Table 1). Particles larger than 2 mm 281 

accounted for 11.9% of the total mass. Particles smaller than 2 mm were distributed as follows: 282 

16.1% between 2 mm and 200 μm, 10.1% between 200 μm and 50 μm, 52.7% between 50 μm and 283 

20 μm, 17.4% between 20 μm and 2 μm and 3.7% smaller than 2 μm (Table 1). 284 

 285 

3.2 Soil characteristics 286 

The soil samples analysed had the typical characteristics of a non-saline soil, with a clay texture as 287 

obtained by the USDA texture calculator
1
, neutral pH (USDA, 2005) and insufficient organic 288 

carbon content in relation to clay content (Soltner, 1988). Both total nitrogen and ammonium-289 

nitrogen concentration values were characteristic of a medium soil (Horneck et al. 2011; Giardini, 290 

2002). No interpretation was given to the nitrate value, due to its high variability, influenced by 291 

seasonal meteorological conditions and fertilization practices (Table 2). Available phosphorus, 292 

considered in relation to the cation exchange capacity, was below the threshold of sufficiency (see 293 

CONTROL column in Table 2). Results obtained from the analysis of biochar-treated soil revealed 294 

that pH value, CEC, total nitrogen, available nitrogen in the nitrate form (NO3)
-
-N, total phosphorus 295 

and available phosphorus remained unaffected. Differently, Corg content and 296 

1http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_0541 297 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_0541


 

 

13 

available nitrogen in the ammonium form, (NH4)
+
-N, significantly increased (20.7%, p<0.05 and 298 

84.4% p<0.05, respectively) in treated plots when compared to untreated control plots (see 299 

BIOCHAR column in Table 2).  300 

In both treated and control plots, AWC did not show significant differences between the two soil 301 

depths (0-10 cm and 10-20 cm) (Figure 2). However, when the AWC values of amended and 302 

control plots were compared (Figure 2), a significant difference was detected (11%; p<0.05) 303 

independently of the soil depth. Finally, a significant increase (77.4 %; p<0.05) in the particle size 304 

fraction greater than 2 mm was observed in treated plots compared to the control (Table 2). 305 

 306 

3.3 Arbuscular mycorrhizal fungi (AMF) and fine root characterisation 307 

Total extractable glomalin (TG) analysis showed that, over a time period of one year, no significant 308 

difference in the amount of AMF was found between biochar-treated and control plots (Figure 3), 309 

which showed values of 0.9 and 1.0 mg g
-1

, respectively. 310 

Fine root biomass (FRB) of treated plots showed an increase 112 days after biochar application (10 311 

September 2014; Figure 4a). At the same sampling point, fine roots of control plots showed an 312 

opposite trend with a slight decrease in FRB. At the third sampling point (24 November 2014), FRB 313 

showed a slight increase in both control and treated plots (Figure 4a). Afterwards, FRB of control 314 

plots continued to increase (26 February 2015), while fine roots of treated plots showed a slight but 315 

not significant decrease (Figure 4a). At the last sampling point (29 May 2015), right after the 316 

milling operation, FRB significantly decreased in both control and treated grapevine plots (Figure 317 

4a). Fine root necromass (FRN) showed the highest values at the first and last sampling points, right 318 

after the milling operations. Throughout the sampling period from September 2014 to February 319 

2015, FRN remained very low compared to FRB and did not show any significant differences 320 

between control and treated plots (Figure 4b). Unlike FRB, the value of fine root length (FRL) did 321 

not show any significant differences throughout the experiment or between control and treated plots 322 

(Figure 4c). Fine root length of necromass (nFRL) values, as in the case of FRN, were highest at the 323 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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first and last sampling points, right after the milling operations (Figure 4d). At the sampling points 324 

between September 2014 to February 2015, nFRL remained very low while FRL showed the 325 

highest values (Figure 4d). Mean diameter of the control fine root population (Figure 5) showed 326 

similar values, ranging between 0.40 and 0.50 mm, throughout the whole experiment. In the case of 327 

treated plots, mean fine root diameter was significantly higher at both the 10 September and 24 328 

November 2014 sampling points (Figure 5). 329 

Mean annual fine root biomass (FRB; Table 3) in treated plots (13.34 g m
-2

) was significantly 330 

higher (p=0.049) than in control plots (8.56 g m
-2

), whereas mean annual fine root length (FRL; 331 

Table 3) did not show significant differences (p=0.676). FRD was significantly higher (p=0.037) in 332 

treated plants (0.56 mm) than in control plants (0.46 mm). Similarly, fine root annual production 333 

(FRP) in treated plots (12.7 g m
-2

) resulted higher than those measured in control plots (8.71 g m
-2

). 334 

Finally, fine root lifespan resulted almost one year for control plots (1.02 yr
-1

) and slightly longer 335 

for treated plots (0.95 yr
-1

).   336 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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Discussion 337 

An increasing amount of literature has reported studies focused on the effects of biochar 338 

amendment on physical and chemical properties of various soils (reviewed by Ding et al., 2016). 339 

All these studies show that the effects of biochar depend on the physical-chemical properties of 340 

biochar itself and on the characteristics of the soil to which it is applied. The vineyard soil of the 341 

experimental plots in the present study was characterised by neutral pH, clay texture, and low Corg, 342 

Cav and Ptot. Our results show that amendment of this soil with an alkaline biochar (pH 9.2), 343 

characterised by total nitrogen and CEC values much higher than those of excessive endowed (5 g 344 

kg
-1

) and high-value (>20 cmol kg
-1

) agricultural soils, respectively (Giardini, 2002), had no effect 345 

on pH value, CEC, and total nitrogen and phosphorus content (both total and available). The lack of 346 

a biochar effect on the pH of vineyard soil may be attributed to the soil buffering capacity that 347 

counteracts pH change and is in line with data reported in the literature showing that biochar 348 

amendment caused a significant increase in pH of acidic soil while not altering the pH of neutral or 349 

alkaline soil (Atkinson et al., 2010; Biederman and Harpole, 2013; Macdonald et al. 2014). 350 

However, biochar significantly increased AWC, Corg and the particle size fraction greater than 2 351 

mm in amended soil. The total porosity of biochar may retain water in small pores, thereby 352 

increasing AWC (Asai et al., 2009; Baronti et al., 2014). In addition, biochar influences soil 353 

aggregation due to its interaction with soil organic matter, minerals and microorganisms (Verheijen 354 

et al., 2010). Furthermore, it is well established that plant roots, through different mechanisms, 355 

contribute to improving soil aggregation (Ola et al., 2015 and references therein). Several authors 356 

suggested that the increase in soil organic matter content might lead to improved soil aggregation 357 

(Kong et al., 2005; Domingo-Olivé et al., 2016; Ma et al., 2016) and in turn higher soil water 358 

retention (Verheijen et al., 2010; Abel et al., 2013). Thus, in biochar-amended soil the marked 359 

increase in organic carbon content and in fine root biomass reported in the present work may 360 

contribute to the higher fraction of macro aggregates (larger than 2 mm) and be responsible for the 361 

improvement of AWC as well as macro and micro pore formation. Previous work, conducted in a 362 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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vineyard in central Italy, reported similar soil–water relation results after biochar application 363 

(Baronti et al., 2014). 364 

In the present study, biochar did not affect phosphorus availability, whose value remained under the 365 

limit of detection both in amended and untreated soil. The low value of available phosphorus with 366 

respect to CEC measured can be attributed to soil adsorption phenomena and, therefore, a negative 367 

effect of biochar on nutrient availability as reported in previous experiments on calcareous soil 368 

(Chintala et al., 2014) may be excluded. Indeed, on the contrary, nitrogen availability was affected 369 

by biochar amendment as evidenced by an increase in the ammonium form, (NH4)
+
-N. This 370 

increment might be due to biochar’s potential to adsorb ammonium through its high carbon content 371 

and, therefore, negative charge (Takaya et al. 2016). In addition, while the value of total N 372 

remained unchanged, the biochar-induced increase in carbon content leads to a 10% increase in C/N 373 

ratio. Despite this increase, the C/N ratio remained within the optimal range for a balance between 374 

decomposition and humification processes (Tan, 2005). 375 

Plant nutrient availability is a key factor in the establishment of arbuscular mycorrhizal interactions 376 

in grape roots (Trouvelot et al. 2015).  In both biochar-amended and untreated soil, glomalin values 377 

where lower than those reported in the literature (Wright et al. 1996; Wright & Upadhyaya 1998; 378 

Pikul et. al. 2002), indicating that no or little symbiosis occurred (Nicolas and Miller, 2003; 379 

Lovelock et al. 2004; Nichols and Write, 2004; Rilling 2004; Saidi et al., 2014), which may be 380 

attributed to the low level of phosphorus. Indeed, in the AM symbiosis, phosphate is transferred 381 

from fungus to plant that constitutes a signal for the transfer of photosynthate from plant to fungus 382 

(Harrison et al., 2002). Fitter (2006) suggested that the interruption of that signal, due to the failure 383 

of phosphorus transfer from fungus to plant, leads to the end of such symbiosis. An additional 384 

factor that may have contributed to the lack of symbiosis is probably related to the soil-milling 385 

operation as reported by Nichols and Wright, 2004. Indeed, similarly to what was previously found 386 

by these authors, the soil-milling operations during our study, performed as standard agronomic 387 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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practice, may have damaged the mycorrhizal network, which explains the low values of glomalin 388 

observed. 389 

Biochar-induced changes in grapevine fine root characteristics are evident soon after the soil 390 

amendment. In fact, after almost four months, FRB had significantly increased in biochar-amended 391 

plants. Furthermore, this increase occurred during the summer season (May-September), coinciding 392 

with the phase of fruit set and ripening, and remained unchanged until the end of February 393 

(dormancy period). According to Bates et al. (2002) and Comas et al. (2005), grapevine fine roots 394 

mainly grow during the postharvest period, as was observed in the present study in untreated 395 

grapevine plants. These findings highlight that biochar changes the grapevine fine roots seasonal 396 

pattern, stimulating fine root growth when plants are most in need of water and nutrient supply. On 397 

the other hand, the general FRB decrease observed at the end of the experiment may be attributed to 398 

the soil-milling operations.  399 

The increase in fine root biomass (FRB) in biochar-treated plants seems to be determined by the 400 

stimulation of radial growth (root diameter FRD) rather than elongation (FRL). The morphological 401 

plasticity of roots has been reported in previous studies, especially for the fine root fraction (Bjork 402 

et al., 2007; Makita et al., 2011). In a recent work on turkey oak, Montagnoli et al. (2012a) showed 403 

that root plasticity is a plant mechanism to overcome drought periods by enhancing soil exploitation 404 

for water and nutrients. Indeed, in trees subject to natural water shortage, carbon is invested in 405 

lengthening rather than in enlarging fine roots. Recent investigations by Baronti et al. (2014) on 406 

grapevine under drought conditions showed a reduction in plant water stress and an increase in 407 

photosynthetic activity and soil water content, after two seasons of biochar treatment. However, 408 

despite these improvements, the quality of grape production remained unaffected. In the light of this 409 

knowledge, we may assert that grapevine plants, when growing in biochar-amended soil 410 

characterised by a higher soil water content, optimize the investment of carbon by increasing the 411 

mean diameter rather than the length of very fine roots. In a milestone meta-analysis, Gill and 412 

Jackson (2000) found that fine root turnover rate decreases with increasing diameter class. In fact, 413 

http://dx.doi.org/10.1016/j.agee.2017.01.025
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in biochar-treated plants we found a lower turnover rate compared to control plants. Along with 414 

these direct and indirect effects, our results draw attention to the biochar-induced improvement of 415 

carbon sequestration through the extension of fine root life span. To evaluate the multiple impacts 416 

of biochar on plants, soil, and ecosystem services, many authors recommend future studies focused 417 

on the comparison of biochar effects in short- and long-term field experiments (Jones et al., 2012; 418 

Zhang et al., 2014). 419 

 420 

Conclusion 421 

In conclusion, the results presented here highlight that biochar, by improving soil characteristics in 422 

terms of water availability, organic carbon and available nitrogen, has an immediate effect on fine 423 

root seasonal pattern and lifespan. Furthermore, these effects seem to occur when the plant needs to 424 

optimize water and nutrient uptake, i.e. during fruit set and ripening. Our findings stress the need to 425 

take into consideration the phenology of perennial plants when studying the effects of biochar. 426 

 427 

Acknowledgements 428 

This work was supported by grants from the Molise region (PSR Molise 2007/2013 - Misura 124) 429 

through the ProSEEAA project (CUP: D95F14000030007) and in part by grants from the MIUR 430 

(PRIN 2008 n. 223), the University of Insubria (FAR) and the EC FP7 Project ZEPHYR-308313. 431 

We are grateful to Dr. Rosaria Santamaria for helping with fine root analysis. The authors 432 

acknowledge the Centro Funzionale del Servizio per la Protezione Civile of the Molise region for 433 

providing weather data. 434 

 435 

References 436 

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., Wessolek, G., 2013. Impact of biochar 437 

and hydrochar addition on water retention and water repellency of sandy soil. Geoderma 202, 183–438 

191. 439 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 

 

19 

Alley, D.E., Ponder, F., 1997. Soil sampler for rocky soils. Research Note NC-371, USDA Forest 440 

Service, North Central Forest Experiment Station, St. Paul, MN. 441 

Asai, H., Samson, B.K., Stephan, H.M., Songyikhangsuthor, K., Homma, K., Kiyono, Y., Inoue, Y., 442 

Shiraiwa, T., Horie, T., 2009. Biochar amendment techniques for upland rice production in 443 

Northern Laos: 1. Soil physical properties, leaf SPAD and grain yield. Field Crop. Res. 111, 81–84. 444 

Atkinson, C.J., Fitzgerald, J.D., Hipps, N.A., 2010. Potential mechanisms for achieving agricultural 445 

benefits from biochar application to temperate soils: a review. Plant Soil 337, 1–18. 446 

Avio, L., Giovannetti, M., 2002. Biotechnology of arbuscular mycorrhizas. Mycorrhizas. In 447 

Khachatourians, G.G., Arora, D.K., (Eds.). Applied Mycology and Biotechnology, Vol. 2. 448 

Agriculture and Food Production. Elsevier, Amsterdam, pp. 275–310. 449 

Baronti, S., Vaccari, F.P., Miglietta, F., Calzolari, C., Lugato, E., Orlandini, S., Pini, R., Zulian, C.,  450 

Genesio, L., 2014. Impact of biochar application on plant water relations in Vitis vinifera (L.). Eur. 451 

J. Agron. 53, 38–44. 452 

Bates, T.R., Dunst, R.M., Joy, P., 2002. Seasonal dry matter, starch and nutrient distribution in 453 

“concord” grapevine roots. Hort. Sci. 37 (2): 313-316. 454 

Benjamin, J.G., Nielsen, D.C., 2004. A method to separate plant roots from  soil and analyze root 455 

surface area. Plant Soil 267, 225–234. 456 

Beretta, N., Silbermann, A.V., Paladino L., Torres, D., Bassahun, D., Musselli, R., Lamohte, A.G., 457 

2014. Soil texture analyses using a hydrometer modification of the Bouyoucos method. Cien Inv 458 

Agr 41, 263-271. 459 

Bhattacharjya, S., Chandra, R., Pareek, N., Kiran, R.P., 2015. Raverkar biochar and crop residue 460 

application to soil: effect on soil biochemical properties, nutrient availability and yield of rice 461 

(Oryza sativa L.) and wheat (Triticum aestivum L.). Arch. Agron. Soil Sci. 61 (8), 1095-1108. 462 

Biederman, L.A., Harpole, W.S., 2013. Biochar and its effects on plant productivity and nutrient 463 

cycling: A meta-analysis. GCB Bioenergy  5, 202–214 464 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://www.tandfonline.com/author/Bhattacharjya%2C+Sudeshna
http://www.tandfonline.com/author/Chandra%2C+Ramesh
http://www.tandfonline.com/author/Pareek%2C+Navneet
http://www.tandfonline.com/author/Raverkar%2C+Kiran+P
https://www.researchgate.net/journal/0365-0340_Archives_of_Agronomy_and_Soil_Science


 20 

Birk, J. J., Teixeira, W.G., Neves, E.G., Glaser, B., 2010. Origin of nutrients in Amazonian 465 

Anthrosols as assessed from 5β-stanols, in: Sixth World Archaeological Congress, Dublin, pp.145. 466 

Bjork, R.G., Majdi, M., Klemedtsson, L., Jonsson, L.L., Molau, U., 2007. Long-term warming 467 

effects on root morphology, root mass distribution, and microbial activity in two dry tundra plant 468 

communities in northern Sweden. New Phytol. 176, 862–873. 469 

Black, I.A., Walkley, A., 1934. An examination of Degtjareff  method for determining soil organic 470 

matter and a proposed modification of the chromic acid titration method. Soil Sci. 37, 29-37.  471 

Black, C.A,. 1965 Methods of soil analysis: part I physical and mineralogical properties. American 472 

Society of Agronomy, Madison, Wisconsin, USA. 473 

Bouyoucos, G.J., 1962. Hydrometer method improved for making particle size analysis of soils. 474 

Agron. J. 54, 464-465. 475 

Bowman, R. A., 1988. A rapid method to determine total phosphorus in soils. Soil Sci Soc. Am. J. 476 

52, 1301-1304. 477 

Brandstaka, T., Helenius, J., Hovi, J., Simojoki, A., Soinne, H., 2010. Biochar filter: use of biochar 478 

in agriculture as soil conditioner, in: Report for BSAS Commitment, University of Helsinki, 479 

Helsinki, Finland  pp. 1-22.  480 

Brennan, A., Moreno, Jimenez, E., Puschenreiter, M., Alburquerque, J.A., Switzer, C., 2014. 481 

Effects of biochar amendment on root traits and contaminant availability of maize plants in a copper 482 

and arsenic impacted soil. Plant Soil 379, 351-360. 483 

Bücking, H., Liepold, E., Ambilwade, P., 2014. The role of the mycorrhizal symbiosis in nutrient 484 

uptake of plants and the regulatory mechanisms underlying these transport processes, in: Dahl, 485 

N.K., Sahu, S.C., (Eds), Plant Science. Intech, Janeza Trdine, p 107. 486 

Calvelo Pereira, R., Kaal, J., Camps Arbestain, M., Pardo Lorenzo, R., Aitkenhead, W., Hedley, M., 487 

Macías, F., Hindmarsh, J., Maciá-Agulló, J.A., 2011.Contribution to characterization of biochar to 488 

estimate the labile fraction of carbon. Org. Geochem. 42, 1331–1342. 489 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 

 

21 

Chan, K.Y., Van Zwieten, L., Meszaros, I., Downie, A., Joseph S., 2007. Agronomic values of 490 

greenwaste biochar as a soil amendment. Aust. J. Soil Res. 45, 629–634. 491 

Chintala, R., Schumacher, T.E., McDonald, L.M., Clay, D.E., Malo, D.D., Papiernik, S.K., Clay, 492 

S.A., Julson, J.L., 2014. Phosphorus sorption and availability from biochars and soil/biochar 493 

mixtures. Clean Soil Air Water 42, 626–634. 494 

Comas, L.H., Anderson, L.J., Dunst, R.M., Lakso, A.N., Eissenstat, D.M., 2005. Canopy and 495 

environmental control of root dynamics in a long-term study of Concord grape. New Phytol. 167,  496 

829–840. 497 

Compant, S., Clément, S., Sessitsch, A., 2010. Plant growth-promoting bacteria in the rhizo- and 498 

endosphere of plants: their role, colonization, mechanisms involved and prospects for utilization. 499 

Soil Biol. Biochem. 42, 669-678. 500 

Conyers, M.K., Davey, B.G., 1988. Observations on some routine methods for soil pH 501 

determination. Soil Sci. 145, 29 - 36. 502 

Cresswell, H.P., Green, T.W., McKenzie, N.J., 2008. The adequacy of pressure plate apparatus for 503 

determining soil water retention. Soil Sci. Soc. Am. J. 72, 41–49. 504 

Deal, D.R., Boothroyd, C.W., Mai, W.F., 1972. Replanting of vineyards and its relationship to 505 

vesicular-arbuscular mycorrhiza. Phytopathol. 62, 172-175. 506 

Di Iorio, A., Montagnoli, A., Terzaghi, M., Scippa, G.S., Chiatante, D., 2013. Effect of tree density 507 

on root distribution in Fagus sylvatica stands: a semi-automatic digitising device approach to trench 508 

wall method. Trees 27, 1503–1513. 509 

Ding, Y., Liu, Y., Li, Z., Tan, X., Huang, X., Zeng, G.,Zhou, L., Zheng, B., 2016. Biochar to 510 

improve soil fertility. A review. Agron. Sustain. Devel. 36, 1-18. 511 

Domingo-Olivé, F., Bosch-Serra, À.D., Yagüe, M.R., Poch, R.M, Boixadera, J., 2016. Long term 512 

application of dairy cattle manure and pig slurry to winter cereals improves soil quality. Nutr Cycl 513 

in Agroecosystems.104:39–51. 514 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://link.springer.com/journal/13593


 22 

Downie, A., 2011. Biochar production and use: environmental risks and rewards. PhD Thesis, 515 

School of Materials Sciences and Engineering, The University of New South Wales, Sydney.  516 

Dumas, J.B.A., 1831. Procédés de l'analyse organique. Ann.Chim.Phys. 247, 198-213. 517 

EBC, 2012. European Biochar Certificate - Guidelines for a Sustainable Production of Biochar. 518 

http://www.european-biochar.org/biochar/media/doc/ebc-guidelines.pdf. 519 

Edwards, N.T., Harris, W.F., 1977. Carbon cycling in a mixed deciduous forest floor. Ecol. 58, 431-520 

437. 521 

Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J., 2012. Characterization of biochars to 522 

evaluate recalcitrance and agronomic performance. Bioresour. Technol. 114, 644–653. 523 

Fitter, A.H., 2006. What is the link between carbon and phosphorus fluxes in arbuscular 524 

mycorrhizas? A null hypothesis for symbiotic function. New Phytol. 172 (1), 3-6. 525 

Genesio, L., Miglietta, F., Baronti, S., Vaccari, F.P., 2015. Biochar increases vineyard productivity 526 

without affecting grape quality: results from a four years field experiment in Tuscany. Agric. 527 

Ecosyst. Environ. 201, 20–25.  528 

Giardini, L., Agronomia generale, ambientale e aziendale. Patron Ed., Bologna. 529 

Gill, R., Jackson, R.B., 2000. Global patterns of root turnover for terrestrial ecosystems. New 530 

Phytol. 147, 13-31. 531 

Glaser, B., Lehmann, J., Zech, W., 2002. Ameliorating physical and chemical properties of highly 532 

weathered soils in the tropics with charcoal—a review. Biol. Fert. Soils 35, 219–230. 533 

Godbold, D.L., Fritz, H.W., Jentschke, G., Meesenburg, H., Rademacher, P., 2003. Root turnover 534 

and root necromass accumulation of Norway spruce (Picea abies) are affected by soil acidity. Tree 535 

Physiol. 23, 915-921. 536 

Greenberg, A.E., Trussell, R.R., Clersceri, L.S., 1985. Standard methods for the examination of 537 

water and waste water. 16th ed. Amer. Public Health Assn., Washington, D.C. 538 

Groot-Obbink, J., Possingham, J.V., 1971. Endotrophic mycorrhiza and the nutrition of grape vines. 539 

Vitis 10, 120–130. 540 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://www.european-biochar.org/biochar/media/doc/ebc-guidelines.pdf


 

 

23 

Harrison, M.J., van Buuren, M.L., 1995. A phosphate transporter from the mycorrhizal fungus 541 

Glomus versiforme. Nature 378, 626–629. 542 

Harrison, M.J., Dewbre, G.R., Liu, J., 2002. A phosphate transporter from Medicago truncatula 543 

involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi. Plant Cell 14, 544 

2413–2429.  545 

Hertel, D., Leuschner, Ch., 2002. A comparison of four different fine root production estimates with 546 

ecosystem carbon balance data in a Fagus-Quercus mixed forest. Plant Soil 239, 237–251. 547 

Higginson, F.R., Rayment, G.E., 1992. Australian Laboratory Handbook of Soil and Water, 548 

Chemical Methods, Reed International Books, Australia/ Inkata Press, Port Melbourne. 549 

Horneck, D.A., Sullivan, D.M., Owen, J.S., Hart, J.M., 2011. Soil Test Interpretation Guide. EC 550 

1478. Extension Service (Eds.) Oregon State University. 551 

IBI, 2014. Standardized Product Definition and Product Testing Guidelines for Biochar That Is 552 

Used in Soil. Ibi-STD-2.0. 553 

Ippolito, J.A., Liard, D.A., Busscher, W.J., 2012. Environmental benefits of biochar. J. Environ. 554 

Qual. 41, 967-972. 555 

Jackson, R.B., Mooney, H.A., Schulze, E.D., 1997. A global budget for fine root biomass, surface 556 

area, and nutrient contents. Proc. Natl. Acad. Sci. USA 94, 7362–7366. 557 

Jones, D.L., Rousk, J., Jones, E., DeLuca, T.H., Murphy, D.V., 2012. Biochar-mediated changes in 558 

soil quality and plant growth in a three year field trial. Soil Biol. Biochem., 45, 113–124. 559 

Joseph, S.D., Camps-Arbestain, M., Lin, Y., Munroe, P., Chia, C.H., Hook, J., et al., 2010. An 560 

investigation into the reactions of biochar in soil. Aust. J. Soil Res., 48 501–515. 561 

Joseph, S.D., Camps-Arbestain, M., Lin, Y., Munroe, P., Chia, C.H., Hook, J., Van Zwieten, L., 562 

Karer, J., Wimmer, B., Zehetner, F., Kloss, S., Soja, G., 2013. Biochar application to temperate 563 

soils: effects to nutrient uptake and crop yield under field conditions. Agr.  Food Sci.  22, 390-403. 564 

Kemper, W.D., Koch, E.J., 1966. Aggregate stability of soils from western USA and Canada. 565 

USDA Technical Bulletin No.1355. US Government Printing Office, Washington, DC. 566 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 24 

Kong, A.Y. Y., Six J., Bryant ,D.C., Denison, R. F., van Kessel, C., 2005. The relationship between 567 

carbon input, aggregation, and soil organic carbon stabilization in sustainable cropping systems. 568 

Soil Biol Biochem. 69:1078–1085.Laird, D.A., 2008. The charcoal vision: A win-win-win scenario 569 

for simultaneously producing bioenergy, permanently sequestering carbon, while improving soil 570 

and water quality. Agron. J. 100, 178-181. 571 

Lambers, H., 1987. Growth, respiration, exudation, and symbiotic associations; the fate of carbon 572 

translocated to the roots, in: Gregory, P.J., Lake, J.V., Rose, D.A. (Eds.), Root development and 573 

function. Cambridge University Press, Cambridge, England, pp. 125-145. 574 

Lehmann, J., Da Silva, J.P. Jr., Steiner, C., Nehls, T., Zech, W., Glaser, B., 2003. Nutrient 575 

availability and leaching in an archaeological Anthrosol and a Ferralsol of the Central Amazon 576 

basin: fertilizer, manure and charcoal amendments. Plant Soil 249, 343–357. 577 

Lehmann, J., Rondon, M., 2005. Biochar soil management on highly weathered soils in the humid 578 

tropics, in: Uphoff, N., et al. (Eds.), Biological approaches to sustainable soil systems. CRC Press, 579 

Taylor and Francis Group, Florida, pp. 517–530. 580 

Lehmann, J., Gaunt, J., Rondon, M., 2006. Biochar sequestration in terrestrial ecosystems: a review. 581 

Mitigation Adapt. Strateg. Glob. Chang. 11, 403–427. 582 

Lehmann, J., 2007a. A handful of carbon. Nature 447, 143-144. 583 

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011. Biochar 584 

effects on soil biota – A review. Soil Biol. Biochem. 43, 1812–1836. 585 

Liao, C.F.H., 1981. Devarda’s alloy method for total nitrogen determination. Soil Sci. Soc. Am. J. 586 

45 (5), 852-855. 587 

Lomaglio, T., Hattab-Hambli, N., Bret, A., Miard, F., Trupiano, D., Scippa, G.S., Motelica-Heino, 588 

M., Bourgerie, S., Morabito, D., 2016. Effect of biochar amendments on the mobility and (bio) 589 

availability of As, Sb and Pb in a contaminated mine technosol. Gexplo (in press).  590 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 

 

25 

Lovelock, C.E., Wright, S.F., Nichols, K.A., 2004. Using glomalin as an indicator for arbuscular 591 

mycorrhizal hyphal groth: an example from a tropical rain forest soil. Soil Biol. Biochem. 36, 1009-592 

1012. 593 

Ma, N., Zhang, L., Zhang, Y., Yang, L., Yu, C., Yin, G., et al., 2016.  Biochar Improves Soil 594 

Aggregate Stability and Water Availability in a Mollisol after Three Years of Field Application. 595 

PLoS ONE 11,5.  e0154091. doi:10.1371/journal.pone.0154091 596 

Macdonald, L.M., Farrell, M., Van Zwieten, L., Krull, E.S., 2014. Plant growth responses to 597 

biochar addition: an Australian soils perspective. Biol Fertil Soils 50 (7), 1035–1045. 598 

Madhu, M., Hatfield, J.L., 2013. Dynamics of plant root growth under increased atmospheric 599 

carbon dioxide. Agron. J., 105 (3), 657-669. 600 

Mainero, R., Kazda, M., Häberle, K.H., Nikolova, P.S., Matyssek, R., 2009. Fine root dynamics of 601 

mature European beech (Fagus sylvatica L.) as influenced by elevated ozone concentrations. 602 

Environ Poll 157:2638-2644 603 

Major, J., 2010 a. Guidelines on practical aspects of biochar application to field soil in various soil 604 

management systems. International Biochar Initiative pp 1-23 605 

Major, J., Rondon, M., Molina D., Riha, S.J., Lehmann, J., 2010b. Maize yield and nutrition during 606 

four years after biochar application to a Colombian savanna Oxisol. Plant Soil 333, 117–128. 607 

Makita, N., Hirano, Y., Mizoguchi, T., Kominami, Y., Dannoura, M., Ishii, H., Finer, L., 608 

Kanazawa, Y., 2011. Very fine roots respond to soil depth: biomass allocation, morphology, and 609 

physiology in a broad-leaved temperate forest. Ecol. Res. 26, 95–104. 610 

Makoto, K., Tamai, Y., Kim, Y.S., Koike, T., 2010. Buried charcoal layer and ectomycorrhizae 611 

cooperatively promote the growth of Larix gmelinii seedlings. Plant Soil 327, 143:152. 612 

Mc Claugherty, C.A., Aber J.D, Melillo, J.M., 1982. The role of fine roots in the organic matter and 613 

nitrogen budgets of two forested ecosystems. Ecol. 63, 1481–1490. 614 

McCormack, M.L., Guo D., 2014. Impacts of environmental factors on fine root lifespan. Front 615 

Plant Sci 5, 205. 616 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 26 

McCormack L., Dickie I. A., Eissenstat D. M., et al. 2015. Redefining fine roots improves 617 

understanding of below-ground contributions to terrestrial biosphere processes. New Phytol. 207, 618 

505–518. 619 

Mehlich, A., 1938. Use of triethanolamine acetate-barium hydroxide buffer for the determination of 620 

some base exchange properties and lime requirement of soil. Soil Sci. Soc. Am. Proc. 29, 374-378. 621 

Menge, J.A., Raski, D.J., Lider, L.A., Johnson, E.L.V., Jones, N.O., Kissler, J.J., Hemstreet, C.L., 622 

1983. Interactions between mycorrhizal fungi, soil fumigation, and growth of grapes in California. 623 

Am. J. Enol. Vitic. 34, 117-121. 624 

Madhu, M., Hatfield, J. L., 2013. Dynamics of plant root growth under increased atmospheric 625 

carbon dioxide. Agron. J. 105, 657-669. 626 

Montagnoli, A., Di Iorio, A., Ceriani, R., Scippa, G.S., Chiatante, D. 2010. Root seasonal pattern, 627 

spatial distribution, and C:N ratio of matgrass pasture (Nardus stricta L.) in the Lombardy Prealps. 628 

Plant Biosyst. 144, 463–470 629 

Montagnoli, A., Terzaghi, M., Di Iorio, A., Scippa, G.S., Chiatante, D., 2012a. Fine-root 630 

morphological and growth traits in a Turkey-oak stand in relation to seasonal changes in soil 631 

moisture in the Southern Apennines, Italy. Ecol. Res. 27, 1015–1025. 632 

Montagnoli, A., Terzaghi, M., Di Iorio, A., Scippa, G.S., Chiatante, D. 2012b. Fine-root seasonal 633 

pattern, production and turnover rate of European beech (Fagus sylvatica L.) stands in Italy Prealps: 634 

possible implications of coppice conversion to high forest. Plant Biosyst. 146, 1012–1022 635 

Montagnoli, A., Di Iorio, A., Terzaghi, M., Trupiano, D., Scippa, G.S., Chiatante D., 2014. 636 

Influence of soil temperature and water content on fine-root seasonal growth of European beech 637 

natural forest in Southern Alps, Italy. European Journal of Forest Research, 133, 957-968 -12 638 

Mukherjee, A., Zimmerman, A.R., 2013. Organic carbon and nutrient release from a range of 639 

laboratory-produced biochars and biochar–soil mixtures. Geoderma 193, 122–130. 640 

Mummey, D.L., Rillig, M.C., 2006. Mycorrhizas and soil structure. New Phytol 171, 41-53. 641 

http://dx.doi.org/10.1016/j.agee.2017.01.025

https://scholar.google.it/citations?view_op=view_citation&hl=it&user=0Rsaqt0AAAAJ&citation_for_view=0Rsaqt0AAAAJ:2osOgNQ5qMEC
https://scholar.google.it/citations?view_op=view_citation&hl=it&user=0Rsaqt0AAAAJ&citation_for_view=0Rsaqt0AAAAJ:2osOgNQ5qMEC


 

 

27 

Nappi, P., Jodice, R., Luzzati, A., Corino, L., (1985). Grapevine root system and VA mycorrhizae 642 

in some soils of Piedmont (Italy). Plant Soil 85, 205–210. 643 

Ndor, E., Dauda, S., Azagaku, E., 2015. Response of maize varieties (Zea mays) to biochar 644 

amended soil in Lafia, Nigeria. Am. J. Exp. Agric. 5(6), 525–531. 645 

Nichols, K.A., Millar, J., 2013. Glomalin and soil aggregation under six management systems in the 646 

northern great plains, USA. Open J. Soil Sci. 3, 374-378. 647 

Nichols, K.A., Wright, S.F., 2004. Contributions of fungi to soil organic matter in agroecosystems. 648 

p. 179-198. In: F Magdoff and RR Weil (eds), Soil Organic Matter in Sustainable Agriculture. CRC 649 

Press, Florida. 650 

Noguera, D., Rondon, M., Laossi, K.R., Hoyos, V., Lavelle, P., de Carvalho, M.H.C., Barot, S., 651 

2010. Contrasted effect of biochar and earthworms on rice growth and resource allocation in 652 

different soils. Soil Biol. Biochem. 42, 1017–1027. 653 

Ola, A., Dodd I.C., Quinton, J.N., 2015. Can we manipulate root system architecture to control 654 

soil erosion? Soil 1, 603–612, 655 

Olsen, S.R., Cole, C.V., Watanabe, F.S., Dean, L.A., 1954. Estimation of available phosphorus in 656 

soils by extraction with sodium bicarbonate. USDA circular 939. U.S. Gov. Print. Office, 657 

Washington, D.C. 658 

Pereira, R.C., Kaal, J., Arbestain, M. C., Lorenzo, R. P., Aitkenhead, W., Hedley, M., Maciá-659 

Agulló, J.A, 2015. Biochar alters nitrogen transformations but has minimal effects on nitrous oxide 660 

emissions in an organically managed lettuce mesocosm. Biol. Fert. Soils 51, 573–582. 661 

Persson, H., Vogt, K.A., 1991. Measuring growth and development of roots, in: Lassoie, J.P., 662 

Hinckley, T.M. (Eds), Techniques and approaches in forest tree ecophysiology. CRC press Inc., 663 

Boca Raton, FL, pp.477-501. 664 

Pikul, J.L., Wright, S.F., Jawson, L., Ellsbury, M.M., 2002. Soil carbon and glomalin concentration 665 

under tillage management in eastern south Dakota. Soil/water research South Dakota State 666 

University Progress Report. 667 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 28 

Prendergast-Miller, M.T., Duvall, M., Sohi, S.P., 2011. Localisation of nitrate in the rhizosphere of 668 

biochar-amended soils. Soil Biol. Biochem. 43,  2243–2246. 669 

Prendergast-Miller, M.T., Duvall, M., Sohi, S.P., 2013. Biochar-root interactions are mediated by 670 

biochar nutrient content and biochar impacts on soil nutrient availability. Eur. J. Soil Sci. 65, 173-671 

185. 672 

Rayment, G.E., Higginson, F.R., 1992. Carbonate rapid titration of CaCO3 equivalent - Method 673 

19A1 in: Acid Sulfate Soils Management Advisory Committee, Laboratory Methods Guidelines. 674 

Read, D.J., Smith, S.E., 1997. Mycorrhizal Symbiosis. Academic Press, 2
nd

 ed. London. 675 

Read, D.J., Smith, S.E., 2008. Mycorrhizal Symbiosis, Academic Press 3rd ed., Amsterdam. 676 

Reibe, K.,  Roß, C.L., Ellmer, F., 2015. Hydro-/Biochar application to sandy soils: impact on yield 677 

components and nutrients of spring wheat in pots. Arch. Agron. Soil Sci. 61 (8) , 1055-1060. 678 

Rhoades, J.D., 1996. Salinity: Electrical Conductivity and Total Dissolved Solids. In: Sparks, D.L., 679 

(Eds.), Methods of Soil Analysis, Part 3, Chemical Methods. ASA and SSSA Book Series n.5, 680 

Madison, WI, pp. 417-435. 681 

Rilling, M.C., 2004. Arbuscular mycorrhizae, glomalin, and soil aggregation. Can. J. Soil Sci. 84, 682 

355-363. 683 

Rillig, M., Thies, J., 2009. Characteristics of Biochar: Biological Properties, in: Lehmann, J.,  684 

Joseph, S., (Eds),  Biochar for Environmental Management: Science and Technology, Earthscan, 685 

London, UK, pp. 85-106. 686 

Saidi, E. A., Lenin, I., Husin, E.F. and Rasyidin, A. 2014. Potential Selection of Arbuscular 687 

Mycorrhizal Fungi (AMF) Indigenous Ultisols through the Production of Glomalin. J Trop Soils 19: 688 

181-189. 689 

Schulz, H., Dunst, G., Glaser, B. 2013. Positive effects of composted biochar on plant growth and 690 

soil fertility. Agron Sustain Dev. 33, 817-827U.S.D.A., 2005. USDA (United States Department of 691 

Agriculture). Natural Resources Conservation Service. National Soil Survey Handbook. 692 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://www.tandfonline.com/author/Ro%C3%9F%2C+Christina-Luise
http://www.tandfonline.com/author/Ellmer%2C+Frank
http://www.tandfonline.com/loi/gags20?open=61&repitition=0#vol_61


 

 

29 

Schwartz, M.W., Hoeksema, J.D., Gehring, C.A., Johnson, N.C., Klironomos, J.N., Abbott, L.K., 693 

Pringle, A., 2006. The promise and the potential consequences of the global transport of 694 

mycorrhizal fungal inoculum. Ecol. Let. 9, 501-515. 695 

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. A review of biochar and its use and function in 696 

soil. Adv. Agron. 105, 47-82.  697 

Steiner, C., Glaser, B., Teixeira, W.G., Lehmann, J., Blum, W.E.H, Zech, W., 2008. Nitrogen 698 

retention and plant uptake on a highly weathered central Amazonian Ferralsol amended with 699 

compost and charcoal. J, Plant Nutr, Soil Sci. 171, 893–899. 700 

Takaya, C.A., Fletcher, L.A., Singh, S., Anyikude, K.U., Ross A.B., 2016. Phosphate and 701 

ammonium sorption capacity of biochar and hydrochar from different wastes. Chemosphere 145, 702 

518–527. 703 

Tammeorg, P., Simojoki, A., Mäkelä, P., Stoddard, F.L., Alakukku, L., Helenius, J., 2014. Biochar 704 

application to a fertile sandy clay loam in boreal conditions: effects on soil properties and yield 705 

formation of wheat, turnip rape and faba bean. Plant and Soil 374, 89–107. 706 

Tan, K.H., 2005. Humic matter in soil and the environment: principle and controversies. Marcell 707 

Dekker, Inc. (Eds) New York Basel, pp. 90-91. 708 

Terzaghi, M., Montagnoli, A., Di Iorio, A., Scippa, G.S., Chiatante, D. 2013. Fine-root carbon and 709 

nitrogen concentration of European beech (Fagus sylvatica L.) in Italy Prealps: possible 710 

implications of coppice conversion to high forest. Front. Plant Sci. 2013; 4: 192.  711 

Terzaghi, M., Di Iorio, A., Montagnoli, A., Baesso, B., Scippa, G.S., Chiatante, D. 2016. Forest 712 

canopy reduction stimulates xylem production and lowers carbon concentration in fine roots of 713 

European beech. Forest Ecol. Manag. 379, 81–90. 714 

Trouvelot S., Bonneau L., Redecker D., van Tuinen D., Adrian M., Wipf D., 2015. Arbuscular 715 

mycorrhiza symbiosis in viticulture: a review Agron. Sustain. Dev. 35:1449–1467 716 

Upadhyaya, A., Wright, S.F., 1996. Extraction of an abundant and unusual protein from soil and 717 

comparison with hyphal protein of arbuscular mycorrhizal fungi. Soil Science 161, 575–586. 718 

http://dx.doi.org/10.1016/j.agee.2017.01.025



 30 

U.S.D.A., 2005. USDA (United States Department of Agriculture). Natural ResourcesConservation 719 

Service. National Soil Survey Handbook 720 

Vaccari, F.P., Baronti, S., Lugato, E., Genesio, L., Castaldi, S., Fornasier, F., Miglietta, F., 2011. 721 

Biochar as a strategy to sequester carbon and increase yield in durum wheat. Eur. J. Agron. 34, 722 

231–238. 723 

Van Zwieten, L., Meszaros, I., Downie, A., Chan, Y.K., Joseph, S., 2008. Soil Health: Can the cane 724 

industry use a bit of 'Black Magic'? Austral. Canegrower 17, 10-11. 725 

Van Zwieten, L., Kimber, S., Morris, S., Chan, K.Y., Downie, A., Rust, J., Joseph, S., Cowie, A., 726 

2010. Effects of biochar from slow pyrolysis of paper mill waste on agronomic performance and 727 

soil fertility. Plant Soil 327, 235-246. 728 

Verheijen ,F.G.A., Jeffery, S., Bastos, A.C., van der Velde, M., Diafas, I., 2010. Biochar application 729 

to soils: a critical scientific review on effects on soil properties, processes and functions. Joint 730 

Research Center (JRC), Scientific and Technical Report. Office for the Official Publications of the 731 

European Communities, Luxemberg. 732 

Vookova, B., Kormutak, A., 2001. Effect of sucrose concentration, charcoal, and indole-3-butyric 733 

acid on germination of Abies numidica somatic embryos. Biol. Plantarum 44, 181-184. 734 

Wallander, H., Nilsson, L.O., Hagerberg, D., Bååth, E., 2001. Estimation of the biomass and 735 

seasonal growth of external mycelium of ectomycorrhizal fungi in the field. New Phytol. 151, 753-736 

760. 737 

Wallstedt, A., Coughlan, A., Munson, A.D., Nilsson, M.C., Margolis, H.A., 2002. Mechanisms of 738 

interaction between Kalmia angustifolia cover and Picea mariana seedlings. Can. J. For. Res. 32, 739 

2022–2031. 740 

Warnock, D.D., Lehmann, J., Kuyper, T.W., Rillig, M.C., 2007. Mycorrhizal responses to biochar 741 

in soil e concepts and mechanisms. Plant Soil 300, 9-20. 742 

http://dx.doi.org/10.1016/j.agee.2017.01.025

http://serials.unibo.it/cgi-ser/start/it/spogli/ds-s.tcl?authors=%22Vookova%2c+B%22&language=ITALIANO
http://serials.unibo.it/cgi-ser/start/it/spogli/ds-s.tcl?authors=%22+Kormutak%2c+A%22&language=ITALIANO


 

 

31 

Warnock, D.D., Daniel, L., Mummey, D.D., Mcbride, B.J., Major, J., Lehmann, J., Rillig, M.C., 743 

2010. Influences of non-herbaceous biochar on arbuscular mycorrhizal fungal abundances in roots 744 

and soils: Results from growth-chamber and field experiments. Appl. Soil Ecol. 46, 450–456. 745 

Wright, S.F., Franke-Snyder, M., Morton, J.B., Upadhyaya, A., 1996. Time course study and partial 746 

characterization of a protein on hyphae of arbuscular mycorrhizal fungi during active colonization 747 

of roots. Plant Soil 181, 193–203. 748 

Wright, S.F., Upadhyaya, A., 1996. Extraction of an abundant and unusual protein from soil and 749 

comparison with hyphal protein of arbuscular mycorrhizal fungi. Soil Sci. 161, 575–586. 750 

Yuan, J., Xu, R., Zhang, H., 2011. The forms of alkalis in the biochar produced from crop residues 751 

at different temperatures. Biores. Technol. 102, 3488–3497.  752 

Zhang, A., Bian, R., Pan, G.X., Cui, L.Q., Hussain, Q., Li, L.Q., Zheng, J.W., Zheng, I.F., Zhang, 753 

X.H., Han, X.J., Yu, X.Y., 2012. Effects of biochar amendment on soil quality, crop yield and 754 

greenhouse gas emission in a Chinese rice paddy: a field study of 2 consecutive rice growing 755 

cycles. Field Crop Res.127, 153-160. 756 

Zhang, J., Lu, F., Luo, C., Shao, L., He, P., 2014. Humification characterization of biochar and its 757 

potential as a composting amendment. J. Environ. Sci. 26, 390-397. 758 

 759 

Figure captions 760 

Figure 1. Sampling scheme for chemical-physical analysis (     ), fine-root soil coring (      ) and 761 

mesh 762 bags ( ) indicating sampling dates. 762 

 763 

Figure 2. Available Water Content (AWC) (open box  ) and biochar-treated (filled box  ) plots 764 

at two soil depths (0-10 and 10-20 cm). Soil moisture data are means (n = 8) ± 1 SE. Letters a and b 765 

indicate significant differences (p<0.05) between the two soil depths within control and treatment. 766 

Letters x and y indicate significant differences (p<0.05) between control and treatment within the 767 

soil depth. 768 
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 769 

Figure 3: Mean values of total glomalin (TG; mg g
-1

) in control (open box  ) and biochar-treated 770 

(filled box  ) plots. Each value represents the mean (n = 8) ± 1 SE. Means with different letters 771 

are significantly different (p<0.05). 772 

 773 

Figure 4. Seasonal variation of live (FRB; a) and dead (FRN; b) fine root mass (g m
-2

), and live 774 

(FRL; c) and dead (nFRL; d) fine root length (m m
-2

) in control (open box  ) and biochar-treated 775 

(filled box  ) plots. Data refer to each sampling date represented as mean (n = 8) ± 1 SE. Means 776 

with different letters are significantly different (p<0.05) between sampling points within the same 777 

treatment: letters a and b for control plots, letters x and y for treated plots. Asterisks (*) indicates 778 

significant differences (p<0.05) between control and treated plots at the same sampling point. 779 

 780 

Figure 5. Seasonal variation of mean diameter size (mm) for fine root biomass in control (open box 781 

 ) and biochar-treated (filled box  ) plots. Each value represents the mean (n = 8) ± 1 SE. Means 782 

with different letters are significantly different (p<0.05) between sampling points within the same 783 

treatment: letters a and b for control plots, letters x and y for treated plots. Asterisks (*) indicates 784 

significant differences (p<0.05) between control and biochar-treated plots at the same sampling 785 

point. 786 
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Tables 1 

Table 1. Biochar chemical-physical characteristics. Each value represents the mean (n = 8) ± 1 SE.  2 

PARAMETER UNIT VALUE 

pH  - 9.7±0.1 

EC dS m
-1

 7.5±0.4 

CEC cmol kg
-1

 21.3±0.3 

Moisture g kg
-1

 62.4±1.2 

Ntot g kg
-1

 9.1±0.2 

Nav mg kg
-1

 30±0.4 

Ptot mg kg
-1

 1221.9±21.3 

Pav mg kg
-1

 217± 3.0 

Ctot g kg
-1

 778.1±0.1 

Corg g kg
-1

 705.6±0.1 

H g kg
-1

 45.3±0.2 

H/Corg  0,76 

Alkalinity % CaCO3  18.2±0.6 

 

TextureParticle size distribution: 

 

 

ø < 2 μm % 3.7±0.7 

2 < ø < 20 μm % 17.4±1.3 

20 < ø < 50 μm % 52.7±4.1 

50 < ø < 200 μm % 10.1±0.1 

200 μm < ø < 2mm % 16.1±1.3 

ø > 2 mm % 11.9±1.0 

 3 
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2 

 

Table 2. Chemical-physical analysis performed on soil samples of control and biochar-treated plots 8 

at T1. Each value represents the mean (n = 8) ± 1 SE. Means in bold are significantly different 9 

(p<0.05). 10 

PARAMETER UNIT CONTROL         

BIOCHAR 

pH  pH 7.0±0.04 7.1±0.1 

EC ds m
-1

 0.6±0.2 0.6±0.2 

Moisture g kg
-1

 42.4±4.4 39.3±0.6 

Ashes % 90.1±0.5 90.0±0.3 

Ntot g kg
-1

 1.1±0.03 1.2±0.2 

Nav (NH4)
+
-N) mg kg

-1
 8.9.0±0.6 16.6±0.8 

Nav (NO3)
-
-N) mg kg

-1
 7.3±0.3 7.5±0.2 

Ptot mg kg
-1

 212.6±11.0 233.5±6.5 

Pav mg kg
-1

 <12 <12 

Corg g kg
-1

 11.6±0.3 14.0±0.6 

CEC cmol kg
-1

 16.6±0.2 16.5±0.3 

Alkalinity % CaCO3  7.9±0.7
 

    

TextureParticle size distribution:      

ø < 2 μm % 48.1±0.7 47.4±0.5 

2 μm < ø < 20 μm % 16.3±1.0 16.3±1.4 

20 μm < ø < 50 μm % 22.5±1.3 21.7±1.9 

50 μm < ø < 200 μm % 5.8±0.4 6.8±0.1 

200 μm < ø < 2 mm % 7.3±0.7 7.8±0.3 

ø > 2 mm % 3.1±0.3 5.5±0.2 

 11 

 12 
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Table 3. Annual mean fine root traits, irrespective of diameter class (d<0.2 mm) 14 
PARAMETER UNIT CONTROL BIOCHAR P 

FRB g m
-2

 8.56±1.46 13.34±2.35 0.049 

FRL  cm m
-2

 177±28 176±25 0.676 

FRD mm 0.46±0.02 0.56±0.03 0.037 

FRP g m
-2

 8.71 12.70  

FRTR  yr 
-1

 1.02 0.95  

Values are the mean (n = 40) ± 1SE 15 

FRB (fine root standing biomass), FRL (fine root length), FRD (fine root diameter), FRP (fine root 16 

annual production), FRTR (fine root turnover rate). Boldface P values are significant at a 17 

probability level of P<0.05 (Mann-Whitney U test) 18 
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