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b Council for Agricultural Research and Economics, Gorizia, Italy 
c Council for Agricultural Research and Economics, Florence, Italy   

A R T I C L E  I N F O   

Keywords: 
Soil fertility 
Mediterranean climate 
Soil organic matter 
Soil mesofauna 

A B S T R A C T   

Biochar may have beneficial effects on soil depending on its properties and pedoclimatic conditions. Highly 
sloping soils are prone to erosion and organic matter depletion, and biochar can be useful to restore soil fertility 
and quality, and crop yields. To test the effect of wood gasification biochar (WGB), we conducted a field 
experiment applying 0 and 60 Mg ha− 1 of WGB only (no fertilizer) to a sub-alkaline and fine-textured soil under 
Mediterranean climate conditions. The effect of WGB on the soil physicochemical properties and on 12 enzyme 
activities involved in the C, N, P, and S cycles was monitored during a wheat-growing season along with its effect 
on grain yield. The results show that WGB was rather recalcitrant, and the application of a high dose of it had no 
effect on most of the soil physicochemical properties, enzyme activities and wheat grain yield. Since enzyme 
activities involved in the C cycle were similar in WGB-treated and not-treated soils, WGB failed to stimulate 
organic matter mineralization during the monitored period, with no contribution to N and P supply. Since WGB 
can contribute to soil C stock with no detrimental effects on wheat yield, wood gasification can allow recycling 
waste woody materials of urban origin to produce energy and return biochar back to agricultural soils. We 
suggest that future studies on WGB focus on the effect of its aging in soil on soil physicochemical and biochemical 
properties, and on crop performances.   

1. Introduction 

Biochar is an organic carbon (C) rich material (from 40 to 80% C) 
obtained from thermochemical conversion of biomass at temperatures 
above 250 ◦C in the absence of or with limited oxygen that is often 
produced to be used as soil amendment [1,2]. Biochar is composed of 
recalcitrant (aromatic) and labile (amorphous) C fractions and ashes 
whose ratios vary depending on its original feedstock and pyrolysis 
temperature: generally, a wood-base material produces biochar richer of 
recalcitrant C with respect to herbaceous materials like straw, while the 
higher the pyrolysis temperature, the higher the prevalence of recalci-
trant compared to the labile C [3,4]. 

In the last decade, biochar has received much attention due to its 
beneficial effects on soil fertility and quality, greenhouse gas mitigation, 
and crop yields [5–9]. Because of its high specific surface area and 

porosity [10,11], biochar is considered a valuable soil conditioner as it 
can adsorb pollutants [12,13], increase soil nutrient retention [14,15], 
improve soil biological properties [16,17], and increase the pH of acidic 
soils [18,19]. However, some studies indicated that biochar application 
may have negative effects on crop growth and soil health, such as 
limiting the development of plant roots, affecting soil organisms 
(earthworms, fungi, etc.), and enhancing weed growth [9,20]. 
Furthermore, biochar has an estimated persistence in the soil and a 
positive C balance that, for the most recalcitrant fractions, account for 
decades or centuries [21]. Because of this, biochar has been proposed as 
a C-offsetting tool, provided that it is intimately interspersed in the soil 
[22]. However, biochar properties like persistence in soil, water reten-
tion, C release, and availability of nutrients such as nitrogen (N) and 
phosphorus (P) mainly depend on the nature of the feedstock [19]. Thus, 
biochar effect depends on soil properties, climatic conditions, and its 
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granulometry [5,6,9,10,14,21,23]. Therefore, biochar production pro-
cess and particle-size are key features when the main purpose of the 
biochar use in agriculture is to reduce the inorganic fertilizer rate and/or 
increase crop yield [6,9,21]. In fact, when the biochar is applied to 
acidic soils, the effects of the addition are maximized mainly because of 
the increased soil pH, with the consequent increased availability of 
nutrients and activity of enzymes involved in the C, N, P, and S cycles [8, 
20,24]. Instead, in alkaline and sub-alkaline soils, a poor effect is ex-
pected even for high application rates of biochar, because of the alka-
linity reaction of this latter [5]. In these cases, a possible indicator of the 
effects of the biochar application can be the activity of a wide pool of 
enzymes, which are frequently used as indicators of soil functional 
changes [25–27], although the use of the enzyme activities as the sole 
indicators of soil perturbations is problematic since enzymatic assays 
determine potential and not real enzyme activities [28,29]. Authors 
evidenced that biochar could improve soil physicochemical properties 
like soil aeration, specific surface area, and soil water holding capacity, 
with tangible enhancement of soil enzyme activities [3,20,30–32]. 
Other authors, in both long and short-term experiments conducted 
under field or laboratory conditions, reported that biochar application 
can increase the activity of soil extracellular and intracellular enzymes 
involved in C, N, and P cycles [30,33–36]. The effect of biochar addition 
on enzyme activities is controlled by two main factors: i) operations of 
biochar incorporation (e.g., tillage type, depth, and timing), and ii) 
biochar persistence in the soil. Therefore, the direct and indirect effects 
of biochar application on soil enzyme activities in both short and long 
term appear to be due to biochar type and soil characteristics [37]. 

Thermal gasification of woody biomass is a promising technology 
that combines production of bioenergy (syngas) and biochar that could 
be used in agriculture [13,38], but information on the effect of the wood 
gasification biochar (WGB) on soil morphology and fertility, and on crop 
performance in open field, especially alkaline or sub-alkaline soils, is 
still scarce, also because of the scant yield of the gasification method 
[39]. With the aim to assess the effects of WGB on soil properties and 
wheat production, we conducted a field experiment by applying a high 
dose (60 Mg ha− 1) of a WGB obtained from a mix woody feedstock to a 
sub-alkaline soil under a Mediterranean type of climate (central Italy). 
While the application of WGB can valuably contribute to soil C stock, we 
hypothesized that WGB applied to this type of soil scarcely affects the 
soil functional activity with no detrimental effect on wheat production. 
The hypothesis was tested by monitoring the effect of the applied WGB 
on physicochemical soil properties and on 12 enzyme activities involved 
in the C, N, P, and S cycles during a wheat-growing season. The effect of 
WGB on grain yield was also evaluated. 

2. Materials and methods 

2.1. Study site 

The experiment was performed in the Gallignano experimental field, 
a hilly area of the Marche region, central Italy, at about 100 m above sea 
level, on a SW exposure, along a slope with a general inclination of about 
15%. In the area, these slopes are used to cultivate cereals (mainly 
winter wheat) in rotation with alfalfa meadows that can last up to ten 
years and are often grazed by transhumant sheep flocks during winter 
[40,41]. 

The climate of the area is a sub-Mediterranean variant of the 
temperate oceanic climate [42], which is characterized by a mean 
annual precipitation of 788 mm and a mean annual air temperature of 
14.6 ◦C, with July as the warmest month (23.3 ◦C) and January as the 
coldest one (5.4 ◦C). Over the study period (September 2018–September 
2019), both precipitation and air temperature were monitored by a 
weather station located about 0.3 km away from the experimental field. 
The decadal mean of temperature and precipitation of the experimental 
period and those registered during a 15-year observation period are 
reported in Fig. 1. The soil of the experimental field developed from 

thinly layered marine sediments and was poorly drained. 
In September 2017, before alfalfa termination, a soil survey was 

made in the area where the randomized block design had to be estab-
lished. The slope was slightly affected by erosion, with small rills 
running along the maximum gradient. The upper belt of the slope (about 
23% of inclination) appeared rather uniformly affected by erosion, 
while the lower belt (about 10% of inclination) showed a greater soil 
spatial morphological diversity with eroded areas alternated with areas 
affected by sedimentation of upslope eroded material. Point 1 and 
Table S1 of the Supplementary Materials report the results of the soil 
survey, whose results suggested to select the upper belt of the slope to 
install the experimental field in order to avoid bias due to soil spatial 
variability. In the experimental field, the upper 25 cm soil displayed a 
clay loam texture (with 29 ± 2% sand, 41 ± 3% silt, and 30 ± 2% clay) 
and a bulk density of 1.34 kg dm− 3 (for the determination of soil texture 
and bulk density see Point 2 of the Supplementary Materials). 

2.2. Characterization of the WGB used 

The WGB was obtained from a feedstock made of 1/3 beech, 1/3 
pine, and 1/3 fir woods submitted to an industrial gasification process 
comprising the following steps: i) drying of the wood chips at 
100–150 ◦C; ii) pyrolysis, from 250 to 450 ◦C; iii) partial oxidation, from 
650 to 850 ◦C; iv) reduction, from 850 to 1000 ◦C. The crude WGB ob-
tained as a by-product of syngas production was roughly sieved me-
chanically to eliminate the excess of ash and ground to less than 0.5 mm 
to improve reactivity and soil incorporation. The ground WGB was 
submitted to the following analyses of characterization. The particle-size 
distribution was determined by dry and water sieving at 0.25 and 0.10 
mm. The pH was determined using a combined glass-calomel electrode 
in water after the suspension (1:100 w:v) was heated in a water bath to 
90 ◦C, stirred for 20 min to allow dissolution of the soluble components, 
and cooled to 25 ± 2.5 ◦C [43]. The content of carbonate-C was quan-
tified by dissolution in 2 M HCl solution and successive titration of the 
evolved CO2 [44]. Biochar volatile matter was determined by weight 
loss after heating [8,45,46]; the muffle furnace was set to 950 ◦C, and 
the sample containing crucible was heated for 2 min on the outer edge of 
the furnace with the door open (about 300 ◦C), and then for 3 min on the 
edge of the furnace with the door closed (about 500 ◦C). Thus, the 
crucible was left in the muffle for the night at 750 ◦C and the ash content 
of the biochar was determined as the remaining weight. Total organic 
carbon (TOC) after the specimens were treated with a 2 M HCl solution, 
total nitrogen (TN), and total S (TS) were determined using a CHNS–O 
analyzer (EA1110, Carlo Erba Instruments, Italy), following the protocol 
reported by Laberge et al. [47] and Calvelo Pereira et al. [48]. The easily 
oxidizable organic carbon (EOOC) was estimated by the Walkley-Black 

Fig. 1. Decadal mean precipitation and air temperature during the experi-
mental period (August 2018–September 2019) and of the 1998–2012 period as 
reference for the study area. Gallignano experimental field (central Italy). 
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method [49]. Total P (TP) was extracted by heating 0.500 g of sample at 
500 ◦C in a muffle furnace for 16 h and dissolving the ashes in a 5 M HCl 
solution [50]. Water-extractable P was obtained by forming a suspen-
sion with 0.100 g of sample and 30 mL of water; the suspension was 
shaken at 120 rpm for 48 h in 50 mL centrifuge tubes, centrifuged (3000 
g, 15 min), and the supernatant filtered using Whatman No. 42 filter 
paper [51]. A colorimetric method based on ascorbic acid reduction of 
the ammonium phosphomolybdate complex [52] was used to measure P 
in the solutions for both TP and water-extractable P. The cation ex-
change capacity (CEC) was determined as the summation of the 
exchangeable cations displaced by a 0.2 M BaCl2 solution (1:10 w:v) and 
shaken for about 10 min [53]. The mixture was left to rest for a while 
and then gently shaken for other 10 min before centrifugation. The 
extracted solution was filtered through Whatman 42 filter paper and 
analyzed for Ca, Mg, K, and Na by atomic absorption with a Shimadzu 
AA-6300 (Tokyo, Japan) spectrophotometer. All the determinations 
were run in triplicate. The WGB main physicochemical characteristics 
are reported in Table 1. 

The WGB contained only about 29 g kg− 1 easily oxidizable organic C 
and small contents of nutrients like total N (TN) (0.38 g kg− 1), water 
extractable P (about 35 mg kg− 1), and exchangeable Ca, Mg, K (all less 
than 2 cmol + kg− 1) (for reference see Refs. [8,54]). 

2.3. Experimental design and management practices 

The experimental field was a six-year-old alfalfa (Medicago sativa L.) 
stand, which was tilled in October 2017 and then sown with durum 
wheat [Triticum turgidum L. ssp. durum (Desf.) Husn.] in 2017–2018 and 
2018–2019 cropping years. The present work was carried out during the 
second year of wheat cultivation, from September 2018 to September 
2019. The sowing of wheat for one or two cropping years after alfalfa 
termination is a common practice in semi-arid and rainfed regions, both 
in Italy and other countries with a Mediterranean type of climate [55]. 
In our experimentation, the crops were rainfed and no fertilization was 
applied in the two wheat cropping years to isolate the effect of WGB. 

A complete randomized block design with three replicates and in-
dividual plots of 4.0 m2 (2.0 m × 2.0 m) was established. We are aware 
that plots are of small scale, but their dimensions was restricted to avoid 
any bias due to soil spatial variability. The treatments were i) durum 
wheat (Control, WC) and ii) durum wheat with WGB added (WB). WGB 
was manually distributed in September 2018 (before the wheat sowing) 

at a rate of 60 Mg ha− 1 and was buried with a rotary harrow to 25 cm 
depth, following the method reported by Castaldi et al. [56]. 

The six-year-old stand of alfalfa field was terminated in October 
2017 using a spading machine, followed by two passages of a rotary 
harrow in October and November 2017 before sowing wheat. In the 
following year, the plots were subjected to the same tillage before the 
wheat sowing. This practice provided approximately 2.53 ± 0.14 Mg 
ha− 1 of alfalfa (in 2017) and 3.27 ± 0.50 Mg ha− 1 wheat straw (in 2018) 
dry matter that were incorporated into the soil. In both crop years, the 
durum wheat was sown along rows (sowing rate was 400 seeds m− 2 of 
the cv. ‘Antalis’) at the end of November and harvested at the beginning 
of July. The management practices adopted from 2017 to the end of the 
second cropping year are illustrated in Fig. 2. 

2.4. Soil morphology and sampling 

Soil morphological observations were achieved per Schoeneberger 
et al. [57], while inspections on soil fauna were made by sight with the 
aim to recognize the type of animals, with no quantitative determina-
tion. All the soil observations were conducted in late August and early 
September 2018 (T0 and T1of Fig. 2, respectively) and in February and 
July 2019 (T3 and T6 of Fig. 2, respectively) for the six plots with wheat 
and three plots with alfalfa that were left as a reference for soil 
morphology only (Table S3 of the Supplementary Materials). The 
morphological observations were restricted to the Ap horizons gener-
ated by the mechanical works since the beginning of the field 
experiment. 

Following crop operations and phenological stages, soil samples 
were collected from the six wheat plots at T0, T1, T2, T3, T4, T5, T6, and 
T7 (Fig. 2) by a 5-cm diameter manual auger for the depth of 0–25 cm, so 
to collect Ap1 and Ap2 horizons together. The total amount of samples 
collected was 48: 8 sampling dates (T0–T7) × 2 treatments (with and 
without WGB) × 3 replicates. Soil samples were maintained in a 
refrigerated bag and in the dark during the field activities; once in the 
laboratory, they were subdivided into two aliquots: one was maintained 
at a temperature of − 20 ◦C until the analyses of enzyme activity, the 
other was allowed to air-dry. The dry samples were sieved through a 2- 
mm sieve to be submitted to physicochemical analyses. 

2.5. Soil analyses 

Soil pH was determined in water (1:2.5 w:v) using a combined glass- 
calomel electrode. Since most of the determined enzyme activities were 
involved in the C, N, and P cycles, on specimens ground to less than 0.5 
mm, the total organic C (TOC) content was estimated by the Walkley- 
Black method without the application of heat [58], TN content was 
determined by the semi-micro Kjeldahl method, and available P (Pav) 

Table 1 
Main physicochemical characteristics of the biochar obtained from wood sour-
ces (1/3% beech, 1/3 pine, and 1/3 fir) used in the field experiment.  

Parameter Mean ± Standard deviation 

0.50–0.25 mm fraction (g kg− 1) 78 ± 8 
0.25–0.10 mm fraction (g kg− 1) 579 ± 14 
<0.10 mm fraction (g kg− 1) 343 ± 22 
pHwater 8.85 ± 0.07 
Moisture (%) 14.2 ± 1.2 
Volatile matter (%) 84.6 ± 1.3 
Ash after biochar combustion (%) 11.36 ± 2.08 
Electrical conductivity (dS m− 1) 2.42 ± 0.11 
Total organic carbon (g kg− 1) 795.4 ± 22.5 
Easily oxidizable organic carbon (g kg− 1) 29.15 ± 4.11 
Carbonates-carbon (g kg− 1) 1.65 ± 0.17 
Total nitrogen (g kg− 1) 0.38 ± 0.05 
Total sulphur (g kg− 1) 10.62 ± 1.27 
Total phosphorous (g kg− 1) 1.74 ± 0.31 
Water-extractable phosphorous (mg kg− 1) 35.3 ± 2.5 
Exchangeable Ca (cmol+ kg− 1) 1.65 ± 0.14 
Exchangeable Mg (cmol+ kg− 1) 1.94 ± 0.21 
Exchangeable K (cmol+ kg− 1) 1.33 ± 0.13 
Exchangeable Na (cmol+ kg− 1) 0.26 ± 0.05 
Exchangeable Al (cmol+ kg− 1) 0.00 ± 0.00 
Cation exchange capacity (cmol+ kg− 1) 5.18 ± 0.09 
Base saturation (%) 100.0 ± 0.0  

Fig. 2. Crop succession and management practices from 2011 to 2019 in the 
Gallignano experimental field (central Italy). 
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was determined according to the protocol of Olsen [59]. 
The activities of 12 hydrolytic soil enzymes involved in the principal 

nutrient cycles were determined following the method reported by 
Cowie et al. [60] which consists in the desorption of enzymes by het-
eromolecular exchange using lysozyme as desorbing protein. Aliquots of 
250 mg for each soil samples were placed in 2-mL Eppendorf tubes 
together with glass and ceramic beads and 1.4 mL of 3% lysozyme at pH 
6. The tube was subjected to bead-beating for 3 min at 30 strokes s− 1 

using a Retsch MM400 mill (Haan, Germany), and then centrifuged for 
3 min at 20,000 g. Enzyme activity was assayed fluorometrically in 
microplates using 4- methylumbelliferyl and L-Leucine-7-amino-4-me-
thylcoumarin derivatives. The activities of xylosidase, β-glucuronidase, 
β-galactosidase, β-glucosidase, chitinase, acid phosphomonoesterase, 
and arylsulfatase were determined in 200 mmol L− 1 2-(N-morpholino) 
ethanesulfonic acid buffer solution (pH 5.8), while the activities of 
nonanoate-esterase, leucine aminopeptidase, phosphodiesterase, and 
pyrophosphatase-phosphodiesterase were determined in a 200 mmol 
L− 1 tris-HCl buffer solution at pH 7.5; alkaline phosphomonoesterase 
activity was determined in a 200 mmol L− 1 tris-HCl buffer solution at pH 
9.0. Table S3 of the Supplementary Materials reports details on the main 
activity of each enzyme in soil. 

2.6. Crop sampling and analysis 

At the beginning of July 2019, 10 wheat plants were manually har-
vested in each plot to assess yield components: number of ears per spike, 
number of caryopses per ear, weight of the straw, and weight of the chaff 
and of the caryopses [41]. Since plants were collected on a dry summer 
day, a low crop moisture was assumed and samples were not oven dried 
[61]. Grain yield was estimated by counting the total number of wheat 
plants in 1 m2 subplot and multiplying it for the weight of the caryopses 
of the ten sampled plants. 

2.7. Data mining and statistical analysis 

All data were tested for normality distribution (Shapiro-Wilk’s test), 
homogeneous variances (Levene’s test) and, when necessary, for sphe-
ricity (Mauchly’s test) prior to analysis. When data were not normal 
distributed and/or not homoscedastic, each numerical variable was 
transformed by the Box and Cox procedure [62]. A paired-sample T-Test 
was used to determine the differences within sampling dates. The effect 
of time, treatments, and their interactions were analyzed through a 
repeated measure ANOVA. When assumptions were not met, Wilcoxon 
signed-rank tests were used instead of repeated measures ANOVA. In all 
the tests, the differences were considered significant at P < 0.05. All 
analyses were performed with IBM SPSS Statistics version 25.0 (SPSS 
Inc., Chicago, IL). 

3. Results 

3.1. Soil morphology 

At T0, the state of aggregation of Ap1, Ap2, and Ap3 horizons under 
alfalfa was slightly more developed than at the moment of the first 
survey, and was maintained until T6 (Table S2 of the Supplementary 
Materials). In the wheat plots, the three Ap horizons present at T0 and 
T1 (Ap1, Ap2, and Ap3) became two at T3 and T6 (Ap1 and Ap2). The 
soil color was similar in all the plots at T0 and assumed darker tinges in 
the Ap1 and Ap2 horizons of the WGB-treated plots. For these horizons, 
the general color was the result of the presence of soil particles and 
WGB, often in form of varnish; this is the reason for the reported ’salt-
&pepper’ effect in Table S2 of the Supplementary Materials. The state of 
aggregation under wheat was similar or slightly less developed than in 
alfalfa at T0; farther, especially in the WGB-treated plots, the state of 
aggregation increased. Worthy to note is that aggregate consistence was 
hard under alfalfa at T0, became friable at T1 and T3, to change back to a 

firm consistence at T6. Under WC, the aggregate consistence was friable 
at T0, T1, and T3, to become firm at T6; in contrast, under WB the ag-
gregates were very friable. Ants were observed only in two of the three 
plots under WB (plots 2 and 7), while earthworms were ubiquitous in all 
the wheat plots; other soil mesofauna (spiders, Collembola, insects, etc.) 
was observed only in the Oi and Ap1 horizons under alfalfa (Table S2 of 
the Supplementary Materials). 

3.2. Effect of WGB on the soil physicochemical properties 

No interaction between time and WGB application was found for the 
main soil characteristics considered (Table 2). Thus, while the addition 
of WGB had no effect on the sub-alkaline soil pH, it significantly 
increased TOC, which remained larger in WB than in WC from T1 until 
the end of the experimentation (Table 3). In contrast, TN did not show 
any variation between WC and WB, over time. Soil Pav decreased 
constantly during the monitoring period (Tables 1 and 2), with a marked 
decrease after the main tillage (between T0 and T1) for both WC and WB. 
Differences between WC and WB were observed only at the end of the 
monitoring period (T7, more than two months after the wheat harvest), 
when WB showed a slightly higher content of Pav than WC (Table 3). 

3.3. Effect of WGB on enzyme activity 

No interaction between time and WGB application emerged for the 
12 considered enzyme activities (Table 2). Neither the effect of WGB 
application was significant for the 12 enzyme activities, except for three 
punctual occasions: T5 for chitinase and T3 for acid phosphomonoes-
terase and phosphodiesterase. Instead, five enzymes (nonanoate- 
esterase, β-glucuronidase, β-glucosidase, leucine-aminopeptidase, and 
acid phosphomonoesterase) showed significant changes over time 
(Table 2). In particular, the activity of nonanoate-esterase tended to 
increase during the monitored period, while that of leucine- 
aminopeptidase increased from T3 to T5-T6, namely from the end of 
the wheat tillering to the harvesting, to farther decrease (Fig. 3). In 
contrast, β-glucuronidase and acid phosphomonoesterase activities 
showed a decreasing trend during the monitored period. β-glucosidase 
activity decreased from T1 to T3, increased until T5 (wheat flowering), 
and decreased again farther. 

3.4. Effect of WGB on wheat yield 

As reported in Table 4, WGB addition had no effect on the production 
of straw and chaff, on the number of spikelets and caryopses per spike, 
neither on the caryopses mean weight. Therefore, the wheat yield, 
which was below the local average production for organic systems (i.e., 
3–5 Mg ha− 1) [41], was the same between WC and WB. 

4. Discussion 

4.1. Effect of WGB on soil morphology 

In the wheat plots, the reduction from three to two Ap horizons in the 
first 25–26 cm of soil was mainly due to the fusion of the previous Ap1 
and Ap2 horizons into one horizon much probably due to the pre-sowing 
harrowing made in November 2018. As a support for this, the soil color 
and structure of the Ap1 horizon found in February 2019 appeared 
formed by the homogenization of the previous Ap1 and Ap2 horizons. As 
further support for this, in the alfalfa plots where no mechanical work 
was applied, the horizons remained the same for the whole monitored 
period. The ’salt&pepper’ color displayed by the intact aggregates of the 
WB-treated plots was due to the presence of WGB, which appeared not 
incorporated into the aggregates but adsorbed/laid on their surface. 
Even though in the literature no indication was found about the effect of 
WGB on soil aggregates, it is well-known that, in both field and labo-
ratory experiments, biochars derived from non-woody biomass are more 
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efficiently incorporated into soil aggregates [31,63–67]. After six 
months since WGB distribution, the lack of its incorporation into the 
aggregates was taken as an indication of the recalcitrance of this WGB. 
However, the age of biochar in soil is also important since, in some cases, 
no effect was observed during the first year biochar addition [67–69], 
especially for biochars obtained from woody biomass [8,70,71]. The 
addition of WGB made the aggregates more friable, probably because of 
decrease in tensile strength induced by its higher moisture holding ca-
pacity [70,72]. 

The absence of effect of WGB on the presence of earthworms agreed 
with the findings obtained in open field by Hansen et al. [73], who used 
straw gasification biochar, and Tammeorg et al. [74], who used 
wood-pyrolyzed biochar. Instead, the use of biochar was found to induce 
loss of earthworms, especially in short term, by Briones et al. and Weyes 
and Spokas [75,76]. This is another indication of the chemical recalci-
trance of the used WGB, which appeared to have no negative impact on 
the earthworms that, instead, seemed to have been favored probably by 
WGB moisture holding capacity [77]. 

4.2. Effect of WGB on soil physicochemical properties 

4.2.1. Soil pH 
The absence of effect on soil pH was another indication of the 

recalcitrance of WGB used during our field experiment. Our results 
contrasted with those of Hansen et al. [73], who work with straw 

gasification biochar in sub-acid soils, and with those of Macdonald et al. 
[5], who reported significant increments of soil pH after biochar addi-
tion in both acid (Arenosol and Ferralsol) and alkaline (Calcisol) soils. 
However, no significant effect on soil pH was reported by Foster et al. 
[78] for maize cropping system with woody (pine) pyrolyzed biochar at 
30 Mg ha− 1 rate and by Ventura et al. [79] in an apple orchard using 10 
Mg ha− 1 of wood pyrolyzed biochar. Castaldi et al. [56] incorporated 30 
and 60 Mg ha− 1 biochar in a silty-loam soil with pH 5.4 cultivated with 
wheat and observed an increase of pH in short term (3 months since 
biochar incorporation), but no variation after 14 months. In the 
meta-analysis carried out by Lehmann and Joseph [2], the greatest 
positive response of biochar occurred in soils with pH values from <4.0 
to 5.5. Since our WGB was mechanically sieved to eliminate the excess of 
ash, which has an alkalizing effect especially in the short term [54], it is 
conceivable that the recalcitrance of this WGB has prevented consistent 
changes of the soil pH used for the experimentation. This reinforces the 
assessment that pH of soil treated with biochar depends on both biochar 
and soil properties, as reported by Kelly et al. [66] and Rafael et al. [54]. 

4.3. Total organic C, total N, and available P 

In our experimental field, the incorporation of WGB significantly 
increased TOC content in the treated plots, even though it did not 
correspond to the theoretical increase of about 14.5 g of TOC per kg of 
soil derived from the application of 60 Mg ha− 1 WGB containing about 

Table 2 
Statistical parameters for the main soil properties and enzyme activities for the monitored period under wheat (WC) and wheat amended with WGB (WB) at the 
Gallignano experimental field (central Italy). The means values were compared by a repeated measure ANOVA approach except for leucine-aminopeptidase, which was 
analyzed by the Wilcoxon test (assumption of normality failed even after the Box-Cox transformation).  

Soil properties Time Treatment Time × Treatment 

F P F P F P 

pH 5.09 0.11 0.25 0.67 0.01 0.99 
Total organic carbon 6.02 0.08 240.78 0.01 5.52 0.09 
Total nitrogen 4.89 0.10 1.50 0.35 1.67 0.30 
Available phosphorous 46.15 0.01 20.32 0.05 1.99 0.26  

Element cycle Enzyme activities Time Treatment Time × Treatment 

F P F P F P 

C Nonanoate-esterase 20.54 0.01 1.02 0.42 1.22 0.39 
C Xylosidase 3.90 0.15 2.87 0.23 0.76 0.50 
C β-glucuronidase 15.51 0.02 1.29 0.37 1.28 0.37 
C β-galactosidase 5.73 0.12 0.89 0.46 0.64 0.53 
C β-glucosidase 12.23 0.03 3.04 0.22 0.16 0.82 
C and N Chitinase 5.23 0.08 3.44 0.21 3.22 0.15 
N Leucine-aminopeptidase 159.78 0.00 0.02 0.87 1.95 0.26 
P Acid phosphomonoesterase 21.57 0.02 0.01 0.93 1.13 0.41 
P Alkaline phosphomonoesterase 1.50 0.33 0.93 0.44 0.96 0.46 
P Phosphodiesterase 0.90 0.47 0.01 0.97 1.26 0.34 
P Pyrophosphatase-phosphodiesterase 5.01 0.10 1.16 0.40 0.86 0.45 
S Arylsulfatase 4.24 0.13 0.01 0.98 0.95 0.50  

Table 3 
Main soil properties for the monitored period under wheat (WC) and wheat amended with WGB (WB) at the Gallignano experimental field (central Italy). Means with 
different lowercase letters differed significantly between WC and WB for P < 0.05 (two tails paired T-Test). Numbers after ± are the standard deviation (n = 3).  

Soil properties Treatment T0 T1 T2 T3 T4 T5 T6 T7 

pH WC 8.20 ± 0.01 8.21 ± 0.01 8.40 ± 0.05 8.42 ± 0.04 8.40 ± 0.05 8.35 ± 0.02 8.45 ± 0.03 8.51 ± 0.03 
WB 8.30 ± 0.02 8.21 ± 0.07 8.42 ± 0.07 8.33 ± 0.07 8.47 ± 0.17 8.46 ± 0.12 8.41 ± 0.09 8.48 ± 0.06 

Total organic C (g 
kg− 1) 

WC 9.45 ± 0.12 9.45 ± 0.09 b 9.73 ± 0.12 b 9.47 ± 0.08 b 10.15 ± 0.12 
b 

10.47 ± 0.09 
b 

10.18 ± 0.13 
b 

9.37 ± 0.07 b 

WB 8.50 ± 0.06 23.87 ± 0.38 
a 

24.85 ± 0.56 
a 

24.20 ± 0.36 
a 

32.83 ± 0.89 
a 

37.43 ± 0.59 
a 

27.33 ± 0.65 
a 

31.93 ± 0.78 
a 

Total N (g kg− 1) WC 1.03 ± 0.01 1.02 ± 0.01 1.08 ± 0.01 1.07 ± 0.00 1.08 ± 0.01 1.12 ± 0.01 1.15 ± 0.01 1.03 ± 0.00 
WB 0.95 ± 0.01 1.07 ± 0.01 1.11 ± 0.00 1.13 ± 0.01 1.08 ± 0.00 1.28 ± 0.01 1.13 ± 0.01 1.10 ± 0.01 

Available P (mg kg− 1) WC 16.53 ±
0.07 

9.60 ± 0.04 8.65 ± 0.05 7.70 ± 0.05 6.07 ± 0.10 5.70 ± 0.06 3.37 ± 0.05 2.37 ± 0.08 b 

WB 14.17 ±
0.05 

11.63 ± 0.26 9.22 ± 0.45 9.23 ± 0.47 7.50 ± 0.90 7.47 ± 0.36 4.50 ± 0.39 4.77 ± 0.50 a  
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80% TOC (Table S2) for a soil thickness of 25 cm with 1.34 kg dm− 3 of 
bulk density. This condition is rather frequent in field experimentations. 
For example, Hansen et al. [73] added from 0.8 to 16 Mg ha− 1 of straw 
gasification biochar to a 15 cm soil thickness, thus expecting a theo-
retical increment of roughly 4 g of TOC per kg of soil, but did not observe 
any TOC increment. In the experimentation of Hansen et al. [73], the 
occurrence of TOC contents lower than the theoretical increase could be 
ascribed to the addition of N fertilizer that induced a priming effect able 
to promote the mineralization rate of organic matter previously present 
in the soil [80] and, possibly, part of the C added with the biochar even 
over a short term. In our case, this explanation was not considered 
totally pertinent because of three reasons: i) we did not add any N fer-
tilizer; ii) at T1, T2, and T3, the frankly lower increase with respect to the 
theoretical increment occurred after only one day since WGB incorpo-
ration, a time too short to induce a considerable priming effect; iii) at T4, 
T5, and T7, there was a difference WB-WC larger than the theoretical 

increase, for which there is no explanation ascribable to soil conditions. 
Because of this, the lower increase with respect to the theoretical 
increment was attributed to a deepening of the smallest WGB particles 
toward soil anfractuosities deeper than 25 cm produced by spading and 
harrowing, while the increase larger than the theoretical increment was 
ascribed to the presence of wheat straw residues incorporated in 2018 
and that were presumably collected during the soil sampling. Both ex-
planations would support the recalcitrance of the WGB used. As a partial 
support of this, Zimmerman et al. [81] found that biochars produced at 
low pyrolysis temperatures (250–400 ◦C) degrade faster than those 
produced at higher temperatures (525–650 ◦C) and that biochars made 
using grass feedstocks generally degrade faster than those made with 
hard woods. Since our WGB was obtained from wood feedstock at the 
high temperatures required for gasification, there is a high possibility 
that WGB will be a recalcitrant product. 

Since no N fertilizer was applied in the wheat cropping to isolate the 

Fig. 3. Enzyme activities during the monitored period under wheat (WC) and under wheat amended with WGB (WB) at the Gallignano experimental field (central 
Italy). * = statistically significant difference at P < 0.05 (two tails paired T-Test). Data showed are not Box Cox-transformed. Error bars represent the standard 
deviation (n = 3). Nona = nonanoate-esterase, xylo = xylosidase, uroni = β-glucuronidase, betaGAL = β-galactosidase, betaG = β-glucosidase, chit = chitinase, leu =
leucine-aminopeptidase, acP = acid phosphomonoesterase, alkP = alkaline phosphomonoesterase, bisP = phosphodiesterase, pyroP = pyrophosphatase-phospho-
diesterase, aryS = arylsulfatase. 

Table 4 
Main parameters of wheat yield in the control soil (WC) and in the soil amended with WGB (WB). Means with different lowercase letters differed significantly between 
WC and WB for P < 0.05 (two tails paired T-Test). Numbers after ± are the standard error of the mean (n = 3).  

Treatment Straw weight per plant 
(g) 

Chaff weight per plant 
(g) 

Spikelets per spike 
(No.) 

Caryopses per spike 
(No.) 

Caryopsis weight per plant 
(g) 

Grain yield (Mg 
ha− 1) 

WC 0.81 ± 0.03 0.32 ± 0.02 12.93 ± 0.24 21.17 ± 1.73 0.39 ± 0.04 1.59 ± 0.18 
WB 0.82 ± 0.14 0.34 ± 0.05 13.07 ± 0.84 20.43 ± 2.73 0.38 ± 0.04 1.65 ± 0.25  

N. Baldoni et al.                                                                                                                                                                                                                                



Biomass and Bioenergy 176 (2023) 106914

7

effect of the WGB and because of its scarce content of N, no change of 
soil TN was expected between WC and WB. In fact, the incorporation of 
60 Mg ha− 1 WGB containing 0.38 g kg− 1 N (Table S2) to a 25-cm soil 
thickness with 1.34 kg dm− 3 of bulk density represents a theoretically 
negligible contribution to the soil TN (about 7 mg N per kg of soil). 
Consequently, neither the deepening of the smallest WGB particles in the 
soils, nor the accidental collection of N poor wheat straw during soil 
sampling were expected to produce changes in the soil TN. However, 
according to Brtnicky et al. [82], pyrolysis biochar can reduce N 
bioavailability for plants and yields if N fertilizer is not co-applied. Since 
in our case no N fertilization was added, the absence of any effect on 
wheat production indicated that the WGB used had no detrimental ef-
fects on wheat yield. 

As for TN, soil Pav content was not affected by the addition of 60 Mg 
ha− 1 WGB containing a very low amount of water-extractable P: 35.3 
mg kg− 1 (Table S2). The constant decrease of soil Pav during the 
monitored period was ascribed to the absorption of P by wheat in both 
WC and WB. Instead, the difference between WC and WB observed only at 
T7 was mainly due to the relatively strong reduction of Pav in WC. Since 
T7 was more than two months after harvesting, we attributed this dif-
ference to the capacity of WGB to maintain P in available forms because 
of its higher moisture holding capacity [77], as all the biochars do [8, 
83]. Except for this difference at T7, our results generally agreed with 
those of Gao et al. [84], who showed that the application of wood py-
rolysis biochar and biochars produced at temperatures >600 ◦C had no 
effect on soil Pav. 

4.4. Effect of WGB on soil enzyme activities 

Even though enzymatic assays determine potential enzyme activities 
[28,29], because of their sensitivity to biotic factors like organic matter 
content and microbial substrate efficiency [85–87] and abiotic factors 
like soil temperature and wetting-drying cycles [1,88,89], enzyme ac-
tivities showed dynamics that may help to understand changes in gen-
eral soil conditions [90]. Below we discuss the scarce difference between 
WC and WB and the general behavior of the enzyme activities during the 
wheat-growing season. 

4.4.1. Enzyme activities involved in the C cycle 
The effect of WGB addition on the soil potential enzyme activities 

involved in the C cycle was scarce. Working with straw gasification 
biochar, Imparato et al. [91] found similar results, with only two en-
zymes (phenol oxidase and cellulase) out of 10 tested that slightly 
changed their activity with an addition of 6–8 Mg ha− 1 of gasification 
biochar to a sub-acid soil. Khadem and Raiesi [92] found that pyrolysis 
biochar application improved enzyme activities in calcareous soils with 
low organic matter content, but the increase of pyrolysis temperature 
adversely affected soil enzymatic functions, especially in soils with fine 
texture. As a partial support for this, an increase in the β-glucosidase and 
chitinase activities were observed by Awad et al. [93] after an incuba-
tion experiment with commercial biochar (67% C) and plant residues 
using sandy and sandy loam soils. Since the effect of biochar on soil 
enzyme activities depends on the properties of both biochar and soil 
[94], the general lack of differences in our experimentation was attrib-
uted to both the recalcitrance of WGB and the sub-alkaline and 
fine-textured soil used. Indeed, Pokharel et al. [94] analyzed the results 
of 72 articles and reported that, in general, enzymes involved in the C 
cycle like β-glucuronidase, β-galactosidase, urease, and xylosidase are 
scarcely influenced by biochar addition; in contrast, Foster et al. [78] 
found a decrease of C cycle enzyme activities due to a denaturation or 
inactivation of the enzymes once adsorbed onto the biochar surfaces. 
Instead, Lopes et al. [95] observed an increased β-glucosidase activity 
after the application of biochar obtained from pyrolysis of eucalyptus 
residues up to the dose of 30 Mg ha− 1, whereas a decrease of the activity 
of the same enzyme was observed with higher doses. In an incubation 
experiment, Li et al. [96] reported an increased β-glucosidase activity 

after apple-branch pyrolysis biochar was incorporated to a silt-clay soil, 
but only when urea was also added. Therefore, it appears rather normal 
that the addition of a poorly reactive WGB to a sub-alkaline and 
fine-textured soil can sort scarce effect on the soil potential enzyme 
activity. 

For the three enzyme activities that showed a trend during the 
wheat-growing season, an explanation of their trend follows. The 
nonanoate-esterase reflects the contribution of several enzymes 
involved in the hydrolysis of ester bonds [97] and its activity is stimu-
lated, as for many esterases, by the presence in soil of fatty acids and 
proteins [98,99]. Further, as reported by Rafael et al. [8,54], the major 
activity of nonanoate-esterase seems to occur in sub-acid soils. Because 
of this, the progressive increase of the nonanoate-esterase activity dur-
ing the crop cycle was attributed to the release in soil of ester bearing 
moieties by wheat roots, probably following the excretion of rhizogenic 
stimulants produced by roots and associated rhizospheric microorgan-
isms [100–102]. In case of β-glucuronidase, which is involved in the 
hydrolysis of hemicellulose, we excluded that its progressive decrease 
could be due to denaturation or inactivation of the enzyme adsorbed 
onto WGB, as reported by Foster et al. [78]; therefore, the decreasing 
trend was ascribed to the decrease of hemicellulose coming from the 
wheat straw of the past crop. In fact, several enzymes including 
β-glucuronidase synergistically co-operate in straw degradation starting 
since residues are left on and in the soil, mostly because of enzymes 
released by fungi [103,104]. The β-glucosidase, which is involved in the 
final step of cellulose utilization [97], increased its activity from wheat 
tillering to flowering probably because of a stimulation of the rhizo-
sphere microbial community promoted by plant growth during this 
latter phonologic phase. 

4.4.2. Enzyme activities involved in the N cycle 
The absence of effect on enzyme activities involved in the N cycle 

was considered a further demonstration of the recalcitrance of the WGB 
used for the monitored period. Bailey et al. [105] found a reduction of 
leucine-aminopeptidase after the addition of switchgrass-biochar pro-
duced by a fast pyrolysis and linked this reduction to the adsorption of 
substrate by the biochar. On the contrary, Ventura et al. [79] observed 
an increase of the leucine-aminopeptidase after a small rate (10 Mg 
ha− 1) of wood pyrolysis biochar application, and Chen et al. [106] found 
an increase of N cycle enzymes due to the high soil C/N ratio that pro-
motes and stimulates the microbial N mineralization. 

Independently from WGB added, leucine-aminopeptidase activity 
showed a remarkable increase from wheat tillering to harvesting, cor-
responding to the period lasting from late February to May–July. 
Because of the increment occurred during warm and moist soil condi-
tions due to air temperature increases and soil rewetting for spring 
precipitations (Fig. 1), it was attributed to a renewed microbic organic 
matter breakdown that made available proteins able to stimulate the 
activity of N enzymes like leucine-aminopeptidase [1,88,107]. 

4.4.3. Enzyme activities involved in the P cycle 
The absence of any remarkable difference between WC and WB for P- 

related enzymes indicated that the added WGB was neither active as a 
source nor as a sink of P-bearing organic and inorganic molecules [3, 
108]. Similar results were obtained by Elzobair [109], who did not 
observe effects on phosphatases after wood pyrolysis biochar was 
incorporated in a silt loam soil under aridic conditions. Instead, Li et al. 
[96] observed a significant increase of alkaline phosphatase activity in 
pot experiments after the addition of apple branch pyrolysis biochar to a 
silty-clay soil. 

The slow decreasing activity of acid phosphomonoesterase with time 
was attributed to the small increase of soil pH that, from T0 to T7, passed 
from 8.2 to 8.3 to about 8.5. Even if this change was not statistically 
significant because the samples were small, it is also true that, in both 
agricultural and forest soils, the acid phosphatase has its optimum pH in 
the range 4–6.5 [110,111] and, even though it is possible that at 
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subalkaline pHs the enzyme maintains a certain activity [90], this latter 
will decrease with increasing pH. 

4.4.4. Enzyme activities involved in the S cycle 
In our experimentation, the absence of differences between WC and 

WB for the arylsulfatase activity agreed with the results of an incubation 
experiment of Paz-Ferreiro et al. [36] and of a field experiment of Sun 
et al. [112] where birch wood feedstock was used to produce pyrolysis 
biochar. In contrast, Ventura et al. [79] found that wood-derived bio-
char had an increasing effect on arylsulfatase. However, as Khadem et al. 
[113] observed, soil texture is a determinant factor in soil arylsulfatase 
response to biochar application, with a greater effect in clayey than in 
sandy loam soil. Since, according to Khadem et al. [113], our soils had a 
rather appropriate clay loam texture, the null effect of the added WGB 
was considered as a further proof of its recalcitrance. 

4.5. Effect of WGB on wheat yield 

The wheat grain yield was not affected by the addition of WGB, as 
also reported by different authors for more than one year experimen-
tation on cereals using both gasification and pyrolysis biochars obtained 
from woody feedstocks [73,74,114]. Hansen et al. [73] explained their 
results with the already high fertility of the soil, where biochar did not 
improve N and P uptake. In their meta-analysis, Lehmann et al. [2] 
suggested that biochar applications below 5 Mg ha− 1 might not be suf-
ficient to generate effects on the crop yield, while applications around 
50 Mg ha− 1 increased the wheat yield by 17%. However, the data re-
ported in this meta-analysis give an idea of the general expectation of 
wheat and other crops on a global scale, with no specification of the 
biochar type or soil conditions. Indeed, the effect of biochar on 
crop-yield appears to depend on the biochar properties and on the 
pedoclimatic conditions, even though their interactions are not fully 
understood yet [2]. For example, in a study involving various types of 
soil (Arenosol, Ferralsol, Vertisol, and Calcisol), Macdonald et al. [5] 
observed different wheat responses in function of biochar type (poultry 
litter and wheat straw) and rates (1, 5, and 10 Mg ha− 1); moreover, with 
the same type and rate of biochar, soil type may suppress or enhance 
wheat production. An additional factor affecting crop yield is the 
fertilization level, whose interactions with biochar type and soil are 
numerous [8,115]. For example, working on a Cambisol, Kloss et al. 
[116] observed no difference in wheat crop yield at diverse wood py-
rolysis biochar rates (0, 24, 72 Mg ha− 1) if 120 kg ha− 1 of N was pro-
vided, while a decrease occurred when biochar was provided at 72 Mg 
ha− 1 without N fertilization. In our study, no fertilizer was applied, but 
the alfalfa incorporation provided an amount of N-bearing biomass that, 
according to Heuzé et al. [117], was estimated to be about 83 kg ha− 1 of 
N [118]. Evidently, the biomass was not sufficiently mineralized to 
improve the level of available N, nor did the WGB improve the activity of 
the enzymes involved in the C and N cycles. 

5. Conclusions 

In the present study, we found that the application of 60 Mg ha− 1 of 
WGB to a sub-alkaline soil under a Mediterranean type of climate had no 
effect on most of the soil physicochemical properties, enzymatic activ-
ities, and wheat yield parameters considered. As indicated by the similar 
activity of the C related enzymes for WC and WB, the application of WGB 
only to a subalkaline and fine-textured soil has had negligible effect on 
the stimulation of the organic matter mineralization during the moni-
tored period; as a consequence, the wheat experienced a similar N 
shortage on both WC and WB soils. 

Since WGB can contribute to soil C stock with no detrimental effects 
on wheat yield at least over the short-term, wood gasification can allow 
recycling waste woody materials of urban origin to produce energy and 
return organic C back to agricultural soils in the form of biochar. 
However, because the performances of biochars vary according to both 

biochar and soil characteristics, we suggest that future studies on WGB 
focus on the effect of its aging in soil on soil physicochemical and 
biochemical properties, and on crop performances. 
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Contribution to characterisation of biochar to estimate the labile fraction of 
carbon, Org. Geochem. 42 (2011) 1331–1342, https://doi.org/10.1016/j. 
orggeochem.2011.09.002. 

[49] M. Pansu, J. Gautheyrou, Handbook of Soil Analysis, Mineralogical, Organic and 
Inorganic Methods, Springer Berlin Heidelberg, New York, 2006. 

[50] M.J. Lambert, Preparation of Plant Material for Estimating a Wide Range of 
Elements, Wood Technology and Forest Research Division, Forestry Commission, 
NSW, Sidney, 1976. 

[51] H. Zhang, C. Chen, E.M. Gray, S.E. Boyd, H. Yang, D. Zhang, Roles of biochar in 
improving phosphorus availability in soils: a phosphate adsorbent and a source of 
available phosphorus, Geoderma 276 (2016) 1–6, https://doi.org/10.1016/j. 
geoderma.2016.04.020. 

[52] S. Kuo, Phosphorus, Methods of Soil Analysis, vol. 3, 1996, pp. 869–919. Part. 
[53] G. Corti, A. Agnelli, F.C. Ugolini, Release of Al by hydroxy-interlayered 

vermiculite and hydroxy-interlayered smectite during determination of cation 
exchange capacity in fine earth and rock fragments fractions, Eur. J. Soil Sci. 48 
(1997) 249–262, https://doi.org/10.1111/j.1365-2389.1997.tb00545.x. 

[54] R.B.A. Rafael, M.L. Fernández-Marcos, S. Cocco, M.L. Ruello, F. Fornasier, 
G. Corti, Increased phosphorus availability to corn resulting from the 
simultaneous applications of phosphate rock, calcareous rock, and biochar to an 
acid sandy soil, Pedosphere 30 (2020) 719–733, https://doi.org/10.1016/S1002- 
0160(20)60034-0. 

[55] M. Toderi, P. D’Ottavio, M. Francioni, A.W. Kishimoto-Mo, R. Santilocchi, 
L. Trozzo, Short-term response of soil greenhouse gas fluxes to alfalfa termination 
methods in a Mediterranean cropping system, Soil Sci. Plant Nutr. 68 (2021) 1–9, 
https://doi.org/10.1080/00380768.2021.1983869. 

[56] S. Castaldi, M. Riondino, S. Baronti, F.R. Esposito, R. Marzaioli, F.A. Rutigliano, F. 
P. Vaccari, F. Miglietta, Impact of biochar application to a Mediterranean wheat 
crop on soil microbial activity and greenhouse gas fluxes, Chemosphere 85 (2011) 
1464–1471, https://doi.org/10.1016/j.chemosphere.2011.08.031. 

[57] P.J. Schoeneberger, D.A. Wysocki, E.C. Benham, Field Book for Describing and 
Sampling Soils, National soil Survey Center, Lincoln, NE, USA, 2012. Version 3.0. 

[58] S. McLeod, Studies on wet oxidation procedures for the determination of Organic 
C in soils, in: Notes on Soil Techniques, CSIRO Division of Soils, Adelaide, 
Australia, 1975, pp. 73–79. 

[59] S.R. Olsen, Estimation of Available Phosphorus in Soils by Extraction with 
Sodium Bicarbonate, US Department of Agriculture, 1954. 

[60] A.L. Cowie, V.E. Lonergan, S.M.F. Rabbi, F. Fornasier, C. Macdonald, S. Harden, 
A. Kawasaki, B.K. Singh, Impact of carbon farming practices on soil carbon in 
northern New South Wales, Soil Res. 51 (2013) 707, https://doi.org/10.1071/ 
SR13043. 

[61] J. Walter, J. Edwards, G. McDonald, H. Kuchel, Photogrammetry for the 
estimation of wheat biomass and harvest index, Field Crop. Res. 216 (2018) 
165–174, https://doi.org/10.1016/j.fcr.2017.11.024. 

[62] J.W. Osborne, Improving your data transformations: applying the box-cox 
transformation, practical assessment, Res. Eval. 15 (2010), https://doi.org/ 
10.7275/qbpc-gk17. 

[63] H.M.S.K. Herath, M. Camps-Arbestain, M. Hedley, Effect of biochar on soil 
physical properties in two contrasting soils: an Alfisol and an Andisol, Geoderma 
209–210 (2013) 188–197, https://doi.org/10.1016/j.geoderma.2013.06.016. 

N. Baldoni et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.chemosphere.2010.11.050
https://doi.org/10.1007/s00374-014-0968-x
https://doi.org/10.1016/j.apsoil.2015.02.012
https://doi.org/10.1016/j.pedobi.2011.07.005
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.1071/SR14075
https://doi.org/10.1111/gcbb.12266
https://doi.org/10.1111/gcbb.12266
http://terraglobalcapital.com/press/Soil_Sequestration_Biochar_Issue_Paper1.pdf
http://terraglobalcapital.com/press/Soil_Sequestration_Biochar_Issue_Paper1.pdf
https://doi.org/10.1016/j.scitotenv.2015.11.054
https://doi.org/10.1016/j.scitotenv.2015.11.054
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.1007/978-3-642-20256-8_2
https://doi.org/10.1016/S0167-8809(03)00085-9
https://doi.org/10.1016/S0167-8809(03)00085-9
https://doi.org/10.3906/tar-1303-82
https://doi.org/10.1007/s00374-012-0723-0
https://doi.org/10.1007/s00374-012-0723-0
https://doi.org/10.1016/j.chemosphere.2013.12.059
https://doi.org/10.1016/j.chemosphere.2013.12.059
https://doi.org/10.1016/j.catena.2014.05.020
https://doi.org/10.1016/j.catena.2014.05.020
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.catena.2013.10.014
https://doi.org/10.1016/j.ecoleng.2016.06.039
https://doi.org/10.5829/idosi.mejsr.2013.13.7.2801
https://doi.org/10.5829/idosi.mejsr.2013.13.7.2801
https://doi.org/10.1016/j.catena.2013.06.025
https://doi.org/10.1007/s00374-011-0644-3
https://doi.org/10.1007/s00374-011-0644-3
https://doi.org/10.1016/j.jenvman.2018.12.085
https://doi.org/10.1016/j.jenvman.2018.12.085
https://doi.org/10.1016/j.biombioe.2014.10.013
https://doi.org/10.1016/j.jhazmat.2018.11.042
https://doi.org/10.1016/j.jhazmat.2018.11.042
https://doi.org/10.1590/1678-992x-2018-0096
https://doi.org/10.1590/1678-992x-2018-0096
https://doi.org/10.4081/ija.2017.831
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref42
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref42
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref42
https://doi.org/10.1002/(SICI)1097-0010(199709)75:1<117::AID-JSFA850>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1097-0010(199709)75:1<117::AID-JSFA850>3.0.CO;2-M
https://doi.org/10.2136/sssaj1972.03615995003600020021x
https://doi.org/10.2136/sssaj1972.03615995003600020021x
https://doi.org/10.5194/bg-11-6613-2014
https://doi.org/10.5194/bg-11-6613-2014
https://doi.org/10.1016/j.still.2014.10.014
https://doi.org/10.1007/s11104-010-0609-6
https://doi.org/10.1016/j.orggeochem.2011.09.002
https://doi.org/10.1016/j.orggeochem.2011.09.002
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref49
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref49
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref50
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref50
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref50
https://doi.org/10.1016/j.geoderma.2016.04.020
https://doi.org/10.1016/j.geoderma.2016.04.020
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref52
https://doi.org/10.1111/j.1365-2389.1997.tb00545.x
https://doi.org/10.1016/S1002-0160(20)60034-0
https://doi.org/10.1016/S1002-0160(20)60034-0
https://doi.org/10.1080/00380768.2021.1983869
https://doi.org/10.1016/j.chemosphere.2011.08.031
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref57
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref57
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref58
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref58
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref58
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref59
http://refhub.elsevier.com/S0961-9534(23)00213-1/sref59
https://doi.org/10.1071/SR13043
https://doi.org/10.1071/SR13043
https://doi.org/10.1016/j.fcr.2017.11.024
https://doi.org/10.7275/qbpc-gk17
https://doi.org/10.7275/qbpc-gk17
https://doi.org/10.1016/j.geoderma.2013.06.016


Biomass and Bioenergy 176 (2023) 106914

10

[64] Y. Zong, Q. Xiao, S. Lu, Acidity, water retention, and mechanical physical quality 
of a strongly acidic Ultisol amended with biochars derived from different 
feedstocks, J. Soils Sediments 16 (2016) 177–190, https://doi.org/10.1007/ 
s11368-015-1187-2. 

[65] Z.L. Du, J.K. Zhao, Y.D. Wang, Q.Z. Zhang, Biochar addition drives soil 
aggregation and carbon sequestration in aggregate fractions from an intensive 
agricultural system, J. Soils Sediments 17 (2017) 581–589, https://doi.org/ 
10.1007/s11368-015-1349-2. 

[66] C.N. Kelly, J. Benjamin, F.C. Calderon, M.M. Mikha, W. R.D, C.E. Rostad, 
Incorporation of biochar carbon into stable soil aggregates: the role of clay 
mineralogy and other soil characteristics, Pedosphere 27 (2017) 694–704, 
https://doi.org/10.1016/S1002-0160(17)60399-0. 

[67] Q. Zhang, Y. Song, Z. Wu, X. Yan, A. Gunina, Y. Kuzyakov, Z. Xiong, Effects of six- 
year biochar amendment on soil aggregation, crop growth, and nitrogen and 
phosphorus use efficiencies in a rice-wheat rotation, J. Clean. Prod. 242 (2020), 
118435, https://doi.org/10.1016/j.jclepro.2019.118435. 

[68] N. Borchard, M. Schirrmann, M.L. Cayuela, C. Kammann, N. Wrage-Mönnig, J. 
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