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Abstract: Forestry management operations that are designed to prevent wildfires while also protect-
ing the environmental compartments that are directly affected by them, such as soil, are of major
relevance. The valorization of residual forestry biomass into biochar that is then used to be turned
back into forest soils is an approach that meets Circular Economy principles. However, the effects on
soil of the application of biochar that is produced from low-grade forestry biomass are unknown. In
this work, a soil incubation assay was performed with a sandy soil that was amended with biochar
produced from residual forestry biomass (Acacia) to assess its effectiveness in terms of boosting soil
quality. The factorial study comprised the effects of biochar at two pyrolysis temperatures (450 ◦C
and 550 ◦C), four application rates (0%, 3%, 6%, and 10% (w/w)), and three particle size classes
(S < 0.5 mm, M = [0.5; 3.15], and L > 3.15 mm). The soil pH increased for all treatments to suitable
agronomic values (5–7), and the water-holding capacity increased by 69% to 325% when compared to
the control soil. The bioavailability of the plant nutrient elements also increased with the application
rate, especially for treatments with small particles of biochar. Biochar that is made of low-grade
biomass from forestry maintenance operations can be efficiently recycled back into forest soils to
improve the physicochemical properties of agronomic relevance, thus allowing for a reduced water
demand and better soil quality. However, studies on biochar applications in different soils are needed
in order to assess the effectiveness of this approach.

Keywords: residual forestry biomass; biochar; soil quality; pH; water-holding capacity; wildfires

1. Introduction

Population growth has been accelerating resource consumption and overexploitation
due to increases in the industrial, forestry, and agricultural activities that are conducted to
satisfy the need for food and goods; these practices pose environmental threats such as the
contamination and degradation of soils [1,2]. Soil resources are essential to life, since they
provide a wide range of ecosystem goods and services; they also support provisioning,
regulation, and cultural services, such as carbon storage, water regulation, food supply,
soil fertility, and shelter provision [3,4]. The importance of protecting this multi-functional
resource has been endorsed since the launch of the Thematic Strategy for Soil Protection [5].
The strategy highlighted that reclaiming degraded soils has become essential for applying
approaches that convey Circular Economy concepts, such as the sustainable recycling of
carbon and nutrients back into soils [6]. Another important threat to the quality of soil
resources are forest wildfires that degrade several environmental compartments, including
desertification, the loss of biodiversity and vegetation, increased soil erosion, and the loss
of soil quality [7].

In Mediterranean ecosystems, forest wildfires are systemic, and their frequency tends
to increase in accordance with climate change projections. Forest-cleaning activities that are
adequately integrated into the forestry value chain are regarded as the first line of defense
for wildfire prevention. However, these operations generate huge amounts of residual
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forest biomass (RFB) that cannot be legally disposed of in the land and require further
suitable management. Moreover, RFB includes highly flammable plants such as gorse,
broom, and invasive species (e.g., acacia). Quite often, wildfires are strongly linked with
the spreading of these types of biomass that promote fuel accumulation. These species
have been recently identified as drivers for wildfire propagation and thus require urgent
management [8]. On the other hand, these types of biomass do not have the capacity
to be valorized into energy because of their inorganic content (e.g., K, Cl, and Na), and
this poses operating problems related to the ash that is generated during combustion or
gasification processes [9]. However, most of these inorganic materials are valuable plant
macronutrients that could be recycled back into soils. One of the possibilities consists of
the valorization of RFB into biochar through the process of pyrolysis, as well as its further
application in soil that has poor agronomic properties. This approach is expected to have
a positive impact because the biomass inorganic materials are entrapped in the biochar
matrix, thus providing the soil with greater stocks of plant nutrient elements such as P, K,
Ca, Mg, and Na [10–15].

Besides the content of plant nutrient elements, biochar presents other environmental
advantages. Biochar production concerns the thermochemical conversion of biomass at
relatively low temperatures (300–700 ◦C) and under an anoxic environment [15–26]. The
resulting solid product is a carbon-rich material (65 to 90%) that can sequester carbon
and enhance the soil’s agronomic properties by increasing the soil organic matter’s water-
holding capacity (WHC), pH, electrical conductivity (EC), cation exchange capacity, and
nutrient availability [6,12,17,27–34]. The improvements in the soil quality depend greatly
on the properties of the biochar, such as the superficial surface area (SSA), bulk density
(BD), and porosity, as well as on its application rate and particle size (which affect soil
porosity [35,36]). Although the range of pyrolysis temperatures for biochar production is
wide, with optimal ranges between 400 ◦C and 600 ◦C, the process yield decreases with
the pyrolysis temperature [37,38]. High-temperature chars are more stable and have a
higher ash content than lower-temperature chars, which are less stable and present more
volatile matter that can have adverse effects on soil quality [39–41]. On the other hand,
higher temperatures require more energy, and trade-offs must be considered between
the energetic burden of higher pyrolysis temperatures and the economic sustainability of
biochar production when the principles of a Circular Economy are applied to forestry, as
has been analyzed in the literature [39,40].

The water retention in forest soils is of great importance in current climate change
scenarios, and biochar application may play a major role, although gaps exist with respect
to its effectiveness regarding the wide particle size distribution of biochar. Alghamdi,
Alkhasha, and Ibrahim (2020) reported an increase in soil water availability with smaller
particle sizes (<0.1 mm), which was due to an increase in microporosity [36]. A higher SSA
(as great as 230 m2·g−1) promotes a better pore structure, an increase in adsorption ability,
and a greater capacity to retain water [42]. As the BD of biochar is significantly lower
(<0.6 g·cm−3) than the BD of most soils (>1.25 g·cm−3), its application leads to a decrease in
the BD of the amended soil, thus allowing for the movement of air and water through a soil
solution [26,30,42–44]. For example, Alghamdi, Alkhasha, and Ibrahim (2020) reported an
increase in the BD of soil mixtures with biochar at an application rate of 4%; moreover, this
was noted without there being significant differences between the applications of biochar
with distinct particle sizes (2–1 mm, 1–0.5 mm, 0.5–0.1 mm, and <0.1 mm) [36]. This was
also reported by Verheijen et al. (2019), who observed that the application of biochar led to
a decrease of 1–5% in the BD and an increase in the WHC, except with the application rate
of 20% (w/w) (in which no difference was observed [30]). Therefore, it is suggested that
high application rates are to be avoided under the principle of “less is more”.

Most of the physicochemical properties of soil with agronomic relevance are related to
pH. The typical pH values of biochar vary from 6.4 to 9.3, and they tend to rise with an
increase in pyrolysis temperature due to a higher ash content. The ash contains alkaline
inorganic compounds that are able to correct acidic soils; as such, biochar may also act as
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a liming agent [4,45], although the magnitude of the effect does vary. While Zhao, Wang,
and Wang (2014) showed that the application of biochar from rice straw increased the pH
by 0.6–0.8 (to values of 6.25–6.75), a distinct observation was reported by de la Rosa et al.
(2014), who did not achieve a substantial increase in the pH after biochar application at rates
of 5% and 10% (w/w) [46,47]. Additionally, biochar can increase the electrical conductivity
(EC) of the soil due not only to its ash content but also to a larger surface:volume ratio that
allows for a better ion retention capacity, thus increasing the soil quality [45]. Farhain et al.,
2022, studied the effects of biochar produced from wood ashes and pulp and paper sludge
in acidic soils and observed an increase in the pH and EC in the range of 7.3–11 and to a
maximum of 2.5 dS·m−1, respectively [44]. Burrel et al., 2016, also observed an increase in
the EC and soil aggregation (23% to 92%) after the application of biochar produced from
wood shreds, wheat straws, and wine pruning in three different soils (planosol, chernozem,
and cambisol), although the effect size varied among the soils [48].

Despite the agronomic benefits brought by the application of biochar to soils, quite
distinct effects have been reported elsewhere depending on the type of soil in which it is
applied, the feedstock biomass used, the particle size, the potential release of harmful com-
pounds, and the possible off-site effects on biota [12,31,49,50]. Moreover, to the best of our
knowledge, no previous study has addressed the possibility of combining the valorization
of low-grade biomass from forestry cleaning for wildfire prevention with the recycling back
of carbon and nutrients into forest soils to increase the sustainability of the forestry sector.
Therefore, the objectives of this study are (i) to assess the influence of pyrolysis temperature
combined with the biochar particle size in soil properties to establish suitable biochar
application rates; (ii) to obtain comprehensive information allowing for the disentangle-
ment of correlations between these factors; and (iii) to quantify the agronomic gains in
the amended soils in order to provide information for the upscaling of biochar production
from residual forestry biomass. The approach aims at promoting wildfire prevention by
adding value to residual biomass from forestry maintenance operations and returning the
product biochar back to forest soils, for the development of rural economies. This work was
developed in the scope of project BioValChar (reference: PCIF/GVB/0034/2019) which
addresses the valorization of residual biomass from forestry operations into biochar and
further application as a soil amendment.

2. Materials and Methods
2.1. Soil Sampling and Characterization

The soil samples were collected in the Estarreja municipality in north-central Portugal
and consisted of Humic Cambisol from a forest area located in the vicinity of industrial
activity sites. The soil was sieved to a particle size of <2 mm to remove coarse materials
and then air-dried (≈20 ◦C) for 5 days. The pH, electrical conductivity, soil density, and
water-holding capacity were determined. The organic matter content was determined
by loss on ignition (LOI), in which the sample was ignited to 550 ◦C for 4 h in a muffle
furnace [29].

2.2. Biochar Preparation and Characterization

Acacia (Acacia longifolia) resulting from forestry management operations for wildfire
prevention was used as feedstock to produce biochar via pyrolysis in a lab-scale auger-
type reactor with continuous operation (biomass processing capacity up to 1 kg·h−1). It
was located at the Department of Environment and Planning of the University of Aveiro,
Portugal. The pyrolysis was conducted at two temperatures, 450 ◦C and 550 ◦C, to evaluate
the influence of pyrolysis temperature on the properties of biochar as a soil amendment.
The pyrolysis temperature in the auger reactor was controlled using an automatic control
and monitoring system. This range of temperature was chosen based on the literature as
the most appropriate for producing biochar to be used as a soil amendment. Despite this,
the increase in pyrolysis temperature from 450 ◦C to 550 ◦C is recognized as resulting in a
less reactive biochar [39,41], e.g., with lower volatile matter content and more stable fixed
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carbon, and thus, it was chosen to evaluate how this increase in the temperature of biochar
production influences the soil properties upon its application. The biochar was collected
unsorted and then sieved to obtain three particle size classes, classified as S < 0.5 mm,
M = [0.5; 3.15], and L > 3.15 mm. The proximate analysis was performed following
the CEN/TS 14774-3:2004 (E), CEN/TS 14775:2004 (E), and CEN/TS 15148:2005 (E) to
determine the moisture, ash, and volatile matter contents, respectively. The content of
fixed carbon was calculated through the difference between the volatile matter and the ash
content. The contents of carbon, hydrogen, nitrogen, and sulfur were determined through
an Elemental Analyzer Model EA1108, Fisons Instruments. The content of oxygen was
determined using Equation (1):

WO = 1 − (WC + WH + WN + WS + Wash) (1)

where WC is the mass fraction of carbon (kg·kgbiochar
−1

dry basis(db)), WH is the mass fraction
of hydrogen (kg·kgbiochar

−1
db), WN is the mass fraction of nitrogen (kg·kgbiochar

−1
db),

WS is the mass fraction of sulfur (kg·kgbiochar
−1

db), and Wash is the mass fraction of ash
(kg·kgbiochar

−1
db).

2.3. Pot Incubation Assay

The pot incubation assay was designed on a factorial basis with three independent
variables (factors): three particle sizes, S < 0.5 mm, M = [0.5; 3.15], and L > 3.15 mm; two
pyrolysis temperatures, 450 ◦C and 550 ◦C; and four application rates of 0% (control), 3%,
6%, and 10% (w/w). To each pot, 200 g of the mixture of soil and biochar was added, and
3 replicates were performed (n = 57). The incubation of the biochar in the soil lasted for
50 days, and the water-holding capacity (WHC) of the treatments was maintained at
a range of 20 to 85% through regular weighing of the pots and replenishment with
distilled water.

2.4. Analytical Methods
2.4.1. Water-Holding Capacity (WHC)

The WHC was determined according to Annex A of the ISO 14240-2 international
standard with necessary adaptations. We added 50 g of the treatment mixture into a cup
with holes in the bottom and wet filter paper to account for its absorption. The mixtures
were weighed and then saturated for a period of 8 h. Immediately after the saturation, they
were placed into a deep platter to allow the water to drain for a period of 24 h; the tops of
the cups were covered to prevent losses by evaporation. The cups were weighed after the
drainage period and placed in a furnace at 105 ◦C for 24 h. The WHC was calculated as the
ratio between the difference of the weight before and after saturation and the dry weight
after 24 h in the furnace at 105 ◦C [51].

2.4.2. Extractable Elements

The extractable phosphorus, magnesium, calcium, sodium, and potassium were ex-
tracted using Mehlich III extraction. The extraction was performed by adding 20 mL of
Mehlich III extraction solution to 2 g of the sample, shaking for 5 min at 200 rpm, and
filtrating (Whatman no. 42). For the determination of P, the 4500P-E-Ascorbic acid method
was followed, and the extract was analyzed through spectrophotometry using a PG In-
struments T80+ UV/Visible Spectrophotometer. For the determination of K, Na, Mg, and
Ca, the extracts were diluted 1:10 with distilled water in a volumetric flask of 50 mL, and
1 mL of a solution of cesium chloride and lanthanum chloride (0.06% CsCl + 0.2% LaCl3)
was added [52]. The K and Na were determined via flame emission, while Mg and Ca
were determined via atomic absorption using an Atomic Absorption Spectrophotometer
GBC 904AA.
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2.4.3. pH and Electrical Conductivity (EC)

The pH was analyzed following the ISO 10390 international standard with extraction 1:5
(v/v) with CaCl2, shaken for 1 h, and analyzed using a Multi-parameter Analyzer Consort™
C861 (SPW Industrial, Laguna Hills, CA, USA) [53]. The electric conductivity was analyzed
following the ISO 11265 international standard with extraction 1:5 (w/v) with distilled water.
Afterwards, the solution was shaken for 30 min at 300 rpm and then filtrated through a 45 µm
nitrocellulose filter [54]. The extract was then measured using a Multi-parameter Analyzer
Consort™ C861.

2.4.4. Statistical Analysis

The three factors (pyrolysis temperature, application rate, and particle size) of this
study were analyzed through a factorial multivariate variance analysis (MANOVA) at
a confidence level of 95%. The significance levels of the pyrolysis temperature, biochar
particle size, and application rate, as well as their interactions, were tested on the dependent
variables: pH, electrical conductivity, and plant nutrient elements (P, Na, Mg, Ca, and
K). The values of skewness and kurtosis between −2 and 2 were verified to support the
assumption of normality when the Shapiro–Wilk test was significant. The homogeneity of
the variances was tested through Levene’s test and verified for all cases. The significance
between factors was statistically significant (p-value < 0.05) according to Pillay’s Trace test,
which was applied when the normality assumption was violated. The correlation between
the dependent variables (pH, EC, and bioavailable plant nutrient elements) was analyzed
through a Pearson correlation matrix. Due to the unequal sample sizes, the significance of
the pyrolysis temperature, the biochar particle size, and the application rate in the WHC
were analyzed via the Kruskal–Wallis test. Statistical analysis was performed using the
software IBM SPSS v.28.0.1.0.

3. Results
3.1. Soil and Biochar Characterization

The sandy soil was collected from a forestry area in north-central Portugal and sub-
jected to pre-treatment prior to its characterization. Its physicochemical characterization is
shown in Table 1. The soil was acidic, with a very low organic matter content (1%) com-
bined with a limited water-holding capacity (16%). Although these values are typical of
sandy soils, these properties are unfavorable for plant establishment and development [55].

Table 1. Organic matter (OM), pH, electrical conductivity (EC), bulk density (BD), water-holding
capacity (WHC), and plant nutrient elements of the studied soil.

Parameters Soil

pH 3.86 ± 0.09
EC (µS·cm−1) 6.3 ± 0.3

OM (%) 1.0 ± (4.0 × 10−2)
WHC (%) 16 ± 3

BD (g·cm−3) 1.5 ± (4.5 × 10−2)

Plant nutrient elements
(mg·kg−1

db *)

P 4.96 ± 0.08
Ca 108 ± 8
Mg 20 ± 1
K 9.6 ± 0.5

Na 11 ± 4
* kg of soil on a dry basis.

The biochar was produced from chopped acacia biomass at two pyrolysis temperatures
of 450 ◦C and 550 ◦C and thereafter was sieved into three particle size classes which had
been selected as variables for the incubation assay. The biochar produced at 450 ◦C had a
greater amount of particles L (>3.15 mm) when compared to the biochar produced at 550 ◦C
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(29% and 13%, respectively), while medium particle sizes (0.5–3.15 mm) were predominant
for the biochar produced at both 450 ◦C and 550 ◦C, with 48% and 52.4%, respectively.

Figure 1 presents the proximate and elemental analysis of both biochars, regardless of
the particle size classes. The biochar produced at 450 ◦C showed lower ash and fixed carbon
content (5% and 60%, respectively) when compared to the biochar produced at 550 ◦C (6%
and 71%, respectively), which is in agreement with a higher content of volatile matter (35%)
than in the 550 ◦C biochar (21%). As expected, the biochar produced at 550 ◦C had a higher
content of C (78%) and lower content of O (12%) when compared to the biochar produced
at 450 ◦C (70% and 19%, respectively); the values of H, N, and S did not vary substantially
(3%, 2%, and 0.1%). This observation was expected, since higher pyrolysis temperatures
promote the removal of volatile matter and, therefore, greater stability in the chars. These
ranges of values are in agreement with most values found in the literature.
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Figure 1. Values of the (a) proximate and (b) elemental analysis of biochar produced at 450 ◦C and
550 ◦C.

The pH of the biochar was in the range of 6.2–7.0, and the EC was in the range of
379–515 µS·cm−1; the highest values were found for the biochar produced at 550 ◦C. In fact,
higher temperature chars are expected to contain large pools of polycondensed aromatic
structures that promote electrical conductivity [56]. Regarding the BD of the particle size
classes S, M, and L, there were no substantial differences among biochars produced at
either temperature. The BD values were 0.13 g·cm−3 for the larger particles (M and L) and
0.33 g·cm−3 for the smaller particles (S) due to the smaller bulk volume of this particle
size class.

3.2. Water-Holding Capacity

The water-holding capacity (WHC) values for the small-, medium-, and large-sized
biochar particles incubated in the soil at application rates of 3%, 6%, and 10% (w/w) are
shown in Figure 2.

A maximum WHC of 68% was recorded at a 10% (w/w) application rate of the particle
size class M of biochar produced at 550 ◦C, while a minimum value of 25% was obtained
at a 3% (w/w) application rate of the particle size class S of biochar produced at 450 ◦C. A
remarkable increase of 56% to 325% was observed in all the treatments when compared to
the control soil (Figure 2), and the increase was positively related to the application rate
regardless of the particle size or pyrolysis temperature. The biochar produced at 550 ◦C
generally produced higher values of WHC when compared to the biochar produced at the
lowest temperature, except at the 6% and 10% (w/w) application rates of the particle size
class S. When comparing the particle size, the medium particles produced higher WHC
values, with increases in the range of 194% to 225% and 125% to 325% for the biochars
produced at 450 ◦C and 550 ◦C, respectively. The reason for this may be attributed to a
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dual factor. First, a high quantity of small particles within the M particle size class might
have induced better filling in the soil pores, therefore maximizing the biochar’s potential to
retain water. While this fact could also be true for the S particle size class, the M particle
size class showed lower bulk density than the S-class, which induced higher porosity in
the soil. Both the particle size and application rate had statistically significant effects on
the WHC (p-value < 0.001). Within the application size, the M particles were statistically
different from the larger and smaller particle sizes, whereas the 3% (w/w) application rate
was statistically different from the remaining application rates.
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Figure 2. Water-holding capacity of biochar incubated in soil compared to the negative control
(dotted line).

3.3. pH and EC

The pH increased for all the treatments (Figure 3a), from 3.9 for the control to values
of 5 to 7 (biochar 450 ◦C, particle size L > 3.15 mm, and application rate 10% (w/w); particle
size S < 0.5 mm and application rate 3% (w/w), respectively). The EC (Figure 3b) varied
between 28.6 µS·cm−1 and 111.73 µS·cm−1 for the biochar produced at 550 ◦C, with a
particle size S < 0.5 mm and application rate of 3% (w/w) and a particle size M = [0.5, 3.15]
and application rate of 10% (w/w), respectively.
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Figure 3. Values of (a) pH and (b) electrical conductivity for the treatment mixtures assorted by
application rate (3%, 6%, and 10% (w/w), which correspond to the blue, orange, and grey columns,
respectively), particle size (S < 0.5 mm, M = [0.5, 3.15], and L > 3.15 mm), and pyrolysis temperatures,
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The increase in pH was directly proportional to the application rate for all the par-
ticle sizes and pyrolysis temperatures. All of the factors were statistically significant
(p-value < 0.05), although the application rate and particle size had greater influences on
its variance (partial eta squared of 0.946 and 0.906, respectively). As shown in Figure 3a,
the pH of the biochar produced at 450 ◦C decreased with the increase in the application
rate. The increase in EC was directly proportional to the application rate and particle
size, and both the pyrolysis temperature and application rate were statistically significant
(p-value of 0.00). In this case, the application rate had the highest influence on its variance
(partial eta squared of 0.66).

3.4. Extractable Elements

The values of the bioavailable plant nutrient elements P, Ca, Mg, Na, and K for all
treatments are presented in Figure 4. The P concentration, Figure 4e, increased for all the
treatments except for the 3% (w/w) application rate with particle size L at both biochar
temperatures. In turn, the P concentrations in the remaining treatments increased by
between 4 and 72%, with the greatest increase corresponding to a 10% (w/w) application rate
of particle size L of the 450 ◦C biochar with a value of 9.85 mg·kg−1

db. The P concentration
was directly proportional to the application rate and biochar particle size. The single
effects of application rate, particle size, and the interaction between the particle size and
application rate were statistically significant, with the particle size and application rate
having the highest effect on its variance (partial eta squared of 0.822 and 0.883, respectively).

The same patterns were observed for the concentrations of Ca and K (Figure 4a,c), in
which the increase was directly proportional to the biochar particle size and application
rate. The Ca concentration of the treatments reached values of 154–422 mg·kg−1

db, corre-
sponding to an increase of 25 to 243% when compared to the control soil, for a 3% (w/w)
application rate of particle size L and for a 10% (w/w) application rate of particle size L
of the biochar produced at 450 ◦C, respectively. All the factors and their interactions had
statistically significant effects on the Ca concentration, but the particle size and application
rate had greater effects on its variance, with partial eta squared values of 0.911 and 0.884,
respectively. In turn, K reached concentrations of 55–187 mg kg−1

db, which corresponded
to an increase of 226% to 1008% for the 3% and 10% (w/w) application rates of particle
size L of the 450 ◦C biochar, respectively. The application rate and pyrolysis temperature
had statistically significant effects on the K concentration and its variance, with partial eta
squared values of 0.857 and 0.824, respectively.

The Mg concentration of the treatments (Figure 4b) was indirectly proportional to the
biochar particle size, with maximum values of 20–43 mg·kg−1

db, which corresponded to an
increase of 5% to 127% for the 3% (w/w) application rate of particle size L and the 10% (w/w)
application rate of particle size M of the 450 ◦C biochar, respectively. The concentration was
significantly affected by all the factors, with little influence of the pyrolysis temperature
(partial eta squared of 0.022). Conversely, the Na concentrations (Figure 4d) did not present
a clear pattern and were only significantly affected by the pyrolysis temperature, with
a relatively low effect on its variance (partial eta squared of 0.379). The maximum Na
concentrations were in the range of 154–284 mg·kg−1

db, corresponding to increases of 3%
to 89% for the 3% (w/w) application rate of particle size M of the 450 ◦C biochar and the 6%
(w/w) application rate of particle size L of the 550 ◦C biochar, respectively. However, the
6% (w/w) application rate of particle size S of the 450 ◦C biochar led to a decrease of 9%
with a value of 136 mg·kg−1

db.

3.5. Correlation between Dependent Variables

Table 2 depicts the Pearson correlations between the pH, EC, and bioavailable concen-
trations of plant nutrient elements. The EC was positively correlated with the concentration
of P (27%), Mg (34%), Ca (33%), and K (69%). The pH was strongly correlated with the EC
and with the plant nutrient element concentration, except for Na, with correlations ranging
from 50 to 82%. The Na concentration showed the lowest number of correlations, being
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only weakly correlated with the Mg and K (<57%). Regarding the remaining plant nutrient
elements, the P concentrations were significantly correlated with the concentrations of Ca,
K, and Mg, while the Ca concentrations were significantly correlated with all the dependent
variables except for the Na concentrations. The Mg and K concentrations were correlated
with all the variables. All correlations were positive, thus showing that an increase in one
variable could lead to a significant increase in another.
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Figure 4. Plant nutrient element concentrations in the soil treatments assorted by particle size
(S < 0.5 mm, M = [0.5, 3.15], and L > 3.15 mm, corresponding to the blue, orange, and grey columns,
respectively); application rate; and pyrolysis temperatures: (a) K, (b) Mg (B), (c) Ca, (d) Na, and (e) P,
with the control soil as a reference (black column).
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Table 2. Pearson correlation coefficients between the dependent variables of pH, EC, and plant
nutrient elements.

pH EC P Ca Mg K Na

pH 0.501 ** 0.595 ** 0.820 ** 0.645 ** 0.724 ** 0.220
EC 0.501 ** 0.269 0.335 * 0.330 * 0.692 ** 0.224
P 0.595 ** 0.269 0.808 ** 0.576 ** 0.287 0.028

Ca 0.820 ** 0.335 * 0.808 ** 0.787 ** 0.434 * 0.131
Mg 0.645 ** 0.330 * 0.576 ** 0.787 ** 0.550 ** 0.442 **
K 0.724 ** 0.692 ** 0.287 0.434 * 0.550 ** 0.573 **

Na 0.220 0.224 0.028 0.131 0.442 ** 0.573 **

* Correlation is significant at the 0.05 level (2-tailed); ** correlation is significant at the 0.01 level (2-tailed).

4. Discussion

The biochar produced at 450 ◦C had a higher amount of L particles (>3.15 mm) when
compared to the biochar produced at 550 ◦C (29% and 13%, respectively). This can be
explained by a decrease in the feedstock biomass resistance and an increase in friction that
led to a reduction in the particle size as a result of the higher temperature [57]. Regarding
the BD (0.13–0.33 g cm−3), the values were similar to those reported by Burrell et al., 2016,
in which values of 0.22 g·cm−3, 0.47 g·cm−3, 0.44 g·cm−3, and 0.36 g·cm−3 were achieved in
biochar produced from straw, woodchip, and vineyards at 525 ◦C, as well as from vineyards
at 400 ◦C, respectively [48]. A decrease in the BD along with the increase in biochar particle
size was also observed by Verheijen et al., 2019, in which the BD was in the range of
0.33 g·cm−3, 0.24 g·cm−3, and 0.22 g·cm−3 for the small (0.05 to 1 mm), unsorted, and
large (2 to 4 mm) biochar particle sizes, respectively [30]. According to Dhar, Sakib, and
Hilary, 2022, an increase in the pyrolysis temperature from 350 to 600 ◦C led to a decrease
in the bulk density of the biochar from 0.55 g·cm−3 to 0.39 g·cm−3. This could be due to an
increase in the formation of porous structures in biochar occurring along with the increase
in temperature [58].

The water-holding capacity of the treatments was substantially higher than that
observed in the control soil (16%), with an increase of 69% to 325%. The presence of
macropores in the biochar, due to the friction and cracking during the pyrolysis process, led
to a retention of water due to capillarity [23,59]. The observed increase could be explained
by a decrease in the BD of the soil leading to an increase in its porosity but also by an
increase in the soil storage pores and pore rearrangement between grains provided by
the biochar amendment [18,30,60]. The M-sized particles induced a greater WHC than
the L-sized particles, which can be attributed to the filling of the pores of the soil by the
smaller biochar particles, leading to a decrease in its permeability [61]. However, this was
not observed for the S-sized particles, which could be due to slight shifts in the BD, since
these particles had a higher BD (0.33 g·cm−3) than the M and L particles (0.13 g·cm−3).
Głąb et al., 2016, observed a less significant decrease in the bulk density of the soils with
the application of the smaller particle sizes of biochar (0–0.5 and 0.5–1 mm) [22]. Similar
results were obtained by Fu et al., 2021, who assessed the hydraulic properties of desert
soils amended with biochar at variable application rates (0 to 4% (w/w)) and particle sizes
(0–0.25, 0.25–1, and 1–2 mm). These authors reported that the available water content
increased with an increasing application rate up to 115% when compared to the control
soil [18]. Laghari et al., 2015, also demonstrated that soils amended with biochar retained
more water against evaporation and gravity and obtained an increase of 6.9% in WHC
after 0.6% (w/w) biochar application [61]. An increase of 48% in the WHC upon a 20 %
(v/v) application of biochar was also reported by Verheijen et al., 2019. These authors also
observed an increase in the WHC after the application of smaller particle sizes (0.05 to
1 mm) when compared to the application of unsorted and larger particle sizes (2 to 4 mm)
in sandy soils [30]. Agegnehu et al., 2016, observed an increase in the water content upon a
5% to 10% (w/w) application of wood and maize stalk biochar, which was pyrolyzed at
550 ◦C [62].
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The pH increased substantially in all treatments when compared to the control soil
(3.9), reaching a maximum value of 7 (10% (w/w) application rate of particles S < 0.15 mm
in size of the biochar produced at 450 ◦C), which can be explained by the biochar’s capacity
to act as a liming agent combined with the soil’s poor buffering capacity [4]. These results
differ from those observed by de La Rosa et al., 2014, in which the application of biochar
at rates of 10% to 20% (w/w) did not substantially change the soil pH, since it already
presented an alkaline nature [46]. Watzinger et al., 2014, also observed an increase in the
soil pH after biochar application that was related to the initially acidic pH of the soil, as
shown in the present study [42]. Moreover, Zheng et al., 2018, attributed no significant
changes in the soil pH after the application of biochar (application rates of 0.5%, 5%, and
10% (w/w)) to the high buffer capacity of the saline–sodic soils [12]. Chan et al., 2007,
observed an increase in the WHC and pH of the soil with increasing application rates (0%
to 2.8% (w/w)) of biochar produced from green waste [63].

Biochar amendment did not produce marked changes in the EC as compared to the
control soil (48.63 µS·cm−1). There was a slight increase after the 10% (w/w) application
of biochar from particle size classes M and L. Moreover, the values obtained with the
treatments using biochar produced at 550 ◦C tended to be higher than those obtained with
biochar produced at 450 ◦C, which may be explained by the higher content of ashes in
the biochar produced at higher temperatures. This is due to volatilization and consequent
concentration of inorganic compounds in the carbonaceous matrix [60]. These results were
similar to what Farhain et al., 2022, observed, i.e., increases in EC up to 2.5 dS·m−1 in
biochar-amended soils [44]. Burrel et al., 2016, also observed an increase in the EC in three
different soils after the application of biochar produced at 525 ◦C [48].

The bioavailable concentrations of P, Ca, and K were directly proportional to the
biochar application rate (increase of 4% to 72%, 25% to 243%, and 226% to 1008%, respec-
tively), although they were indirectly proportional to the particle size, which could be due
to the higher difficulty of incorporating the coarse particles of biochar into the soil, and this
should be considered for field-scale applications of biochar. The increase in bioavailable
plant nutrient elements in soil could be related not only to the chemical properties of the
utilized biomass but also to the improvements in the WHC that lead to a reduced runoff
of water and, consequently, to a decrease in nutrient leaching [3,21,27,46]. According to
Shaaban et al., 2018, biochar application can reduce the formation of phosphate precipitates
and consequently increase the P availability, and this was also observed by Xu et al., 2013,
who observed an increase in soluble P that was significantly related to a decrease in soil
acidity due to biochar application [29,34]. Farhangi-Abriz and Torabian, 2018, observed
similar results, with an increase in K, Mg, and Ca concentrations and a decrease in Na
concentrations due to biochar adsorption and assimilation. This occurred after the use
of 5% and 10% (w/w) application rates of biochar produced at 560 ◦C in saline soils [64].
Zheng et al., 2018, observed an increase in P concentrations of 7.6–16.8% in application
rates of 1.5% to 10% (w/w) of biochar produced at 350 ◦C [12]. In the present study, the
nutrient concentration was positively correlated with the pH. This is the opposite of what
was observed by Xu et al., 2013, who showed a decrease in the water-soluble concentrations
of K, Ca, Na, and Mg with the increase in soil pH [34]. Additionally, an increase in the
nutrient supply (K and P) from biochar could also lead to an increase in the dry matter of
the plants, as reported by Chan et al., 2007 [63].

The extent of the improvements in the pH, EC, WHC, and nutrient concentration
provided by biochar amendment is ultimately related to the type of soil that is treated and
the characteristics of the biomass that is used [3,5,27]. Nevertheless, biochar application
has been seen as a Circular Economy pathway, and the quantification of physicochemical
gains in soils is the first step towards developing management strategies for improved soil
quality and fertility.
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5. Conclusions

Biochar application significantly improved the physicochemical properties of sandy
soil. The water-holding capacity increased to values between 25% and 68%. As more water
is retained by the soil, a greater amount of water available for plants is provided, and
consequently, there is less of a need for irrigation. This enhanced water retention also
mitigates nutrient leaching, as observed by the increase in the bioavailable concentration of
P, Ca, Mg, K, and Na.

The analysis conducted to assess the improvements in plant nutrient element concen-
tration and water-holding capacity in the amended soil was indicative that the process is
mainly governed by the biochar application rate and particle size, while the effect of the
pyrolysis temperature used to produce biochar presented the lowest significance in terms
of the variance in the parameters. The observed results may be explained as a consequence
of alterations in soil pores and structure by biochar application, as evidenced by the effects
of the medium-sized particles, which improved the water retention of the soil, and the
smaller particles, which increased the nutrient concentration. However, larger biochar
particles did not show additional advantages within the variables under study, which is
of major importance, since M particles are the predominant particle size classes in most
biochars produced from residual forest biomass. The predominance of this particle size in
biochar results from the friction process during pyrolysis, which reduces the need to sieve
the biochar, thus facilitating its application after production.

The biochar used as a soil amendment was produced by pyrolysis of residual forestry
biomass collected during forestry maintenance operations for wildfire prevention, thus
following the principles of residue valorization in a Circular Economy context. This
biochar from low-grade biomass was shown to promote agronomic improvements when
applied in acidic, sandy soil with a high permeability. However, it is recommended that
further studies be conducted regarding the application of this type of biochar in different
soils to assess the effectiveness of this approach of using residual biomass as biochar for
soil amendment.
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