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Abstract: Biochar application is reported as a method for improving physical and chemical soil
properties, with a still questionable impact on the crop yields and quality. Plant productivity can
be affected by biochar properties and soil conditions. High efficiency of biochar application was
reported many times for plant cultivation in tropical and arid climates; however, the knowledge of
how the biochar affects soils in temperate climate zones exhibiting different properties is still limited.
Therefore, a three-year-long field experiment was conducted on a loamy Haplic Luvisol, a common
arable soil in Central Europe, to extend the laboratory-scale experiments on biochar effectiveness. A
low-temperature pinewood biochar was applied at the rate of 50 t h−1, and maize was selected as a
tested crop. Biochar application did not significantly impact the chemical soil properties and fertility
of tested soil. However, biochar improved soil physical properties and water retention, reducing
plant water stress during hot dry summers, and thus resulting in better maize growth and higher
yields. Limited influence of the low-temperature biochar on soil properties suggests the crucial
importance of biochar-production technology and biochar properties on the effectiveness and validity
of its application in agriculture.

Keywords: pinewood biochar; soil properties; maize; crop yields

1. Introduction

Soil fertility is the ability of the soil to ensure and sustain crop productivity. Low soil
fertility is a common problem in many regions around the world [1]. In soils with low
soil organic matter (SOM), content and coarse texture essential plant nutrients are easily
leached from topsoil layer by rain water or become unavailable during drought periods.
Relatively higher temperatures enhance SOM mineralization, resulting in the decrease of
aggregate stability and capacity to retain water and nutrients. This phenomenon become
one of the most important challenges towards sustainable agronomy and crop produc-
tion [2]. Sustainable agriculture can be defined as “the management and conservation of
the natural resource base, and the orientation of technological change in such a manner as
to ensure the attainment of continued satisfaction of human needs for present and future
generations [3]. Recently biochar became one of the most promising solutions mitigating
problem of climate change and soil degradation. Returning crop waste into the soil, through
organic amendments, represents a sustainable management strategy mitigating the human
impacts on soil. As most of the research reported beneficial effects of biochar application to
tropical and arid soils and improvement of growth of local plants species [4–9], there is an
urgent need to extend field research on biochar application on soils and plants cultivated
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in temperate climate. A large variety of results and plant responses reports show that
biochar properties and soil conditions are the most important factors influencing efficiency
of amended application to soil and plant growth improvement [10,11]. In terms of soil
application, pyrolysis temperature can be crucial in predicting possible soil effects. Biochars
made at higher temperatures typically have larger surface areas [12], with high porosity [1]
and C content [13], commonly along with an alkaline reaction [14], higher C:N ratio [15],
lower dissolved organic carbon (DOC) content [16] and lower nutrient availability [17].
The low temperature biochars can be more efficient as slow-release fertilizers [18]. As the
higher pyrolysis temperatures increase the cost of biochar production, thus decreasing
the biochar yield, the most available commercial biochars are low-temperature materials
produced from easily available biomass, mainly hardwood and woodchips. Since rela-
tively little information is available regarding the application of this type of biochars as
an organic amendment, compared to the variety of data obtained from laboratory-scale
incubations and pot experiments with high-temperature biochars [19,20], our study aimed
at achieving a wide understanding on the influence of different factors (such as the pyroly-
sis temperature, biochar application rate and soil texture) on the crop-response variables.
The described study was probably the first field trial in Poland that tested biochar impact
on maize yields and soil properties over the long-term. We hypothesized that biochar
application will improve soil properties, especially water retention, and test crop growth,
but the long-term effect may depend on the quality of the biochar resulting from technology
of its preparation. Our results provide the agronomic context of commercially available
biochar application to soils.

2. Materials and Methods
2.1. Study Area and Experimental Design

The field experiment was conducted from mid-April 2014 to mid-April 2016, on a
field in the suburbs of Opole city in Southwestern Poland (50◦57’40” N, 17◦89’08” E). In
spring 2018, experimental plots were resampled, to measure soil properties four years after
pinewood biochar application. The farm was conventionally managed for maize and rape
seed crop production. The climate of the area is moderately warm, with a mean annual air
temperature (MAAT) of 8.4 ◦C and mean annual precipitation (MAP) of 611 mm. During
years 2014–2018, MAAT was higher (10.5 ◦C) and MAP was 529 mm; MAP was extremely
low, at 358 mm, in year 2015, which was registered as having had the warmest and driest
summer of past decade in Poland. Detailed data on the temperature and precipitation
are presented in the supplementary data (Supplementary Materials Table S11). The soil
under investigation was the Haplic Luvisol (Food and Agriculture Organization of United
Nations and World Reference Base soil classification system) with the texture class of sandy
loam (in the 0–10 cm layer; Figure 1a and average content of 2%, 29% and 69% of clay,
silt and sand, respectively. Biochar used in the experiment is presented in Figure 1b. The
experiment was designed in 2 plots, 13 m × 5 m, with 3 blocks each (3 m × 3 m) and buffer
areas: between blocks 2 m wide and between plots 5 m wide (see Figure 2b).

The two blocks consisted of the following treatments (plots): (C-S) control soil with no
addition of biochar, and soil with pinewood biochar (PBC-S). Amended soil with pinewood
biochar at a rate of 50 t ha−1. The particle size fraction of pinewood biochar applied into
the field was between 2 and 20 mm (see Figure 1b). Biochar was raked out on the surface
of the plots, and all the plots were ploughed to the depth of 30 cm (see Figure 2b). The field
was sown with maize (Zea mays L.) variety P8745 (FAO 250, Pioneer® Company, Tokyo,
Japan), on 23 April 2014, 30 April 2015 and 16 April 2016. Starter fertilizer dose was used
at the beginning of the experiment, and 25 kg h−1 of ammonium phosphate, containing
NP(S) 18-45(5) (Polidap®, Grupa Azoty Police S.A., Bydgoszcz, Poland) was applied in
biochar and control treatments. During the experiment period, no additional fertilization,
liming, irrigation and spraying against weeds and diseases were applied. Weeds were
harvested manually during the vegetation season. Figure 3 presents maize growth after
the first vegetative season, before sample collection.
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Figure 1. (a) Sandy loam (Haplic Luvisol) soil in the field. (b) Low-temperature pinewood of biochar sample used in the 
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Figure 2. (a) Experimental block with three visible plots with biochar addition, before ploughing. (b) Plowing of experi-
mental area (photos taken by co-author J.K., 23.04.2014). 
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2.2. Soil Sample Collection and Analysis

Soil samples were collected twice a year, in mid-April and mid-October. Four samples
from each plot (3 × 3 m) were collected from the depth of 10 cm. During first year of the
experiment, six samples were collected from each plot, to determine soil heterogeneity. As
the soil samples collected from each plot were relatively homogeneous, in the next years,
the soil subsamples were mixed, to form one composite sample from a plot. After soil
drying, grinding and sieving, the following physicochemical properties were analyzed in
the fine-earth fraction (<2 mm). Soil pH in deionized H2O and 1 M KCl were analyzed in a
suspension 1:5 (w/v), using a potentiometric method (Mettler Toledo, Graifensee, Switzer-
land). Total organic carbon (TOC) was measured by dry combustion method (CS–Mat
Analyzer Strohlein Instruments, Kaarst, Germany). Total nitrogen was determined by
Kjedhal method (Buchi Labortechnik GmbH, Essen, Germany). Exchangeable acidity was
measured by titration of soil extracts, to the endpoint, at pH 8.3, after sample extraction
with 1 M KCl. Exchangeable cations (Ca2+, Mg2+, Na+ and K+) in the soils were extracted
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with 1 M NH4OAc at pH 7.0 (1:10 w/v), and their concentration in extracts was measured
by using a Microwave Plasma–Atomic Emission Spectrometry (MP–AES 4200 Agilent
Technologies, Santa Clara, CA, USA). Effective cation-exchange capacity (ECEC) of control
and biochar-amended soil was estimated from sum of exchangeable acidity and exchange-
able base cations. Total content of P, K, Ca and Mg was analyzed on MP–AES 4200, after
microwave sample digestion in 70% nitric acid (1:10 w/v ratio), in a digestion microwave
system StartD (Milestone Srl. Sorisole, Italy). Soil samples from C-S and PBC-S treatments
for bulk density (BD) analysis were collected with 100 cm−3 Kopecky metal rings [21],
once during the experiment period, in Autumn 2014, six months after PBC application to
soil. The specific gravity was determined by the Pyknometer method [22]. Porosity was
calculated based on bulk density and soil texture, according to the Brogowski et al. [23]
equation. Soil water-retention characteristics θ(h) were measured between pF 1 and 4.2,
gravimetrically, with sand and a kaolin box, in the range of 0–10 kPa and 10–100 kPa,
respectively, and higher pressures (100–1500 kPa) were measured with a ceramic plate
pressure apparatus (Eijkelkamp Soil & Water, Giesbeek, Netherlands). Available water for
the plants was calculated as the difference of θ between field capacity (FC) (−33 kPa) and
the permanent wilting point (PWP) (−1500 kPa).
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2.3. Biochar Analysis

The biochar used in the experiment was produced by the low-temperature flash pyrol-
ysis (300 ◦C) of pinewood chips (see Figure 1b). Its heating value was 25 MJ kg−1. Before
the experiment, selected properties of biochar (pH, organic carbon content, cation exchange
capacity, heavy metal content and polycyclic aromatic carbons (PAHs)) were analyzed ac-
cording to International Biochar Initiative (IBI) Standard Product Definition and Product
Testing Guidelines to describe properties of the material before its application to soil. The pH
of biochar was analyzed in a suspension 1:5 (w/v), using a potentiometric method (Mettler
Toledo, Graifensee, Switzerland). Ash content was determined by the ignition of biochar
samples, in a muffle furnace, at 550 ◦C. Elemental composition (CHNS) was determined on
elemental analyzer (CE Instruments Ltd., Hindley, UK). The specific surface area (SSA) was
measured using a Tri-Star II 3020 (Micrometrics®, Norcross, GA, USA) surface area analyzer
(N2-BET method). Total content of P, K, Ca and Mg was analyzed on MP–AES 4200 (Agilent
Technologies, Santa Clara, CA, USA), after sample after microwave sample pretreatment
with 36% H2O2 and digestion in 70% nitric acid (1:10 w/v ratio), in a digestion microwave
system StartD (Milestone Srl., Sorisole, Italy). Available P and K were measured on MP–AES
4200 (Agilent Technologies, Santa Clara, CA, USA, after sample extraction with Mehlich-3
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reagent [24]. Methods of potentially toxic compounds (heavy metals and PAHs) analyses
were described in a previous paper of Gruss et al. [25]. Briefly, basic properties of pinewood
biochar used in the experiment and properties of soil are given in Table 1.

Table 1. Properties of pinewood biochar and the soil collected before the experiment.

Physicochemical Properties Unit Pinewood Biochar Soil

TOC % DM 52.3 ± 0.5 * 0.78 ± 0.12
TN % DM 0.63 ± 0.012 0.08 ± 0.014
C:N n.d. 83:1 9:1

P total % DM 0.52 ± 0.02 0.06 ± 0.01
Ca total % DM 1.40 ± 0.04 0.44 ± 0.03
Mg total % DM 0.11 ± 0.01 0.10 ± 0.01

P available mg kg−1 230 ± 3.5 n.d.
K available mg kg−1 750 ± 6.9 n.d.

pH (H2O) 6.8 ± 0.2 6.87 ± 0.17
Exchangeable acidity cmol (+) kg−1 3.8 ± 0.5 1.35 ± 0.14

Effective cation exchange cmol (+) kg−1 6.64 ± 0.16 6.83 ± 0.13
Bulk density cm3 g−1 0.65 ± 0.05 1.54 ± 0.2

Texture - n.d. sandy loam
Water available for plants % n.d. 38.5 ± 0.3

Porosity % n.d. 43.7 ± 0.5
Specific Surface Area m2 g−1 16.5 ± 0.3 n.d.

Ash %DM 46.1 ± 0.3 n.d.
* Values are means ± standard deviation (n = 3). TOC = total organic carbon content, TN = total nitrogen content,
DM = dry mass, n.d. = property was not determined.

2.4. Statistical Analysis

Soil basic properties parameters were statistically tested using Student’s t-test on the
significance level p < 0.05, with R v3.6.0 software (Agricolae package). Maize (Zea mays
L.) growth, nutrient uptake and yield were statistically tested, using Student’s t-test or
Mann–Whitney U test on the significance level p < 0.05, with Statistica 13.3 software.

3. Results
3.1. Soil and Biochar Chemical Properties

The organic carbon content in the pinewood biochar (PBC) was 52.3%, and ash content
was 46.1% (Table 1). The specific surface area (SSA) was very low, only 16.5 m2 g−1, and
effective cation exchange capacity was 6.65 cmol (+) kg−1. Biochar was free from toxic
compounds, according to the result described in the previous paper of Gruss et al. [25].
Changes of soil chemical properties are summarized in Table 2. Pinewood biochar (PBC)
application did not cause significant (p > 0.05) changes in soil pH during the whole
experimental period. However, this parameter was very dynamic, and between April and
September 2014 (first months after PBC application), the pH increased from 6.87 to 7.35
in PBC-treated soil. In 2015, in PBC-treated soil, the pH decreased to 7.04, and in 2016, it
increased again to pH 7.31. Pinewood biochar application had a significant (p < 0.05) effect
on soil exchangeable acidity values, and a twofold increase was observed in the second
year after PBC application. The effect of PBC application on soil effective cation exchange
capacity was apparent during two first years of the experiment. However, an insignificant
increase of ECEC values was observed from PBC-S treatment, compared with C–S, in the
third year of experiment and in the post-experiment study in year 2018 (Table 2.). Biochar
application caused shifts between exchangeable cation in sorption complex, as increases of
Ca2+, K+ and Mg2+ cations were observed in the first year after PBC application. Changes
of Mg2+ were statically significant (p < 0.05). The change was observed in total carbon
content. Application of 50 t ha−1 of PBC increased TOC by 16% in the first year and was
consequently higher in PBC-S during the whole experimental period (years 2014–2018).
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Table 2. Physicochemical properties of the control soil (C-S) and soil treated with 50 t ha−1 pinewood biochar (PBC-S).

Season Treatment pH TOC Ex-Acidity Ca2+ Mg2+ K+ Na+ ECEC

H2O KCl % cmol kg−1

A14
C-S 6.87 ± 0.17a * 6.24 ± 0.31a 0.85 ± 0.02a 1.35 ± 0.14a 4.75 ± 1.3a 1.74 ± 0.23a 0.24 ± 0.04a 0.16 ± 0.01a 6.83a

PBC-S 7.35 ± 0.21b 7.00 ± 0.18b 0.96 ± 0.05b 2.03 ± 0.23b 3.43 ± 1.24a 1.25 ± 0.12b 0.28 ± 0.04a 0.16 ± 0.02a 7.14a

S15
C-S 7.31 ± 0.3a 6.73 ± 0.12a 1.04 ± 0.04a 0.87 ± 0.08a 5.87 ± 1.1a 1.36 ± 0.14a 0.26 ± 0.03a 0.19 ± 0.04a 9.54a

PBC-S 7.04 ± 0.22a 6.33 ± 0.12a 1.12 ± 0.05b 1.33 ± 0.32b 4.52 ± 0.8a 0.69 ± 0.12b 0.39 ± 0.06a 0.19 ± 0.04a 7.11a

A15
C-S 7.23 ± 0.09a 6.78 ± 0.14a 0.90 ± 0.05a 0.84 ± 0.11a 6.30 ± 1.23a 0.99 ± 0.33a 0.21 ± 0,02a 0.22 ± 0.03a 8.55a

PBC-S 7.04 ± 0.12a 6.29 ± 0.11b 1.02 ± 0.05a 1.16 ± 0.32b 4.40 ± 0.81a 0.71 ± 0.13a 0.30 ± 0.03a 0.19 ± 0.02a 6.76a

S16
C-S 7.53 ± 0.18a 7.02 ± 0.08a 0.92 ± 0.04a 1.28 ± 0.13a 4.78 ± 1.21a 0.14 ± 0.03a 0.22 ± 0.04a 0.09 ± 0.02a 6.52a

PBC-S 7.25 ± 0.12a 6.45 ± 0.10a 1.12 ± 0.03a 2.48 ± 0.14b 5.17 ± 1.47a 0.26 ± 0.09a 0.29 ± 0.05a 0.10 ± 0.03a 8.31a

A16
C-S 7.67 ± 0.14a 7.04 ± 0.07a 0.89 ± 0.05a 1.43 ± 0.21a 2.73 ± 1.11a 0.37 ± 0.08a 0.47 ± 0.12a 0.19 ± 0.04a 5.19a

PBC-S 7.31 ± 0.23a 6.49 ± 0.12a 1.03 ± 0.06a 2.62 ± 0.19b 3.79 ± 1.12a 0.37 ± 0.12a 0.44 ± 0.08a 0.12 ± 0.02a 7.33a

S18
C-S 6.77 ± 0.07a 5.99 ± 0.09a 0.86 ± 0.05a 1.10 ± 0.10a 8.56 ± 2.3a 0.48 ± 0.04a 0.32 ± 0.04a 0.17 ± 0.01a 10.62a

PBC-S 7.35 ± 0.12a 6.83 ± 0.07a 1.13 ± 0.05a 1.48 ± 0.12b 10.90 ± 2.5a 0.60 ± 0.10a 0.28 ± 0.03a 0.17 ± 0.03a 13.43a

* Values are means ± standard deviation (n = 3). A14 = autumn 2014, S15 = spring 2015, etc. TOC = total organic carbon content, ECEC = effective cation-exchange capacity. Letters indicate significant differences
among treatments (p < 0.05).
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3.2. Changes in Soil Physical Properties

The changes in the soil porosity were reflected in the water retention properties. PBC-S
samples show significant (p < 0.05) increase in AWC (available water capacity) in relation
to the control samples without biochar (Table 3, Figure 4). Content of AWC increased
by 100% after PBC application at pF 2.0 (10 kPa) and 200% at pF 4.2 (1500 kPA) (Table 3).
Pinewood biochar application decreased sandy loam permeability by 100% and number of
macrospores and mesopores decreased significantly (p > 0.05, Figure 5). Total porosity of
soil increased to 49% in PBC-S, compared with 43.7% in C-S. Bulk density of soil decreased
from 1.54 g cm−3 in C-S to 1.3 g cm−3 in PBC-S. There was no change in specific gravity
after application with and without biochar 2.61 g cm−3.

Table 3. Water properties of pinewood biochar (PBC), soil with pinewood biochar (PBC-S), compared
with control soil (C-S) from samples collected in Autumn 2014.

Water Potential log h (pF) PRU * ERU **

0 1 1.8 2.0 2.3 2.54 2.7 3.2 3.7 4.2 (2–4.2) (2.0–3.7)

Water Content (cm3 cm3)

PBC-S 0.382 0.345 0.288 0.273 0.256 0.251 0.214 0.106 0.066 0.028 0.245 0.207
PBC 0.603 0.419 0.361 0.345 0.338 0.333 0.318 0.059 0.013 0.020 0.325 0.332
C-S 0.385 0.314 0.146 0.126 0.112 0.098 0.093 0.027 0.022 0.010 0.116 0.104

* PRU, potential useful retention; ** ERU, effective useful retention.
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3.3. Maize Growth, Nutrient Uptake and Yield

Biochar application improved maize growth during the observation period (Figure 6).
In year 2014, the average height of plants (stalk) was 2.21 m on PBC-S, compared to 1.64 m
on C-S. (Table 4). During severe drought in year 2015, maize crops were impacted by lack
of rainfalls in entire area of Southwest Poland, and maize biomass was twofold lower,
0.76 m PBC-S vs. 0.78 m C-S, compared with previous years. In year 2016, maize grew
better, 1.73 m on PBC-S vs. 1.38 m C-S; however, the impact of the dry-weather period
between summer 2015 and spring 2016 was noticeable. Pinewood biochar application also
had a significant effect on other biometric parameters. The average root length (Table 4)
was significantly higher during the observation period. In 2014, it was 0.30 m on PBC-S
vs. 0.26 m on C-S; in 2015, it was 0.21 m on PBC-S vs. 0.17 m on C-S; and in 2016, it
was 0.21 m on PBC-S vs. 0.18 m on soil without PBC amendment. Maize cob length was
also impacted and higher for plants grown on PBC amended soil. On the left side of the
photo in Figure 6b are presented cobs collected from the field trials containing biochar
(taken from the plots marked as 1, 2 and 3; see Figure 2a). A total of 32 psc were collected
with an average flask length of 158 mm, and an average flask diameter of 43.40 mm (see
Table 6). On the right side of the photo in Figure 6b, there are flasks collected from plots
with numbers 4, 5 and 6, i.e., from the plot without the addition of biocarbon. Despite the
fact that the number of cobs is only four pieces smaller than in the case of the addition of
biochar, cobs are much smaller in terms of diameter and thickness. In summary, biochar can
reduce the share of the smallest cobs in the yield. The field observation of plants indicated
that the application of PBC-mitigated impacts of drought periods, as plants grew better
and turned to all growing stage (kernels development), compared with control soils and
neighboring maize fields (no cobs and kernels development; vegetative parts desiccation).
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Table 4. Plant height and root length (m) for maize on control fields (C-S) and with biochar application (PBC-S).

Treatment Stalk Height (m) Root Length (m)

2014 2015 2016 2014 2015 2016

C-S 1.64 ± 0.25 * 0.78 ± 0.25 1.38 ± 0.29 0.26 ± 0.06 0.17 ± 0.07 0.18 ± 0.04
PBC-S 2.21 ± 0.26 0.76 ± 0.21 1.73 ± 0.23 0.3 ± 0.05 0.21 ± 0.05 0.21 ± 0.04

* In table, mean ±SD.

Pinewood biochar application improved the thousand seeds weight (TSW) parameter
and maize yields during three years of observation. In year 2014, there was 268 g on PBC-S
vs. 246 g on C-S; in year 2015, kernel mass was very low, but significantly higher on PBC-S,
at 113 g, vs. 86 g on C-S; and in year 2016, there was 227 g on PBC-S, compared with 220 g
on C-S (Table 5). The statically important difference in maize cob thickness occurred only in
the first year of the study: 43 mm on PBC-S vs. 38 mm on C-S (Table 6). See Supplementary
Materials Figures S1–S10 and Tables S1–S10 for more details.

Table 5. Thousand seeds weight (TSW) and total yield of maize on control soil (C-S) and with biochar application (PBC-S).

Treatment Weight of 1000 Seeds (g) Yield of Seeds (t ha−1)

2014 2015 2016 2014 2015 2016

C-S 246.54 ± 24.39 * 86.52 ± 17.44 220.50 ± 13.56 0.48 ± 0.08 0.03 ± 0.03 0.68 ± 0.10
PBC-S 268.94 ± 9.87 113.77 ± 3.64 227.91 ± 9.54 1.15 ± 0.09 0.04 ± 0.02 0.85 ± 0.14

* In table, mean ±SD.

Table 6. The cob thickness of maize on control fields (C-S) and with biochar application (PBC-S).

Treatment Cob Thickness (mm)

2014 2015 2016

C-S 38.18 ± 4.67 * 23.10 ± 4.01 35.46 ± 4.86
PBC-S 43.40 ± 3.92 21.27 ± 4.08 36.57 ± 4.15

* In table, mean ±SD.

Concentrations of P and K in soil were similar on PBC-S and C-S (Figure 7). Biochar
application did not increase significantly (p > 0.05) content of phosphorus and potassium
in maize leaves. Greater changes were observed in calcium and magnesium content. In
the years 2014 and 2015, concentrations of Ca and Mg were significantly higher (p < 0.05)
in plants grown on C-S. In the third year, no significant changes were observed between
treated and untreated soil.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 17 

Table 4. Plant height and root length (m) for maize on control fields (C-S) and with biochar appli-
cation (PBC-S). 

Treatment Stalk Height (m) Root Length (m) 
2014 2015 2016 2014 2015 2016 

C-S 1.64 ± 0.25 * 0.78 ± 0.25 1.38 ± 0.29 0.26 ± 0.06 0.17 ± 0.07 0.18 ± 0.04 
PBC-S 2.21 ± 0.26 0.76 ± 0.21 1.73 ± 0.23 0.3 ± 0.05 0.21 ± 0.05 0.21 ± 0.04 

* In table, mean ±SD. 

Pinewood biochar application improved the thousand seeds weight (TSW) parame-
ter and maize yields during three years of observation. In year 2014, there was 268 g on 
PBC-S vs. 246 g on C-S; in year 2015, kernel mass was very low, but significantly higher
on PBC-S, at 113 g, vs. 86 g on C-S; and in year 2016, there was 227 g on PBC-S, compared 
with 220 g on C-S (Table 5). The statically important difference in maize cob thickness 
occurred only in the first year of the study: 43 mm on PBC-S vs. 38 mm on C-S (Table 6).
See Supplementary Materials Figures S1–S10 and Tables S1–S10 for more details. 

Table 5. Thousand seeds weight (TSW) and total yield of maize on control soil (C-S) and with bio-
char application (PBC-S).

Treatment Weight of 1000 Seeds (g) Yield of Seeds (t ha−1) 
2014 2015 2016 2014 2015 2016 

C-S 246.54 ± 24.39 * 86.52 ± 17.44 220.50 ± 13.56 0.48 ± 0.08 0.03 ± 0.03 0.68 ± 0.10 
PBC-S 268.94 ± 9.87 113.77 ± 3.64 227.91 ± 9.54 1.15 ± 0.09 0.04 ± 0.02 0.85 ± 0.14

* In table, mean ±SD. 

Table 6. The cob thickness of maize on control fields (C-S) and with biochar application (PBC-S). 

Treatment Cob Thickness (mm) 
 2014 2015 2016 

C-S 38.18 ± 4.67 * 23.10 ± 4.01 35.46 ± 4.86 
PBC-S 43.40 ± 3.92 21.27 ± 4.08 36.57 ± 4.15 

* In table, mean ±SD. 

Concentrations of P and K in soil were similar on PBC-S and C-S (Figure 7). Biochar 
application did not increase significantly (p > 0.05) content of phosphorus and potassium
in maize leaves. Greater changes were observed in calcium and magnesium content. In 
the years 2014 and 2015, concentrations of Ca and Mg were significantly higher (p < 0.05) 
in plants grown on C-S. In the third year, no significant changes were observed between 
treated and untreated soil. 

Figure 7. Cont.



Sustainability 2021, 13, 3617 10 of 16Sustainability 2021, 13, x FOR PEER REVIEW 11 of 17 

Figure 7. Concentration of potassium (a), phosphorus (b), magnesium (c) and calcium (d) in maize dry mass (leaves)
grown on PBC-S, compared with C-S. Error bars indicate the standard deviation (SD) of the mean (n = 3). 

4. Discussion
4.1. Effects on Soil pH 

Application of the biochar affects properties which are related to important soil func-
tions, such as nutrient storage and release, water and carbon storage and crop production. 
This phenomenon was described recently by many authors [5,20,26–29], suggesting that 
most of the soil properties are improved when biochar is applied to soil. Absence of effects 
of PBC application on most soil properties can be explained by low quality of the material 
and probable interactions in soil, as the best results are obtained when biochar is applied 
to very poor sandy soils [30,31]. Acidifying effect of biochar is a feature that is straightly 
related with the feedstock type and temperature of pyrolysis [32]. Wood materials are
usually more acidify in nature, compared with other feedstock types, which could release 
more H+ cations decreasing soil pH. Biochar pH tended towards neutral probably due to
lower carbonate formation rate at low temperature (250 °C) and smaller release of alkali 
salts from pinewood during pyrolysis [33]. The differences in alkalinity of the biochars are 
attributed to the different alkaline substances from the feedstocks and the new alkaline 
substances produced during the pyrolysis process [32]. Jones et al. [34] observed that, after 
three years from biochar burial in the soil, the pH of the biochar had fallen significantly
by over two units. In the literature, pH changes following biochar application were vari-
able, due to the inherent differences in biochar properties and also due to varying buffer-
ing capacities of the soils [35,36]. The positive influence of biochar on increasing soil pH 
is more profound in acidic soils and soils with low SOM content, probably because SOM
content is linked to the pH buffering capacity of soil [9].

Incorporation of biochar into the soil induces changes in its chemical and biological 
properties, due to material ageing. Results of the study suggest that pH decrease can be 
related to biochar properties. Material was not fully carbonized, and a more acid-based 
substance could be on its surface, easily released to soil after PBC application. Low tem-
perature can promote partial breakdown of lignocellulose and cellulose, increasing the 
yield of low-molecular-weight acids [37] that can be easily resorbed on the biochar surface 
[38,39], decreasing soil pH when applied to soil. Finally biochar degradation in soil and 
release of dissolved organic carbon (DOC) can decrease soil pH, as was also observed in 
other studies [40,41]. 

Figure 7. Concentration of potassium (a), phosphorus (b), magnesium (c) and calcium (d) in maize dry mass (leaves) grown
on PBC-S, compared with C-S. Error bars indicate the standard deviation (SD) of the mean (n = 3).

4. Discussion
4.1. Effects on Soil pH

Application of the biochar affects properties which are related to important soil func-
tions, such as nutrient storage and release, water and carbon storage and crop production.
This phenomenon was described recently by many authors [5,20,26–29], suggesting that
most of the soil properties are improved when biochar is applied to soil. Absence of effects
of PBC application on most soil properties can be explained by low quality of the material
and probable interactions in soil, as the best results are obtained when biochar is applied
to very poor sandy soils [30,31]. Acidifying effect of biochar is a feature that is straightly
related with the feedstock type and temperature of pyrolysis [32]. Wood materials are
usually more acidify in nature, compared with other feedstock types, which could release
more H+ cations decreasing soil pH. Biochar pH tended towards neutral probably due to
lower carbonate formation rate at low temperature (250 ◦C) and smaller release of alkali
salts from pinewood during pyrolysis [33]. The differences in alkalinity of the biochars are
attributed to the different alkaline substances from the feedstocks and the new alkaline
substances produced during the pyrolysis process [32]. Jones et al. [34] observed that, after
three years from biochar burial in the soil, the pH of the biochar had fallen significantly by
over two units. In the literature, pH changes following biochar application were variable,
due to the inherent differences in biochar properties and also due to varying buffering
capacities of the soils [35,36]. The positive influence of biochar on increasing soil pH is
more profound in acidic soils and soils with low SOM content, probably because SOM
content is linked to the pH buffering capacity of soil [9].

Incorporation of biochar into the soil induces changes in its chemical and biological
properties, due to material ageing. Results of the study suggest that pH decrease can
be related to biochar properties. Material was not fully carbonized, and a more acid-
based substance could be on its surface, easily released to soil after PBC application. Low
temperature can promote partial breakdown of lignocellulose and cellulose, increasing
the yield of low-molecular-weight acids [37] that can be easily resorbed on the biochar
surface [38,39], decreasing soil pH when applied to soil. Finally biochar degradation in soil
and release of dissolved organic carbon (DOC) can decrease soil pH, as was also observed
in other studies [40,41].

4.2. Effects on Soil Cation Exchange Capacity

Pinewood biochar application did not significantly improve the ECEC of soil, which
is in disagreement with other authors [42]. This can be related to pinewood biochar prop-
erties. Low temperature (250 ◦C) developed low specific surface area (SSA) (16.5 m2 g−1)
and ECEC (6.64 cmol(+) kg−1), almost equal to sandy loam soil, where it was applied
(6.86 cmol(+) kg−1), while Gonzaga et al. [33] described that pinewood biochar produced at
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500 ◦C can obtain higher SSA 72.2 m2 g−1 and cation exchange capacity 11.5 cmol(+) kg−1.
We believe that the effect of biochar on soil ECEC is strongly related to surface properties
of biochar, i.e., specific surface area, porosity and functional groups. The specific surface
area of biochar increases rapidly with increasing temperature of pyrolysis [43]. Thermal
decomposition of organic matter and the release of volatile matter during heating promotes
micropore formation in biochar, increasing material porosity. Banik et al. [44] reported that
the CEC of biochar is dependent on the nature and distribution of O-containing functional
groups on the biochar surface. Higher temperatures, above 350 ◦C, break and rearrange
the chemical bonds in the biomass, forming new functional groups, e.g., carboxyl, lactone,
quinine, phenol or ether [45]. The negative charge sites on biochar surfaces are attributed
to carboxylate and phenolate functional groups [46], increasing biochar CEC. Functional
groups on pinewood biochar were not characterized in the study, but we assume that low
values of SSA and ECEC are related to not well-developed biochar surface during low tem-
perature of production. Some of the biochar particles were not well charred, and raw wood
structure was visible. Greater CEC in PBC-S was observed in the second and third years of
the experiment, and also in post-experiment observations in year 2018. This might suggest
that application of fresh biochar can have adverse effects on some soil properties [47], while
oxidation of biochar surface after biochar is returned to soil can induce superficial CEC
increases [48] due to biochar ageing. Aged biochar contains more O-rich functional groups,
compared to fresh biochar; this may enhance biochar solubility [49].

4.3. Effects on Exchangeable Cations Content and Soil Acidity

As three years is a relatively short time to observe changes on biochar surface, we
assumed that material oxidation could be accelerated by extreme weather conditions during
experimental period (lack of moisture and very high temperatures) and input of organic
matter from plant residues. Changes of biochar properties were not studied during this
experiment, but some authors suggested natural oxidation of biochar surface is not only
related to exposure time, but also mean annual temperatures [46] and input of less stable
forms of organic matter like plant residues or manure [39,50] what could explain variable
effects of PBC application on soil properties between years of experiment performance.

We hypothesized that the content of exchangeable K, Ca, Na and Mg increases in
soil if the content of cations contained in biochar is relatively higher than in the soil.
Cheng et al. [48] suggested that direct cation release in soil and biochar mixtures is mainly
originated from biochar. In PBC, the sum of exchangeable cations (ExC) was almost equal
to the sum of ExC in soil, and biochar was not a relevant donor of cations. Even the effect
on CEC was non-significant; PBC caused shifts of base cations in sorption complex a year
after biochar application. Magnesium cations were exchanged with K+ cations, suggesting
that biochar can be a source of potassium for soil, as was also observed in other studies [51].

Biochar application caused significant changes of exchangeable acidity; however
trends Ex-acid in C-S followed the pH changes and in PBC-S were related to material proper-
ties and high exchangeable acidity of PBC was observed compared to soil (3.8 cmol(+) kg−1,
versus 1.8cmol(+) kg−1, respectively). Similar findings were observed by Cheng et al. [48],
where application of hard wood biochar derived from black locust (Robinia pseudoacacia L.)
doubled Ex-acidity in tested soil.

4.4. Effects on Carbon and Nitrogen Content

Biochar plays a significant role in improving soil quality by storing organic C, thereby
improving sustainability of agro-ecosystem [10]. As expected, the soil C content and
C:N ratio were significantly increased by biochar application. Wood-derived biochars
generally contains more C than biochars derived from other agricultural wastes [46]. Total
C values in our pinewood biochar (530 g kg−1) produced at 250 ◦C were lower than
reported by other authors [33,52,53] for pinewood derived biochar at 500 ◦C that fell
within 700–950 g kg−1 of C. Total carbon content in biochars increases with the pyrolysis
temperature; this is a well-described phenomenon. Kinney et al. [10] described changes in
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apple wood biochar properties at different temperatures, showing that content of carbon
increases from 59.4% to 93.6% with the increase of pyrolysis temperature from 300 to 700 ◦C.
Increase of total organic carbon in soil is the most commonly described phenomenon by
many authors [15,54,55]. It is suggested that climate may induce changes in biochar
derived carbon and in temperate climate zones biochar degradation may be accelerated by
becoming a primary source of nutrients for microorganism, when other sources of organic
matter are scarce.

4.5. Effect on Soil Physical Properties and Availability of Water for Crops

The results obtained in this experiment indicate that biochar application significantly
affected the physical properties of sandy loam. Biochar features a quite porous structure
and is characterized by low bulk density. Depending on the feedstock of BC and production
conditions, its bulk density ranges from 0.08 to 1.7 g cm−3 [56]. Addition of pinewood
biochar with the average bulk density of 0.65 g cm−3 leads to a decrease in soil bulk density,
an increase in total porosity and higher contribution of mesopores and an increase in water
content at the permanent wilting point. Numerous studies indicate that biochar impacts soil
water retention and other hydrologic functions, but due to different experimental conditions
(including soil type and biochar treatments), results have been variable [55]. Nevertheless,
due to the high internal porosity of biochars, studies, in general, support decreased soil bulk
density, increased porosity and enhanced water retention [6,19,20,27,31,38,53,56]. Our data
showed that soil fertility may be negatively affected by the application of low-temperature
pinewood biochar through pH and ECEC decrease and increase of exchangeable acidity;
however, some of the soil properties, like carbon content and water availability for plants,
were improved. In the experiment, biochar application reduced the negative impact of
severe drought during summer 2015. Most of the cornfields surrounding the experimental
area (including control plots) had water deficiencies and no grain crops, due to plant
desiccation, while on biochar-treated plots, corn plants survived, giving 25% of normal
grain yield obtained on similar soils in the area.

4.6. Effects on Maize Growth and Yields

It is frequently suggested that biochar applications to soil can increase agricultural
productivity [57]. Our results showed that application of pinewood biochar did not
significantly improve soil properties. Results showed that pinewood biochar application
increased biomass (shoots and roots) yields, with no significant effect on grain size and
weight. However, maize cobs were longer and thicker on PBC-treated soil, and grain yield
was higher when pinewood biochar was applied. Similar findings were observed in our
previous research (data not published) and also by other authors [58–60]. Results show
that pinewood biochar could supply plants with available forms of P and K, as the content
of this element was higher in corn leafs, as compared to plants grown on control soil.
Another explanation can be related to pH changes after biochar application. Decreased
pH could increase the bioavailability of elements and plant uptake. Biochar addition has
been reported to either increase or decrease nutrient uptake by plants [42,61,62]. Low-
temperature biochars contain more nutrients in available forms, as their structure is less
condensed. P in biomass is largely retained during pyrolysis, mostly in soluble form.
The total P and K content in biochar generally shows an increasing trend as the pyrolysis
temperature increases [63], while the bioavailable P and K content significantly decreases
with increasing temperature [64], making low-temperature biochar a better source of
nutrients for soil and plants [65]. Better maize growth and higher yield may be the effect
of improved water retention and better nutrient alleviation, as was also described by
Pandit et al. [66]. Our observations show that biochar application can have a positive
effect by reducing plant water stress during the drier periods of spring and summer. This
suggests that biochar can be a useful tool for mitigating negative impacts of climate change
on maize production in temperate climate zones. Similar findings were observed for crops
grown in tropical climates, where lack of water is a less probable phenomenon.
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5. Conclusions

Application of pinewood-derived biochar at 50 t ha−1 to loamy soil had very limited
effects on soil properties; however, it improved maize growth during the three-year field
experiment. We observed that some of the chemical properties that are important for soil
productivity, like soil pH and cation exchange capacity, were even negatively affected,
and the values of these parameters decreased over three years, from biochar application.
Instead of this, biochar application significantly enhanced water retention and contributed
to greater water-available content to maize during prolonged drier periods in temperate
climate. Results showed that pinewood biochar application increased biomass yields,
with no significant effect on grain size and weight. However, maize cobs were longer
and thicker on PBC-treated soil, and grain yield was higher when pinewood biochar
was applied. Higher contents of P and K maize leaves suggest that biochar can also
play an important role in nutrient alleviation, probably due to the acidifying effect of
the material, which is not a commonly observed phenomenon after biochar application.
Use of commercially available low-temperature biochar may bring positive effects on soil
and plants’ vegetation; nonetheless, a better understanding of its properties and how
it affects soil fertility is necessary to estimate the potential benefits for the farmers and
crop production.
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