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Abstract: Different types of soil respond variably to biochar amendment. Soil structure and fertility
are properties which strongly affect the impacts of biochar on soil fertility and microbial activity.
A pot experiment with lettuce was conducted to verify whether biochar amendment is more beneficial
in sandy soil than in clay soil. The nutrient content (carbon and nitrogen), microbial biomass carbon,
soil respiration, metabolic quotient, and plant biomass yield were determined. The treatments were
prepared by mixing silty clay loam (Haplic Luvisol) with a quartz sand in ratios of 0%, 20%, 40%,
60%, 80%, and 100% of sand; the same six treatments were prepared and amended with biochar
(12 treatments in total). Soil carbon and nitrogen, microbial biomass carbon, and soil respiration were
indirectly dependent on the descending sand ratio, whereas the metabolic quotient increased with the
ascending sand ratio. The biochar’s effects were positive for total carbon, microbial biomass carbon,
metabolic quotient, and plant biomass in the sand-rich treatments. The maximum biochar-derived
benefit in crop yield was found in the 100% sand + biochar treatment, which exhibited 24-fold (AGB)
and 11-fold (root biomass) increases compared to the unamended treatment. The biochar application
on coarse soil types with lower fertility was proven to be favorable.

Keywords: pot experiment; Lactuca sativa; soil respiration; metabolic quotient; crop yield; total
soil nitrogen

1. Introduction

The soil structure is the key feature that controls microbially mediated processes
of organic matter degradation in terrestrial ecosystems [1]. Soil texture is the important
soil property that conditions the variability in the carbon (C) and nitrogen (N) turnover,
and these differences have been assessed to be most significant between clay and sandy
soils [2,3]. The content of microbial C compared to that of non-microbial C is higher
(reaching up to 20% of oxidizable C) in clay soils than in coarse-textured soils [4]. Contrarily,
activity of the microbial biomass can be twice as large in sandy or loam soils as in clay soils.
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Additionally, the amounts of mineralized N per microbial biomass unit are highest in the
sandy soils [5]. Soil texture and organic matter content are the factors that control the soil
functions, resilience, and fertility, even under the application of organic amendments, e.g.,
biochar [6]. There have been several studies that have shown that the dependence of the
microbial properties (e.g., biomass) on the soil structure and fertility is strongly affected by
the type of biochar amendment [7-9]. Slow-pyrolyzed, high-temperature biochars (>600 °C)
significantly lower microbial biomass and enzyme activities in coarse-textured soil, whereas
they do not in clay soils [7]. Crop productivity increased significantly (10% in average)
in soils of both medium and coarse textured in comparison to unchanged clay soils in
previous studies [8,9]. The most significant positive impacts on biomass and activity of soil
microbiota were evidenced in sandy soils [10,11] rather than in clay soils [12]. Some authors
have ascribed enhanced soil respiration to biochar-derived C rather than to available soil
organic matter (SOM) [1]. Concurrently, biochar-stimulated mineralization of native soil
organic carbon (SOC) is limited only to the low-C clay soils because stabilization of SOC by
biochar-induced organomineral interactions are involved [2]. However, a strong beneficial
effect was also reported for these [13], dependent on the biochar pyrolysis temperature.
This is possibly because biochar properties, e.g., the temperature of pyrolysis, also play
roles in putative adverse [14] or positive effects [15] in coarse-structured soils; nevertheless,
many studies have shown the largest impact of biochar application occurring in acidic and
sandy-textured soils, which suggests aggregating and moistening effects of biochars [9].
Several studies have compared the effects of biochars with specific characteristics on
chemical (nutrient content and turnover) and biological (microbial biomass carbon (MBC),
CO,, fluxes, diversity) properties of different types of soil (sand, loam, clay) under specific
defined conditions [16,17]; however, some of them did not deliver clear results [18,19].

In this study, a short-term pot experiment with a test crop of lettuce (Lactuca sativa L.
var. capitata L. cv. Brilliant) was designed and carried out to clarify the roles of soil texture
and nutrient content in microbial and plant biomass production properties. In order to
reduce the effects of various chemical, physical, and biological properties of particular
soil types with different textures, as in other studies [20], we prepared a set of artificial
soil types by mixing a silty clay loam, Haplic Luvisol, with a quartz sand in six specified
decreasing ratios (6 treatments) ranging from 100% soil to 100% sand. We hypothesized
that in this experimental setting, we would observe a positive effect of amendment of
biochar from agricultural residues on soil in the respective selected properties, presuming
the highest positive effects on soil microbial abundance and activity in the soil treatments
with higher sand content.

2. Materials and Methods
2.1. Biochar Amendment, Soil and Pot Experiment Preparation

The biochar used in this study was prepared by pyrolysis of agricultural grain waste
(cereal and sunflower husks) at moderate temperatures of approximately 600 °C. According
to the manufacturer, the properties of the biochar were as follows: elements (in g-kg™!)
—-C 866, N 3.0, 0 10.0, H 14.2; Ashssg oc 11.7%; salts 0.42%; pH (CaCly,) 8.5.

The growth substrates used for the reported pot experiment were prepared by mixing
a quartz sand with topsoil (0-15 cm), a silty clay loam (according to USDA Textural
Triangle), Haplic Luvisol (according to WRB soil classification [21]). This field soil was
collected near the town of Troubsko, Czech Republic (49°10°28”N 16°29’32”E), in autumn
2018. The topsoil properties were determined before the start of the experiment as follows:
soil macronutrients (in g-kg_l)—total carbon (TC) 7.0, total nitrogen (TN) 0.80, P 0.049,
S 0.073, Ca 1.60, Mg 0.118, K 0.115; N forms (in mg-kg ' )—Nineral 32.8, N-NO3 29.6,
N-NHy 3.2; Si 220.0 g~kg’1; soil reaction = pH (CaClp) 7.3. This heavy soil was chosen to
ensure sufficiently different textures for all tested treatments depending on the sand:soil ratio.

In order to remove the coarse particles, the soil was sieved through a grid with a size
of 2.0 mm. The sieved soil was mixed with fine quartz sand (0.1-1.0 mm; >95% SiO5) in the
following ratios (w + w): (1) 100% sand; (2) 80% sand + 20% soil; (3) 60% sand + 40% soil;
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(4) 40% sand + 60% soil; (5) 20% sand + 80% soil; (6) 100% soil (Table 1). Each treatment
was prepared in two versions: (A) without biochar; (B) with biochar in the amount of 32 g
per 1 L of pot substrate, equaling 40 t-ha~! (the dose was adopted from the method used by
Sadowska et al. 2020 [22]). Here, 1 kg of each of the thoroughly mixed substrate treatments
was used to fill experimental plastic pots (volume 1 L [23], top diameter 11 cm, bottom
diameter 9 cm, height 13 cm); each treatment was carried out in 3 replicates (pots).

Table 1. Experimental treatments of soil and sand mixtures tested in the study.

Treatment % Sand % Soil Biochar * Abbreviation

(1) 100% sand 100 0 0 g‘kg_1 d.s. 100:0, 100:0 no-BC

(2) 80% sand + 20% soil 80 20 0gkg !ds. 80:20, 80:20 no-BC

(3) 60% sand + 40% soil 60 40 0gkg !ds. 60:40, 60:40 no-BC

(4) 40% sand + 60% soil 40 60 0 g»kg_1 d.s. 40:60, 40:60 no-BC

(5) 20% sand + 80% soil 20 80 0gkg !ds. 20:80, 20:80 no-BC

(6) 100% soil 0 100 0gkg'ds. 0:100, 0:100 no-BC

(7) 100% sand + biochar 100 0 32 g-kg*1 d.s. 100:0 BC, 100:0 BC+

(8) 80% sand + 20% soil + biochar 80 20 32 gkg!ds. 80:20 BC, 80:20 BC+
(9) 60% sand + 40% soil + biochar 60 40 32 g-kg_1 d.s. 60:40 BC, 60:40 BC+
(10) 40% sand + 60% soil + biochar 40 60 32 g-kg~! d.s. 40:60 BC, 40:60 BC+
(11) 20% sand + 80% soil + biochar 20 80 32 gkg lds. 20:80 BC, 20:80 BC+
(12) 100% soil + biochar 0 100 32 g-kg~!ds. 0:100 BC, 0:100 BC+

Note: * d.s. = dry soil.

The following controlled conditions were applied: test crop lettuce (Lactuca sativa
L. var. capitata L.), cv. Brilliant; cultivation in growth chamber—full-spectrum stable
white LED lighting, intensity 20,000 1x [24] ~200 pumol.m~2.s71 [25]; photoperiod 12 h [26];
temperature 18/22 °C (night/day); relative humidity 70% [27]. A two-day sprouting
of the lettuce seeds on wet filter paper preceded sowing to the depth of approximately
2 mm in each pot. After sowing, each pot was watered with 100 mL of distilled water.
The 10-day-old seedlings were reduced to only one plant (the most robust) per pot. Pot
placement in the growth chamber was randomized. Soil humidity was controlled and
water content was maintained during the experiment. The pots were variably rotated once
per week [28]. Six weeks after sowing, the plants were harvested [29]. A mixed soil sample
was collected from each pot (5 subsamples were taken and amalgamated).

2.2. Plant Sampling and Biomass Determination

The lettuce shoots were cut at ground level, and the roots were gently cleaned of soil
and washed with water [28]. The lettuce shoots and roots were dried at 60 °C to a constant
weight, and dry AGB and root biomass were estimated gravimetrically by weighing on the
analytical scales.

2.3. Soil Sampling and Preparation

The soil samples were taken after harvesting the lettuce (1 mixed sample per pot).
Samples were homogenized by sieving them through a 2 mm mesh sieve under sterile
conditions. The samples for MBC determination and respiration (basal and substrate-
induced) measurement were stored at 4 °C for 14 days (based on the method [30]) before
they were analyzed.
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2.4. Soil Chemical, Biological, and Statistical Analyses

Soil properties were determined and the data obtained were statistically analyzed
using the methods listed in Table 2, for which the specifications were identical to our
previously published work [31]. The results of the Pearson’s correlation analysis were
evaluated according to [32]: 0.5 < p < 0.7 meaning moderate correlation and 0.7 < p < 0.9
meaning strong correlation.

Table 2. Methods used to determine the soil properties for statistical analysis with relevant references.

Property Method Unit Reference
Total soil carbon dry combustion using LECO 9 [33]
Total soil nitrogen TruSpec analyzer (MI USA) mg-g [34]
Microbial biomass carbon fumigation extraction method mgg*1 [30]

Basal soil respiration
Substrate induced
soil respiration

MicroResp® device
MicroResp® device + inducers
(sugars, amino acids)

ug CO,- g*1 h—1 (Technical Manual v2.1) [35]

Processing

Tool Method Reference

Statistical analysis

Multivariate analysis of
variance (MANOVA),
principal component analysis
(PCA), one-way analysis of [31]
variance (ANOVA), Duncan’s
multiple range test, Pearson’s
correlation analysis

Program R version 3.6.1.

3. Results
3.1. General Assessment of the Effects of Biochar on Soil and Plant Characteristics

The results of the MANOVA analysis showed significant differences among all ex-
perimental treatments in most of the determined soil and plant properties at the level of
p < 0.001 (with the exception of the dry root biomass, which differed at p = 0.001). The
data can be found in the Appendix A, Table Al. A two-way ANOVA was carried out to
evaluate the effects of either biochar (the first factor) or sand content (the second factor)
on the determined soil properties; the results are mentioned below and displayed in the
Appendix A, Table A2. A scheme with the results of the Pearson’s correlation analysis is
shown in the Appendix A (Figure Al). The evaluation of the mutual dependence between
the soil and plant properties and their values for each of the experimental treatments
are shown in the Rohlf PCA biplot (Figure 1). The effects of the applied biochar in each
experimental treatment were rated to identify potential beneficial or detrimental effects on
soil properties.

3.2. Soil Nutrient Content, Plant Biomass

Soil TC and TN values in all treatments were indirectly related to the sand con-
tent and were increased by the biochar amendment (Figure 2A,C). The differences be-
tween BC and non-BC treatments (for each sand:soil ratio) were all significant. The great-
est difference in TC was between the 100% sand and 100% sand + biochar treatments
(Figure 2A). Except for treatments 100:0 and 80:20, 100:0 BC and 80:20 BC, 40:60 BC and
20:80 BC, there were no significant differences between treatments that differed by +20%
sand content (either unamended or plus BC). The TC value of the 100% soil + biochar
showed no significant difference to the 60% sand + 40% soil, 40% sand + 60% soil, or
20% sand + 80% soil treatments (Figure 2A).
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Figure 1. Variable correlation PCA plot describing the relationships between all variables. Color scale (of arrows) from blue

to red indicates the increasing ‘weight’ of variables.

These results were influenced by the different soil particulate conditions of the treat-
ments. Decreases in sand content (from 100% to 0%) led to the relatively high increases
in TC values of the biochar-amended treatments in comparison to the treatments without
biochar (the Appendix A, Figure A2A). This trend is apparent in the sharper slope of
the regression curve of the dependence of TC on soil content (%) in the BC treatments as
compared to the slightly slope in biochar-untreated treatments. However, the two-way
ANOVA detected an equally significant (p < 0.001) effect of either the biochar or sand:soil
ratio on the values and differences in TC. The TC content in the soil correlated highly
positively with soil TN (p = 0.71) and also with the dry root biomass (p = 0.71), which
suggested that a surplus of biochar-derived C in the soil enhanced the plant (root) growth.
TC agonism with the dry root biomass is also shown on the PCA plot (Figure 1).

The TN content showed no significant differences (at a significance level of p < 0.05)
between most of the treatments, with the same sand:soil ratio and either with or without
biochar amendment (with the exception of the 80% sand + 20% soil and the 100% soil).
The treatments that differed by +20% sand content exhibited significant differences when
either unamended or biochar-amended (Figure 2C).

The decreasing sand content (from 100% to 0%, by —20%) led to a relatively smaller
increase, coupled with a slighter regression curve slope (the Appendix A, Figure A2B) in
the TN of biochar-amended treatments as compared to the sharper regression curve slope
with the rise of the TN values in the treatments without biochar. TN strongly correlated
with dry (p = 0.90) AGB; the agonism of these properties is also shown via the PCA biplot
(Figure 1). As such, we anticipated the growth stimulated by increased N assimilation
in plants under higher available soil TN. The two-way ANOVA again revealed equally
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significant (p < 0.001) effects of either biochar or sand:soil ratio on the values and differences
in TN.

The dry root biomass showed no significant differences at a certain sand:soil ratio
between the two treatments (with or without biochar addition)—see Figure 2D. However,
the 20:80 BC treatment differed significantly from the 80:20 BC in dry root biomass. This is
evidence of only a weak effect of the various sand:soil ratios (without biochar) on the root
biomass, whereas the biochar may enhance these contrasts. The two-way ANOVA results
were supportive and revealed a significant (p < 0.001) effect of biochar on the values and
differences in the dry root biomass, but it was less significantly (p < 0.05) affected by the
sand:soil factor.

A . e 1.0 B a e
b
0.8 ab
od bc
d
g ef xe 0.6
fe =
" K E
- 0.4
I
0.2
0
TC [%]
C ; 0.25 D
b
I 0.20 a ab
C
I ) .
g d 0.15 100:0  m100:0 BC
e I e 22 be Mo 8020  m80:20 BC
e 0.10 abc
FE behe gl e 60:40 W 60:40 BC
8 0.05 be I 40:60  m40:60 BC
h @ :
c 20:80 m20:80 BC
0
TN [%] Root dry [g] 0:100 m0:100 BC

Figure 2. (A) Total soil carbon. (B) Dry aboveground biomass. (C) Total soil nitrogen. (D) Dry root biomass. Average
values shown with SD (error bars), treatments amended with biochar (dark colors) and unamended treatments (light colors)
are sorted by decreasing sand:soil ratios (percentages ranging from 100:0 to 0:100). Different letters indicate statistically
significant differences of MANOVA at p < 0.05.



Agronomy 2021, 11, 1174

7 of 17

25

20

15

10

A

A high positive correlation of soil TC content and dry root biomass (o = 0.71) and
moderately strong correlation between soil TC content and dry ABG (p = 0.61) supported
the presumed relation between plant biomass and the biochar amendment in the soil.
Further, the calculation showed the increase in proportion between plant biomass values
of the biochar-treated and plant biomass values of untreated treatments (Figure 3A,B). We
suggest that the biochar’s beneficial fertilizing effect on the plant biomass reached the
maximum positive effect in the 100% sand sample.

14 12 25
12 4, 2o
1.0
8 W 100:0 BC+/no-BC
0.8 1.5
6 m 80:20 BC+/no-BC
0.6
1.0 60:40 BC+/no-BC
04
0.5 H 40:60 BC+/no-BC
0.2 2 :
B 20:80 BC+/no-BC
0 0 0
AGB dry [] B Root dry [ 0:100 BC+/no-BC

Figure 3. (A) Dry aboveground biomass and (B) dry root biomass trends, i.e., the ratio (of average values) between the plant
biomass of the biochar-amended (BC+) and the plant biomass of the unamended (no-BC) treatments, sorted according to
decreasing sand:soil ratios (aligned from 100:0 to 0:100). Note: The blue (left) axis belongs to the blue bar (100:0 treatment),
while the black (right) axis belongs to the other bars (treatments).

3.3. Microbial Biomass and Respiration Activity

We observed significant differences in the MBC values related to the sand:soil ra-
tio in both the biochar-amended and unamended treatments, with the exception of the
comparison between the 80% sand + 20% soil and the 60% sand + 40% soil treatments
(both BC-treated and untreated). No significant difference in MBC was found between the
20:80 BC and 0:100 BC (Figure 4A). The MBC values of 100% sand, 80% sand + 20% soil,
and 60% sand + 40% soil did not significantly differ in pairs of unamended and amended
treatments with the same sand:soil ratio (Figure 4A). Significant differences in MBC related
to the biochar addition were detected in the untreated 20% sand + 80% soil and 100% soil
treatments as compared to the respective 20:80 BC and 0:100 BC treatments (Figure 4A).
The two-way ANOVA revealed an equally significant (p < 0.001) effect of either biochar
or sand:soil ratio, as well as a significant (p < 0.001) synergic effect of both factors. The
MBC showed the highest positive correlation with the AGB dry (p = 0.82), and the increase
in MBC values was coupled with increasing crop yields. The concordant trends for MBC
and dry AGB in the variable correlation PCA plot (Figure 1) corroborated the correlation
analysis results.
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Figure 4. Microbial biomass carbon values (A). Soil basal values (B). Respiration induced by D-glucose (C), D-trehalose (D),
N-acetyl-f-D-glucosamine (E), L-alanine (F), L-lysine (G), and L-arginine (H). Average values shown with standard error of

mean (error bars), treatments amended with biochar (dark colors) and unamended (light colors) are sorted by decreasing
sand:soil ratios (from 100:0 to 0:100). Different letters indicate statistically significant differences of MANOVA at p < 0.05.

The microbial biomass determined the microbial activity in the soil, which was mea-
sured as the soil respiration. An assumptive basal respiration (BR) relation with the content
of sand in the substrate was, however, not observed (Figure 4B). The only significant
increase in the BR value due to the sand content was detected in the 20% sand + 80%
soil treatment (compared to other unamended treatments) and in the 100% soil + biochar
treatment (compared to the other amended treatments). We found it contradictory that the
respiration activity of soil microorganisms did not increase with both the increase in the
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soil content and the microbial biomass (Figure 4A). Nevertheless, the BR values adjusted
to the amount of MBC (i.e., metabolic quotient) showed a clearer picture, which (except
for outlying values of the 40% sand + 60% soil treatments, both BC-treated and untreated)
evidenced a descending respiration rate with decreasing sand content in the pot substrate
(Figure 5A).
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Figure 5. The dependence of the metabolic (basal (A) and substrate-induced (B,C) quotients (respiration and MBC ratio) on

the sand:soil ratio (expressed as a percentage of soil) and biochar amendment.

Not all biochar-amended treatments showed decreased BR as compared to the un-
amended treatments. BR was significantly lowered due to biochar application only in
the 100% sand, 40% sand + 60% soil, and 20% sand + 80% soil samples as compared to
the untreated treatments. The metabolic quotient qCO, in the biochar-treated treatments
directly responded to the decreasing sand content (Figure 5A). Only the BR value of the
100% soil + biochar treatment did not follow this trend.

As documented by the agonisms among all types of respiration in the variable correla-
tion PCA plot (Figure 1) and in the Pearson’s correlation plot (Figure A1, the respiration
induced by various sugar substrates (D-trehalose (Tre-SIR), D-glucose (Glc-SIR), N-acetyl-
B-D-glucosamine (NAG-SIR)) and amino acid substrates (L-alanine (Ala-SIR), L-lysine
(Lys-SIR), L-arginine (Arg-SIR)) showed very similar results. Soil respiration (SIR) values
did not significantly decrease with biochar amendment in the 100% sand and 80% sand
+ 20% soil treatments, whereas NAG-, Ala-, Lys-, and Arg-SIR values were significantly
lowered by biochar application to the soil, with all having a lower sand:soil ratio (60:40,
40.60, 20:80, except for the 100% soil (Figure 4E-H). Glc-SIR and Tre-SIR were significantly
lower in the 40:60 BC and 20:80 BC samples as compared to the unamended 40:60 and
20:80 samples (see Figure 4C,D). Of interest was the fact that all SIRs showed comparable,
insignificantly variable values for both the 100% soil and 100% soil + biochar samples. The
sand:soil ratio from 100:0 to 60:40 among the respective treatment (both BC-treated and
untreated) samples demonstrated mostly insignificant differences in SIR values (except for
Glc-SIR, Tre-SIR, Ala-SIR 100:0 vs. 60:40, and Lys-SIR, Arg-SIR 80:20 vs. 60:40). Contrarily,
the treatments showed significantly lower SIRs as compared to the respective 40:60, 20:80,
and 0:100 treatments (with and without biochar) (Figure 4C-H). While the Glc-SIR and
Lys-SIR in the 100% soil were significantly lower as compared to the 20% sand + 80% soil
treatment, all SIRs in the 100% soil + biochar were significantly increased in comparison to
the 20% sand + 80% soil + biochar and the other higher sand:soil ratios.

However, substrate-induced qCO, was also lowered due to the biochar amendment.
Both the amended and unamended treatments followed an opposite trend to soil-substrate-
induced respiration: the direct decrease in qCO; related to the descending amount of sand
in the substrate (Figure 5B,C). Nevertheless, the two-way ANOVA showed an equally
significant (p < 0.001) effect of either the biochar or sand:soil ratio, as well as a significant
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(p < 0.001) synergic effect on both factors of the values and differences in all determined
types of soil respiration.

4. Discussion

It is known that the maximum capacity of soil to store C (both organic and total)
is determined by soil type (and the proportion of clay) [1]. The field soil used in this
study was silty clay loam (Haplic Luvisol). This soil is (according to FAO’s Harmonized
World Soil Database) moderately rich in C (on average), whereas the quartz sand contained
neither organic matter nor TC. The mixing of soil and sand in variable ratios simulated the
TC distribution and retention by soil types differing in their particulate fractions. Close
positive relationships between the fine formulation of a soil and the amounts of TC and
TN in the topsoil were observed [36]. Herath et al. reported that the soil formulation
(coarse or fine fractions of soil) affected the input efficiency of biochar C into the SOM [37].
Free articulate SOM (in contrast to a heavy fraction of the soil) was considered to make
labile biochar-derived SOC available, which is inconsistent with stable C in the form
of biochar [37].

Several studies [38—41] have referred to the variable effects of biochar amendment to
the soil on the plant biomass yield in relation to soil texture. These studies mostly reported
a positive effect of biochar on the plant biomass yield, being more apparent than the effect
of soil texture. However, our results imply that dry AGB was more affected by the changing
sand:soil ratio, whereas the dry root biomass responded more to the biochar application
(Figure 2B,D). Nevertheless, the contribution of biochar addition to the plant biomass was
the most significant with the highest content of sand in the pot substrate (Figure 3A,B).
Bruun et al. (2014) also reported that biochar treatment resulted in the greatest crop yield
in coarse sandy soil due to the improved root growth [42].

There were previous studies [42,43] that reported both increased water retention
in sandy soil and increased drainage combined with decreased plant-available water in
biochar-treated clay-loam soil. However, some authors referred to the contrarian role of
soil type in the beneficial effect of biochar under water limitation [44]. With respect to these
observations, we cannot exclude that diverse effects of biochar in either sand-dominant
soil or clay-dominant soil on dry biomass were due to short-term fluctuations in the soil
moisture in this pot experiment.

MBC is the amount of C content in the living biomass of soil biota (mostly bacteria
and fungi). It represents an SOC fraction, which is susceptible to changes in various soil
properties, including N limitations, residue and nutrient management, plant diversity, soil
moisture, temperature, and soil texture [45].

Some studies have shown that the same types of soil, each with different fractions,
were affected in turnover of C through the microbial biomass [3-5]. These authors [7,19]
referred to greater biochar-derived increases of total microbial biomass in sandy soils
compared to clay soils. Although we did not observe a significant contribution of biochar
to MBC in sand-rich soil treatments, the MBC values of higher-clay treatments were less
improved by biochar. In fact, the biochar induced a negative priming effect on microbial
abundance in low sand content substrates (Figure 4A, Section 3.2). We assumed that
the sand:soil ratio was the trigger between the positive (sand) and negative (clay) effects
of biochar on MBC in the pot substrates. Liu et al. (2016) referred to a similar positive
biochar-derived effect on soil microbial traits in coarse soils, while negative effects were
observed in fine-textured soils [21]. The study, carried out in field luvisoil (a clay-rich soil
type) inferred that MBC was lowered by amendment with biochar, which corroborates our
previous findings [46].

BR is an indicator of the catabolic activities of soil organisms (mostly microbes). This
may be estimated as CO, produced non-specifically within the entire soil microbiome [47]
or as a selectively induced microbial response to a defined energy source [48]. It is known
that CO, production is soil-texture-dependent; nevertheless, the referenced respiration
responses in different types of soil may differ. Longer-term (90 days) enhancement of
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C decomposition in soils with more clay was reported by Gregorich et al. (1991) [49],
whereas Franzluebbers et al. (1996) observed the opposite over a much shorter period
(21 days) [49]. The soil microbial biomass was more active in coarse-textured soils than in
fine-textured soils. We experienced a decrease in the metabolic quotient in our mid-length
experiment (compared to the above-mentioned two studies) when sand content in the pot
substrate was lowered stepwise (Figure 5). Hassing et al. (1994) and Franzluebbers et al.
(1996) reported very similar results to ours; they noted doubled activity of the biomass
in average sandy or loam soil than in an average clay soil [5,49]. The above-described
principles of microbial respiration can be affected by soil texture and were found to be
similar in the biochar-treated soils. Liu et al. (2016) referred to significant positive effects of
biochar application on soil CO, fluxes in coarse-textured soils [20]. We contrasted these
results with observed insignificant changes in the substrates with >80% sand, which was
still beneficial due to prevention of the negative biochar priming effect on respiration.
Contrarily, significant negative effects were observed in biochar-treated soils with fine
textures (high clay content) [20] and in our substrate treatments characterized by 40-80%
of soil (silty clay loam) (Figure 4C-H, Section 3.2). The above-mentioned results were
mutually evaluated and a weak indirect relationship was found between respiration values
and the sand:soil ratio. Zhou et al. (2017) referred to a similar reduction in qCO, with
biochar amendment and also to the reduction in clay soils (as compared to sandy soils) [19].
Our observations are listed in Section 3.2 (Figure 5A-C).

Neither the soil respiration nor metabolic quotient was higher in the biochar-amended
soil; however, qCO, was directly related to the sand content and indirectly related to
the microbial biomass in both biochar-treated and untreated treatments. The specific
respiration rate (qCO;) was determined by soil microbial biomass as well [9]. Glc-SIR
and Ala-SIR rather strongly correlated with TN (p = 0.72 and 0.57, respectively) and the
dry AGB (p = 0.72 and 0.61, respectively), and thus we presumed that a high clay content
promoted nutrient stabilization. Singh et al. (2014) also observed C stabilization and
protection from mineralization in soils with higher clay content [13]; therefore, we deduced
that the observed stabilization may benefit plants” nutrient uptake and higher absolute
respiration values.

This experiment primarily aimed to only investigate and evaluate theoretical ap-
plication of biochar on different simulated artificial soil types. The biochar application
was expected to alleviate adverse effects of sand- and soil-based substrates (with variable
sand:soil ratios) on the nutrient content, microbial abundance, and fertility. The main
outcome of this study was evaluation of the potential of biochar application for sandy soil
fertilization and also the possible reclamation and protection of lands affected by wind
erosion. We deduce this from the positive effects of biochar application on soil microbial
activity (and the weakest negative priming effect on microbial abundance) with the treat-
ments containing higher sand content. We also observed the best improvement of plant
biomass yield in the biochar-treated pot substrate with high sand content.

5. Conclusions

Based on the performed pot experiment, the following points were concluded.

Soil TC and TN were positively affected by the soil content in the pot substrate
(prepared by mixing silty clay loam (Haplic Luvisol) with a quartz sand) and by biochar
addition. The amendment of biochar to the substrate led to a proportionally larger increase
in the C levels (and a lower increase in N levels) with an ascending soil:sand ratio in
comparison to the unamended treatments. This observation was supportive evidence
for the known biochar function of enhanced C sequestration. Morover, the increacing N
content could be indicative of the enhancing effect of biochar on the rate of nitrification
in soil.

The MBC was positively affected by the soil content in the pot substrate, whereas
the biochar amendment decreased MBC in the 20% sand + 80% soil and the 100% soil
treatments. The other treatments showed no change. The BR and SIR showed that neither
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the absolute values of evolved CO, nor the metabolic quotient (qCO;) were lower in the
biochar-treated soil. This can be explained as a partially negative effect of biochar on the
abundance of soil microflora, whereas the microbial activity was presumably unchanged.

Calculation of the proportional increase in the plant biomass values, i.e., comparison
between biochar-amended and untreated treatments, showed that biochar had a beneficial
effect on the plant biomass. It reached the maximum value at 100% sand, with 24-fold
higher values for AGB and 11-fold for root biomass. However, this positive affect of biochar
should be attributed to positive effects on soil physicochemical properties, biological
processes, nutrient transformation, and the enhanced access of nutrients derived by the
biochar material, which is more fertile in comparison to the quartz sand.

Although the biochar application on the coarse soil type showed the most benefi-
cial effects in the 100% sand treatment (compared to the other treatments), this approach
cannot be recommended as cost-effective, yet it leaves the option for further testing of
possible beneficial effects in some specified types of biochar-based technology (e.g., wa-
ter availability improvement, reclamation of specifically endangered or damaged soils)
in agriculture.
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Appendix A

Table Al. Detailed results after multivariate analysis of variance MANOVA (ANOVA separately).

Response Variable F Test Significance (p)
MBC F (11,96) = 650.10 <0.001 ***
BR F (11,132) = 17.35 <0.007 ***
Glc-SIR F (11,132) = 42.68 <0.0071 ***
Tre-SIR F (11132 = 24.47 <0.001 ***
NAG-SIR F (11132 = 27.25 <0.001 ***
Ala-SIR F (11,132) = 29.89 <0.007 ***
LYS-SIR F (11,132) = 29.99 <0.007 ***
Arg—SIR F (11,132) = 23.79 <0.007 ***
TC F (11,60 = 135.10 <0.001 ***
N F (11,60) = 614.18 <0.007 ***
AGB_dry F (11,04) = 20.25 <0.001 ***
ROOt_dI‘y F (11,24) =4.30 0.001 **

Statistical difference at the level: ** p < 0.01, *** p < 0.001.
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Table A2. Results of two-way analysis of variance ANOVA.

Response: TC Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 6.938 1.388 115.872 <0.001 ***
Biochar 1 9.036 9.036 754.544 <0.001 ***
Sand:soil to Biochar 5 0.069 0.014 1.144 0.347
Residuals 60 0.719 0.012
Response: TN Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 0.217 0.043 664.444 <0.001 ***
Biochar 1 0.002 0.002 31.577 <0.001 ***
Sand:soil to Biochar 5 1.74 x 1074 3.50 x 107° 0.535 0.749
Residuals 61 0.004 0.000
Response: MBC Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 11.994 2.399 1244.090 <0.001 ***
Biochar 1 0.577 0.577 299.330 <0.001 ***
Sand:soil to Biochar 5 2.153 0.431 223.280 <0.001 ***
Residuals 96 0.185 0.002
Response: BR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 0.355 0.071 9.883 <0.001 ***
Biochar 1 0.625 0.625 87.139 <0.001 ***
Sand:soil to Biochar 5 0.372 0.074 10.365 <0.001 ***
Residuals 132 0.947 0.007
Response: Glc-SIR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 34.403 6.881 69.538 <0.001 ***
Biochar 1 4.849 4.849 49.008 <0.001 ***
Sand:soil to Biochar 5 5.578 1.116 11.274 <0.001 ***
Residuals 132 13.061 0.099
Response: Tre-SIR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 5.639 1.128 28.476 <0.001 ***
Biochar 1 2.265 2.265 57.194 <0.001 ***
Sand:soil to Biochar 5 2.632 0.526 13.292 <0.001 ***
Residuals 132 5.228 0.040
Response: NAG-SIR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 3.085 0.617 29.608 <0.001 ***
Biochar 1 1.733 1.733 83.151 <0.001 ***
Sand:soil to Biochar 5 1.315 0.263 12.623 <0.001 ***
Residuals 132 2.751 0.021
Response: Ala-SIR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 4.181 0.836 33.827 <0.001 ***
Biochar 1 1.961 1.961 79.328 <0.001 ***
Sand:soil to Biochar 5 1.575 0.315 12.740 <0.001 ***
Residuals 132 3.263 0.025
Response: Lys-SIR Df Sum Sq Mean Sq F value p &GP
Sand:soil 5 1.071 0.214 22.042 <0.001 ***
Biochar 1 0.908 0.908 93.458 <0.001 ***
Sand:soil to Biochar 5 0.839 0.168 17.263 <0.001 ***
Residuals 132 1.283 0.010
Response: Arg-SIR Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 0.176 0.035 27.024 <0.001 ***
Biochar 1 0.059 0.059 45.128 <0.001 ***
Sand:soil to Biochar 5 0.069 0.014 10.669 <0.001 ***
Residuals 132 0.172 0.001
Response: AGB dry Df Sum Sq Mean Sq F value p P
Sand:soil 5 2.487 0.498 24.809 < 0.001 ***
Biochar 1 0.021 0.021 1.820 0.190
Sand:soil to Biochar 5 0.079 0.016 1.368 0.271
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Table A2. Cont.

Residuals 24 0.279 0.012
Response: Root dry Df Sum Sq Mean Sq F value p GF)
Sand:soil 5 0.020 0.004 3.736 0.012*
Biochar 1 0.026 0.026 23.593 <0.001 ***
Sand:soil to Biochar 5 0.005 0.001 0.998 0.440
Residuals 24 0.026 0.001

Statistical difference at the level: * p < 0.05, *** p < 0.001.
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