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Plant-soil nitrogen, carbon and phosphorus content after the
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ABSTRACT
The use of biochar in combination with mineral or biological amendments
to improve its influence on soil-plant properties has received growing
attention. The changes of nitrogen, carbon and phosphorus content in
Lactuca sativa var. capitata aboveground plant biomass and soil after the
addition of beech wood biochar combined with the addition of bacterial
inoculums (Bacofil and Novarefm) and nitrogen fertilizer have been studied
using spectrophotometry methods. Pots were filled with the arable soil
from the plots in the protection zone of water sources (B�rezov�a nad
Svitavou, South Moravia, Czech Republic). Biochar with inoculums
decreased plant growth in the first yield of Novaferm treatment and both
yields of Bactofil treatment. Increased plant biomass growth was observed
with Novaferm addition in the second yield. Total nitrogen increase has
been obtained in the plant aboveground biomass and soil of the treat-
ments amended with inoculums and nitrogen fertilizer. The decrease of
phosphorus content has been observed in plant aboveground biomass in
the biochar amended samples.
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Introduction

Agricultural lands have been exposed to anthropogenically soil degradation resulting in its prod-
uctivity loss, frequently caused by overfertilization and poor water management involving soil
erosion (Tilman et al. 2002). Worldwide, approximately 45% of arable soils are degraded (Lal
2007) and annually 0.3–0.8% of global arable land is considered improper for agricultural produc-
tion (Osman 2014). In the Czech Republic, soil erosion caused by water, soil compaction, and
reduction in soil organic matter (SOM) are the most common types of soil degradation that were
induced by past intensive farm practices (Prazan and Dumbrovsky 2011).

Thus, soil restoration strategies have to be implemented aiming to mitigate soil degradation
trends (Lal 2004). In the last decade, biochar (BCH) has attracted an increasing interest to
improve the arable soil due to its potential agronomic benefits and carbon sequestration ability.
BCH can have an effect on soil-forming processes that in turn determine the transformation,
translocation and accumulation of soil constituents, changing soil pedogenic activity, morphology,
and productivity from the long term perspective (Richter 2007). BCH could also play a role as a
soil conditioner for improving soil fertility and crop productivity (Lehmann, Gaunt, and Rondon
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2006; Major et al. 2010). Overall, BCH influence on soil fertility depends on the amounts of car-
bon and macro or micronutrients derived from the BCH feedstock and pyrolysis temperature
(Spokas et al. 2012; Wiedner et al. 2015). Though, improvements in global soil nutrient availabil-
ity may take a certain period of time to be observed (Spokas et al. 2012).

Soil amendment with biochar has a direct influence on soil microbial communities and their
activity (Rondon et al. 2007; Warnock et al. 2007). According to Mart�ınez-Viveros et al. (2010)
plant growth-promoting bacteria (PGPB) create significant component of the soil microflora
improving plant health along with productivity, while BCH with its porous structure of specific
appropriate dimensions may serve as an effective inoculum carrier providing a protected habitat
for bacteria, inaccessible for predators (Warnock et al. 2010). In addition, BCH can retain organic
and inorganic nutrients from the feedstock and adsorb nutrients from root exudates thus success-
fully supporting inoculum development after its introduction into the soil (Zimmerman, Gao,
and Ahn 2011).

On the other hand, BCH could reduce plant growth (Deenik et al. 2010). This phenomenon
could be explained by the presence of toxic compounds due to the charring process, like polycyc-
lic aromatic hydrocarbons (PAHs), cresols, xylenols, formaldehyde, acrolein and volatile com-
pounds such as pyroligneous acids (PA) (Gundale and DeLuca 2006) or the immobilization of
nutrients by BCH (Liang et al. 2006; Yao et al. 2010), and especially nitrogen (Rondon et al.
2007; Asai et al. 2009; Verheijen et al. 2009).

Some researchers have shown interest in applying BCH in combination with mineral or
organic amendments to mitigate potential BCH negative effects. Plant growth responses are sig-
nificant when charcoal and fertilizers are combined, assuming a synergistic relationship (Chan
et al. 2007; Steiner et al. 2007). According to Steiner et al. (2007), BCH combined with nitrogen
(N) fertilizer is efficient for crop yield enhancement while reducing the N application.
Considering the influence of BCH on soil microorganisms, the co-application of BCH with bio-
logical amendments could be also of interest. Several studies demonstrate the effect of inoculated
BCH by bacterial inoculums mixed with fertilizers effect (Major et al. 2010; Chia et al. 2014;
Conversa et al. 2015; Fazal and Bano 2016), however there are still missing data about their com-
bined acting after the plant influence and persistence in soil. Moreover, there are also insufficient
studies regarding the comparison of freshly applied BCH with the persisted in soil BCH after the
second yield as the vast majority of research is based on one growth cycle investigation. In add-
ition, the BCH influence is broadly dependent on the BCH feedstock and production
temperature.

In this study, we investigated the influence of BCH combined with other soil amendments
(bacterial inoculums and nitrogen fertilizer) on lettuce (Lactuca sativa var. capitata) growth and
soil-plant nutrient content (nitrogen, carbon and phosphorus) during two growth cycles.

Materials and methods

Soil sampling and preparation

Soil has been collected from permanent experimental Ban�ın plots situated in the protection zone
of the underground drinking water source ‘Brezova nad Svitavou’ (Czech Republic; 49�40.409‘N,
16�27.545‘E.). The soil was sampled with a spade according to Czech Technical Standard ISO
10381-6 (2009) from the topsoil horizon (till 0–30 cm) in summer 2015. The soil is characterized

Table 1. Basic properties of soil used in experiment (adapted from Plo�sek 2016).

CEC pH Conductivity Ntot Ctot Corg C:N Humus content Ca K Mg P
(mekv kg�1) (H2O) (lS cm�1) (mg g�1) % (mg kg�1)

103.33 6.3 106.4 1.6 17.7 11.3 19.8 1.95 1449 167.8 52.5 180.6
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as a sandy loam type of luvisol (Table 1). Fresh soil samples were air-dried, homogenized, and
sieved through a 10-mm sieve.

Before an establishment of the experiment, basic soil parameters were determined. Content of
available nutrients was measured using the Mehlich III method. Soil pH value was determined in
H2O, soil total C and total N were measured on the LECO CNS 2000 analyzer (Plo�sek 2016).
According to Pokorn�y, �Sarapatka, and Hej�atkov�a (2007) this sandy loam soil is characterized by
lightly acidic pH, lower organic carbon (Corg) content, low total nitrogen—Ntot (0.1–0.3%), weak
humus content, high phosphorus (P) content, low magnesium (Mg) content which is typical for
Czech soils. The conductivity index suggested increased salt content (60–120 lS cm�1) in soil.

Biochar material

Beech wood biochar (Fagus silvatica L.) was manufactured by the company BIOUHEL.CZ s.r.o. It
was produced by slow pyrolysis with the use of low temperature 470 �C (Table 2).

The Ctot percentage with the high ash content of 32.72% is commonly revealed in wood-
derived BCH that was produced in high temperatures (Domingues et al. 2017). An alkaline pH
10.12 is directly correlated with the higher pyrolysis temperature of BCH production (Ippolito
et al. 2012) and the high content of basic elements calcium (Ca) and potassium (K) in wood. Ntot

and Ctot content were close to the BCH produced from the wood matter (Van Zwieten
et al. 2010).

Experimental design and plant cultivation

Lettuce plants (Lactuca sativa var. capitata) were planted in plastic square containers
(10x10x11 cm) filled with 800 g of topsoil. Five different treatments types including control were
prepared with four replications of each treatment: control (C) without any amendment, addition
of biochar and Bactofil (B), addition of biochar and Bactofil with urea ammonium nitrate (BD),
addition of biochar and Novaferm (N) and addition of biochar and Novaferm with urea ammo-
nium nitrate (ND) (Table 3).

In biochar amended treatments, BCH was mixed into the whole volume of soil in the quantity
of 6.5% per weight with the first plant growth cycle. The BCH quantity used for the experiment
was chosen as a high concentration to obtain distinguished results (Chan et al. 2007). Pots were
inoculated with the commercial bacterial inoculums ‘Bactofil’ (B) from BioFil Ltd (Budapest,
Hungary) while the others were inoculated with ‘NovaFerm’ (N) from Nova Scienta Kft
(Soltvadkert, Hungary) at the beginning of the experiment. Inoculums were applied in 10ml sus-
pension to the soil surface of each pot with the lettuce at growth stage 13 of BBCH-scale (Jenni
and Bourgeois 2008). Later at BBCH-scale 15–18, the urea ammonium nitrate fertilizer (UAN
390) was added to BD and ND pots with the dose recommended by the supplier (140 kg N
ha�1). UAN 390 is a liquid fertilizer of ammonium nitrate with urea and with ammonium (NH4-
N) nitrogen, nitrate (NO3-N) nitrogen and amide (N-NH2) nitrogen. It contains 30% nitrogen;
the ratio of ammonium, nitrate, and amide nitrogen is 1:1:2.

The whole experiment was performed in the CLF PlantClimaticsVR growth chamber with ambi-
ent air and light conditions and day temperature variations that remained in the range of

Table 2. Physicochemical characteristics of studied biochar.

Ash Conductivity Dry matter pH Ntot Ctot Ca K Mg P
(%) (mS.cm�1) (%) (H2O) (%) (mg g�1)

32.72 4.22 95.47 10.12 0.37 56.05 51.23 16.36 6.13 2.61
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16–22 �C. Pots were irrigated with deionized water during two months of one growth cycle, to
maintain soil humidity for approximately 70% of WHC.

After two months of one growth cycle, leaf biomass was harvested, weighed, and prepared for
nutrient analysis. Soil (e.g. with the same BCH) was used again without additional BCH amendment.
Root biomass from the first growth cycle of plants was removed, and experimental soils were homo-
genized again and put back into the containers. Lettuce was seeded into the pots for the second
experiment. Inoculums and UAN 390 were applied again using the same experimental design as in
the first growth cycle. The inoculation by ‘Bactofil’ (B) and ‘NovaFerm’(N) additives and the applica-
tion of UAN 390 fertilizer (D) were done at the same BBCH-scale as in the first plant growth cycle.

At the end of the second experiment in the next two months, soil and plant samples were col-
lected and analyzed for Corg, total N and P contents.

Nutrient determination in soil and Lactuca sativa aboveground biomass

Plant and soil samples preparation
Lettuce aboveground biomass was cut and then dried at 40 �C to an invariable weight. After the
determination of total dry plant biomass, plants were ground into a fine powder utilizing a knife
mill (GM200, Retsch). Soil samples were cleared from plant residues, sieved through a 2-mm
sieve and transferred into plastic trays to dry at 40 �C in the oven.

Nutrient content analysis
500mg of soil sample and 50mg of dry plant sample were used for nutrient content determin-
ation. Organic carbon (Corg) levels were determined with a spectrocolorimetric dosing according
to the sulphochromic oxidation method (NFX 31 109-1 1993). 5mL of potassium dichromate
(K2Cr2O7, 80 g L�1) and 7.5mL of sulfuric acid (H2SO4, 95%) were added to a glass tube contain-
ing 500mg of soil sample sieved to 250mm, or 50mg of dry plant sample ground with a mill.
Then, the glass tube was stirred thoroughly and placed on a heating block (DK Heating Digester
Velp ScientificaVR ) at 140 �C for 30min. The following solution was cooled and poured in a
100mL graduated flask, where the level was adjusted with osmotic water. After stirring, an aliquot
of 20mL was taken and centrifuged for 10min (4500 rpm; 2000 g). 200 ml of all samples were
placed on a microplate and the absorbance was measured at the wavelength k¼ 585 nm using a
spectrophotometer MultiskanVR GO.

Nitrogen (N) and phosphorus (P) were analyzed in the same way for soil and plant extracts
prepared in accordance with the Kjeldahl digestion procedure, modified by Saha, Sonon, and
Kissel (2012). For N and P estimation in soil, 0.5 g of dry soil sample was weighed in a glass

Table 3. Characteristics of all the applied treatments.

Amendment

Dose per pot TreatmentDescription Biochar Bacterial inoculum Mineral fertilizer

Without
amendment

– – – – C

‘Bactofil’
inoculum (B)

þ 60 g Azospirillum brasilense,
Azotobacter vinelandii,
Bacillus megaterium,
Bacillus polymyxa,
Pseudomonas fluorescens,
Streptomyces albus

– 0.1ml B
þUAN 390

fertilizer (D)
0.359ml BD

‘Novaferm’
inoculum (N)

þ 60 g Azospirillum spp.,
Azotobacter spp., B.
megaterium,
Bacillus subtilis

– 1ml N
þUAN 390

fertilizer (D)
0.359ml ND
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digestion tube with the addition of 3.5 g of a catalyst mixture (K2SO4, CuSO4 x 5H2O, and TiO2;
the proportion of 33:1:1). Then, samples were vortexed.

For N and P estimation in plant aboveground biomass, 50mg of dry plant biomass sample
was weighed to a glass digestion tubes with adding 3.5 g of the same catalysts. A volume of 10mL
of concentrated (96.8%) H2SO4 and 10mL of 30% H2O2 was successively added slowly to each
tube of soil and aboveground biomass samples and then mixed by vortexing. Thereafter, the
digestion tubes were placed on a digestion block (DK Heating Digester, Velp Scientifica), heated
at 200 �C for 20min and 390 �C for 45min. The samples were digested until the solution was
clear green. The final N extraction followed the ascorbic/molybdate method described in the
French standard NFX 31-161, where digests were cooled for 15min at room temperature and
diluted by adding distilled water to constitute a solution of 100mL volume and measured by UV/
VIS spectrophotometer (MultiskanVR GO) at a wavelength k ¼ 660 nm.

The final P extraction was done in accordance with Joret and H�ebert (1955), where solutions
after were measured spectrophotometrically (UV � 1800 Shimadzu) at wavelength k ¼ 825 nm.

Data analysis

Nutrient concentrations in soil and aboveground biomass of lettuce are expressed and presented as
the means and standard deviations of replicates for each treatment within two plant growth cycles.
Analysis of variance (ANOVA) was accomplished to estimate between two plant growth cycle dif-
ferences concerning elements concentration in soil and including the aboveground biomass weight
across the treatments. The normal distribution of data (Shapiro-Wilk test) and equality of variances
(Bartlett test) were checked. When both tests proved conformity, Fisher statistics was considered
for significance (p� 0.05) and the Tukey (HSD) test was used for pair-wise comparisons of statis-
tical groups. The Kruskal-Wallis test was performed for data that were not distributed normally. All
statistic tests were conducted in XLSTAT software (AddinsoftTM software 2016).

Results

Lettuce growth/plant biomass measurements

In the first growth cycle (G1) biomass yield ranged from 0.5 to 2.3 g DM (Figure 1). No signifi-
cant differences were found between the treatments and control (1.6 g DM). However, treatments
amended with UAN 390 fertilizer had significantly higher values by 3.2 times in BD treatment

Figure 1. Aboveground biomass production (g DM) within two plant growing cycles—the first (G1) and the second (G2) in pots
with treatments (C, B, BD, N and ND). Values are presented as means ± SD. Different letters refer to significant differences
between plants (Tukey HSD test, n¼ 4, p� 0.05).
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and by 4.6 times in ND treatment compared to the same treatments amended just with inocu-
lums, B and D respectively).

In the second growth cycle (G2) values ranged from 0.5 till 4.1 g DM. No significant differen-
ces were found between the C and B treatment. Significantly increased values were found in BD
treatment (by 6 times), ND treatment (by 7.2 times) and N treatment (by 8.3 times) compared to
the control plant.

Taking into comparison two growth cycles G1 and G2, no significant differences were determined
within the treatments, except the Novaferm inoculated treatments, where N treatment showed a sig-
nificant increase by 8.2 times in G2 compared to G1 and ND treatment by 1.6 times respectively.

Total N in biomass/soil

In G1, N content values in lettuce biomass fluctuated from 12.3mg g�1 leaves DM to 25mg g�1

leaves DM (Figure 2). No significant differences have been observed between the C, B, N and ND
treatments in G1. Although BD value was significantly higher by 1.6–2 times compared to the C,
B and ND treatments. In G2, no significant differences have been detected within B, BD com-
pared to the control (10.8mg g�1 leaves DM), where N treatment differed from C, B and ND
treatment, but not the BD treatment. ND value was significantly higher than all the other treat-
ments and by 2.9 times compared to the C.

Comparing G1 and G2 reveals that no significant differences were observed that characterize
the C, B and N treatments, although UAN 390 amended treatments showed a decrease up to
34% in the case of its combination with Bactofil inoculum (BD) and an increase in 51.8% with
the Novaferm inoculum combination (ND).

Figure 3 shows that BCH amended treatments exhibited significantly higher N values in BD,
N and ND treatments compared to control soil (0.6mg g�1 soil DM), though B treatment did
not show any significant differences compared to the rest of the treatments.

Organic carbon content in biomass/soil

No statistically significant differences have been detected in G1 and G2 regarding organic carbon
(Corg) content in the lettuce biomass (Figure 4). Corg content fluctuated in G1 from 337 to
364mg g�1 leaves DM and in G2 from 317 to 347mg g�1 leaves DM.

Figure 2. Nitrogen content (mg g�1 leaves DM) in aboveground lettuce biomass of the first (G1) and the second (G2) growing
cycles in five different soil treatments (C, B, BD, N and ND). Values are presented as means ± SD. Different letters refer to signifi-
cant differences between plants (Tukey HSD test, n¼ 4, p� 0.05).
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Soil Corg content has been detected in significantly higher amounts by 3.6–5 times in the
BCH amended treatments compared to the control soil (8.7mg g�1 soil DM), Figure 5.

No differences have been found between B, N and ND treatments itself, while BD treatment
was significantly higher by 1.3–1.4 times compared to B and ND treatments, but meantime hav-
ing no significant difference with the N treatment.

Phosphorus in biomass/soil

In G1 the highest P content was observed in the C plant: 13.8mg g�1 leaves DM (Figure 6). The
other lettuce plants aboveground biomass had significantly lower P content compared to the con-
trol plant: by 1.6 times in B treatment and by 3.7–5.3 times in the rest N, BD and
ND treatments.

In G1, no statistically significant differences in plant P content have been found between UAN
390 amended treatments (BD and ND) and the N inoculated plants. In G2, no statistically signifi-
cant differences have been found within the treated plants including the C plant. P contents

Figure 3. Total soil N content (mg g�1 soil DM) after G2 plants harvesting in five different soil treatments (C, B, BD, N and ND).
Values are presented as means ± SD. Different letters refer to significant differences between plants (Tukey HSD test,
n¼ 4, p� 0.05).

Figure 4. Corg content (mg g�1 leaves DM) in aboveground lettuce biomass of the first (G1) and the second (G2) growing cycles
in five different soil treatments (C, B, BD, N and ND). Values are presented as means ± SD. Different letters refer to significant dif-
ferences between plants (Tukey HSD test, n¼ 4, p� 0.05).
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varied from 2–2.5mg g�1 leaves DM. Comparing G1 and G2, P concentration decreased in all
the treatments of G2, except for the UAN 390 amended ones (BD and ND) having no statistical
differences between the growth cycles.

In G2, biomass P content in the control plant dropped by 5.5 times compared to G1. In B
treatment biomass P level has dropped by 3.6 times compared to G1 and by 1.8 times in N treat-
ment respectively.

No statistically significant differences of soil extractable P have been found between the control
soil along with the treated by BCH soils (Figure 7). Values fluctuated from 0.5–0.6mg g�1

soil DM.

Discussion

The differences between two plant growth cycles grown in the same BCH amended soil and influ-
enced by the two bacterial inoculums with mineral fertilizer have been investigated throughout

Figure 5. Soil Corg content (mg g�1 soil DM) after G2 plants harvesting in five different soil treatments (C, B, BD, N and ND).
Values are presented as means ± SD. Different letters refer to significant differences between plants (Tukey HSD test,
n¼ 4, p� 0.05).

Figure 6. P content (mg g�1 leaves DM) in aboveground lettuce biomass of the first (G1) and the second (G2) growing cycles in
five different soil treatments (C, B, BD, N and ND). Values are presented as means ± SD. Different letters refer to significant differ-
ences between plants (Tukey HSD test, n¼ 4, p� 0.05).
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the experiment. As hypothesized, the plants from two plant growth cycles differed while growing
in the same soil, although with the altered soil physicochemical and biological properties through-
out the experiment, as a result of microorganisms activity-soil-plant interactions.

Influence of the BCH mixed with bacterial inoculums

Plant biomass of control plants in G1 and G2 had lower values compared to the amended treat-
ments (Figure 1). This might have been caused by the consequent nutrient depletion due to plant
growth in G1 and the lack of those nutrients in G2 for the lettuce plants. B plants in G1 and G2
and N plants in G1 had decreased values equal to the control in G2. According to Joseph et al.
(2015) BCH in high concentrations added into the rhizosphere established contrasting from the
typical one environment that would naturally develop there from the typical soil clays, silt, sand
and organic matter components, resulting in changed redox potential around the BCH particle.
Low biomass N content in control and Bactofil treatment of both growth cycles has been related
to the limitation by the N lack in the soil as well (Figures 2 and 3). Initial soil N amount (Table
1) compared to G2 C soil showed a decrease by 62.5% which can be explained by the lettuce
nutrient consumption. The results are in the line with the former studies on lettuce growth and
sandy soil with compost (Brito 2001) and with hydroponic solution (Domingues et al. 2012).

The highest plant P content in G1 control plant and the following decreased plant P values in
the amended treatments may state on P allocation where in G1 microorganisms in inoculated
soils had concurrence for available P. Whereas in the B treated soil no concurrence occurred that
consequently resulted into a higher P content in aboveground biomass (Figure 6). Studies of
Rodr�ıguez and Fraga (1999) on phosphate solubilizing bacteria and P uptake support this hypoth-
esis. On the other side, lower P content in the amended lettuce plants compared to the higher P
ratio of the C plant and B treated plant could have been related to the nutrient dilution within
the plant growth resulting in decreased P concentration. Initial soil P content (Table 1) was
higher by 64% compared to the soil P in G2 C soil (Figure 7) might be also explained by the
reduced biomass development of C plant in G2 with the decreased P uptake which differs from
G1 lettuce plant (Figures 1 and 6). The results are in accordance with the studies on lettuce P
uptake in silty clay loam soil (Chabot, Antoun, and Cescas 1996) and quartz sand with P solu-
tions (Xu et al. 2004).

Biomass of BCH amended plants with inoculums reduced in G1 (Figure 1) and this might be
related to BCH ability to bend nutrients, as demonstrated with burcucumber BCH on lettuce that

Figure 7. Soil P content (mg g�1 soil DM) of second plant growing cycle (G2) in five different soil treatments (C, B, BD, N and
ND). Values are presented as means ± SD. Different letters refer to significant differences between plants (Tukey HSD test,
n¼ 4, p� 0.05).
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led to the suppressed plant growth (Rajapaksha et al. 2014). B treated soils showed a decrease in
lettuce growth of both G1 and G2 compared to the other treatments. In the studies of Jaiswal
et al. (2015) on beans and four BCH types (feedstock: eucalyptus wood chips and greenhouse
pepper plant wastes) studied ‘Shifted Rmax-Effect’ revealed the effective BCH dose for disease
reduction that was lower than that for plant growth promotion, whereas at higher BCH doses no
UAN ping-off suppression had been detected, even was promoted in certain cases. From the
other hand, Novaferm inoculated soil stimulated lettuce growth in G2 by 87.8% compared to G1
and the C plant in G2. This might be explained by the B inoculum type which could need a lon-
ger period to fully realize its potential, as its application into the BCH amended soil did not lead
to the lettuce development. In addition, biomass values in the B treatment of both growth cycles
remained unchanged (Figure 1). Our results are in accordance with the studies of Asai et al.
(2009) where BCH without N fertilizer led to the reduction of rice N uptake and caused
decreased grain yield in G1. Decreased N values in the BCH amended treatments with the B
inoculum could have been related to N immobilization by BCH and this hypothesis might explain
the reduced plant growth in B amended treatments of both growth cycles. Results are in accord-
ance with the experiments on corn stover and hardwood BCH with silt loam soil and corn (Fidel,
Laird, and Parkin 2017), maize stover BCH and ryegrass with loamy/sandy soil (Liu et al. 2017).
Otherwise, N content reduction in B treated plants with the reduced biomass might be explained
by the B inoculum lower N2-fixators activity with its BCH combination compared to the
Novaferm one, with perhaps inefficient microbial population establishment of the added inocu-
lum as suggested in studies of Dempster et al. (2012) where jarrah wood BCH suppressed micro-
bial development. However, the amount of total soil N (Figure 3) has increased by the
application of BCH up to 24% (N treatment), some of which can be explained by the direct input
from BCH(Zhang, Voroney, and Price 2015; Nguyen et al. 2017). Some portion of N and P is
released from the charcoal residues, but these compounds are rather immediately involved in a
soil-plant nutrient cycle (Gul and Whalen 2016). Soil P allocation without any significant differ-
ences among the treatments might be explained by the better phosphate solubilizing bacteria
development in the BCH amended soils with inoculums that had the other strategy than releasing
P available to plants (Khan et al. 2009). Basically, greater P allocation took place within BCH
amended soils, as the lettuce development, in that case, was higher (Figures 1 and 7). Another
explanation could be related to BCH as an available P adsorbent from the soil as in the studies of
Yao et al. (2011) on sugar beet biochar removing P from phosphate solution. Consequently, it
could have led to the low biomass P values obtained in BCH amended soils of both growth
cycles, as the soil mixed with BCH makes P partly unavailable for the plants.

The effect of the BCH mixed with the bacterial inoculums and UAN fertilizer

BCH combination with inoculums and N fertilizers resulted in a biomass increase in both growth
cycles (Figure 1). Overall, practically all the BCH amended treatments showed lettuce biomass
increase in G2 (except the upper mentioned B and control). This trend confirms our hypothesis
of BCH persistence in soil and consequent pores inoculation in course of time that drives to plant
better growth and therefore biomass increase as suggested previously (Jones et al. 2012;
Biederman and Stanley Harpole 2013). UAN fertilizer combined with inoculums also initiated a
total N content increase in biomass of BD treatment compared to the C (Figure 2). This can be
explained by the application of N additives into the soil and thus N availability that correlates
with increased biomass growth (Liu et al. 2018). The plant N content of ND treatment was not
significantly different in G1 compared to C, that might be due to microbial N immobilization as
in the studied N microsites suggested by Schimel and Bennett (2004). In the case of ND treat-
ment in G1 the tendency of a decreased plant N amounts up to 48% compared to G2 could have
stated on its use primarily by soil bacteria in G1, as suggested by Kaye and Hart (1997)
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considering N competition within plants and soil microorganisms. Soil N content remained
unchanged between BCH amended treatments (Figure 3), but was significantly higher than the C
soil (treatments BD, N and ND). BCH may also limit soil N availability in N deficient soils due
to the high C/N ratio and temporarily reduce crop productivity (Lehmann et al. 2003a).

Hence, significantly raised Corg values have been found in all the BCH treated soils with the
highest value in BD treated soil by 80% (Figure 5). Obtained results where the Corg doubled in
the BCH amended soils are confirmed as well by the studies of Lehmann et al. (2003b) involving
Ferrasol and using cowpea as a test plant. Other studies confirm, that for example maize BCH
addition in augmented amounts led to great soil Corg rise and total N as well (Wang et al. 2015).
Moreover, BCH addition associated with the increased soil Corg contents might enhance the
nutrient retention capacity of the soil due to the higher CEC with organo-mineral complexes
forming (Glaser, Lehmann, and Zech 2002). On the other side, BCH application in high rates like
16 t ha�1 caused N limitation, even with N fertilizer addition, and thus low grain yields with the
reduction of rice plant N uptake (Asai et al. 2009). In the other studies, maize BCH and urea fer-
tilizer lead to the short-term reductions in soil mineral N availability as a result of probable BCH
negative effect on soil quality and fertility characteristics (Wang et al. 2015). It might be also
caused by the significant absorption of N up to 22.1% with the ash/charcoal woody residues
according to the studies of D€unisch et al. (2007), where actually the same has been observed in
the case of available P compounds (up to 11.7%). Biomass and soil P content remained without
any significant differences between the G2 treatments (Figures 6 and 7). The explanation can be
found in the blocked soil P due to the increased pH that is caused by the BCH amendment
(Takaya et al. 2016). BCH absorbs P and also increases P fertilizer retention in soils, though its
acting intensity broadly depends on BCH feedstock type (Zhang et al. 2016) or can also adsorb
phosphate efficiently from solutions being a potential P source (Liang et al. 2018). The other
investigation, that studied the influence of BCH and N fertilizers on different soil types from sev-
eral locations in northern Laos, found yield rise in soils with low P availability and also enhanced
plant reaction to additional fertilizers with BCH additions (Asai et al. 2009).

Conclusion

This research proved the importance of BCH enrichment during physicochemical and biological
alterations in soil stimulated by crop growth and its consequent positive influence on plant devel-
opment. The resulting nutrient depletion by plants of G1 can be compensated by the BCH bacter-
ial inoculation and the addition of mineral fertilizer. Comparing the two bacterial additives mixed
with BCH and their acting in the soil it has been concluded, that growth-promoting effect of
inoculums was supported by N fertilization. Regarding the influence on the total N content in
plants, Novaferm bacteria composition promotes better N availability and assimilation possibility,
and consequently the plant growth. Thus, the Novaferm inoculum tends to increase N bonding
in G2 via bacterial N2-fixation to a greater extent than Bactofil. BCH most probably decreases N
availability in soil. Higher C and P content in all biochar amended soils should be attributed to C
and nutrient input in added BCH. Nevertheless, in both inoculums, Bactofil and Novaferm are
phosphate solubilizing bacteria not efficient enough. Observed effects need to be investigated fur-
ther aiming to analyze BCH aging in soil for a longer period and its functioning in soil-plant
nutrient cycling.
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