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Abstract 

Background:  Soil carbon-rich organic amendments (biochar, humic substances) may improve the quality and 
fertility of arable soil. Their co-application can additively enhance the beneficial effect on soil. Hypothetically, the 
pre-treatment of biochar, by aging via soaking in a solution of commercially available humic substances, could result 
in synergism, which may exceed the benefit from simple co-application of both amendments to the soil. Therefore, 
the aim of this study was to investigate the impact of biochar, humic substances, the combination of both, and the 
impact of biochar aged by humic substances solution on soil microbial activities and plant growth in a short-term pot 
experiment with lettuce.

Results:  The aging of biochar decreased the C:N ratio as compared to non-activated biochar. The co-application of 
biochar and humic substances into the soil resulted in the highest microbial biomass carbon and respiration activity. 
The majority of enzyme activities (β-glucosidase, arylsulfatase, N-acetyl-β-d-glucosaminidase, phosphatase) were the 
highest in humic substances-amended soil. The application of humic substances and biochar with humic substances 
seemed to stimulate microbial growth and activity followed by the competition of microflora for nutrients with plants, 
whereas the aged biochar behaved differently. The plants treated by aged biochar achieved the highest values of dry 
aboveground and root biomass of all variants. However, the assumed rapid uptake of nutrients by plants resulted in 
lower nutrient availability for microflora, and a decline in microbial viability.

Conclusions:  Based on this study, the positive effect of co-applied humic substances and biochar on soil fertility, 
quality, and health can be concluded. The usability of biochar aging by humic solution requires further study.
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Background
Soil microorganisms represent an active part of soil. 
They are important for the transformation of soil 
organic matter (SOM), nutrient conversion, and circu-
lation in the soil [1]. The quantity, vitality, and diversity 

of the soil microbial consortium can be assessed by 
soil microbial respiration (basal and induced by vari-
ous substrates) [2]. Moreover, microbial metabolism is 
sensitively indicated by soil enzyme activities, which 
are closely related to soil fertility, quality, and health [1, 
3]. The most studied soil enzymatic activities include 
β-glucosidase, arylsulfatase, phosphatase, and ure-
ase, due to their important roles in the mineralisa-
tion of C, S, P and N, respectively [4]. When using soil 
amendments in sustainable agriculture, it is therefore 
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necessary to assess their effect on soil microbial activity 
and abundance.

Humic substances-rich peat and lignite [5, 6] and 
C-rich biochar, belong to the routinely used natural soil 
amendments [7]. Humic substances, naturally occur-
ring in soil, are produced by complex biogeochemical 
processes of decomposition and transformation by soil 
microorganisms [1]. Amendment of humic substances 
into the soil enhances biological, physical, and chemi-
cal properties of soil, and plant growth [1, 8]. Biochar, 
as a stable C product of biomass pyrolysis, can enhance 
abundance and activity of soil microbiota and increase 
crop yields [9, 10]. Therefore, biochar and humic sub-
stances represent sustainable soil amendments pro-
viding high economic viability, crop productivity, and 
ecological stability [11, 12].

The positive effect of biochar is usually associated 
with changes in physical and chemical soil conditions 
[13]. On the other hand, fresh biochar is not the pre-
ferred environment for colonisation by microorganisms 
[14, 15]. Some studies have even found negative prim-
ing effects of biochar [16, 17]. Therefore, the effect of 
biochar addition on soil microbiome strongly depends 
on the residence time of biochar in soil [18]. Aged bio-
char, modified by biotic and abiotic processes, is a more 
hospitable environment for colonisation by microor-
ganisms than the non-activated biochar. Moreover, 
aged biochar shows increased nutrient retention capac-
ity resulting from the increased density of surface func-
tional groups and the adsorbed nutrient-rich organic 
molecules [19].

The individual or combined effect of the soil amend-
ments on soil microbiota and plant growth need to be 
better understood, because the majority of studies have 
focused on the environmental protective applications 
(e.g. [20]). The utilisation of biochar aged by humic 
substances was investigated only after the introduction 
of both to the soil [21]. Few studies dealt with liquid 
aging of biochar before the application to the soil (e.g. 
[22]). Therefore, the aim of this study was to investi-
gate the effect of the biochar and humic substances on 
soil microbial properties and plant growth via a novel 
approach based on the biochar liquid aging. We chose 
this approach presuming that the biochar composi-
tion should be significantly changed after humic sub-
stances–biochar interaction in a soilless environment.

The hypotheses of the study were as follows:

1	 Aging of biochar by humic substances changes the 
composition of biochar (determined as C, N, H, and 
O content) via enhanced soilless sorption of humic 
substances.

2	 Application of the aged biochar enhances soil micro-
bial activities and plant growth more efficiently than 
co-application of humic substances and biochar.

3	 Co-application of humic substances and biochar 
improves soil microbial activities and plant growth 
more than their application solely.

4	 Humic substances mitigate negative priming effect of 
biochar.

Methods
Soil amendments and their modification
Commercially available biochar (Sonnenerde GmbH, 
Austria) and humic substances solution, Humac (Envi 
Produkt, Czech Republic), were used for the experiment.

The biochar was pyrolyzed at 600  °C from agriculture 
waste consisting of cellulosic fibres and cereal husks. 
Basic characteristics of the biochar are as follows: specific 
surface (BET method) 288 m2 g−1, dry matter (DM) 41%, 
ash content (550  °C) 12% in DM, pH (CaCl2) 8.5, and 
conductivity 327 µS cm−1.

The basic component of Humac is oxihumolite (leonar-
dite) and its composition is as follows: DM at least 30%, 
humic substances at least 45% in DM, Ca 1200 mg L−1, 
Mg 55 mg L−1, Cu 1.70 mg L−1, and Mn 1.97 mg L−1 (as 
total elements).

The biochar was aged in a gas-washing bottle with a 
volume of 1 L, which was filled up with 128 g of biochar, 
4 mL of Humac, and 640 mL of demineralised water. The 
doses were chosen considering the application doses in 
the following pot experiment, in which 32  g of biochar, 
1  mL of Humac and 100  ml of watering solution were 
applied to each pot of specific variants (the content of 
bottle equaled 4 doses of aged biochar). The suspension 
in the bottle was intensively aerated at room temperature 
for 7 days. At the end of the aging process, the content of 
the bottle was homogenised and filtered through a 42-µm 
sieve.

Macro-elemental (C, N, H, O) composition of the bio-
char was determined using TruSpec analyser (LECO, 
USA). The biochar was dried to a constant weight at 
105  °C and sieved through a 0.15-mm mesh prior to 
analyses.

Pot experiment
The pot experiment with lettuce (Lactuca sativa L. var. 
capitata L.) cv. Smaragd was carried out in 1-L experi-
mental plastic pots under controlled conditions in a 
growth chamber, Climacell (BMT Medical Technology, 
Czech Republic), with full-spectrum stable white LED 
lighting. Environmental conditions were maintained 
at a temperature of 18/22  °C (night/day) with a 12-h 
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photoperiod, a light intensity of 370 µmol m−2 s−1, and 
relative air humidity of 70%.

The topsoil (0–15  cm) used in this pot experiment 
was collected from a field near the town Troubsko, 
Czech Republic (49°10′28"N 16°29′32″E). It was clas-
sified as silty clay loam (USDA Textural Triangle) 
Haplic Luvisol (WRB Soil Classification). Before the 
experiment, the soil was homogenised, sieved through 
a 2-mm mesh, and mixed with fine quartz sand (0.1–
1.0  mm) (1:1, w/w). The basic soil properties were as 
follows: pH 7.3, total N 1.6 g kg−1, total C 14.0 g kg−1, 
C:N 8.75, available K 230 mg kg−1, available Ca 3.26 g 
kg−1, available Mg 240  mg kg−1, and available P 100  g 
kg−1.

The control pots and the pots with Humac variant 
(H) were filled up with 1  kg of soil–sand mixture. For 
variants containing biochar, 1  kg of soil–sand mixture 
was mixed with 32  g of non-activated biochar (NB) 
or a quarter of aged biochar (AB), which was equal to 
32 g of NB. The obtained mixture was transferred into 
pots of specific variant. All the pots were watered with 
100 mL of fluid: (I) demineralised water for the control, 
NB and AB variants; and (II) 1 mL of Humac diluted in 
99 mL of demineralised water for H and non-activated 
biochar + Humac variant (NB + H) (Table  1). There 
were 15 pots in total with three pots per variant.

Lettuce seeds were sprouted on wet filter paper for 
2 days. Three sprouted lettuce seeds were sown at about 
2  mm deep into each pot. The pots were randomly 
placed in the growth chamber. All the pots were manu-
ally watered with 50  mL of demineralised water every 
other day and rotated variably during the experiment 
to ensure homogeneity of treatment. After 10 days, the 
most robust seedling was left in each pot.

The plants were harvested 6 weeks after sowing [23]. 
The leaves were cut at ground level and roots were 
removed from the soil gently and washed with tap 
water [24]. The weight of fresh aboveground (AGB) and 
root biomass was measured. The lettuce biomass was 
dried in a forced-air oven at 70  °C [24] to a constant 
weight to determine the dry weight of AGB and roots.

Soil analysis
At the end of the experiment, the mixed soil sample was 
collected from each pot. The soil samples were stored at 
4 °C for 14 days before analysis.

The microbial biomass carbon (MBC) content of the 
soil samples was determined using the fumigation extrac-
tion method [25]. Furthermore, the triphenyl tetrazolium 
chloride-dehydrogenase activity (DHA) was measured 
according to the methodology based on Casida et al. [26]. 
DHA was calculated according to the calibration curve. 
Enzyme activities, namely β-glucosidase (GLU), N-acetyl-
β-d-glucosaminidase (NAG), arylsulfatase (ARS), phos-
phatase (Phos), and urease (Urea), were measured on 
lyophilised samples by colorimetric methods [27].

Basal (BR) and substrate-induced (SIR) respiration 
were measured using a MicroResp device (The James 
Hutton Institute, UK) according to the method by Camp-
bell et al. [28]. BR was measured without the addition of 
any energy source. SIR was measured after the addition 
of specific energy sources, namely d-glucose (Glc-SIR), 
d-trehalose (Tre-SIR), N-acetyl-β-d-glucosamine (NAG-
SIR), l-alanine (Ala-SIR), l-lysine (Lys-SIR), and l-argi-
nine (Arg-SIR).

Statistical analysis
All statistical analyses were carried out in the program 
R version 4.0.2. [29], together with the additional pack-
ages ‘ggplot2’ [30] for creating all the statistical graphs. 
Principal component analysis (PCA) with dependence of 
different treatments was used for modelling the relation 
between the soil properties and selected treatments. The 
results were graphically presented with Rohlf biplot for 
standardised PCA. Furthermore, the additional packages 
‘factoextra’ [31] and ‘FactoMineR’ [32] were used. Pear-
son correlation analysis was applied for measuring the 
linear dependence among soil properties. The five-point 
scale [33] was used for interpreting the size of the corre-
lation coefficient (r).

One-way analysis of variance (ANOVA) type I (sequen-
tial) sum of squares was applied at the significance level 
of 0.05 separately for each soil property. To detect the 
difference among the treatments after ANOVA, Tukey’s 
honestly significant difference test from package ‘agrico-
lae’ at 0.05 confidence level [34] was used. The assump-
tion checking of all statistical models was also repeated 
with the help of the different diagnostic plots.

Results
Impact of biochar aging by humic substances on its 
macro‑elemental composition
The aging process led to a significant increase in both C 
and N content of biochar (Table 2), which was probably 

Table 1  Doses of tested materials

NB AB H H2O

Control – – – 100 mL

Non-activated biochar (NB) 32 g – – 100 mL

Humac (H) – – 1 mL 99 mL

Non-activated bio-
char + Humac (NB + H)

32 g – 1 mL 99 mL

Aged biochar (AB) – Equal to 
32 g of NB

– 100 mL
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the consequence of humic substances sorption on the 
biochar surface. On the other hand, the content of O 
decreased significantly during the aging process. These 
changes also caused a significant decrease in C:N and 
O:C ratios.

Total soil biological activity
DHA results showed no significant influence of the 
amendments as compared to the control (Fig.  1A). 
However, the increased values of this parameter were 
obtained for humic substances-influenced variants H and 
AB, whose values were significantly higher than the val-
ues of the NB variant.

Soil BR was positively affected by the addition of NB + H 
(Fig. 1B). Nevertheless, the difference was not statistically 
significant compared to the control. However, this vari-
ant reached significantly higher values of BR compared to 
other amended variants. Similar results were reached for 
all SIRs (except Arg-SIR; Fig. 1E–F, I–L), which correlated 
highly positively with each other (Fig. 2).

Soil carbon pathways
The lowest MBC values were found in the NB variant 
(Fig.  1C); however, this decrease was not significant as 
compared to the control. On the other hand, the surplus 
of nutrients from Humac led to higher microbial biomass 
gain in the NB + H variant, which exerted significantly 
higher MBC as compared to the NB and H variants. The 
effect of the active part of MBC on the microbial activ-
ity could be expected due to the low positive correlation 
with all soil respirations (Fig. 2).

In comparison to the control, the GLU was significantly 
increased only in variant H (Fig.  1D). In other variants, 
no significant changes were recorded due to the rather 
negative priming effect of biochar.

The negative priming effect of biochar is observable, 
as the Glc-SIR value of the NB variant was significantly 

lower compared to the control (Fig. 1E). However, Humac 
application to biochar and their mutual interaction 
resulted in mitigation of the negative effect of biochar on 
Glc-SIR in the NB + H variant, in which the Glc-SIR value 
was significantly higher than that of the NB variant. Their 
interaction even significantly increased Tre-SIR values in 
the NB + H variant compared to the control (Fig. 1F).

Soil nitrogen pathways
No significant difference in NAG values were found 
in any of the tested variants compared to the control 
(Fig. 1G). However, the effect of the biochar on NAG was 
neutral to negative as compared to humic substances’ 
effect in the H variant. This difference was alleviated 
by the aging of biochar via humic substances in the AB 
variant.

NB + H addition significantly increased soil Urea activ-
ity (Fig.  1H); the remaining amendments had no effect. 
The NB and NB + H variants showed significantly higher 
Urea compared to the AB variant.

Statistically significant difference was also found 
between NB and NB + H for NAG-SIR, Ala-SIR, Lys-
SIR (Fig. 1I, J, K), which correlated highly positively with 
each other (Fig. 2). There was no significant effect of the 
amendments on the soil Arg-SIR (Fig. 1L), in spite of dis-
playing a similar trend to other amino acid-induced SIRs.

Soil phosphorus and sulphur pathways
ARS and Phos activity moderately positively correlated 
with each other (Fig.  2). ARS activity was significantly 
decreased by NB treatment (Fig.  1M). The H variant 
exerted significantly higher ARS activity in comparison 
with NB and AB, indicating a positive effect of humic 
substances on general enzyme activity. Soil Phos activity 
significantly increased after H addition, whereas signifi-
cantly decreased in biochar-amended soils (Fig. 1N). The 
humic substances did not mitigate the negative effects of 
biochar on Phos.

Table 2  The content of macro-elements in the non-activated (NB) and aged (AB) biochar

Mean values ± standard deviation (SD). Statistical difference at the level: *p < 0.05, **p < 0.01, ***p < 0.001

C (%) N (%) H (%) O (%) C:N H:C O:C

NB 48.71 ± 0.83 1.11 ± 0.01 1.55 ± 0.09 17.27 ± 0.17 43.88 ± 0.95 0.032 ± 0.002 0.355 ± 0.007

AB 52.43 ± 0.36** 1.36 ± 0.11* 1.73 ± 0.04 15.80 ± 0.12*** 38.55 ± 3.40*** 0.033 ± 0.001 0.301 ± 0.003***

(See figure on next page.)
Fig. 1  Soil biochemical properties and plant biomass. A Dehydrogenase activity, B basal respiration, C microbial biomass carbon, D glucosidase, 
E respiration induced by d-glucose, F respiration induced by d-trehalose, G N-acetyl-β-d-glucosaminidase, H urease, I respiration induced by 
N-acetyl-β-d-glucosamine, J respiration induced by l-alanine, K respiration induced by l-lysine, L respiration induced by l-arginine, M arylsulfatase, 
N phosphatase, O fresh aboveground biomass, P dry aboveground biomass, Q fresh root biomass, R dry root biomass. Mean values ± SD. Statistical 
difference at the level: *p < 0.05
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Fig. 1  (See legend on previous page.)
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Lettuce biomass
The addition of Humac had no significant effect on the 
fresh or dry lettuce biomass (Fig.  1O–R). However, all 
parameters of plant biomass were increased in the vari-
ants with addition of either AB or NB. The low negative 
correlation between lettuce biomass and all soil respira-
tions (Figs. 2, 3) suggested that soil microorganisms and 
plants were competitors for nutrient sources. The values 
of dry AGB and root biomass in the AB were approxi-
mately twice as high as the control, H and NB + H, which 
evidenced a positive impact of biochar aging by Humac 
tea on plant growth.

Discussion
Impact of biochar aging by humic substances on its 
macro‑elemental composition
The decrease in the C:N and O:C ratio in the aged bio-
char (Table 2) may indicate changes in N availability and 
biochar stability, respectively. This behaviour is partially 
related to the increased pore- and surface-blocking effect 
of humic substances [35], which may have blocked the 
N leaching and decelerated further oxidation of biochar. 

We also consider a role of organic matter–microbe–bio-
char interaction during aging, leading to increased C 
and N content of the biochar [36]. Lower values of the 
C:N parameter indicated proportionally higher enrich-
ment of aged biochar with N, implying better availability 
of N for soil microorganisms and plants [37, 38] in the 
AB-amended soil. Higher N availability of aged biochar 
is supported by slightly higher values of plant yield as 
compared to non-activated biochar. The low content of 
O-based functional groups indicated more stable bio-
char [39]. However, it must be noted that AB was pre-
sumably enriched with labile available C originating 
from Humac, which is also characterised by the low O:C 
ratio [40]. We did not imply that aging removed nitrog-
enous groups from biochar surface. On the contrary, we 
assumed N enrichment of the biochar was due to the 
intensive adsorption of humic acids onto the surface with 
partial oxidation-blocking effect. Concurrent consump-
tion of O due to the putative respiratory activity (and C 
mineralisation) of superficial microflora in biochar might 
have resulted in a lowered O:C ratio. As a consequence, 
partially mineralised N might become more available. 

Fig. 2  Pearson’s correlation matrix of soil properties and plant biomass
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Biochar weathering, in general, leads to enhanced CO2 
production and N oxidation [41]. These results suggest 
that although the difference between NB and AB in O:C 
is statistically significant, it might have not affected the 
stability of the aged biochar.

Total soil biological activity
Unlike the findings of Lizarazo et  al. [6], the signifi-
cant increase in soil DHA values after humic substance 
treatment was not confirmed (Fig.  1A). Significantly 
decreased DHA of the NB + H variant in comparison to 
the sole Humac amendment corresponded to a reduced 
DHA related to the fresh biochar amendment to the soil 
[42]. This has been attributed to the adverse sorption of 
substrates or enzymes on the biochar surface [43]. More-
over, this phenomenon was observed in this experiment 
to a greater degree than the DHA-enhancing effect of 
Humac, which Bastista et al. [44] reported. Nevertheless, 
the interaction of biochar with humic substances dur-
ing the aging process putatively changed the adsorption 
potential of biochar. This presumption is based on the 
modified hydrophobicity and polarity of biochar surface 

structures [45, 46], which might lead to higher DHA val-
ues in the AB variant as compared to NB.

The observed effect of biochar addition on BR is vari-
able among literature. There are studies that reported 
positive [47], neutral [48] or negative effects [49, 50]. 
Spokas et  al. [51] observed a negative effect of NB on 
the BR, similar to this study. The difference between 
NB and NB + H was presumably caused by the lower 
content of amendment-derived available C in the vari-
ant NB in comparison with the variant of combined 
biochar and humic substances (Fig.  1B). The humic 
substances could decrease sorption and the stabilis-
ing effect of biochar [52] and result in putative allevia-
tion of SOM and soil C recalcitrance. The amendment 
of fresh concentrated Humac and biochar (NB + H) 
was evidenced to enhance this effect. This feature was 
also assumed by Al-Maliki et  al. [8], who found that 
the addition of humic substances enhanced the soil 
respiration as an energy source for the microbial com-
munity as well. Based on this, it could be claimed that 
co-application of biochar and humic substances led to 
the reduction of the potentially negative effect of bio-
char on BR. The described feature was general for all 

Fig. 3  Variable correlation PCA plot for describing the relationships between all variables
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determined types of respiration with the most various 
inducing substrates, as shown by the agonistic relation-
ship between BR and SIRs in PCA (Fig. 3).

Soil carbon pathways
MBC formed by bacteria and fungi and residues of 
their dead bodies is one of the key soil properties that 
determine soil C transformation pathways [53]. There 
was found no significant decrease in MBC values after 
biochar addition (Fig.  1C), unlike the results of the 
study by Li et  al. [17]. On the other hand, the surplus 
of nutrients from Humac to the biochar led to higher 
microbial biomass gain, as the results of MBC in the 
variants AB and NB + H showed. However, the limited 
binding capacity of the biochar towards the Humac-
derived carbonaceous compounds during the aging 
phase putatively caused insignificantly but apparently 
lower final values of the MCB in comparison to the 
NB + H (Fig. 1C).

The GLU hydrolyses soil carbohydrates, specifically 
soluble di- and oligo-saccharides [19]. Products of this 
hydrolysis belong to important sources of energy for 
soil microbiota, and the enzyme indicates the SOM 
quality, quantity, and its changes [48]. The decrease 
of GLU in the NB variant, as compared to the con-
trol, might be expected [54–56]; however, it was insig-
nificant in this case (Fig.  1D). The significantly higher 
GLU values in the variants H and NB + H, compared 
to the NB and AB variants, agreed with observations of 
other authors [57, 58]. However, they did not support 
our hypothesis that aged biochar soaked in Humac tea 
enhances soil biochemical activities most efficiently. 
Here, again, the authors presumed that the rapidly 
utilised limited labile C in the Humac tea led to over-
growth of microflora and accelerated exhaustion of 
easily available C sources in AB, which hindered the 
enhancement of GLU activity.

The Glc-SIR results showed significant difference 
among NB and other variants, except AB (Fig. 1E), which 
proved the previously implied negative priming effect of 
non-activated biochar on the microbial activity in soil. 
This effect was not completely mitigated even by aging 
in Humac tea, and is contradictory to the results of other 
authors [59]. However, the results again evidenced the 
importance of the humic substances amendment to the 
biochar. Similarly, Tre-SIR values (Fig. 1F) supported the 
assumption of humic substances-related alleviation of 
the possible adverse effect of biochar on the C stabilisa-
tion and enzyme inhibition.

Soil nitrogen pathway
NAG is one of three key enzymes participating in deg-
radation of chitin; therefore, it could be considered an 
indicator of N mineralisation [60]. The NAG assessment 
showed no significant effect of amendments (Fig.  1G). 
The NAG is closely related to fungal biomass, hence 
NAG semi-quantitatively indicates soil fungal biomass 
[61]. Therefore, our observation was in accordance with 
Yao et al. [18], who observed no fungal biomass change 
when biochar was applied under the field conditions. 
NAG activity was significantly limited by non-activated 
biochar in the NB and NB + H variants as compared to 
the H variant, thus there was no significant alleviation of 
biochar adverse effect by Humac unlike the case of GLU, 
ARS.

Contrary to the NAG, Urea in soil is produced mainly 
by bacteria [62]. The significant increase of Urea in 
the NB + H variant (Fig.  1H) seemed novel due to the 
referred counteraction of both amendments. The previ-
ous study [1] referred to the significant increase in Urea 
activity after treatment with humic substances. On the 
other hand, Yao et al. [18] found a significant decrease in 
Urea activity when biochar was applied under field condi-
tions. The NB and NB + H variants showed significantly 
higher Urea compared to the AB variant, indicating that 
ammonium formation rate was negatively affected by 
biochar aging in Humac tea.

N-Acetyl-β-d-glucosamine utilisation capacity was 
shown to increase via biochar-stimulated growth of 
actinomycetes and bacteria [63]. However, this study 
revealed neutral to opposite results (Fig. 1I). It was pre-
viously referred that amino-compounds in the soil, for 
example l-arginine [64] or l-alanine [65], are negatively 
affected in their fluxes and availability by sorption on the 
biochar. We assume also that N-acetyl-β-d-glucosamine 
might be slightly less accessible for degradation in the NB 
variant. In addition, a significant increase in the Ala-SIR 
in the NB + H variant in comparison to the NB may indi-
cate strong sorption of l-alanine to biochar [65]. Thus, 
it can be deduced that similarly severe unavailability 
of other amino substances (l-lysine, l-arginine) might 
occur in the NB variant, causing low respiration potential 
for the amino substances.

Humac in the NB + H variant not only contributed to 
the mitigation of this potentially negative effect on NAG-
SIR (Fig. 1I), but also on Ala-SIR, Lys-SIR, and potentially 
Arg-SIR (Fig. 1J, K, L). Therefore, the addition of humic 
substances to biochar seemed to mitigate the mentioned 
adverse features; however, the aging process in Humac 
tea abolished this feature incompletely, or weakly in the 
case of Lys-SIR and Arg-SIR. This assumption is sup-
ported by the high correlation between Ala-SIR and 
Lys-SIR, and moderate correlation between Arg-SIR and 
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Lys-SIR (Fig.  2), as well as by PCA results (Fig.  3). The 
authors deduced from this feature and from PCA, which 
showed a positive relationship between Urea and Arg-
SIR, that aging by Humac tea was crucial for the changes 
in the surface properties of biochar towards the altered 
binding of organic matter and mainly N sources.

Soil phosphorus and sulphur pathways
Extracellular phosphatases catalyse mineralisation of 
organic P to the inorganic form, which is available for 
uptake by plants and soil microorganisms [66]. Thus, 
Phos activity is closely related to the conversion of organ-
ophosphates in the labile mineral P level in soil [67]. 
Amendment of P-rich organic material, Humac, caused 
a significant increase of Phos (Fig.  1N). This finding is 
consistent with results reported by Li et  al. [1]. Labile 
available P is known for its affinity to the biochar [68]. 
Therefore, all variants amended with biochar showed sig-
nificantly lower Phos as compared to the control. Similar 
results under high biochar dosage were already reported 
[69]. This feature was even stronger than the P-enrich-
ment by co-applied Humac in the variants NB + H and 
AB. Conversely, the positive effect of humic substances 
failed to mitigate the negative effects of biochar on Phos 
activity.

ARS is an enzyme that catalyses the desulfurisation of 
organic compounds in soil. ARS activity was inhibited by 
the solo biochar amendment (Fig. 1M) putatively by the 
same mechanism as Phos, i.e. by sorption and superficial 
immobilisation. On the other hand, the Humac-derived 
mitigation of the adverse effect of biochar on ARS was 
observed.

Lettuce biomass
According to Al-Maliki et  al. [8], humic substances 
amendment increases the fresh and dry weight of crops, 
and has a positive effect on the length of the roots. How-
ever, no significant change in any of the determined bio-
mass properties was detected in this study (Fig. 1O–R), a 
result similar to other previous observations, for exam-
ple Holatko et  al. [54]. NB and AB caused significantly 
increased lettuce biomass, a result that Carter et al. [70] 
also observed after biochar addition in their pot experi-
ment. Moreover, many studies (e.g. [71, 72]) detected sig-
nificantly increased crop yield after biochar application.

In this experiment, we presumed that NB-derived 
inhibition of microbial respiration and enzyme activities 
(Phos, ARS) mitigated the reported [73] plant-microbes’ 
competition for nutrients, especially N. For example, 
NB + H stimulated microbial abundance, respirations, 
and Urea activity; however, the surplus of nutrients 
provided by both amendments was probably not avail-
able for the plants to support their growth. On the other 

hand, the highest biomass values were obtained for the 
AB variant, and the biochar aging by Humac tea seemed 
to result in readily utilised available nutrients in the 
amended soil, leading to an insignificant change in indi-
cators of soil microflora quality. However, the nutrients 
preserved in the soil were not competed for by microbes, 
and thus remained available for plants, thereby enhanc-
ing the increase of lettuce biomass, as was anticipated 
and hypothesised.

Conclusion
The first hypothesis predicting that the aging of biochar 
by humic substances would change the composition of 
biochar was confirmed. The aging process in a soilless 
environment led to a significant increase in both C and 
N content in biochar, which is probably a consequence of 
humic substances’ sorption on biochar surface.

The second hypothesis predicting that the application 
of aged biochar would enhance soil biochemical activities 
and plant growth more than only co-application of humic 
substances and biochar was partly confirmed; however, 
only in case of plant biomass. The values of dry AGB and 
root biomass reached by the AB variant were approxi-
mately twice as high as the control, H and NB + H.

The last two hypotheses predicting that the co-appli-
cation of humic substances and biochar would improve 
soil biochemical activities and plant growth more than 
the application of each amendment solely, and would 
mitigate the negative priming effect of biochar were also 
partly confirmed. The highest values of MBC, basal, and 
all substrate-induced respirations were observed for the 
NB + H variant. It clearly contrasts with the lowest values 
of DHA, MBC, basal, and all substrate-induced respira-
tions and all enzymatic activities (except urease) obtained 
after NB addition. Therefore, it can be concluded that the 
co-application of humic substances and biochar could 
enhance amount of soil microorganism (MBC) and their 
viability, represented by DHA and respirations activities. 
However, the negative effect of biochar on enzymatic 
activities was stronger than the positive effect of humic 
substances. Thus, the co-application of humic substances 
and biochar did not show complete mitigation of adverse 
effect on these parameters (only in the case of arylsul-
fatase and β-glucosidase).

Based on this study, the positive effect of co-application 
of humic substances and biochar on soil fertility, quality, 
and health can be concluded. The possibility of biochar 
aging by humic solution requires further study.
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