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Abstract

Background Previous studies have suggested that the targeted application of biochars in agricultural soils may ben-
efit soil health and crop production. Physico-chemical properties of soils after biochar addition have been explored,
but less is known about how microbial parameters respond. Therefore, impact of biochar (NB), mineral fertilizer-acti-
vated biochar (AB), or mineral fertilizer (MF) application on selected chemical and microbial parameters of lettuce-
planted soil was evaluated in a pot experiment.

Results In comparison to the control, soil enzymes activities, related to carbon (C), nitrogen (N), and phosphorus (P)
cycling, and their content in plant biomass, were significantly increased by the addition of mineral fertilizer with or
without biochar (MF, NB+ MF). Conversely, microbial respiration (basal and substrate induced) was highly responsive
to the activated biochar amendment (AB) as compared to other treatments. N, P, and potassium (K) concentrations in
soil pore water were stabilized by the mineral fertilizer-activated biochar, indicating reduced leaching and the likeli-
hood of increased longevity of these nutrients in soils. Enhanced carbon acquisition and mitigated nitrogen acquisi-
tion in soil of the most experimental treatments were coupled with higher crop (lettuce) biomass.

Conclusions Our study demonstrates that the application of biochar both with and without mineral fertilizer has the
potential to enhance microbial activity and fertility in the tested agricultural soil, but that leaching of fertilizer-borne
nutrients may be mitigated by the activation process.
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Background enzymes in response to combined application of biochar

Intensive agricultural practices to meet the rising popu-
lation demand currently rely on the injudicious use of
mineral fertilizers. This has been driven by a need to
ensure food security even at the expense of soil quality
[1, 2]. While the application of chemical fertilizers boosts
crop production, the continuous use of these amend-
ments poses serious threats to soil quality and microbial
processes which may result in a depletion in soil qual-
ity over time. Strategies are required to simultaneously
maintain or increase crop production and conserve soil
health. One alternative to chemical fertilizers is the use
of organic amendments such as farmyard manure, com-
post, digestate and biochar. When applied to soil as
amendments, they enhance the soil physical, chemical
and biological properties (microbial activities) resulting
in increased nutrient cycling in support of crop produc-
tion [3-6].

Amongst these organic soil amendments, biochar is a
carbon-rich solid material produced by thermo-chemical
decomposition of various feedstocks under low oxygen
environment. It has been established that the application
of biochar can improve soil physical conditions [7, 8] soil
chemical properties such pH and cation exchange capac-
ity [9-11], soil microbial activity [12, 13], soil nutrients
availability and retention [14—16]. An increase in certain
crops yield and production has also been reported under
biochar application [17-19]. Furthermore, the combined
application of biochar with other amendments such as
chemical fertilizers, manures and humic substances has
also been proven to enhance soil fertility, microbial soil
activity and crop [20-22]. For instance, a study reported
to increase soil nutrient contents and C and N cycling

and mineral fertilizers [13]. Another study described
enhanced soil basal respiration and C, N and P cycling
enzyme activities under the combined application of bio-
char, manure and humic substances [4]. While biochar
has the potential to improve soil health and crop yields,
it is often applied with mineral fertilizers due to a low
content of readily available nutrients present in biochar.
However, the impact of biochar may vary depending on
the soil properties, biochar rate, and the amount of ferti-
lizer applied [23-25].

Soil microorganisms and their activities are essential
indicators of soil quality as they regulate organic mat-
ter transformation and nutrient cycles [26]. Exogeneous
addition of organic materials results in a shift in micro-
bial diversity and functioning which eventually alters
microbial activity in the soil [24, 27]. Biochar applica-
tion has been shown to affect microbial population both
directly and indirectly through altering soil physico-
chemical properties such as pH, cation exchange capac-
ity and by increasing the nutrients availability [28, 29].
In addition, biochar application improves soil physical
properties which is also linked with the enhanced micro-
bial population and diversity [30]. A study proposed that
biochar addition enhanced microbial biomass by provid-
ing a niche for microbial growth along with increased
nutrients supply [31]. Another study described a positive
relationship between pH and soil microbial activity with
applied biochar [32]. In general, enhanced microbial pop-
ulation and activities are associated with increased enzy-
matic activity in the soil. Biochar application additionally
enhance these microbial enzymes which are the key driv-
ers regulating nutrient cycles [33]. However, the negative
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and insignificant impacts of biochar on microbial activity
and abundance were found as well [34]. The inconsist-
ent impact of biochar on microbial activity remains a key
point to be addressed by an aimed research.

Currently, the effects of biochar in conjunction with
various soil amendments remain inconclusive; its effi-
cacy has been found to range from positive in low fertil-
ity, acidic soils to neutral or negative in highly fertile soils
[23, 30]. Thus, the general effects of biochar on soil health
and quality are two-sided [35]. Therefore, the consumers
(farmers) increase a demand for manufactured biochar
with favourable effects in a variety of soils. Biochars pro-
duced through various activation processes may promise
to meet these expectations to maximize potential benefits
of biochar for enhancing soil health and crop production.
Activation provides enhanced surface properties such as
pore area and surface area of the resultant activated bio-
char (AB). A wealth of literature is available on the role
of activated biochar in improving soil health, however lit-
tle is known about the effects of biochar pre-treated with
mineral fertilizer on stimulation of microbial activity
and soil nutrient status. In addition, how microbial res-
piration (basal as well as substrate induced) and enzyme
activities responds to biochar additions is uncertain.

The objectives of this study were to: (1) measure soil
respiration and enzyme activity in agricultural soil
amended with biochar, mineral fertilizer, mineral ferti-
lizer +biochar, and mineral fertilizer-activated biochar;
(2) determine plant biomass in response to the respective
soil amendments; and (3) evaluate the impact of various
biochar treatments on the improvement of soil health
and crop productivity.

Materials and methods

Preparation of biochars

The biochar obtained for this study was a commer-
cial product prepared by pyrolysis of agricultural waste
(cereal husks, sunflower peels, and fruit processing
waste) at 650 °C (Sonnenerde GmbH, Austria). According
to the manufacturer specification, the properties of the

Table 1 Composition of experimental treatments
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biochar were as follows: 41% dry matter (DM), 866 g-kg™
carbon (C), 3.0 g-kg ™! N, 11.7% Ashgg ., 0.42% salts, 0.38
H/C, 2.65 mS cm™" electric conductivity, 8.5 pH(CaCl,),
288.5 m? g~! Brunauer—Emmett—Teller (BET).

An activated biochar was produced by 7-day incubation
in mineral fertilizer solution. This activation solution (33
L) consisted of 208.3 g of phosphate fertilizer FOSMAG
(with a content 5.46% phosphorus, 25.7% calcium, 1.2%
magnesium, 7% sulphur), 72.5 g of urea (46% N), 20.8 g
of potassium chloride (48.8% potassium), and 250.0 g of
beet molasses (42% sugar). FOSMAG comprised citrate-
soluble P (40%), water-soluble P (20%) and storage P in
micromilled phosphate (40%). The final concentration
of nutrient elements (and microbial energy source) were
(in w/v) 345 mg L' P, 1.62 g L™ Ca, 75.7 mg L™ Mg,
442 mgL7'S,1gL "' N, 308 gL' K, 3.2 gL ! sugar. The
activation solution was added to 5 kg of biochar and the
whole suspension was aerated for the entire duration of
activation. After 7 days, the biochar was separated from
water solution by filtration on a 42-pm-mesh sieve, and
added to the soil substrate as described in the following
section.

Pot experimental set-up
The 8-week pot experiment with the lettuce (Lactuca
sativa L.) was carried out to evaluate the effect of bio-
char, mineral fertilizers and their combinations on soil
properties and plant biomass yield. The growth sub-
strate was prepared by mixing a silty clay loam (USDA
Textural Triangle) Haplic Luvisol (WRB soil classifica-
tion) collected from a farm near the village of Troubsko
(Czech Rep., 49°10'28"N 16°29'32"E) with a fine quartz
sand (0.1-1.0 mm; >95% SiO,) in a weight ratio of 1:1 to
ensure uniform drainage and prevent anaerobic condi-
tions from developing. The Haplic Luvisol soil properties
were as follows: 14.0 g-kg™* total C, 1.60 g-kg™! total N,
0.10 g-kg™* total P, 0.15 g-kg ™ total S, 3.26 g-kg ™ total Ca,
0.24 g-kg ™! total Mg, 0.23 g-kg™" total K; 7.3 pH (CaCl,).
One kilogram was thoroughly mixed with the amend-
ments displayed in Table 1 and placed into a pot of

Abbreviation Treatment Amendment and dose

- Control _

NB Non-activated biochar 32 g of biochar

MF Mineral fertilizers 1.33 g of FOSMAG, 0.46 g of urea, 0.13 g of potassium salt*

NB + MF Non-activated biochar+ mineral fertilizers 32 g of biochar, 1.33 g of FOSMAG, 0.46 g of urea, 0.13 g of
potassium salt

AB Activated biochar 54 g of activated biochar**

" equivalent to amount of fertilizers entering the activation of 32 g NB
* equivalent to 32 g of NB
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volume 1 L. All experimental treatments were prepared
in 4 replications. Experimental pots were placed ran-
domly into a growth chamber Climacell EVO (BMT,
Czech Rep.) where controlled conditions (full-spectrum
LED lighting, intensity 20 000 Ix; photoperiod 12 h; tem-
perature 18/22 °C night/day; relative air humidity 70%)
were maintained. Lettuce seeds were sprouted on wet fil-
ter paper for 2 days and then five of them were sown to
the depth of approximately 2 mm in each pot. After sow-
ing, soil moisture was maintained at approx. 60% of water
holding capacity. The 10-day-old seedlings were reduced
to one (the most robust plant) per pot.

After 8 weeks, lettuce seedlings were harvested,
washed with water, tapped dry and cut apart at hypocotyl
to upper part=aboveground biomass (AGB) and lower
part=root. Both, AGB and roots, were weighed on a lab-
oratory scale to determine fresh AGB and root biomass
and then dried at 60 °C to the constant weight in labo-
ratory drier to determine dry AGB and root biomass by
weighting on laboratory scales.

Soil chemical and microbial analysis

Following harvest of the plants, soil samples were col-
lected from three of the four replicate pots, avoiding
any root material, for the determination of soil chemi-
cal properties. A 50:50 mixture of soil and water was
added to 50-mL Falcon tubes. One rhizon pore-water
sampler (Eijkelkamp Agrisearch equipment, NED) was
placed into each tube. Pore-water was extracted accord-
ing to [36] by removable syringes after a 24-h incubation
period under ambient temperature conditions (~18 °C).
To ensure sufficient volume for analysis, two extrac-
tions were performed resulting essentially in six repli-
cate samples were treatment. Pore waters were tested for
pH and electrical conductivity (EC) using a Multimeter
3420 (WTW Germany). The amount of total nitrogen
in the pore water was detected on Vario MACRO GHN
elemental analysis unit (GHNS Elementar Total N in
Analytical Systems GmbH, Germany). Dissolved organic
carbon (DOC) was determined using a total organic car-
bon analyser TOC-L a (CPH/CPN, Shimadzu), TNM-L
segment flow analyzer (Shimadzu). The macronutrients
P, K, Ca, Mg and S were measured using ICP-OES (720
ES, Varian Inc., CA, USA).

Dehydrogenase activity (DHA) was determined in
4 °C-stored soil samples by standard method based on tri-
phenyltetrazolium chloride (TTC, values were expresses
as pg TPF-gh™') [37]. The 4 °C-stored soil samples
were used to measure a basal (BR) and substrate-induced
soil respiration [38]—Glc-IR (D-glucose), Tre-IR (D-tre-
halose), NAG-IR (N-acetyl-p-D-glucosamine), Man-
IR (D-mannose), Ala-IR (L-alanine) using MicroResp®
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device (The James Hutton Institute, Scotland) and colori-
metric indication of CO, emission.

Enzyme activities—arylsulfatase (ARS), N-acetyl-B-
D-glucosaminidase (NAG), urease (Ure), B-glucosidase
(GLU), phosphatase (Phos) were determined according
to [39]. Nitrophenyl-derivates of natural substrates were
used for measurement of GLU, PHOS, ARS, NAG (at
emission wavelength 405 nm) and urea was a substrate
for URE (measured at wavelength 650 nm), the values
were expressed in nmol NH?,~g_1~min’1 (urease) and in
nmol (p-nitrophenol) PNP-g™*-min ",

Using enzyme activities, nutrient acquisition ratios
were calculated, based on the formulae presented in the
study [40]:

Cacquisition ratio =In (DHA + GLU)
/In (DHA + GLU
+ NAG + Ure)

Nacquisitionratio = In (NAG + Ure) /In (NAG + Ure + Phos)

Carbon (nitrogen) acquisition ratio directly depends
on the secretion rate of carbon-utilizing (nitrogen-uti-
lizing) enzymes. Additionally, microbial resource limita-
tion was estimated through computation of vector length
and angle in accordance with the theory of enzymatic
stoichiometry proposed by the authors of the study [41].
Microbial C limitation aggravates with the increase in the
vector length. The vector angle of <45° indicates micro-
bial N limitation, whereas the vector angle >45° indicates
microbial P limitation. Vector length and angles were
computed using the formulae based on [41], ARCTG2
refers to arcus tangens:

In(DHA + GLU)\?  /In(DHA + GLU)\?
Vector length = + .
In(Phos) In(NAG + Ure)

In(DHA + GLU) In(DHA + GLU)

Vector angle(rad) = ARCTG?2 ; :
ector angle(rad) In(Phos) In(NAG + Ure)

Plant nutrient content

Analyses of the lettuce’s nutritive value were done as
described by [36] after mineralization or incineration of
individual samples of dry plant material (description at
the end of section Pot experimental set-up). The nitro-
gen content was determined according to [42], using the
Vario Macro Cube (Elementar Analysensysteme GmbH,
Langenselbold, Germany). The phosphorus content was
determined using spectrophotometry (Spectrophotom-
eter: Onda VIS V-10 Plus, Giorgio Bormac, ITA) accord-
ing to [43]. The potassium content was determined
according to [44], and Ca and Mg determination was
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performed on the basis of the study [45]. All analyses and
all measurements were performed using atomic absorp-
tion spectrometry (AAS; Agilent 55B AA; Agilent Tech-
nologies, CA, USA) according to [46].

Statistical analysis and data presentation

Data processing and statistical analyses were performed
using software R, version 3.6.1. [47]. For characteriza-
tion the relationship between the treatments and selected
soil properties it was used principal component analysis
(PCA), one-way analysis of variance (ANOVA) type I
(sequential) sum of squares at 5% significance level [48].
Tukey’s HSD (honestly significant difference) test and
“treatment contrast” were utilized to detect statistically
significant differences among factor level means and cal-
culate factor level means for each treatment, respectively.
The results were also graphically represented with help of
Rohlf biplot for standardized PCA. Pearson correlation
analysis was performed for measuring the linear depend-
ence between soil properties. Pearson correlation coef-
ficient was interpreted as follows: 0.0<r<0.3 (negligible
correlation), 0.5<r<0.7 (low correlation), 0.5<r<0.7
(moderate correlation) and 0.7 <7< 0.9 (high correlation),
0.9<r<1.0 (very high correlation) [49].

Results

Soil chemical properties measured via pore water
Considerable differences were observed among the treat-
ments for determined parameters. Soil pH differed lit-
tle amongst treatment (~ pH 7.3), except of significantly
lowered value in NB+MB (~ pH 7.2), whilst electrical
conductivity was greatest in the case where mineral fer-
tilizer was added to soil alone (MF;~2400 mS cm™) or
in combination with biochar (NB +MF;>3000 mS cm™!)
(Fig. 1a, b). All other treatments were insignificantly dif-
ferent to the control (~ 800 mS cm™).

Total nitrogen, phosphorus, potassium, calcium, mag-
nesium, and sulphur (TN, P, K, Ca, Mg, S) differed both
within and between treatments, though a general trend
was notable whereby the greatest median concentration
or widest range was recorded from those treatments with
mineral fertilizer addition but without activation (MF;
NB + MF), especially so for N, Ca, Mg, S (Fig. 1d and g—1i).
The sorption capacity of the biochar was documented by
the lower content of TN, Ca (significantly less in NB+ MF
than MF) and Mg, S (insignificant decrease in NB + MF
compared to MF) in the pore water (Fig. 1d, g-i).
Although at the same time a significant amount of nutri-
ents was removed with the highest yield of plant biomass
(Sect. 3.4, Fig. 4) after the application of a mixture of
biochar and mineral fertilizers (NB + MF). Biochar with-
out further additions (NB) introduced some significant
amount of P, K, and S to the soil pore water, compared
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to control (Fig. le, f). Activation (AB) appeared to stabi-
lize nutrients and hinder leaching of N, K, Ca, Mg and
S (Fig. 1d, f). With a comparable production of above-
ground biomass after the application of mineral fertilizer
(MF) and the application of activated biochar (AB), the
amount of N, K, Ca, Mg and S in the pore water after the
lettuce harvest was minimal and similar as it was after
the application of biochar alone.

Soil enzymes

Dehydrogenase activity (DHA) significantly greater
than the control was observed only with the application
of non-activated biochar (NB). While all other amend-
ments remained statistically non-significant as com-
pared to control (Fig. 2a). In contrast, all other enzyme
activities of NB treatment differed from the control
insignificantly (mostly comparable), Fig. 2b—f. In case of
B-glucosidase (GLU), the highest activity was observed
for MF treated soil followed by NB+ MF and AB, which
were significantly higher as compared to control and NB
treatments (Fig. 2b). The same trend can be observed for
phosphatase (Phos) activity, but MF, NB+MF, and AB
values were all decreasing significantly, down to the low-
est control and NB (Fig. 2c). Likewise, the soil amended
with MF showed the significantly highest N-acetyl-B-D-
glucosaminidase (NAG) activity followed by NB+MF,
significantly more active compared to control (Fig. 2d).
On the contrary, soil urease (Ure) values of MF and
NB +MF were the only ones statistically lower than con-
trol (Fig. 2e). In case of arylsulfatase (ARS), MF treated
soil was again the only statistically higher in comparison
to control (Fig. 2f).

The enzyme activities were used to calculate nutri-
ent calculation ratios, which showed following results:
whereas mineral fertilizer-based treatments (MF,
NB+MF, AB) showed increased C acquisition ratios
compared to the control (with the highest value in MF),
N acquisition ratio of the treatments MF and NB+ MF
(the smallest) were markedly lowered (Table 2). Vector
parameter which indicates limitation by carbon was the
highest in MF, lower (but increased compared to the con-
trol) in NB+ MF, AB. All treatments showed limitation
by P (based on the angle parameter values), the highest
again in the MF treatment (Table 2).

Basal and substrate-induced microbial respirations

The soil microbial activity in terms of basal respira-
tion (BR) and various substrates-induced respiration
(-IR) was the most affected parameters under all the
applied amendments (Fig. 3). Specifically, the soil BR
was significantly affected by all amendments as com-
pared to control treatment, whereby the significantly
highest BR values were recorded for AB and NB+ MF,
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Fig. 1 Soil pore water parameters. Soil treatments: control, NB non-activated biochar, MF mineral fertilizers, NB + MF non-activated

biochar + mineral fertilizers, AB activated biochar; properties—a pH, b electric conductivity (EC), ¢ dissolved organic carbon (DOC), d total nitrogen
(TN), e phosphorus (P), f potassium (K), g calcium (Ca), h magnesium (Mg), i sulfur (S). Mean values (n=6) + standard error of mean, different letter
indicate differences among treatments at the statistical level of significance p <0.05

respectively, relative to control (Fig. 3a). Similarly, in case
of D-glucose-induced respiration (Glc-IR), AB amend-
ment resulted in significantly highest respiration value
as compared to control (Fig. 3b), while all other amend-
ments significantly reduced the Glc-IR relative to control
(Fig. 3b). The same trend was observed for N-acetyl-B-D-
glucosamine induced respiration (NAG-IR) and D-man-
nose induced respiration (Man-IR), where AB resulted

in significantly increased values as compared to control,
while all other treatments reduced these activities rela-
tive to control (Fig. 3c—d). In case of D-trehalose induced
respiration, the soil amendment with AB and NB+MF
yielded significantly higher values of Tre-IR as compared
to control and other treatments (Fig. 3e). The same treat-
ments resulted in significantly highest L-alanine-induced
respiration (Ala-IR) values as compared to control,
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Table 2 Nutrient acquisition ratios and limitations calculated
from enzyme activity values

C N C, N, P limitation

acquisition  acquisition

ratio ratio Vector Angle (Angle

(rad) degrees)

Control  0.81 0.62 1.34 098 55.99
NB 0.81 0.62 137 097 55.81
MF 0.86 0.56 147 1.04 5952
NB+MF 0.85 0.58 144 1.02 5847
AB 0.84 0.60 143 1.00 57.05

however their effect remained statistically non-signifi-
cant to each other (Fig. 3f). The strong loading of basal
and substrate-induced respiration under the application
of AB as shown by PCA (Additional file 1: Figure S1) fur-
ther supports our obtained results (Fig. 3).

Plant biomass

The aboveground (AGB) and root plant fresh and dry
biomass were differently affected with the applied
amendments. In all cases (except root dry biomass), the
application of NB + MF showed significantly the highest
values of plant biomass as compared to control treatment
(Fig. 4). This trend was followed by the sole application
of AB and sole MF, however their effect remained sta-
tistically non-significant with each other. In case of root
fresh biomass, the same treatment NB+ MF resulted in
enhanced root fresh biomass as compared to other treat-
ments and control, respectively (Fig. 4c). However, the
sole application of NB showed significantly highest val-
ues for root dry weight (Root_dry) as compared to other
treatments and control (Fig. 4d). Furthermore, the Pear-
son correlation showed that the plant biomass param-
eters were significantly positively correlated with Phos
enzyme activity (Additional file 2: Figure S2).
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Plant biomass quality

The determination of plant biomass quality showed
that all three mineral fertilizer-based treatments (MF,
NB+ME, AB) had significantly increased (compared to
the control and NB) and similar content of nitrogen and
magnesium (Fig. 5a, e). In contrast, the NB treatment
had no significant positive effect on the content of plant
nutrients (N, P, K, Ca, Mg); in fact, there was a decrease
in N content (Fig. 5a). All soil amendments decreased
lettuce P content in comparison to the control (Fig. 5b).
Potassium was insignificantly (compared to the con-
trol) impacted by all amendments except of significantly
increased value under NB+MF (Fig. 5¢). The signifi-
cantly highest Ca was in MF, other values were compara-
ble (Fig. 5d).

Discussion

Effect of amendments on soil chemical properties

Biochar application into most experimental treatments
did not significantly increase soil pH, despite its gener-
ally alkaline nature (Fig. 1a). The only treatment with a

significant decrease in pH was NB+ME, the lowest soil
pH value could be caused by an combination of slightly
acidic MF mixture and the acidified activated biochar
(which pH was probably lowered due to the interaction
with acidic activation solution). The main component
of MF was FOSMAG fertilizer based mainly on acidic
phosphates. The lowest pH was coupled with signifi-
cantly increased activity of NAG (Fig. 2d). Furthermore,
NB + MF-derived slight acidification could be related to
enhanced cation exchange capacity, which was the sec-
ond highest (lower compared to MF but higher than the
other treatments) (Fig. 1b). Biochar is a material abun-
dant with cation exchange sites which may enhance the
adsorption of acidifying ions (e.g. HPO,>~, H2PO,.")
produced through applied fertilizer dissolution and
hydrolysis [8, 50, 51]

The amount of DOC in pore water was significantly
higher after application of mineral fertilizers, alone or
combined with biochar, Fig. 1c. The significant increase
in DOC after application of mineral fertilizers or their
mixture with biochar may be related to the priming effect
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[52]. The MF supply of available nutrients was used by
microorganisms to decompose soil organic matter more
rapidly and release simpler and soluble forms of organic
carbon (e.g. fulvic acids). This presumption was cor-
roborated by Pearson’s correlation results (p<0.001):
DOC correlated highly positively (p<0.001) with TN,
Ca, Mg, S, and moderately with NAG, Phos (Additional
file 2: Figure S2). On the contrary, co-amendment bio-
char (prepared at moderately high temperatures) com-
prises carbon fractions with various recalcitrance which
prevents short-termed markable dissolution of DOC into
the pore water [53].

This study demonstrates that the addition of soluble
salts of nitrogen, phosphorus, and sulfur to soil with min-
eral fertilizers, as seen in the pore water enhanced electri-
cal conductivity under the sole application of MF (either
alone or combined with NB, Fig. 1b), resulted in the high-
est element content (excluding potassium) of all experi-
mental treatments. One of the key biochar’s properties
is their large surface area—volume ratio, orders of mag-
nitude greater than the standard mineral components
of soils. In this regard, they have been proven to act as
sorbents, regulating the leaching of added nutrients and
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trace elements in soils by the combined action of physical
retention of moisture, and sorption of ions to their sur-
faces [54]. This presumption corresponded to the concur-
rently increased content of all nutrients (except of K) in
the respective soil treatment NB+MF and to increased
P content in the AB treatment. Altogether these ions
induced extremely high EC (supraoptimal to most of
crops, which prefer EC <2500 mS cm™!) which EC hin-
ders nutrient uptake by increasing the osmotic pressure
of the nutrient solution. The discharge of nutrients into
the environment [55] has been reported to impede min-
eral uptake by soil microorganisms, and a high electrical
conductivity (EC) has been associated with a negative
impact on microbial carbon mineralization in soil [56].
In contrast to this, biochar was reported to increased EC
values in amended soil [57, 58], albeit low pyrolysis tem-
peratures (350-600 °C) was referred to promote lower
EC values [59].

Biochar itself is a source of phosphorus and potassium
[60], which was confirmed in the treatment NB (Fig. le,
f). The addition of biochar resulted in higher P and K
contents in extracted pore water. Moreover, biochar pro-
vides reactive surfaces where P and K ions are retained
in soil microbial biomass and in exchange sites, leading
to increasing the availability of P and K to plants uptake
[60]. In particular, phosphorus content is higher in pore
water on all biochar-based treatments (Fig. 1), reflecting
the described ability of biochar to sorb phosphate due
to its porous structure, large surface area and abundant
surface groups [61]. Phosphorus adsorption can be influ-
enced by various process factors such as solution pH,
adsorbent dosage, co-existing ions, and reaction tem-
perature [61]. The comparatively higher concentration
of phosphorus in pore water after application of mineral
fertilizer and mineral fertilizer with biochar (Fig. 1) was
also due to the form of P in the applied P fertilizer, where
40% of the P was in insoluble micromilled phosphate.

Effect of amendments on soil enzymes

Biochar addition to soil has been recognized to stimu-
late soil enzyme activities related to C, N and P cycling.
We found differential responses of C, N and P cycling
enzymes subjected to various amendments (Fig. 2). Spe-
cifically, the NB application demonstrated the highest
putative dehydrogenase activity (DHA), which is a meas-
ure of microbial degradation of SOM (Fig. 2a). We ascribe
this to be associated with enhanced microbial population
related to carbon cycling under NB application. This is
in accordance with the findings of other authors [34, 62].
They found increased activity of DHA under applied bio-
char amendment. The B-glucosidase (GLU) activity was
found highest in MF treated soils followed by NB+MF
and AB (Fig. 2b). Similar results were reported by [13,
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24], the authors ascribed the increased activity of GLU
due to the more rapid microbial turnover with the addi-
tion of NPK, a pattern similar to the applied (NB+ MF)
treatment in our study. The carbon acquisition ratio val-
ues (Table 2) were markedly increased over the control
value in all MF-based treatments (the highest in MF, then
NB+ME, and AB) and it indicated indeed high C utiliza-
tion, as documented also by synergy between GLU, other
enzymes and aboveground, root biomass (PCA, Addi-
tional file 1: Figure S1) and by high positive Pearson’s cor-
relation (p <0.001) with Phos, ARS as well as moderate
correlation with AGB_fresh, AGB_dry (Additional file 2:
Figure S2). Similarly, phosphatase (Phos) activity was
the highest in MF, followed by NB+MF and AB treat-
ment (Fig. 2c). Such alteration in Phos activity of richly
supplied soil (via mineral fertilization) could be also
attributed to changes in soil pH as depicted by [25], that
biochar-derived changes in soil pH are the key media-
tors of Phos activity in soils. In addition to GLU and Phos
activity, the enhancement of nitrogen mining enzyme
N-acetyl-B-D-glucosaminidase (NAG) through MF and
NB+MF amendments could be related to the increased

nitrogen availability to microbes which was in accord
with the findings of [63]. PCA synergy (Additional file 1:
Figure S1) and Pearson’s high correlation (Additional
file 2: Figure S2) of NAG with TN, DOC, Phos, and ARS
corroborated the previously reported, that the applica-
tion of fertilizers can significantly induce the activity of
these enzymes [64]. Arylsulfatase-mediated organosul-
fur mineralization was only significantly increased in MF
treatment too (Fig. 2f). Our results agree with [13], which
study referred to increased activity of C and N degrad-
ing enzymes under the application of biochar and min-
eral fertilizer combinations. However, urease activity, an
enzyme responsible for the release of ammonium from
organic nitrogenous compounds, demonstrated no sig-
nificant changes in all treatments, and even decreased
in the MF treatment (Fig. 2e). It could be assumed lower
demand for ammonium nitrogen in the biochar-treated
treatments due to the high adsorption potential of pyro-
lyzed matter [50]. The results and assumptions lead to
the conclusion that, compared to the control, both MF
and NB + MF showed a significantly lower N acquisition
ratio (Table 2).
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Effect of amendments on basal and substrate-induced
microbial respirations

The exogenous addition of biochar and different (includ-
ing mineral) fertilizers has been shown to stimulate soil
microbial respiration [34, 65, 66]. In the present study,
the soil basal as well as some substrate-induced respi-
ration (Tre-, Ala-IR) was significantly enhanced by the
co-applied amendments, biochar and MF (Fig. 3). AB
showed the strongest enhancement in respiration types,
which were the parameters most affected by activated
biochar, as hypothesized. This could be due to the fact
that biochar might act as C source for microbes and
that the AB was produced by value addition of nutrients
(mainly of N, P). Hence the availability of readily soluble
nutrients stimulated microbial communities resulting in
enhanced microbial respiration [67, 68]. Moreover, this
enhancement of microbial respirations under the AB and
NB+ MF treatments might be due to the enhanced disso-
lution of soil carbonates through biochar-derived organic
acids and offering a suitable niche for microbes to
degrade readily available C compounds (relevant for SIR)
and finally due to the ability of biochar to adsorb organic
compounds on its surface resulting in more microbial
growth and hence enhanced respiration [69-71]. Despite
enhanced carbon utilization, as evidenced by increased
C acquisition ratio values of NB+ MF and AB (Table 2),
carbon limitation was observed in these treatments (vec-
tor parameter in Table 2), likely a consequence of accel-
erated consumption of labile carbon (increasing from
NB+ MF to AB) (Fig. 1c). Similar enhancing effect of bio-
char amendment on the activity of specific microorgan-
isms in soil, leading to degradation of labile soil organic
matter, was referred [72]. The highest C limitation was
calculated for MF treatment (Table 2), which finding may
explain the most decreased values of all determined res-
piration types (Fig. 3a—f).

Effect of amendments on plant biomass

It has been described that biochar addition and ferti-
lization impact positively on crop productivity. These
positive effects are associated with improved physico-
chemical properties of the soil including, but not lim-
ited to, soil structure modification, enhanced nutrient
retention capacity, increased water holding capacity
of the soils and improved soil aeration leading to bet-
ter root development [22, 73-75]. In addition, it has
been reported previously that the application of biochar
alone and or in combination with other organic and inor-
ganic fertilizers improved gas exchange and physiologi-
cal parameters (e.g. photosynthetic rate, transpiration,
water use efficiency) of plants [76—78]. The application
of biochar (NB) alone and combined with mineral ferti-
lizer (NB+MEF) significantly enhanced lettuce biomass
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in the present study (Fig. 4). The possible explanation
behind such increases might be the increased pH, EC,
and associated plant nutrients in the soil, which changes
may consequently result in enhanced biomass accu-
mulation [8, 21, 51]. Our results were in accordance
with the findings of [79], where enhanced growth of
tomato plants due to applied biochar was reported. The
authors clarified the role of biochar to retain NH,* ions
on its surface which ultimately enhanced N availability
to plant resulting in increased biomass accumulation.
This shows the direct involvement of biochar in plant
growth promotion together with other readily avail-
able nutrient sources (mineral fertilizer) in the present
study. However, the improved accumulation of nutri-
ents from soil in plant biomass was coupled (for most
determined elements, mainly N, Mg, and K) strictly with
mineral fertilization, i.e. presumably biochar was capa-
ble to absorb nutrient during activation phase as well as
stabilize them in soil when co-applied with MF (exerted
in the treatments NB+ MF and AB, Fig. 5). Similar posi-
tive effect of biochar on N and K uptake into plant bio-
mass if combined with mineral fertilizer was reported
[80, 81]. The enhanced activity of nutrient solubilizing
enzymes (GLU, Phos NAG, ARS, Ure) in the present
study (Fig. 2b—f) also supports the hypothesis that bio-
char addition enhances soil nutrients and improve their
availability to plants which ultimately accumulate more
biomass. This was further corroborated by the results of
Pearson’s correlation, whereby Phos, NAG, GLU activ-
ity was significantly (p <0.05 or less) positively linked to
plant biomass features AGB_fresh and AGB_dry (mod-
erate-to-high correlation), Additional file 2: Figure S2.
Furthermore, AGB_fresh and AGB_dry highly correlated
with N-biomass and Mg-biomass (»<0.001, Additional
file 2: Figure S2). In contrast to expectations, biochar had
no effect on plant calcium content (Fig. 5d), and did not
enhance plant phosphorus uptake (Figs. 2c, 5c). Mineral
fertilization likely increased soluble phosphorus, how-
ever this was not taken up by plants or microbes at a rate
sufficient to prevent phosphorus limitation (indicated by
the angle parameter in Table 2). Calcium was reported to
be strongly adsorbed by biochar and also decreases avail-
ability of phosphorus when complexed with P [82], thus,
only MF treatment provided increased Ca content in the
lettuce biomass, in the line with the previous reports of
similar research [83].

Conclusion

In this study, the impacts on several soil health indica-
tors and geochemical parameters of combinations of
biochar with and without mineral fertilizer were tested.
Soil health indicators (soil enzymes, basal and substrate-
induced respiration) responded favourably to all soil
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amendments, resulting in enhanced nutrient acquisi-
tion enzymes (C, N and P) which resulted in improved
soil fertility and consequent higher crop (lettuce) bio-
mass. Nutrient content in the plant biomass was the
most dependent on the mineral fertilization, albeit the
increased element accumulation was provided also by
activated biochar. The activation of biochar by pre-mix-
ing rather than merely co-applying mineral fertilizer was
shown to reduce the leaching of N, P from added ferti-
lizing amendments, demonstrating the longevity benefits
of this pre-application stage. Research is now required to
determine whether the initial trends seen in this study are
reproducible at a field scale and thus be recommended
for soil amendment in some agronomic circumstances.
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