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Abstract: We tested agriculturally and chemically degraded Brunic Arenosol and Abruptic Luvisol of
contrasting textures to establish the early response of soil quality to two different mineral fertilizers
(Polifoska and urea) amended with microbes applied in optimal and reduced doses. The soil samples
were collected from two fields under maize: one week (I*t sampling time) and six months (IT"? sampling
time) after fertilization. The laboratory experiment included determination of: catalase activity,
dehydrogenase activity, microbial biomass, and basal respiration; pH and dissolved organic carbon
(DOC) were also measured. The silty Luvisol was characterized by higher biological activity than
the sandy Arenosol. Biofertilizer addition to degraded soils increased the biological activity, even in
reduced doses of additives used; however the responses of the tested microbiological indicators were
different. Soil texture affected the positive biomass response to biofertilizers which was observed in
samples from Ist sampling time in silty soil, while from nd sampling time in sandy soil. Based on
our results, we propose that Polifoska with microorganisms (used in full dose) may be optimal for
silty soil. Polifoska (in reduced dose) and urea (both in full and reduced dose) may be recommended
for sandy soils. Increasing pH was a stronger driver of soil biological activity than DOC. Long-term
field testing is suggested for validating our results.

Keywords: biofertilizers; degraded soil respiration; enzymatic activity

1. Introduction

The declining state of the environment makes it necessary to use non-traditional fertilization
methods to reduce soil pollution and have a positive impact on biological functionality. Special attention
should be placed on degraded soils. In the southern and central southeastern areas of Europe ~25% of
the total area are lands with high and very high sensitivity to degradation [1].

Biofertilizers are described as fertilizers that contain living soil microorganisms (useful bacteria
and fungi) applied to increase the availability of mineral nutrients for plants [2-4]. Unlike conventional
chemical fertilizers, they are more ecofriendly [3,5]. Their application can improve soil health and
increase crop growth through different mechanisms connected with microbial activity, for example,
biological N fixation, phosphorous solubilizing, and phosphate mobilizing [3,6]. The positive effect of
biofertilizers has been observed on different crops: maize [7,8], wheat [8,9], potatoes [10], rice [11,12],
Panax ginseng [13], and apples [14]. It has also been confirmed that biofertilizers have the potential for
biological reclamation of degraded lands, including after mining activity [15,16]. Biofertilizers may
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not only improve soil microbial balance and crop productivity, but may also be helpful in producing
vigorous plants that can survive and thrive in stressed soils. It has been shown by study on pomegranate
(Punica granatum L.) as bioinoculants helped in better establishment under the harsh field conditions of
the Indian Thar Desert [17].

One of the biological indicators of soil health is microbial biomass and their enzymatic activity.
Soil dehydrogenases (EC 1.1.1.) exist as an essential part of soil microbial life [18] and are strongly
linked with microbial oxidoreduction processes [19,20]. Dehydrogenase activity is used as an indicator
of overall soil microbial activity [21,22], since these enzymes do not accumulate extracellularly [23] but
they are only active intracellularly [20,24]. Catalase (HyO,:H,O,—oxidoreductase, EC 1.11.1.6.) is very
stable in soil and is considered an indicator of aerobic microbial activity. Catalase uses a two-electron
transfer mechanism to split hydrogen peroxide (toxic H,O, formed in the course of aerobic respiratory
metabolism) into molecular oxygen (O;) and water and, therefore, protects living cells from the damage
caused by this reactive oxygen species [25]. Catalase activity has been shown to correlate with the
number of aerobic soil microorganisms, microbial biomass, respiration, the activity of other enzymes,
organic carbon content, aeration status, and soil fertility [26,27].

Microbial communities in soil ecosystems are key for soil functionality due to their role in organic
matter transformation and nutrient cycling [28]. Therefore, soil microbial biomass (Cyy;c), taken as a
whole reflects the metabolic activities of all species within a community, is an important ecological
parameter. It consists mainly of fungi and bacteria, with several thousand species present in 1 g of
soil [29,30]. Soil respiration, as an important process in the C cycle, is one of the oldest and most
frequently used parameters for quantifying the total activity of soil microflora and mineralization
of soil organic matter (SOM) [31,32]. Based on the amount of CO, released by soil without organic
substrate supplements, the basal respiration rate (BR) is measured, that allows the overall rate of
the entire metabolic processes in the tested soil to be determined [33]. The metabolic quotient
(qCOy,), called the specific respiratory rate, is an eco-physiological quotient calculated as the basal
respiration rate per unit microbial biomass [34]. The qCO; is regarded as an indicator of changes in the
metabolism of soil microbiota in response to several soil disturbances. Therefore, qCO, can provide
an understanding of the biological and chemical changes occurring in soil including under different
agricultural practices [34]. The qCO; also indicates how efficiently the microbial biomass is utilizing
soil carbon for biosynthesis and thus is considered a sensitive indicator of soil biological activity and
soil substrate quality [34,35].

Aratjo et al. [36] observed an increase in soil microbial biomass, respiration, and dehydrogenase
activity in Fluvisol soil after application of three biofertilizers as compared to the control soil (not treated,
as well as fertilized with NPK). In contrast, Schenck zu Schweinsberg-Mickan and Miiller [37] reported
suppressive effects of biofertilizers on soil microbial biomass and reduced CO, evolution as compared
to soil treated with water. In a field experiment performed on sandy clay loam soil, Singh et al. [38]
tested the effect of organic amendments such as farmyard manure and vermicompost (with and without
crop residues and biofertilizers) on several soil microbial characteristics. The highest microbial biomass
occurred in the treatment receiving vermicompost, crop residues, and biofertilizers. In turn, qCO, was
highest in plots treated with farmyard manure combined with crop residues and biofertilizers, reflecting
an increase in the ratio of active to dormant microorganisms [38]. Piotrowska et al. [39] observed a
significant increase in soil microbial biomass, but no clear effect in the case of dehydrogenase activity and
a reduction of cellulase activity in arable soil (Luvisol) treated with commercial biofertilizer (UGmax).

We hypothesized that application of mineral fertilizers amended with microorganisms
(biofertilizers) regenerates microbiological activity in agriculturally and chemically degraded soils to
an extent that depends on applied dosage. We also hypothesized that soil texture also impacts the
outcome due to the creation of different conditions for living soil microbiota.

The objective of this laboratory-based study was to test the short-term responses of biological soil
health indicators (microbial biomass and their enzymatic activities) of two soil types (Brunic Arenosol
and Abruptic Luvisol) under maize cultivation to two different mineral fertilizers amended with
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microbial biofertilizers (bacteria or fungi) applied in two dosages (optimal and reduced) at two points
(one week and six months after application).

2. Materials and Methods

2.1. Field Study Site and Soil Description

The research was carried out on degraded soils taken from two sites in south-eastern Poland,
namely,: from Biszcza (50°39’ N; 22°65’ E)—Brunic Arenosol and ii) from Basznia (50°15" N;
23°26" E)—Abruptic Luvisol. The Arenosol was degraded due to inappropriate cultivation and
fertilization, which had resulted in soil acidification and low nutrient content. Chemical degradation
of the Luvisol (characterized by acidification) was the effect of the past activity of a nearby former
sulfur mine. The maize was sown in May 2018 at both sites.

The experimental plots (in three repetitions) were prepared in both sites with the following
dimensions 15 m X 10 m with a 2-m interval between variants. This experiment comprised of seven
treatments, namely, controls without fertilization (C), urea (PULREA PULAWSKI MOCZNIK 46N,
Grupa Azoty, Putawy, Poland) and Polifoska (POLIFOSKA KRZEM—NPK(S) 6-12-34-(10), Grupa Azoty,
Pulawy, Poland) fertilizers not supplemented by microbial consortia (UC/PC), and combinations of
microbial consortia mixed with fertilizers: urea in optimal dose (UA 100) and dose reduced by
40% (UA 60), or Polifoska in optimal dose (PA 100) and dose reduced by 40% (PA 60) Polifoska.
Compositions of the microbial inocula were determined by the Institute of Horticulture in Skierniewice
(Poland) to develop formulations of microorganisms suitable for being combined with particular
mineral fertilizers—urea and Polifoska. The microbial consortium for the urea fertilizer contained
the following beneficial fungal strains: Paecilomyces lilacinus WT15A and Aspergillus niger G119AA,
mixed before application in the proportion of 15:1, respectively. Fungal strains were applied 7 days
after urea fertilization. The bacterial strains for the Polifoska fertilizer included the Paenibacillus
polymyxa strain CHT114AB, Bacillus amyloliquefaciens strain AF75BB, and Bacillus sp. strain CZP4/4.
The Polifoska fertilizer granules were coated with a mixture of bacterial strains in equal proportions [40].
The bacterial and fungal strains were selected by the Institute of Horticulture (Skierniewice, Poland)
from its SYMBIOBANK Collection. Mineral fertilizers were produced and provided by GRUPA AZOTY
Zaktady Azotowe Putawy S.A. (Putawy, Poland). The biofertilizers were prepared and provided by the
Lukasiewicz Research Network—New Chemical Syntheses Institute (Putawy, Poland), while microbial
strains were prepared and delivered by the Institute of Horticulture (Skierniewice, Poland). The doses
on (bio)fertilizers were calculated, based on the soil nutrient requirements for maize growth, by the
Institute of Soil Science and Plant Cultivation (Putawy, Poland). In the field test, the fertilizers were
applied on the soil surface on the following dates in 2018: in April (pre-sowing bio- and fertilizer
application in the doses of 420 and 500 kg Polifoska per ha in Biszcza and Basznia, respectively),
during maize vegetation: in May (in the doses of 200 and 185 kg urea per ha in Biszcza and Basznia,
respectively), and in June (in the dose of 110 kg urea per ha in both Biszcza and Basznia sites).
Soil samples (0-25 cm) were collected at five randomly selected sites in each subplot, and thoroughly
homogenized. After drying, the collected soils were sieved through a 2 mm mesh and stored in the
dark. Basic soil parameters are presented in Table 1.

Table 1. Basic characteristic of tested soils.

Clay Silt Sand Texture P,05 KO Mg N-NO3; N-NH; Npin DOC  Corg  pHu20

Soil Type

(%) (mg/kg) (kg/ha) (mg/kg) (%)
Brunic Arenosol 0.93 12.4 86.6 sandy 174 29 12 <1.39 2.14 22.0 37.93 1.54 6.29
Abruptic Luvisol 5.4 60.3 343  siltloam 48 53 36 291 6.57 75.6 52.30 3.76 6.90

Particle size distribution was determined by laser diffractometer Mastersizer 2000 with Hydro G
dispersion unit (Malvern Ltd, Malvern, UK). The sets for measurements were as follows: two light
sources, laser (633 nm) and diode (466 nm); stirrer speed 700 rpm and pump speed 1750 rpm [41].
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Disintegration of soil aggregates was carried out by an ultrasound probe (35 W for 3 min). For calculation,
Mie theory with refractive index 1.52 and absorption coefficient 0.1 was used [42]. The following
methods were used to determine the plant nutrient content: spectrophotometric for phosphorus
(P,0s), flame atomic emission spectrometry (FAES) for potassium (K,O), and flame atomic absorption
spectroscopy (FAAS) for magnesium (Mg). In order to determine mineral N content (NH;*; NO3 ™) the
continuous-flow analysis (CFA) method with spectrophotometric detection was used.

2.2. Laboratory Experiment Design

The soil samples were collected for laboratory testing from all plots on two dates. The I** sampling
time (in June 2018) was one week after the application of the first dose of bio- and fertilizers—to
recognize the rapid response of enzymatic activity and microbial biomass. The II"Y sampling time (in
October 2018) was about six months after addition of the bio- and fertilizers (after maize harvesting,
and before plowing) to recognize the short-term response of enzymatic activity and microbial biomass.

The laboratory experiment included determination of soil quality indicators: catalase activity
(CAT), dehydrogenase activity (DHA), microbial biomass (Cp;c), and basal respiration (BR); pH and
dissolved organic carbon (DOC) were also measured. In total, 252 samples were tested for each
sampling time.

To avoid the influence of soil aeration/water content at the moment of sampling (which was
dependent on field weather conditions), the collected samples were dried. To establish the same
conditions in all tested samples and stimulate microorganism activity directly before the experiment,
the tested material was preincubated, in other words, 5 g of air dry soils was placed in 60 cm? glass
vessels, moistened to 70% WHC (water holding capacity; 1 cm? and 1.44 cm? per 5 g soil for Brunic
Arenosol and Abruptic Luvisol, respectively) and incubated in the dark at 25 °C for 3 days to allow
initial sampling and sieving effects to subside [43].

2.3. Methods

Catalase activity (CAT) was determined according to the method proposed by Trevors [44] to
measure evolved O, by gas chromatography after 10 min of static incubation of soil samples at 30 °C
with 3% HpO,, with sterile soil samples as controls (autoclaved at 126 °C and 140 kPa for 22 min; Prestige
Classic 210001). Next, the gas sample was injected (200 uL) into a gas chromatograph (Shimadzu
GC-14A) equipped with a Molecular Sieve 5A to determine the O, concentration. The temperature
of the detector and the column was 40 °C and helium (40 cm3/min) was used as a carrier gas [45].
The pressure in the vessel was measured before each injection with an Infield 7 meter (UMS GmbH,
Miinchen, Germany) and included in the O, concentration calculation. The results were expressed as
umol O, per gram of oven-dry soil per minute.

Soil dehydrogenases activity (DHA) was determined according to Casida et al. [46] with the use
of the triphenyl tetrazolium chloride (TTC), and was based on the amount of triphenyl formazan (TPF)
produced after a 20 h incubation of the soil samples at 30 °C. The obtained results were reduced by
the activity of the blank control without TTC addition. Dehydrogenase activity (mg TPF/g/20 h) was
determined spectrophotometrically and absorbance was taken at 485 nm.

Soil microbial biomass (Cic) was determined with the substrate induced respiration (SIR) method,
based on the initial respiratory response of the microbial population to the amendment of glucose,
an easily available source of carbon and energy [47]. Preincubated soil samples were amended with a
glucose solution (10 mg per gram of soil) and incubated with shaking at 25 °C in a water bath. After 2 h,
the CO, produced was measured chromatographically. Microbial biomass content was calculated
using the formula [48]:

Cmic (mg/g) = 504 x cm’® (CO2/g/h) 1)
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Basal respiration (BR, ng CO,-C/g/h) was measured after a 2-h incubation at 25 °C of non-enriched
soil samples. The metabolic quotient (qCO;) was calculated as the ratio of basal soil respiration rate to
microbial biomass C. The qCO, results were expressed as pg CO,—C/mg/Cpyic h.

Concentrations of CO, in the headspace was measured with a gas chromatograph Shimadzu
GC-14A (Shimadzu Corp., Kyoto, Japan) equipped with a thermal conductivity detector (TCD) and with
the use of a 2-m column (3.2 mm diameter) packed with Porapak Q (Shimadzu Corp., Kyoto, Japan),
with He as the carrier gas flowing at a rate of 40 cm3/min. The temperature of the column and detector
were 40 °C and 60 °C, respectively [18]. The detector response was calibrated using a certified gas
standard (Air Products, Warsaw, Poland) containing 1% CO, in He. The CO; concentration was
corrected for solubility in water by using published values of the Bunsen absorption coefficient [49].

Dissolved organic carbon (DOC) was determined by shaking 5 g of each dry soil in 50 cm?
of deionized water for 1 h. After shaking, the slurries were filtered through filter paper into glass
vials. The samples were analyzed for DOC contents using a Shimadzu (Japan) TOC analyzer [50].
Water holding capacity (WHC) was determined according to Wang et al. [51]. All measurements were
done in triplicate, and results were expressed on an oven-dry weight basis (105 °C, 24 h). The soil pH
was determined potentiometrically in H,O (the ratio 1:2.5 w/w) at room temperature.

2.4. Statistical Analysis

The results were statistically processed with Statistica 13 software (StatSoft Inc., Tulsa, OK, USA).
A one-way ANOVA (Tukey HSD post hoc test) was used to test the significance of the differences in the
measured indicators between the controls and bio- and fertilized treatments (separately for each soil
and for each sampling time). Principal component analysis (PCA) was carried out to determine the
relationships between microbial indicators (CAT, DHA, BR, Cpic, qCO;) and soil parameters (pH, DOC)
for two soils of different textures incubated with and without biofertilizer amendment.

3. Results and Discussion

3.1. Physical and Chemical Properties of Soils without Fertilization

Tested soils were degraded by different land use: inappropriate cultivation and fertilization (Brunic
Arenosol) as well as chemical degradation (Abruptic Luvisol, sulfur mine surroundings). An important
soil parameter differentiating the tested samples was also the texture (Table 1), which created various
conditions for living soil microorganisms since soil particle size fractions also harbor distinct microbial
communities [52].

Texture affects the creation of anoxic zones in soil, the distribution of micropores, and macropores
and in consequence, determines the availability of water, nutrients, and O, for microorganisms [53-55].
Sandy Brunic Arenosol can be better aerated and more permeable than silty Abruptic Luvisol, which
opposingly can create anoxia or hypoxia. Finer textured soils have a greater ability to store soil
nutrients due to the difference in specific surface properties [56,57], and therefore clay Abruptic Luvisol
could create better conditions for microbiota than sandy soil. The tested soils were characterized by
low Mg and K content, but Arenosol was distinguished by high P content (Table 1). The soils also
differed in nitrogen content since NH;* and N,;, was about 3.5 times higher in Abruptic Luvisol than
in Brunic Arenosol which may be connected with the susceptibility of sandy soils to leaching [58]
and a higher cation exchange capacity (CEC) as well as high water and nutrient retention capacity in
clay-rich soils [54].

3.2. Microbial Indicators of Soils with Fertilizer and with Biofertilizers

The presented soil properties strongly determined the values of their microbiological parameters.
Comparing the two enzymes studied, it was noticed that DHA and CAT activities were lower in sandy
Brunic Arenosol than in silty Abruptic Luvisol (Figure 1). This is consistent with other studies on these
enzymes in soils with contrasting textures [59].
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Figure 1. Enzymatic activity of (a) catalase (CAT) and (b) dehydrogenases (DHA) in Abruptic Luvisol
and Brunic Arenosol collected on two dates after fertilization: I3 sampling time (one week after the
application of bio- and fertilizers), and II"d sampling time (six months after fertilization). Tested variants:
C—control without fertilization, UC/PC—Polifoska and urea, UA 100—urea in full dose enriched with
microorganisms, UA 60—urea in reduced dose enriched with microorganisms, PA 100—Polifoska in full
dose enriched with microorganisms, PA 60—Polifoska in reduced dose enriched with microorganisms
(average values + standard deviation; n = 3). Different letters indicate significant differences; n.s.—not
significant; ANOVA, Tukey HSD test, separately for each soil and for each sampling time, p < 0.05.

The tested silty Luvisol, with higher enzymatic activity, had a higher NH4 content (Table 1),
and such positive correlation has been also observed previously in a fertilized field [60]. It was
previously reported that decomposition of soil organic C and N are factors which explained the
influence of texture on soil enzyme activity [61]. In our study, DHA showed greater variability
compared to CAT (Figure 1). Generally, CAT reached values above 10 umol/g/min in silty soil,
while below 10 umol/g/min in sandy soil (Figure 1a). In sterilized controls, CAT was at the level of
8.89 + 0.02 umol/g/min of soil and 8.95 + 0.05 pmol/g/min in Abruptic Luvisol and Brunic Arenosol
(p < 0.05), respectively. In spite of the lower variation than DHA, significant differences in CAT
were observed in selected variants. Rapid response (I*' sampling time) to addition of fertilizers
without microbial enrichment (UC/PC) resulted in lowering of CAT in both soils. Urea enriched with
microorganisms resulted in a significantly higher CAT, both in silty (UA 100 and UA 60) and sandy
(UA 60) soils. Similarly, soils fertilized with Polifoska enriched with microorganisms, also resulted in
significantly higher CAT, even in the PA 60 variant in silty Abruptic Luvisol. Catalase activity was
higher in sandy Brunic Arenosol collected in II"d sampling time in all variants. After UC/PC application,
CAT was higher than in soils from I*' sampling time. Considering the aspect of time, it has also
been previously reported that enzymatic activity (including CAT) in arable fields (cucumber) varied
greatly in different seasons, and higher activity was in the vigorous growth stage of the cultivated
vegetable but showed lower activity during the early and late growth stages [60]. Biofertilizer addition
to silty Abruptic Luvisol caused the highest (p < 0.05) activity in the variant with an optimal dose
of Polifoska (PA 100), which was not observed in samples after application of a reduced fertilizer
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dose (PA 60). In sandy Brunic Arenosol, the differences between soil with fertilizers with and without
microorganisms were not so visible.

As with CAT, DHA also reached higher values in silty Abruptic Luvisol (Figure 1b). Moreover,
higher values of DHA were found in soils from the II"? sampling time than were one week after
bio- and fertilizer application, just as with CAT. The study by Dinesh et al. [62] on other sandy
loamy soil treated with biofertilizers showed changes in DHA activity during different stages of
maize growth—vegetation, flowering, and post-harvest stage. That study found that DHA activity
was gradually decreased with advancement of crop growth which is not consistent with our results.
In our study DHA was more sensitive to fertilization than CAT, as greater variety and large standard
deviations occurred in both soils. Despite the lack of statistical significance, greater variation in the
dehydrogenase activity occurred in silty Luvisol collected one week after fertilization, and the highest
values were observed in microbiologically enriched samples (especially full dose). The response after a
few months (IT"Y sampling time) showed less DHA variation than a rapid reaction to fertilization.

In agriculturally degraded sandy Brunic Arenosol, DHA measured in the samples collected in
the I** sampling time was significantly lower in UC/PC treatment than in the control (C) without
fertilizers (p < 0.05) (Figure 1b). Microorganism addition resulted in higher activity compared to
not enriched UC/PC treatment, especially in samples with 40% reduced dose of Polifoska (PA 60).
Samples from II"Y sampling time also showed lowering of DHA after UC/PC addition in comparison
with control without fertilization. In contrast, microorganism enrichment caused an increase of DHA,
especially after addition of optimal dose of urea and reduced dose of Polifoska (p < 0.05). Addition of
biofertilizers may provide substrates for DHA and enhanced microbial growth.

Our DHA results are partly comparable with results obtained by Singh et al. [38] since after
addition of biofertilizers to sandy clay loam soil increased DHA in the rice-wheat-mung bean system,
while decreased DHA activity in the rice-wheat system was observed. Different mechanisms of DHA
increase are reported in the literature. In their experiment, Araujo et al. [36] observed that DHA reached
the highest values after the application of biofertilizer with the highest content of readily available C
and nutrients. DHA increased significantly after UGmax application (composition of yeasts, lactic acid
bacteria, photosynthetic bacteria, Azotobacter, Pseudomonas and Actinobacteria, and potassium) in a
dose of 1/L/ha, increasing by up to 157% which may be the result of additional microorganisms as
well as macro- and microelements introduced with biofertilizer [10]. In the study on pomegranate,
the rhizosphere DHA increased from 8.06 + 0.06 to 9.05 p kat/g soil depending on the inoculum
which may be explained by an increase in the rhizosphere microbial population due to biofertilizer
application [17]. The higher DHA activity in clay loam soil amended with biofertilizers suggested the
availability of a higher quantity of biodegradable substrates and hence, an improvement in the activity
of soil microbiota [63].

Generally, soil microbial biomass was lower in sandy Brunic Arenosol than in silty Abruptic
Luvisol. This is probably due to the low water holding capacity, low capacity for nutrient retention,
and low organic carbon, which is characteristic for sandy soils [57]. Soil microbial biomass (Cyy;c) was
higher in samples collected in the IT"? sampling time than those taken one week after fertilization in
both of the tested soils. However, the increase was higher in silty Abruptic Luvisol (Figure 2a).
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Figure 2. Microbial indicators of (a) soil microbial biomass (Cp;¢), (b) basal respiration (BR), and (c)
metabolic quotient (qCO;) in Abruptic Luvisol and Brunic Arenosol collected on two dates after
fertilization: It sampling time (one week after the application of bio- and fertilizers), and IT" sampling
time (six months after fertilization). Tested variants: C—control without fertilization, UC/PC—Polifoska
and urea, UA 100—urea in full dose enriched with microorganisms, UA 60—urea in reduced
dose enriched with microorganisms, PA 100—Polifoska in full dose enriched with microorganisms,
PA 60—Polifoska in reduced dose enriched with microorganisms (average values + standard deviation;
n = 3). Different letters indicate significant differences; ANOVA, Tukey HSD test, separately for each
soil and for each sampling time, p < 0.05.

The addition of fertilizer without microorganisms decreased Cy. values in both soils collected in
both periods (Figure 2a). Microorganism enrichment resulted in significantly higher C,;., however it
was dependent upon the sampling time. In silty soil, a positive effect of biofertilizers was observed
particularly in I sampling time, whilst in 11" sampling time in the sandy soil. Among the fertilizers
enriched with microorganisms used in Abruptic Luvisol, the following variants were increasing
Cnmic values in the following order: PA 100 > PA 60 = UA 60 > UA 100 (in I¥* sampling time),
while only Polifoska in optimal dose enriched with microorganisms (PA 100) significantly increased
Cmic in II" sampling time. In Brunic Arenosol, the order was as follows, in II"d sampling time:
UA 100 > UA 60 > PA 100 = PA 60, while no statistical differentiation between fertilized samples was
observed in rapid response (in I* sampling time). Basal respiration (BR) values responded differently
to the added bio- and fertilizers depending on the sampling date and soil type (Figure 2b). In silty
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Luvisol, the changes were significant only in II"? sampling time, fertilization without microorganisms
(UC/PC) generally increased BR but enrichment with urea and microorganisms resulted in BR at a level
observed in the control without fertilization. In II"¥ sampling time, Polifoska with microorganisms
added in full dose caused a decrease, while in the reduced dose an increase in BR values (p < 0.05) as
observed. In sandy Arenosol, the changes in BR value were significantly different only in samples
from I** sampling time, however biofertilizer application decreased BR (p < 0.05) in UA 100 and PA 60
variant in 11" sampling time.

Enhanced soil respiration is a result of the higher metabolic activity of microorganisms. Input of
organic nutrient sources significantly improved microbial biomass and respiration in sandy clay soil with
biofertilizers applied in combination with crop residues, farmyard manure, and vermicompost [38].
Aratjo et al. [36] showed that the application of tested biofertilizers also increased the microbial
indicators; however the response depended on the composition of biofertilizers. The highest values
of microbial parameters were observed after application of biofertilizer with readily available C and
nutrients which stimulated Cpc [64]. The authors reported that a particular increase of Cp,jc occurred
on days 40 and 70 after the addition of biofertilizers. The study on clay loam indicated that in the soil
amended with biofertilizers the organic substrates are mineralized more rapidly and that the greater
microbial biomass would have been able to degrade a greater quantity of substrates [63,65]. Metabolic
quotient (qCO,) that reflects the maintenance energy requirement of soil microbiota [30] was elevated in
I*t sampling time compared to IT"Y sampling time (Figure 2c). Additionally, higher standard deviations
in both soils in I** sampling time suggest initial imbalance after fertilization. The highest qCO, value
was obtained after application of fertilizers without microorganisms (UC/PC), and generally, in I
sampling time remained on the level characteristic for non-fertilized soil control treatment. In both
sampling dates in silty Abruptic Luvisol, the lowest qCO; values were detected in full dose of Polifoska
enriched with microorganisms (PA 100). Moreover, the metabolic quotient was the highest (p < 0.05)
in II"Y sampling time only after the addition of Polifoska with microorganisms in a reduced dose
(PA 60). In sandy Brunic Arenosol, the addition of non-enriched fertilizers resulted in a significant
qCO; increase (compared to control) without fertilization which decreased after the application of
biofertilizers in both sampling times. After addition of fertilizers with microorganisms the levels of
qCO; in soils collected in I** sampling time were similar to that achieved in non-fertilized soil, only after
the addition of a full dose of urea with microorganisms (UA 100) was the indicator the lowest (p < 0.05).
A similar situation in Brunic Arenosol, occurred in soil from I"¥ sampling time, however qCO, was
significantly the lowest in samples amended with both biofertilizers in full dose, indicating an increase
of microbial metabolic efficiency [66].

The research on silty loam soil has shown the importance of soil organic matter and pH in
stimulating microbial biomass growth [67]. Soil pH strongly affects the quality and function of
cultivated soils due to it determining adsorption, mobility, and bioavailability of nutrients in the
soil solution. It has been confirmed that soil pH, besides mean annual precipitation, is the major
environmental factor that shapes soil bacterial communities in maize soils [68]. Maize can grow in
soils with a pH ranging from 5.7 to 8.0 [69] with an optimal value 5.5-7.0 [70]. Incubation of soils with
biofertilizers resulted in an increase in the pH values compared to soils without microorganisms to a
range which is proper for maize growth (Figure 3a).
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Figure 3. pH (a) and dissolved organic carbon content (DOC) (b) in Abruptic Luvisol and Brunic
Arenosol collected in two terms after fertilization: It sampling time (one week after the application
of bio- and fertilizers), and 1" sampling time (six months after fertilization). Tested variants:
C—control without fertilization, UC/PC—Polifoska and urea, UA 100—urea in full dose enriched with
microorganisms, UA 60—urea in reduced dose enriched with microorganisms, PA 100—Polifoska in full
dose enriched with microorganisms, PA 60—Polifoska in reduced dose enriched with microorganisms
(average values + standard deviation; n = 3). Different letters indicate significant differences; ANOVA,
Tukey HSD test, separately for each soil and for each sampling time, p < 0.05.

Therefore, the increase in pH value after the addition of biofertilizers is a positive aspect of their
use in degraded, acidic soils. PCA analysis showed that in both soils, pH is a stronger controller of soil
biological activity than DOC content (Figure 4) in which significant changes were observed only in
samples collected in II"Y sampling time (Figure 3b).

05

0,0

PC 2:22,35%

05

Loadings

-1.0 0,5 00 05 10
PC 1:59,82%

(@)

PC2:22.72%

Loadings
1.0
CAT|
BR qC02
05 PH
0.0 DHA
———
/ poc
“Cmic
-05
1.0
-1,0 05 0,0 05 10
PC1:47.09%

Figure 4. Principal component analysis (PCA loadings) for variables’ parameters tested: (a) silty loam

Abruptic Luvisol, and (b) sandy Brunic Arenosol.
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The significance of the time aspect on carbon balance in soil has also been confirmed in
longer studies. A long-term experiment on orchard soil with biofertilizers (Azotobacter, PSM,
and Trichoderma harzianum) showed that the soil organic carbon (SOC) content improved significantly
over the years of research with microorganisms playing a significant role [71]. Significant increase
in SOM was observed after four years of organic addition to a horticultural soil [72]. We observed a
positive correlation between pH, enzymatic activity (CAT, DHA) and microbial biomass (Cy,c) in both
soils of contrasting textures. The exception was CAT in sandy samples.

A summary of the effect of microorganism enrichment is presented in Table 2, which shows
significant changes in the microbiological indicators after the application of biofertilizers compared to
soils fertilized without microorganisms.

Table 2. Determining the impact of biofertilizers on microbiological parameters (CAT—catalase activity,
DHA—dehydrogenase activity, Cy,jc—soil microbial biomass, BR—basic respiration, DOC—dissolved
organic carbon content, pH of Abruptic Luvisol and Brunic Arenosol collected one week (Ist sampling
time) and six months (II"4 sampling time) after fertilization with optimal (100%) and reduced (60%)

dose of UA—urea, and PA—Polifoska.

CAT DHA Chic BR DOC pH
Sampling Time It 4 pt prd st qed ot qed st qped st qpd

Abruptic Luvisol

UA 100 + ns. ns. n.s. + ns. ns. ns. ns. ns. + ns

UA 60 + n.s. ns. ns. + ns. ns. ns. ns. - + +

PA 100 + + n.s. n.s. + + n.s. - ns. ns. + +

PA 60 + ns. ns. n.s. + ns. ns. ns. ns. ns. + ns
Brunic Arenosol

UA 100 n.s. n.s. n.s. + n.s. + - ns. ns. ns. + +

UA 60 + ns. ns. ns. ns. + ns. ns. ns. ns. + +

PA 100 ns. ns. ns. ns. nNnS. ns. NS NS ns. ns. - -

PA 60 ns. n.s. + + ns. ns. ns. ns. ns. ns. + +

“_u

“+"—significant increase;
microorganisms addition.

—significant decrease; n.s.—not significant; compared to soils with fertilization without

The rapid and short-term responses of soil to biofertilizers depended on the texture of tested soils.
In silty Abruptic Luvisol both added biofertilizers in reduced and full dose resulted in an increase
in CAT and Cy;c in early response. This effect was maintained in the 1md sampling time only after
the addition of an optimal dose of Polifoska. In sandy Brunic Arenosol with UA 100, we observed an
increase in DHA and Cyy;c in 11" sampling time, while BR decreased in I*t sampling time. A positive
effect was detected after the application of reduced dose of urea since CAT (in I** sampling time)
and Cpc (in 1md sampling time) were significantly higher than in the soils without microorganisms.
DHA in sandy Arenosol was higher in both sampling terms after the addition of a reduced dose
of Polifoska. Application of all tested biofertilizers (exception for PA 100, 60) resulted in soil pH
increasing. Given the importance of positive impact, not only temporarily but also in the long term,
we may try to propose the biofertilizer type optimal for coarse and fine textured soils. Based on the
presented tests, we may suppose that from the tested biofertilizers Polifoska with microorganisms
used in full dose may be optimal for silty soils, while Polifoska in reduced dose and urea both in full
and reduced dose may act positively in sandy soils.

4. Conclusions

We concluded that biofertilizer application to chemically and agriculturally degraded soils
increased its biological activity even in reduced doses of additives used. However, the response of
the examined microbiological indicators was different in both soils. Generally, analysis of the tested
microbial indicators showed that silty soil recognized as Abruptic Luvisol was characterized by higher
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biological activity than sandy soil recognized as Brunic Arenosol. Soil texture affected the impact
of biofertilizers on soil biomass which was positive in rapid response (7 days after application) in
silty soil, while short-term response (6 months after application) in sandy soil. We may suppose
that from the tested biofertilizers, Polifoska with microorganisms used in full dose may be optimal
for silty soil, while Polifoska in reduced dose and urea both in full and reduced dose may increase
soil microbial activity in sandy soils. Level of pH was a stronger controller of soil biological activity
than DOC. Therefore, the increase in pH value after the addition of biofertilizers is a positive aspect
of their use in degraded soils. Although we didn’t recognize the microbial communities in tested
soils, we suppose that biofertilizer application changed their compositions and diversity, however this
would need to be confirmed by microbial tests. Long-term field and laboratory tests could confirm
these recommendations.
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