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Abstract

The purpose of this study was to evaluate how a multi-component soil conditioner con-
sisting of zeolite, calcium carbonate, potassium humate, and Ascophyllum nodosum extract
affects selected soil properties (physical, chemical, and water-related properties, as well
as microbial and enzymatic properties) and the growth and grain yield of spring barley
(Hordeum vulgare L.). To achieve the goal, one-year research experiments were conducted at
three conventionally tilled sites, which were situated on farms across three geographically
separate regions in the Kuyavian–Pomeranian Region of Midwestern Poland. Most of
the chemical properties, namely, total organic C, total N, pH in KCl, cation exchangeable
capacity (CEC), as well as exchangeable (Mg, Ca, K, and Na) and available (Mg, K, and
P) forms of nutrients, were not significantly affected by the conditioner or sampling time.
Independent of the study location, the percentage of macropores in total porosity (TP) and
dissolved nitrogen content (DNt) determined in July were considerably greater in the soil
treated with Solactiv compared to the reference soil. Bulk density (BD), in turn, showed the
opposite tendency, also suggesting the positive effect of the studied conditioner. At all study
sites, application of the conditioner significantly reduced the percentage of micropores in
total porosity (TP) (by 17%), while significantly increasing the content of macropores in TP
(15%) and enhancing the percentage of available and readily available water capacity (8.5%
and 14%). No clear changes in the results of C and N form and enzymatic activity were
noted. The activities of DHA and FDAH behave differently in each study site, making it
difficult to draw clear conclusions. The cellulase was the only enzyme that was significantly
and positively affected by Solactiv at all study sites and for both sampling times. The values
of dry matter of roots and plants, barley root length and surface, and barley grain yield
were considerably greater in soil amended with Solactiv compared to the reference soil.
Because some important soil and plant properties showed a positive response toward the
tested conditioner, despite the low dose used, further studies should be conducted at a
larger scale, focusing on different soils and plants.

Keywords: spring barley; organic–mineral conditioner; zeolite; soil physicochemical
properties; water properties; soil enzymatic activity
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1. Introduction
Agricultural productivity and crop yields are closely associated with soil health and

fertility [1]. Unfortunately, currently soil resources worldwide face significant threats
from overuse, degradation, and permanent loss due to the unbalanced soil management
practices and changes in land use, as well as extreme weather and climate change and
events (droughts and floods) [2,3]. Widely used agricultural practices such as intensive
tillage and the application of high doses of synthetic fertilisers and pesticides, combined
with minimal use of organic manure and cover crops, contribute substantially to ongoing
soil deterioration as manifested by loss of organic matter, reduction in microbial diversity,
and soil compaction and erosion [4]. Changes in soil moisture are important for the general
health of soil because they significantly affect its overall biological activity, organic matter
transformation, and nutrient cycling [5].

Poland has a significant area of agricultural land, though this is systematically de-
creasing. Moreover, the quality of agricultural soils in Poland is also a topic of concern,
since over 40% of the country’s farmland comprises poor-quality sandy soils with limited
agricultural potential [6]. These soils contain insufficient organic carbon and clay content,
resulting in low cation exchange capacity (CEC) [7], making them highly vulnerable to
drought conditions and nutrient loss through leaching. Additionally, approximately 80%
of cultivated land shows varying degrees of acidification, and four million hectares require
lime treatment [7].

In response to global and progressive soil deterioration and fertility loss, different soil
additives and conditioners targeting specific soil-related problems are being developed and
applied to limit soil degradation and improve soil quality worldwide [8–14]. Conditioners
are natural or synthetic materials added to soil to improve its chemical, physical, microbial,
or biochemical properties [8]. The primary aims of their application are to increase soil
fertility by providing nutrients to plants; improve soil structure by enhancing soil aeration
and drainage and diminishing excessive soil compaction; mitigate soil alkalinity or salinity
by adjusting soil pH; and improve soil biological activity by activating soil microorganisms
and their enzymes [11–20]. Therefore, soil conditioners should be dedicated to specific
soil types; for example, use materials like compost, mulch, or biochar to improve sandy or
coarse soils by enhancing water retention and fertility [21]. For heavy clay soils that hold
too much water, materials such as gypsum or other conditioners that improve drainage and
aeration are more suitable. Lime-based products have been successfully used in acid soils to
reduce acidity [22]. Conditioners containing humic acid salt have been used to enhance root
development and plant growth [15,23], while hydrogel and zeolite formulations have been
applied to improve water retention [24]. A large group of commonly used conditioners
comprises microbial preparations containing beneficial bacteria and fungi to improve soil
biological activity [25,26].

Soil conditioners are often applied in relatively high doses (e.g., zeolites and biochar are
applied in the dose of 5–10 t ha−1), which can have an adverse environmental effect, caused
by conditioner compounds or their degradation products, and generate higher costs of
plant cultivation, e.g., [27]. Using appropriate doses helps avoid excessive applications that
could be uneconomical or lead to negative environmental impacts. An unexplored scientific
gap in current soil conditioner application is the application of multiple conditioners as
mixtures, thus reducing individual application rates by possible complementarities derived
from the interaction of diverse components, e.g., [12,17]. Integrated approaches that
combine soil conditioners with other strategies can enhance the positive feedback and the
effectiveness of the conditioner over time. For example, combining biochar and compost
can improve water retention, microbial activity, and nutrient sorption more effectively than
either material alone [17]. Similarly, organic conditioners mixed with bio-organic fertilisers
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and micronutrients boost microbial communities and nutrient availability, resulting in
better crop growth [9,10]. Other mixed conditioners, such as gypsum and biochar, can have
a significant synergistic effect in improving salt-affected soils by reducing exchangeable
sodium and increasing microbial biomass [13]. Additionally, the effect of low application
rate is also important from an economic point of view.

In this study, we used Solactiv, a commercially available, innovative multi-component
mineral–organic soil conditioner containing four synergistic components: (1) zeolite-
clinoptilolite for enhanced soil sorption and water retention, (2) calcium carbonate for
pH stabilisation, (3) potassium humate (originating from leonardite), which is rich in humic
acids for improving soil health and plant growth. The literature reports that each of these
components has exhibited a significant effect on soil and/or plant properties [18,28]. Zeo-
lites, due to their intrinsic adsorption capacity, offer multiple benefits for soil environments
by improving water retention in sandy soils and increasing porosity in clay-rich soils.
Additionally, soils amended with zeolites showed increased CEC and enhanced nutrient re-
tention [29]. They retain nutrients and serve as carriers that slowly release mineral nutrients
after application, consequently improving yields and quality of crops [13,30–32]. Potassium
humates, which are salts of humic acid originating from lignite brown coal, are considered
to be a potential soil conditioner that works by improving SOM content, soil porosity, and
water-holding capacity (WHC) as well as cation exchange capacity (CEC) [33,34]. Other
studies have indicated that potassium humates activated plant growth by promoting root
development, increasing nutrient uptake efficiency, and improving stress tolerance [15,35].
Positive responses in plant properties were also noted for the application of seaweed ex-
tracts (with spp. Ascophyllum, Fucus, and Laminaria being the most commonly used genera)
as biostimulants, wherein both solid (granules) and liquid (drip and foliar spray) forms
of application were used [19,36]. The application of seaweed extracts, being a source of
phytohormones, polysaccharides and minerals, positively affected seed germination [11],
shoot and root growth [37], nutrient use efficiency [11,38] reduction in biotic and abiotic
stress [18,39,40] and improvements in crop yield and quality [41,42] and soil properties,
e.g., soil microbial and enzymatic properties [43,44].

In the only study on the effect of Solactiv on soil properties carried out in soil under
maize cultivation [45], the enzymatic activity increased significantly, while no such positive
response was found for the amount of C and N determined in microbial biomass. Addi-
tionally, the application of the studied conditioner enhanced the content of available K (by
about 11%), as well as improving soil water storage by increasing available water capacity
(AWC). Because of the promising results obtained in the above-mentioned studies carried
out under maize cultivation, further research related to other important agricultural plants
is expected. Additionally, while most research on soil conditioners and their components
demonstrates benefits for plant and soil properties under controlled laboratory conditions,
e.g., [46], fewer studies have examined their effectiveness in the actual field environment,
e.g., [47,48]. Accordingly, this study evaluated the field-based effectiveness of the selected
conditioner under spring barley cultivation. We hypothesised that the conditioner with a
multi-component formulation, besides a low dose used, would significantly improve soil
properties (mainly microbial and biochemical variables, nutrient availability, and water
properties) in an intensively managed field. We also hypothesised that the conditioner
would increase spring barley growth and yield. To investigate the assumed hypotheses,
this study aimed to evaluate how Solactiv affects a range of soil characteristics and spring
barley growth and productivity across field trials at three study sites.
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2. Materials and Methods
2.1. Description of the Experimental Fields and Soil Sampling

The influence of Solactiv on a range of soil features and spring barley growth and
yield was investigated in three annual trials under conventional tillage practices. All
research locations were situated on farms in three distinct mesoregions in the Kuyavian–
Pomeranian Region (Midwestern Poland): Agriculture Cooperative Zjednoczeni in Janocin
(52◦36′24.6′′ N 18◦25′11.9′′ E), an individual farm in Kobylnica (52◦35′10.4′′ N 18◦26′46.3′′

E), and an individual farm in Samsieczynek (53◦13′36.4′′ N 17◦40′57.9′′ E) (Figure 1).

Figure 1. Location of research sites and sampling scheme: S—soil amended with Solactiv, and
C—control soil.

The research sites are situated in a temperate zone characterised by variable climate
conditions, where North Atlantic maritime air masses meet continental air masses from
the east. This convergence results in considerable daily and annual fluctuations in mete-
orological patterns. Weather data for the sampling periods were collected from nearby
meteorological stations positioned close to the research locations (specifics are provided in
Figure 2). Based on the IUSS Working Group WRB classification system, the examined soils
were categorised as Haplic at Janocin, Haplic Luvisols at Kobylnica, and Albic Luvisols at
Samsieczynek [49]. The basis for this classification was the finding of the presence of an
agric diagnostic horizon in all profiles studied, and also the albic horizon in the soil from
the Samsieczynek site. The soils across all locations developed from glacial till deposits.
The upper soil layers at every study site have a sandy loam texture. Detailed information
about the applied mineral fertilisation is given in Table S1.

An experimental area was established at each study site and separated into two equal
sections (fields). One experimental section was managed with a tested conditioner at a
rate of 300 kg ha−1 following the manufacturer’s suggested application rate (no additional
benefits were observed at higher rates), while the other section served as an untreated
control. The soil conditioner was applied prior to spring barley sowing and incorporated
into the soil to a depth of 12 cm using cultivation equipment.
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Figure 2. Average air temperature (a) and precipitation (b) at the experimental sites. Notes: Chrząs-
towo weather station is located nearest to the Samsieczynek study site, while Głębokie weather
station is located nearest to the Janocin and Kobylnica study sites.

The tested conditioner contains the following components: (1) zeolite—50%, (2) cal-
cium carbonate [CaCO3]—47.5%, (3) potassium humate powder—2%, and (4) the extract
of Ascophyllum nodosum—0.5%. The zeolite applied in the Solactiv production originated
from Western Slovakia and is supplied by the company Zeocem, Inc. (Bystré, Slovakia).
Although clinoptilolite is the primary mineral in the zeolite used (84%), cristobalite, illite,
and feldspars were also found in its composition. The specific surface area of the applied
zeolite, estimated using the Brunauer–Emmett–Teller (BET) technique, ranged from 31.4 to
35.4 m2 g−1, indicating that this particular zeolite has a relatively moderate surface area
compared to some other zeolites [50]. Two primary raw materials were used for conditioner
production. First, Ascophyllum nodosum seaweed extract was acquired from Atlantic Ocean
waters near Ireland through the Irish company BioAtlantis Ltd. (Tralee, Ireland). The
extract’s organic matter (8–12%) includes alginate (27%), fucoidan (11%), phlorotannin
(1%), and mannitol (1%). Potassium humate powder (95%, with 60–65% humic acids)
from Humic Growth Solution, Inc. was also used as a pure material for conditioner produc-
tion. It contained 60–65% humic acid derived from premium North American sources of
weathered, oxidised sub-bituminous coal rich in humic compounds. This study used potas-
sium humate with 95% purity, sourced from Humic Growth Solution, Inc. (Jacksonville,
FL, USA), as another basic component for conditioner production. This component was
extracted from leonardite—high-quality oxidised lignite (brown coal) sourced from the
richest natural deposits located in North America, particularly in the western regions.

Bulk density and water-related properties were determined once (after barley harvest-
ing), while the changes in other soil properties were assessed in samples collected twice:
before barley sowing (prior to Solactiv application) and shortly after barley harvest. Twenty
soil samples each were collected from both treated and control fields at each location. A
hand auger was used to collect soil material from the Ap horizon (down to a depth of
approximately 25–30 cm) at systematic intervals throughout the field zone (30 m × 10 m).
At each grid point, ten individual sub-samples were randomly gathered within a two-metre
radius and then combined to form the composite samples. To determine soil enzymatic
activity and soil microbial biomass C and N, the soil samples were placed in plastic contain-
ers (which permitted gas exchange) and chilled to 4◦C in order to minimise any changes in
the populations of microorganisms. The microbial and enzymatic activity was determined
within two weeks based on fresh soil samples. The soil samples used to determine the
physicochemical properties of the soil were air-dried and sieved (2 mm).
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2.2. Determination of Soil Physicochemical Properties

The following analyses were performed on dry and sieved soil samples using the
methodology commonly accepted in soil science [51]: the particle size was assessed based
on the Casagrande method using the modification by Prószyński, and the sand fraction
content was evaluated using the sieving method [52]. Total organic carbon (TOC) and
total nitrogen (Nt) concentrations were assessed by dry combustion using a CN analyser
–Vario Max CN (Elementar Analysensysteme GmbH, Langenselbold, Germany) [53]. Dis-
solved organic carbon and nitrogen (DOC and DNt) were extracted with 0.004 M CaCl2
for one hour at a 1:10 soil–solvent ratio and determined using a Multi N/C 3100 anal-
yser (manufactured by Analityk, Jena, Germany) [53]. Each analysis was performed in
triplicate, and mean values were presented. The obtained results were expressed as mg
C (N) kg−1 dry soil weight. Atomic absorption spectrometry (AAS) using a Philips PU
9100X apparatus (Eindhoven, The Netherlands) was employed to measure available mag-
nesium and potassium levels after extraction with 0.0125 M CaCl2 (for Mg) [54] and the
Egner–Riehm DL method [55] (for K and P). The potassium content in the solution was
determined by Atomic absorption spectrometry (AAS) using a Philips PU 9100X apparatus.
Phosphorus was determined by the colorimetric method, and was measured using a spec-
trophotometer UV Vis Evolution 220 (Thermo Scientific, Waltham, MA, USA). The contents
of exchangeable nutrients (Mg, Ca, K, Na) were analysed in 0.1 M BaCl2 solutions [56].
Soil pH was determined potentiometrically in 1 M KCl (1:2.5 soil-to-solution ratios) [57],
and hydrolytic acidity (Hh) was measured in 1M CH3COONa [58]. Moisture content was
obtained gravimetrically after 24 h drying at 105 ◦C [59]. The effective cation exchange
capacity (CEC) was presented as a sum of the Hh and basic saturation (BS) values [56]. Bulk
density and water retention measurements were conducted on cylindrical soil samples with
four replicates each [60]. The total porosity (TP) was calculated using the following for-
mula: TP = (Sw − So) · Sw−1 · 100 (%) [60]. Properties related to the water retention were
determined using low- and high-pressure chambers (pF range 0–2.7 and pF range 3.0–4.2,
respectively). Volumetric water capacities (VWC) were evaluated at soil water potentials of
98.1 hPa (pF 2.0), 981.0 hPa (pF 3.0), and 15,547.9 hPa (pF 4.2) [60]. Pore volume categories
and corresponding water capacities were calculated in the following way: macropores (as
the difference between total porosity and VWC at pF 2.0), micropores (Wvol. at pF 4.2),
and mesopores representing potentially useful water retention or available water capacity
(AWC) (as the difference between VWC at pF 2.0 and at pF 4.2). Additionally, the readily
available water capacity (RAWC) (the difference between VWC at pF 2.0 and VWC at pF
3.0) and small pore available water capacity (SAWC) (the difference between VWC at pF
3.0 and VWC at pF 4.2) were determined as the components of available water capacity
(AWC) [60].

2.3. Soil Enzymatic and Microbial Biomass Content

The method of Thalmann et al. [61] was used to evaluate soil dehydrogenase activity
(DHA). Briefly, a soil sample (1 g) was mixed with 1% TTC solution (triphenyltetrazolium
chloride) and TRIS buffer (100 mM, pH between 7.4 and 7.8) and left in a shaking incubator
for 24 h at 30 ◦C. After incubation, acetone was added to extract the reaction product (triph-
enyl formazan—TPF). The soil suspensions were then filtered, and the optical density of the
clear filtrate was measured spectrophotometrically at 546 nm using a spectrophotometer
UV Vis Evolution 220 (Thermo Scientific, Waltham, MA, USA). The DHA was presented as
mg of TPF released per kg dried soil (mg TPF kg−1 24 h−1). The total soil hydrolysis activity
was determined by the method outlined by Adam and Duncan [62]. Soil samples with
natural moisture content were mixed with a phosphate-buffer solution (60 mM, pH 7.6)
that contained fluorescein diacetate salt as a substrate. After a one-hour incubation at 37 ◦C,
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the reaction was stopped by adding a methanol–chloroform solution (1:2 ratio). The soil
mixture was then subjected to centrifugation (3000 rpm) using Beckman GS-6R centrifuge
(Beckman Coulter Life Science, Indianapolis, IN, USA), and the absorbance of clear super-
natant was measured colorimetrically at 490 nm wavelength using a spectrophotometer
UV Vis Evolution 220 (Thermo Scientific, Waltham, MA, USA). The level of the FDAH
activity was quantified as milligrams of fluorescein generated per kilogram of soil per
hour (mg F kg−1 h−1). Cellulase (CEL) activity was measured following the procedure
described by Schinner and von Mersi [63]. This involves incubating field-moist soil samples
with the acetate buffer (50 mm, pH 5.5) and carboxymethylcellulose solution (serving as a
substrate) for 24 h at 50 ◦C. The hydrolysis products (reducing sugars) generated during
the incubation period were quantified spectrophotometrically at 690 nm wavelength using
a spectrophotometer UV Vis Evolution 220 (Thermo Scientific, Waltham, MA, USA). The
CEL activity levels were expressed as milligrams of glucose liberated per kilogram of dry
soil per hour (mg Glu kg−1 h−1).

The content of microbial biomass carbon and nitrogen (MBC, MBN) was evaluated
using the chloroform fumigation–extraction protocol outlined in Brookes et al. [64] and
Vance et al. [65], respectively. The selected method assumes fumigation of soil samples
with chloroform to lyse microbial cells, followed by extraction of the released C and N.
Soil samples (25 g) with controlled moisture content (50%) were exposed to ethanol-free
chloroform (CHCl3) at 25 ◦C for a 24 h period. After incubation time, the chloroform was
removed through successive evacuation using a vacuum pump. Both fumigated samples
and untreated control soils were then processed with 0.5 M K2SO4 solution (using a 5:1 ratio)
for half an hour and examined for soluble carbon concentrations according to the protocol
proposed by Vance et al. [65]. In turn, the content of total nitrogen was evaluated using the
method developed by Bremner and Mulvaney [66]. The correction factor of 0.38 (kEC) [65]
was applied to adjust for the recovery of MBC, while the factor of (0.54 = kEN) [67] was
used to calculate the real values of MBN content. The difference in extractable C and N
between fumigated and control samples, after using the appropriate correction factors,
gives the correct results of microbial biomass content.

2.4. Plant Characteristics

At each experimental location, plant biomass was collected for analysis during the
earing stage of spring barley (BBCH 55–56) from five measurement points within each
experimental replication. At a single point, a soil clod containing plants and their roots
(20 cm × 20 cm × 25 cm) was dug up. Immediately after the plants were dug up, two
individuals were separated from the soil in a water wash and then weighed as a whole
(shoot and root) to determine their fresh weight. The plants were then divided into
aboveground and belowground parts and weighed again to determine the fresh weight of
the shoot and root parts. To determine the dry weight of the whole spring barley plants,
from their aboveground parts and from their roots, fresh plant biomass obtained from each
experimental site was dried at 105 ◦C and then weighed [68]. Root analysis determined the
total root length, root area, and average root diameter. A portion of the roots of individual
spring barley plants, previously prepared for dry weight analysis, was used for the analysis.
A digital scanning system was used in the study, so the prepared roots were stained with a
methylene blue solution to enhance contrast before scanning. During the analysis, each root
sample was evenly distributed in a water layer on a transparent tray and scanned at 200 dpi
using an Epson Expression 836 L system scanner (Seiko Epson Corporation, Nagano, Japan).
The roots were analysed for total root length, root system area, and average root diameter
using WinRHIZO v. 5.0 software from Regent Instruments Inc., Quebec City, QC, Canada.
Spring barley grain was harvested from the experimental units of individual research sites
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using a Wintersteiger Classic plot combine harvester equipped with a cutting table with a
belt feeder with a working width of 1250 mm (in Janocin and Kobylnica). Grain harvested
from individual experimental units was weighed, and its actual moisture content was
determined. Grain yield was expressed in t/ha at 15% water content.

2.5. Statistical Calculations

The Shapiro–Wilk test (Statistica v. 13.3, TIBCO Software Inc., based in Palo Alto,
CA, USA) revealed that the measured variables did not follow a normal distribution, so
the data were subjected to logarithmic transformation. Since the transformation success-
fully improved distributional normality, all subsequent analyses were performed with
the transformed dataset. We used one-way analysis of variance (ANOVA) to evaluate
how the application of conditioner affected soil and barley characteristics as compared to
the untreated controls, as well as to compare the results obtained from the two sampling
times. The results of these analyses were the basis for performing a comprehensive ANOVA
synthesis for all three study sites. In this synthesis, the study location served as a random
effect, while conditioner application was the constant (mixed model). When ANOVA
revealed statistically significant treatment effects, Tukey’s HSD post hoc test was used
to identify specific differences between treatment means with significance determined at
p < 0.05. To assess differences between soil samples, Principal Component Analysis (PCA)
was performed on the mean values of all studied variables. Sample ordination was based
on the first two principal components (PC1 and PC2). Dataset variability was quantified
using the coefficient of variation (CV%), which was categorised following Wilding’s [69]
classification system: low variability (CV = 0–15%), moderate variability (CV = 16–35%),
and high variability (CV > 36%).

3. Results
3.1. Soil Chemical, Physical, and Water-Related Properties

Because no significant changes were obtained for chemical properties between study
sites, the data presented in Table 1 are mean values for all study sites. Most of these
properties, i.e., Corg, Ntot, pH in KCl, S, ECEC, basic saturation (BS), exchangeable forms
of Mg, K, and Na, as well as available forms of P and Mg, were not significantly affected by
conditioner application or sampling time.

The exception was the available K and exchangeable Ca content. The first of them
was significantly higher in soil taken in March than in July, and the decline was approx-
imately 11%, while the second one was 10% higher in soil collected after barley harvest
than in soil taken in March. Further, the hydrolytic acidity (Hh) was significantly higher
in soil destined for and treated with the conditioner than in control soil, and this rela-
tionship held for both sampling dates. The contents of Corg and Ntot were in the ranges
8.20–8.99 mg kg−1 and 1.07–1.13 mg kg−1, respectively. The soil pH in KCl was slightly
acidic and ranged between 6.24 and 6.51. The concentration of Pavail was in the high class
of its content (67–88 mg kg−1) while the content of available Mg and K was in the average
class according to PN-R-04023 [70]. Most of the chemical properties exhibited a moderate
or small variability, as indicated by CV values between 7.6 and 33.6%. Only the Hh and
exchangeable forms of Mg (in control soil), Ca (in both fields), K and Na (July, control soil)
have a high variability (CV = 36.3–75.0%).

The studied soils are composed of 39.2% silt (from 0.05 to 0.002 mm) and 5.1% clay
(< 0.002 mm) and displayed a moderate variability (Table 2).
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Table 1. Soil chemical properties as determined by Solactiv and sampling month (mean values for the
study locations).

Property
Sampling

Month
Control Solactiv

Mean ± SE CV [%] Mean ± SE CV [%]

Corg [g kg−1]
* III 8.69 (±0.48) 19.2 8.99 (±0.60) 23.2
** VII 8.20 (±0.26) 10.8 8.92 (±0.54) 21.0

Ntot [g kg−1]
III 1.07 (±0.03) 11.0 1.12 (±0.05) 15.4
VII 1.09 (±0.03) 8.7 1.13 (±0.04) 10.9

pH in 1M KCl III 6.34 (±0.15) 12.0 6.24 (±0.19) 15.2
VII 6.51 (±0.15) 11.2 6.35 (±0.18) 14.1

Hh [cmol kg−1]
III 0.79 (±0.10) B 63.0 1.16 (±0.18) A 73.9
VII 0.84 (±0.11) B 66.5 1.10 (±0.17) A 75.0

CEC [cmol kg−1]
III 9.43 (±0.61) 31.5 10.3 (±0.65) 31.2
VII 11.3 (±1.41) 31.4 12.2 (±0.71) 28.8

Basic saturation (BS) [%]
III 89.4 (±1.8) 9.6 86.0 (±2.2) 12.7
VII 91.1 (±1.4) 7.6 89.4 (±1.7) 9.3

Mg-exchan [cmol kg−1]
III 0.48 (±0.04) 43.0 0.49 (±0.03) 30.0
VII 0.49 (±0.04) 42.5 0.48 (±0.03) 33.6

Ca-exchan [cmol kg−1]
III 7.58 (±0.64) 41.2 7.97 (±0.76) 46.8
VII 9.41 (±0.72) 37.4 9.95 (±0.78) 38.6

K-exchan [cmol kg−1]
III 0.34 (±0.02) 27.9 0.37 (±0.01) 14.0
VII 0.33 (±0.03) 36.7 0.38 (±0.01) 15.5

Na-exchan [cmol kg−1]
III 0.23 (±0.01) 13.6 0.29 (±0.01) 21.4
VII 0.21 (±0.02) 44.8 0.25 (±0.02) 31.3

P-avail [mg kg−1]
III 63.4 (±1.3) 10.2 67.1 (±2.8) 20.3
VII 66.0 (±2.1) 15.4 70.0 (±3.4) 24.1

K-avail [mg kg−1]
III 155.8 (±9.7) a 30.5 158.1 (±7.1) a 21.9
VII 138.6 (±7.7) b 27.4 139.6 (±5.5) b 19.2

Mg-avail [mg kg−1]
III 53.1 (±3.0) 27.3 56.9 (±2.7) 23.5
VII 57.9 (±3.4) 28.4 59.6 (±2.4) 19.9

Notes: SE—standard error; CV—coefficient of variation; III—March, before barley sowing (* Solactiv was to be
used); VII—July, after the harvest of barley (** Solactiv was used); Corg—organic carbon; Ntot—total nitrogen;
Hh—hydrolytic acidity; BS—basic saturation; CEC—cation exchange capacity; exchan—exchangeable forms;
avail—available forms. Different capital letters indicate significant differences between conditioner and control
locations at the same sampling time (p < 0.05, Tukey HSD Test). Different lowercase letters indicate significant
differences between March and July within the same soil management (p < 0.05, Tukey HSD Test). Means without
letters are not significantly different.

Table 2. Physical and water-related variables as determined by the Solactiv used (mean values for the
research locations).

Property Control Solactiv
Mean ± SE CV [%] Mean ± SE CV [%]

Clay [%] 5.0 (±0.3) A 22.0 5.2 (±0.3) A 21.3
Silt [%] 38.5 (±2.9) A 26.3 39.9 (±2.4) A 21.2
Bulk density 1.61 (±0.0) B 1.1 1.57 (±0.01) A 2.8
Total porosity 35.2 (±0.30) A 3.6 36.2 (±0.29) A 3.4
Macropores 7.22 (±0.34) B 19.7 8.51 (±0.45) A 22.3
AWC 17.2 (±0.25) B 6.2 18.8 (±0.17) A 3.8
RAWC 9.51 (±0.17) B 7.7 11.01(±0.17) A 6.4
SAWC 7.64 (±0.32) A 18.0 7.66 (±0.29) A 16.0

Micropores 10.8 (±0.26) A 10.4 8.94 (±0.28) B 13.4
Notes: SE—standard error; CV—coefficient of variation; AWC—available water capacity; RAWC—readily
available water capacity; SAWC—small pore available water capacity. Different capital letters indicate significant
differences between conditioner and control locations (p < 0.05, Tukey HSD Test). Means without letters are not
significantly different.
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Independent of the study location, bulk density (BD) was considerably lower in the
samples collected from the area with the Solactiv compared to the control. When study sites
were considered separately, this tendency was only true for one study site (Samsieczynek)
(Table S2). The difference in total porosity (TP) between the fields with and without the
tested conditioner was statistically insignificant, irrespective of the study location, as well
as for soil samples taken from Janocin and Kobylnica (Tables 2 and S2). Only in the soil
sampled in Samsieczynek was TP markedly greater in soil amended with conditioner as
compared to the control soil (Table S2). Based on the mean values for all study sites, the
percentage of macropores in TP was significantly higher in soil amended with conditioner
compared to the control soil. This was also true for soil samples analysed separately in
two study sites (Kobylnica and Samsieczynek) (Tables 2 and S2). At all study sites, the
application of conditioner significantly reduced (by 17%) the percentage of micropores in
TP, while significantly enhancing the percentage of AWC and RAWC (Table S2). In turn,
the percentage of SAWC did not present significant differences between soil amended with
conditioner and control soil derived from all three study sites. The soil’s physical and water-
related features showed little and, in some cases, moderate variability (CV = 0.6–22.0%)
(Table S2).

3.2. Carbon and Nitrogen: Dissolved Forms and Microbial Biomass

The dataset of soil C and N was discussed in two ways: based on means calculated
for the study sites (to check the general tendency of changes) and for each study site
independently (Tables 3 , S3 and S4).

Table 3. The content of carbon and nitrogen (dissolved forms and microbial biomass) in response to
the conditioner application and sampling month (mean values across the study sites).

Property Sampling
Month

Control Solactiv

Mean ± SE CV [%] Mean ± SE CV [%]

DOC
* III 101.1 (±4.0) Aa 13.7 98.4 (±2.8) Aa 9.8
** VII 91.2 (±2.3) Ab 8.7 91.0 (±2.8) Ab 10.6

DNt
III 23.6 (±0.9) Aa 12.8 23.3 (±1.0) Aa 15.5
VII 18.2 (±0.5) Bb 18.2 21.1 (±1.0) Aa 16.1

MBC
III 118.3 (±7.9) Bb 32.8 133.5 (±6.8) Aa 24.8
VII 131.3 (±8.8) Aa 32.8 135.9 (±5.5) Aa 19.9

MBN
III 19.7 (±1.33) Bb 33.1 23.1 (±1.1) Aa 22.5
VII 21.5 (±1.6) Aa 35.5 23.1 (±1.0) Aa 22.0

Notes: SE—standard error; CV—coefficient of variation; III—March, before barley sowing (* Solactiv was to be
used); VII—July, after the harvest of barley (** Solactiv was used); DOC—dissolved organic carbon (mg kg−1);
DNt—dissolved organic nitrogen (mg kg−1); MBC—microbial biomass carbon (mg kg−1); MBN—microbial
biomass nitrogen (mg kg−1). The significance of lowercase and capital letters is explained in the caption of
Table 1.

When the experimental sites were considered together, no significant differences in
DOC concentration were noted between experimental fields (conditioner, control), while
such a difference was found for DNt content determined in July (Table 3). For each of
the study sites considered separately, the differences in the dissolved forms of C and N
(DOC and DNt) between fields with and without conditioner were not significant on each
sampling date, except for DOC content tested in soil from Samsieczynek (Table S3). The
above observation was also true in the case of DNt for most of the differences between
sampling times, although its content in the control soil was significantly higher in soil
collected in March than in July. In the case of soil with Solactiv applied, this observation
was only true in soil from the Janocin site. Taking into account the average for all research
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sites, the content of MBC and MBN in March was significantly higher in control soil than in
soil destined for and treated with the conditioner, while after barley harvest (July), values
of these properties were not significantly differentiated between the two experimental
fields (control vs. soil treated with conditioner) (Table S3). The content of MBC and MBN
determined for the Janocin study site was significantly higher in soil from the Solactiv field
compared to the control soil (for both March and July). The same relationship was also
noted for soil from Samsieczynek (March only) and Kobylnica (July only). The opposite
tendency was found for soil collected from Samsieczynek in July (Table S4).

Because the layout of the basic dataset presented in Tables 3, 4, S3 and S4 does not
show the precise effect of the applied conditioner on C and N forms, we have presented the
level of differences between results obtained in July and March for the same field (control,
conditioner) as well as variability between data obtained for conditioner and control soils
for the same sampling month (March, July) (Figures 3 and 4). This approach allows for
a more accurate assessment of the influence of the conditioner (a significant increase or
smaller decrease in content of the studied properties as compared to the control).

Table 4. Enzymatic activity as determined by the used conditioner and sampling month (mean values
across the study locations).

Property Sampling
Month

Control Solactiv

Mean ± SE CV [%] Mean ± SE CV [%]

FDAH
* III 21.1 (±0.66) Ba 15.3 24.4 (±0.89) Aa 17.9
** VII 19.4 (±0.59) Bb 15.0 22.4 (±0.47) Aa 10.2

DHA
III 7.28 (±1.00) Ba 67.2 9.28 (±1.05) Aa 55.5
VII 8.08 (±1.01) Ba 61.4 9.20 (±0.67) Aa 35.6

CMC
III 5.17 (±0.20) Bb 18.8 6.19 (±0.17) Ab 13.4
VII 8.73 (±0.19) Ba 10.6 11.0 (±0.30) Aa 13.6

Notes: SE—standard error; CV—coefficient of variation; III—March, before barley sowing (* Solactiv was to
be used); VII—July, after the harvest of barley (** Solactiv was used). FDAH—fluorescein diacetate hydroly-
sis activity (mg F kg−1 h−1); DHA—dehydrogenase activity (mg TPF kg−1 24 h−1); CEL—cellulase activity
(mg Glu kg−1 h−1). The significance of lowercase and capital letters is explained in the caption of Table 1.

When analysing variability in DOC between July and March, a large decrease in its con-
tent was found in soil taken from the Solactiv field at the Janocin study site (16.6 mg kg−1)
compared to the control field (1.0 mg kg−1). A similar tendency was also observed for DOC
content at Samsieczynek, while the range of results was smaller.

The beneficial effect of the studied conditioner on DOC content was only noticed for
soil from Kobylnica (Figure 3a). The decline in DNt concentration between July and March
in control soil was 4.9 mg kg−1, whereas in soil with Solactiv it was only 0.8 mg kg−1,
suggesting a positive effect of the conditioner on this property in soil taken from Kobylnica
(Figure 3c). Additionally, differences in DNt content between July and March were also
found in soil from Samsieczynek, and these favoured the Solactiv field. Considering the
level of differences between results obtained in July and March for the same field (control
and conditioner), we found the positive effect of the applied conditioner on DOC and DNt
content in two of the three study sites (Figure 3b,d). However, this influence had a different
nature as regards the study site. In soil from Kobylnica, a positive impact was found for
both DOC and DNt content, whereas in the soil originating from Samsieczynek, a lower
decrease in DOC content was determined in July than in March, and the positive impact of
Solactiv was found for DNt concentration (4.1 mg kg−1).

There were no clear patterns for the content of MBC and MBN in the study sites
regarding differences between results obtained in July and March for the same field (control
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and conditioner), as well as variability between data obtained for conditioner and control
soils for the same sampling month (March and July) (Figure 4a–d).

Thus, in both approaches, no significant changes in these properties were found for
soil collected from Janocin (Figure 4a–d), whereas in soil from Kobylnica, a lower decrease
in MBC and MBN content was noted in soil taken from the field with Solactiv compared
to the control (Figure 4a,c). In soil from Samsieczynek, in turn, large increases in the
content of these properties were received in the control soil compared to the amended soil
(76–MBC and 87–MBN) (Figure 3a,b). Additionally, the above properties exhibited a large
reduction in contents in soil from Samsieczynek collected in July (compared to control soil),
suggesting the negative influence of the studied conditioner on soil microbial C and N
content (Figure 4b,d).

Figure 3. The level of differences between DOC and DNt results (mg kg−1) obtained in July and
March for the same field (control vs. Solactiv) (a,c), as well as variability between data obtained for
conditioner and control soils for the same sampling month (March or July) (b,d). Different letters
between means for conditioner sites and control sites (obtained from the difference between results
from July and March) indicate significant differences at p < 0.05 according to the Tukey HSD Test (a,c).
Different letters between means for March and July (obtained from the difference between results for
control or Solactiv and control) indicate significant differences at p < 0.05 according to the Tukey HSD
Test (b,d).
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Figure 4. The level of differences between MBC and MBN results (mg kg−1) obtained in July and
March for the same field (control vs. Solactiv) (a,c), as well as variability between data obtained for
conditioner and control soils for the same sampling month (March and July) (b,d). The significance
of and capital letters is explained in the caption of Figure 3.

3.3. Soil Enzymatic and Microbial Properties

The results of enzymatic activity were analysed twofold: without division by study
sites (to check the general tendency) (Table 4) and for each location separately (Table S4,
Figures 5 and 6).

When the study locations were considered together, all the studied enzymes revealed
significantly higher activity in the soil that had been dedicated for Solactiv application
(March) as well as in the soil after conditioner application (July) compared to the control
soils (Table 4). The above observation was also true in most cases (enzyme and location)
when the study sites were analysed separately (Table S4). The exception was the activity of
FDAH and DHA determined in soil collected at Samsieczynek in July, as well as the activity
of CEL evaluated for Janocin on both sampling dates and for Kobylnica in March (Table S4).
Despite the fact that the dissimilarity between enzymatic activity in the soil taken from
both sites (Solactiv and untreated plots) before and after the application of conditioner
was statistically proven, they showed similar patterns, suggesting no conditioner effect on
these variables.

Since the basic data presented in Tables 4 and S4 did not clearly indicate either a
significant influence (positive or negative) or a lack of influence of Solactiv on enzymatic
properties, the level of differences between results obtained in July and March for the
same field (control vs. Solactiv) as well as the variability between results received for
conditioner and control soils for the same sampling time (March and July) were also
presented (Figures 5 and 6). The actual significant and positive impact of Solactiv was
found only in the case of CEL activity. Accordingly, the differences in the CEL activity
between July and March were significantly higher in soil taken from the Solactiv field
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compared to the control soil, and this pattern was observed at two of the three research
locations (Figure 4a). Additionally, the CEL activity given as a difference between Solactiv
and control fields was significantly higher in July than in March, which further confirms
the positive effect of Solactiv on the CEL activity at all study sites (Figure 5b).

Figure 5. The level of differences between CEL activity (mg Glu kg−1 h−1) obtained in July and
March for the same field (control vs. Solactiv) (a), as well as variability between data obtained for
conditioner and control soils for the same sampling month (March and July) (b). Different letters
between means for conditioner sites and control sites (obtained from the difference between results
from July and March) indicate significant differences at p < 0.05 according to the Tukey HSD Test (a).
Different letters between means for March and July (obtained from the difference between results for
control or Solactiv and control) indicate significant differences at p < 0.05 according to the Tukey HSD
Test (b).

Figure 6. The level of differences between FDAH and DHA (mg F kg−1 h−1 and mg TPF kg−1 24 h−1,
respectively) obtained in July and March for the same field (control vs. Solactiv) (a,c), as well as
variability between data obtained for conditioner and control soils for the same sampling month
(March and July) (b,d). The significance of and capital letters is explained in the caption of Figure 3.
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Considering the differences between the results obtained in July and March, the appli-
cation of the conditioner significantly decreased the FDAH level in soil collected in Janocin;
meanwhile, in soil taken from the two other locations, there were no significant changes in
FDAH level between the field with Solactiv applied and the control site (Figure 6a). Addi-
tionally, the difference in FDAH level between Solactiv and control soils was significantly
higher in March than in July in Janocin and Kobylnica, while the opposite trend was noted
for the Samsieczynek study site (Figure 6b).

There were no clear differences in DHA due to the application of the Solactiv at any of
the experimental sites (Figure 6c,d). Analysing the differences between results achieved
in July and March has shown that the application of conditioner significantly increased
the DHA at the Janocin study site, while for the other two study sites, the tendency was
opposite (Figure 6c). Based on the differences between experimental fields (conditioner
and control), the DHA was significantly higher in the soil studied in July (Janocin), while
the opposite trend was noted for the other study sites (Figure 6d).

3.4. Properties Relating to the Growth and Yield of Spring Barley

Dry matter of roots and plants (the sum of surface and subsurface parts) was consider-
ably greater in soil amended with conditioner compared to the reference soil. This was true
for both considered study sites, as well as for the mean values calculated for both study
sites (Figure 7).

Figure 7. Dry matter of (a) barley’s roots and (b) all plants (g). Different lowercase letters be-
tween means for conditioner sites and control sites for the given study location indicate significant
differences at p < 0.05 according to the Tukey HSD Test. Different capital letters between means
for conditioner sites and control for all study locations indicate significant differences at p < 0.05
according to the Tukey HSD Test.

The influence of Solactiv was greater in soil collected from Kobylnica than from Janocin
(results were, respectively, 22 and 25% higher). The same trend was found for the values of
barley root length and surface (Figure 8).

The yield of barley grain was also significantly higher in soil amended with conditioner
than in control soil at both study sites, though the differences were not too high (2.4% for
Janocin and 12.7% for Kobylnica) (Figure 9).
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Figure 8. Barley’s root (a) length and (b) surface (g). The significance of lowercase and capital letters
is explained in the caption of Figure 7.

Figure 9. Yield of barley grain (t ha−1). The significance of lowercase and capital letters is explained
in the caption of Figure 7.

3.5. Principal Component Analysis

Based on PCA, three principal components were identified that accounted for 94.8%
of the total variance, most of which (81.3%) were explained by PC1 and PC2 (Figure 10a).

The first principal component (PC1) had the largest contribution to the description
of the total variability (47.7%). Chemical properties (e.g., CEC, available K, and Mg) and
the content of different C and N forms (e.g., Corg, Ntot, MBC, MBN) were most negatively
correlated (>−0.700) with PCA 1. PCA 1 had the largest contribution to the variance
explanation (90%) of the following variables: exchangeable and available Mg, Ntot, clay,
MBC, and MBN. For these properties, the contribution of PCA 2 to the variance explanation
was small (Table S6). PCA 2, on the other hand, was correlated with the water properties
and explained from 65 to 95% of the variability of these properties. The FDAH and RAWC
were the only variables whose variance was not predominantly explained by either PCA 1
or PCA 2 (Table S6). PCA 3 dominated in explaining the variance of these variables (FDAH—
62% and RAWC—83.1%). PCA of the cases showed that the only significant differentiating
factor was the location of the experimental fields (Figure 10b). PCA 1 differentiated the
results obtained in Kobylnica and Samsieczynek, which were negatively correlated with
this PCA, and the results obtained in Janocin, which were positively correlated with PCA
1. PCA 2, on the other hand, differentiated the results from the Kobylnica site (negative
correlation) and the results from the Samsieczynek site (positive correlation).
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Figure 10. Principal Component Analysis derived from the studied soil properties: (a) plot of the
first two principal components (PCs) for the assessed soil variables; Corg—total organic carbon,
Ntot—total nitrogen, DHA—dehydrogenase activity, FDAH—fluorescein sodium salt hydrolysis,
CEL—cellulase avtivity, DOC—dissolved organic carbon, DNt—dissolved nitrogen, MBC—microbial
biomass carbon, MBN—microbial biomass nitrogen, AWC—available water capacity; RAWC—
readily available water capacity; SAWC—small pore available water capacity, Ma—macropores,
Mi—micropores, Pav—available phoshprus, Kav—available potassium, Mgav—available magne-
sium, Kex—exchangeable potassium, Naex—exchangeable sodium, Caex—exchangeable calcium,
Mgex—exchangeable magnesium, CEC—cation exchange capacity (b) Principal Component Analysis
of the properties determined in the individual study sites (Janocin, Kobylnica, and Samsieczynek);
S—sites with Solactiv, C—control sites.

4. Discussion
4.1. Selected Physicochemical Properties

It is well known that a significant increase in the total carbon and nitrogen is usually
noticed after several years of ongoing treatment with different, e.g., [71]. Accordingly,
the confined duration of this investigation (one year) could explain why the content of
Corg and Ntot was not significantly differentiated between the objects with and without
the tested Solactiv. Because of the presence of zeolite–clinoptilolite in the conditioner,
we expected a significant increase in the soil available K. It is obvious that zeolites are
known for their high capacity to exchange cations [72]. Actually, clinoptilolite, as the most
abundant natural zeolite [73], which often serves as a potassium source and can regulate
potassium release from fertilisers, thereby enhancing their efficient utilisation by plants [19].
High cationic exchange capacity of clinoptilolite was confirmed by Józefaciuk et al. [74],
who used this zeolite in their field-based research and observed that zeolite-enriched soil
had a significantly larger surface area than the combined surface areas of the original soil
and zeolite alone. Previously, Długosz et al. [45] found that application of Solactiv, which
contains 50% of clinoptilolite, increased the available K content by over 11%. Unexpectedly,
in this study, the content of available K was not significantly affected by the conditioner.
The lack of a significant effect of zeolite from Solactiv on the available K content may be
due to the relatively high content of potassium in soil (medium class according to the
abundance classes [70] and potassium fertilisation applied in the study) (Table S1).

The applied conditioner had a positive effect on some water-related properties, which
could have been due to the presence of zeolite in the tested Solactiv. The porous nature
of zeolites allows them to store water, which can be desorbed to form a moisture layer
on their surface, creating an optimal habitat that promotes microorganism growth and
activity and enabling plants to better tolerate water stress [75]. The addition of zeolite
to sandy soil enhanced the plant-available water content by 50% [76]. In this study, the
percentage of available water capacity (AWC) and readily available water capacity (RAWC)
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also increased, but the percentage values were lower (8.5% and 14.0%, respectively), which
may have been caused by a relatively low dose of zeolite applied (150 kg ha−1). The greater
increase in the percentage of AWC (by about 10–67%) and RAWC (by about 15–111%) was
found in the study of de Campos Bernardi et al. [73]. These substantial improvements in
AWC and RAWC were achievable due to the initially low water retention values in the
studied Entisols and the high zeolite application rates employed (reaching up to 100 g kg−1

of soil). The reduction in bulk density (BD) that we observed in conditioner-treated fields
can also be attributed to the zeolite–clinoptilolite component within the conditioner. This
finding was also supported by other researchers [77], who conducted a study on wheat
grown in two distinct soil types: sandy loam and silty loam. Their results demonstrated
dose-related bulk density reductions in both soil types. Accordingly, the values of BD in
sandy loam decreased sequentially by about 10%, 15%, 34% and 41%, respectively, while
in silty loam by about 18%, 22%, 37% and 41%, respectively. Additionally, the values of
total porosity in both soil types were also increased [77]. Furthermore, the pot experiment
conducted by Ravali et al. [27] showed that zeolite treatment substantially decreased soil
bulk density, reaching the lowest measurement of 0.97 Mg m−3 at the 7.5 t ha−1 application
rate. The zeolite component in the tested Solactiv probably contributed to the observed
changes in the soil pore distribution: a 15% increase in macroporosity and a 17% reduction
in microporosity within the total porosity were noted. Such a tendency was also supported
by Githinji et al. [78], who documented macroporosity increases by 10 m3 m−3 (from 15 to
25 m3 m−3) following clinoptilolite addition to sandy soil.

4.2. Soil Enzymatic and Microbial Properties

The obtained data on microbial biomass and enzymatic properties only partially point
to their positive response to the applied conditioner. Key factors such as soil pH, organic
matter, and microbial biomass content, as well as the range of physicochemical properties
that play pivotal roles in affecting soil enzymatic activity, were not significantly changed by
the applied conditioner, which was confirmed by the lack of significant correlations between
these properties. Of the three tested enzymes, only cellulase activity responded positively
to the applied conditioner and was significantly increased by the tested conditioner at two
out of three study sites. We guessed that zeolites, characterised by their porous structure
and ion-binding capacity, could significantly affect cellulase activity. Zeolites can adsorb
cellulase enzymes onto their surface, potentially affecting the enzyme conformation and
activity [79,80]. The pore structure of zeolites can influence which molecules can access the
active site of the enzyme [81]. Thus, microporous zeolites can restrict the diffusion of large
molecules, potentially hindering cellulase activity. However, some zeolites, like those with
meso- and macropores, can enhance diffusion and improve catalytic performance. One
example of such a zeolite is the clinoptilolite used in this study, which is characterised by
high porosity, with voids constituting from 24 to 32% of its volume.

In turn, no clear trend was found in the activity of dehydrogenases; thus, these
enzymes were significantly activated by the Solactiv only at one study site, while at the
two other sites the conditioner decreased their activity. Finally, there were no significant
changes in the FDAH level in any study location. What is more, the conditioner did not
significantly affect the amount of microbial biomass (measured by the C and N content).
Therefore, the hypothesis that microbial and enzymatic properties would be improved by
Solactiv under spring barley cultivation could be accepted only partially. According to the
literature data, interactions between Solactiv components and microbial and enzymatic
properties are complex and depend on various factors, e.g., [12,20,24,28,31,36,38,44]. In the
study of Wolny-Koładka et al. [82], determination of the DHA in soil under spring wheat
and spring oilseed rape cultivation indicates the significant reduction in this property for



Sustainability 2025, 17, 10169 19 of 25

five different mineral–organic treatments (NPK; NPK + 3% or 6% lignite and 3% zeolite–
vermiculite; NPK + 3% or 6% leonardite and 3% zeolite–vermiculite) compared to the
control soil, even though the number of determined microorganisms (bacteria, mould fungi,
Azotobacter spp., and actinomycetes) increased by 116–1600%. Consequently, the authors
concluded that fertilisation based on mineral and organic additions in the form of lignite
and leonardite, combined with a zeolite–vermiculite, effectively increased the number
of the studied microbial groups. Dehydrogenase activity acts as a measure of the total
microbial oxidative metabolism, revealing a pattern of growth and activity of microbial
communities, and is not always related to the amount of microbial biomass [83]. The
literature data [84,85] indicated that the activity of microbial populations measured with
dehydrogenase enzymes can respond to the application of a zeolite in various ways, and
the dose of zeolite is often crucial. In the study carried out by Doni et al. [84] in grapevine
cultivation, an increase in soil dehydrogenase activity in the range 8–110% was observed
after relatively high doses of zeolite application (5 and 10 t ha−1) after 6 months from initial
treatments. In addition [84], even though the content of total organic carbon remained
constant, there was a reduction in humic substances in soils treated with zeolite. This
finding indicated that zeolite addition enhanced microbial activity in the soil, which in turn
activated the breakdown of existing organic carbon stocks through microbial mineralization
processes. The influence of seaweed-based biofertilizers on soil biochemical properties
has been well-documented in the literature, e.g., [86–88]. Due to their rich composition of
organic compounds, including carbohydrates, proteins, enzymes, vitamins, and fatty acids,
seaweeds are believed to substantially influence soil enzymatic activity. Previously, Wang
et al. [87] observed that seaweed fertilisers applied at different concentrations altered the
soil microbial dynamics and enzymatic activity, with a notable effect on the dehydrogenase
and protease function. Similarly, Chen et al. [88] found significant increases in the enzymatic
activities of dehydrogenases, cellulases, nitrate reductase, and urease in maize rhizosphere
soil a short time after the seaweed fertiliser use. Previous studies have also established that
seaweed extract applications lead to increased soil bacterial activity [88,89]. However, our
results did not support these findings, as the soil conditioner we tested showed no clear
effect on the content of carbon and nitrogen in the soil microbial biomass, along with soil
dehydrogenase activity (DHA).

The varying effects of Solactiv on individual enzyme activities observed in this study
can be attributed to the wide range of enzymatic reactions, each with distinct optimal
environmental requirements, varying levels of activity, sensitivity, and differences in soil
substrate availability for specific enzymatic reactions. This is especially evident for FDA
hydrolysis activity, as the breakdown of fluorescein diacetate (enzymatic substrate) is
catalysed by a range of intracellular enzymes, including esterases, lipases, and proteases,
that are found in metabolically active microorganisms [90]. The absence of significant
variation in microbial and enzymatic properties between Solactiv-managed and control
soils may be attributed to the limited experimental duration and the complex interactions
between the various components of the soil conditioner.

4.3. Plant Properties

Despite the low dose used, the applied conditioner significantly increased dry matter of
roots and shoots, barley root length and surface as well as barley grain yield (independent of
the study location and when study sites were considered separately), which is particularly
important for agricultural production. We assumed that all of the Solactiv components
might have a positive impact on barley growth and yield. Previously, a positive influence
of the individual components of Solactiv or their potential synergistic effects has been
frequently observed, but usually, higher doses were applied [17,91]. In the first study year
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conducted by Szatanik-Kloc et al. [92] on a poor soil with zeolite amended at doses from 1 to
8 t/ha, an increase in spring wheat yield was noted. Research by Hassan and Mahmoud [93]
showed that zeolite-containing amendments applied to the sandy and loamy sand soils
increased the maize yield by 14.3 t ha−1. Moreno et al. [17] showed a positive effect of
zeolites supplemented with leonardite at a dose of 75 t ha−1 on plant growth and yield of
barley as compared with the compost treatments, either with zeolite or without. Because of
the wide range of beneficial properties, this mixture has become significant for improving
soil physical and chemical properties and thereby enhancing plant growth and yield. The
positive effects of Ascophyllum nodosum extract on plant growth and productivity across
different cultivated species have been reported [41,88,94,95]. In their study on strawberries
and carrots, Alam et al. [94,95] demonstrated that Ascophyllum nodosum extract enhanced
plant growth and production with increased rhizosphere microbial activity. According
to Chen et al. [88], application of seaweed fertiliser resulted in significant improvements
in maize seedling development, with significant seedling height and above-ground fresh
mass. This effect may be attributed to the presence of biostimulants, including 2% abscisic
acid, 3% adenine, and 5% indoleacetic acid [96].

Potassium humate, a humic acid salt obtained from lignite brown coal, is characterised
by high concentrations of carboxylic and phenolic groups. Humic acid affects plant devel-
opment through both direct and indirect mechanisms, with the indirect effects enhancing
the soil’s physical, chemical, and biological properties [15]. The results of the greenhouse
trial [97] demonstrated that the humic acids (originating from leonardite) applied at a
dose of 1.5 g per 1 kg of soil had a significant effect on potato growth (55%) and tuber
yield (66.0%) in contrast to the control. However, numerous studies have demonstrated
minimal or no beneficial effects when humates are applied at standard recommended
rates (typically 5–10 kg ha−1 for K humate), suggesting these application levels are likely
insufficient for achieving effectiveness [98,99]. Similarly, the potassium humate concentra-
tion in Solactiv applied in this research (6 kg ha−1) appeared insufficient to achieve the
assumed efficiency, as such low application rates likely do not provide adequate levels of
the bioactive compounds [45].

5. Conclusions
Despite the low single dose used (only 300 kg ha−1), the applied conditioner signifi-

cantly increased some important soil and plant properties, which can be attributed to its
complex and unique nature. Therefore, the use of Solactiv represents a potentially valuable
strategy for advancing sustainable agricultural practices through enhancing some physical
and water-related soil properties as well as selected plant properties. Additionally, the effect
of a low application rate is also important from an economic point of view. Nevertheless,
inconclusive findings regarding soil enzymatic, microbial, and chemical variables indicate
that further research involving multi-site barley cultivation studies and scaled-up field trials
is essential to across multiple sites and commercial-scale applications are needed to confirm
its effectiveness. It should be stressed that the Luvisols used in this study have moderate
fertility and relatively high nutrient levels, which may have obscured the true potential of
the soil conditioner. Future studies should test the long-term impact of Solactiv on various
agricultural systems (e.g., no-till), different soil types, especially the low-fertility sandy
soils with limited productivity, to obtain a clearer picture of how well it affects soil fertility,
water, and nutrient retention in realistic field-scale conditions. Furthermore, environmental
parameters such as temperature and rainfall patterns at various study locations should
also be considered to validate the study’s findings. Because of the clear, positive response
of cellulase activity in this study, it is worth assessing the range of cellulolytic enzymes
as affected by the applied conditioner in different agricultural systems. Finally, research
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should also focus on developing a new, more effective Solactiv formula by incorporating
new components, such as polyacrylamide, biochar, and organic composts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su172210169/s1, Table S1. Mineral fertilization used in the
experimental fields. Table S2. Physical and water-related properties as affected by the applied
conditioner for individual study sites. Table S3. The content of dissolved carbon and nitrogen as
affected by the applied conditioner and sampling month. Table S4. The content of microbial biomass
carbon and nitrogen as affected by the applied conditioner and sampling month. Table S5. Enzymatic
activity as affected by the applied conditioner and sampling month. Table S6. Loading scores of the
variable for PCA.
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