minerals

Article

Involvement of Soil Microorganisms in C, N and P
Transformations and Phytotoxicity in Soil from Post-Industrial
Areas Treated with Chemical Industry Waste

Edyta Kwiatkowska !, Jolanta Joniec 1-*

check for
updates

Citation: Kwiatkowska, E.; Joniec, J.;
Kwiatkowski, C.A. Involvement of
Soil Microorganisms in C, N and P
Transformations and Phytotoxicity in
Soil from Post-Industrial Areas
Treated with Chemical Industry
Waste. Minerals 2023, 13, 12. https://
doi.org/10.3390/min13010012

Academic Editors: Maxim Muravyov

and Anna Panyushkina

Received: 26 November 2022
Revised: 18 December 2022

Accepted: 19 December 2022
Published: 22 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Cezary A. Kwiatkowski 2

Department of Environmental Microbiology, Faculty of Agrobioengineering, University of Life Sciences in
Lublin, Leszczytiskiego 7, 20-069 Lublin, Poland

Department of Herbology and Plant Cultivation Techniques, Faculty of Agrobioengineering, University of
Life Sciences in Lublin, Akademicka 13, 20-950 Lublin, Poland

*  Correspondence: jolanta.joniec@up.lublin.pl; Tel.: +48-81-524-81-61

Abstract: Soil degradation is an unavoidable phenomenon that poses a real threat, as it limits soil
utility and reduces its resources. Early assessment of soil degradation can prevent its further deterio-
ration. Various parameters of soil microbial activity may be helpful in this evaluation. Therefore, the
purpose of the study was to assess the usefulness of microbiological (total abundance of oligotrophic
bacteria and filamentous fungi), biochemical (soil respiration) and enzymatic (dehydrogenase, pro-
tease, acid and alkaline phosphatase activity and fluorescein hydrolytic activity) indicators, as well as
phytotoxicity, in monitoring the condition of chemically degraded soils due to severe alkalization. The
experimental material was soil collected in three sites located at different distances from the reservoir
with liquid post-production waste. The analyzed indicators were correlated with the physical and
chemical properties of the soil in three variants at the level of sampling sites, soil profile and seasonal
variability. All analyzed parameters showed significant changes in the level of their activity at
individual sampling sites. The location closest to the waste reservoir was characterized by the lowest
values of the discussed activities and the highest phytotoxicity. Individual activities also showed
changes depending on the season and soil layer. Considering the usefulness in monitoring changes in
soils exposed to chemical degradation, total bacterial and fungal counts, as well as acid and alkaline
phosphatase activities and fluorescein hydrolytic activity proved to be the most sensitive indicators.

Keywords: soil bacteria and fungi; chemical degradation; waste; phytotoxicity; enzymatic activity;
soil respiration; microbial indicators; the reaction of microorganisms to stress

1. Introduction

In addition to water and air, soil quality has a huge impact on the natural environment.
It is defined as “the ability of the soil to function within the boundaries of the ecosystem and
land use to maintain biological productivity, environmental quality, as well as plant and
animal health” [1]. However, the soil is at the same time extremely vulnerable and exposed
to a number of hazards due to both rapidly advancing climate change and intensive human
activity [2,3]. All processes and activities causing deterioration of the chemical, physical
and biological properties of the pedosphere are referred to as soil degradation. It leads to
reduced soil productivity and thus to a decrease in other ecosystem functions [4,5].

Soil degradation is a worldwide phenomenon. According to the FAO, 33% of the
Earth’s soils are already degraded, and more than 90% could be degraded by 2050. Every
55, soil the size of a football field is being degraded. In contrast, it can take up to 1000 years
to produce just 2-3 cm of soil. The highest percentage of areas at risk of degradation or
already destroyed are located in Europe (15.2%), Africa (10.7%) and Asia (10.4%) [6,7].

The causes of soil degradation are complex and diverse. They range from biophysical,
i.e., land use, cropping system, agricultural practices, deforestation, to socio-economic

Minerals 2023, 13, 12. https:/ /doi.org/10.3390/min13010012

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min13010012
https://doi.org/10.3390/min13010012
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-6362-8522
https://orcid.org/0000-0001-5759-8320
https://doi.org/10.3390/min13010012
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13010012?type=check_update&version=1

Minerals 2023, 13, 12

20f18

(institutions, markets, poverty) and political (politics, political instability, conflicts) [8]. Soil
degradation is most often characterized in terms of three closely related aspects: physical,
biological and chemical. Physical degradation includes water erosion and landslides. It
involves the displacement and/or repositioning of soil particles without changing their
chemical composition. Biological degradation concerns, among others, a decrease in the
quantity and quality of soil organic matter (SOM), as well as reduced biodiversity of soil
organisms, both macrofauna and microflora [9,10].

Chemical degradation is closely related to the first two types. According to Rich-
mond [11], this type of degradation is the most common form, second to erosion. It is a
common form of both diffuse and point pollution that affect biotic and abiotic soil functions,
crop quality, and animal and human health [9,11]. It is mainly associated with pollutants,
e.g., heavy metals, toxic organic compounds, municipal or industrial waste, spills of toxic
substances, but also excessive use of organic fertilizers, herbicides and insecticides. This, in
turn, leads to high salt concentrations in soil solutions, disruption of the soil ionic balance,
as well as its acidification or excessive alkalization [9,10]. Among the many aspects associ-
ated with this type of degradation, acidification or alkalization of the soil environment is
one of the most important. Soil pH determines the fate of substances in the soil environment,
influences countless biological, chemical and physical properties of the soil, and processes
that affect microbial activity, plant growth and biomass yield [12]. Some micronutrients are
more available in acidic conditions, while others in alkaline environments. Development of
strongly acidic soils (below 5.5 pH) can result in poor plant growth. Alkaline soils, on the
other hand, are characterized by reduced availability of phosphorus and micronutrients,
which also negatively affect plants [13]. Soils with extremely alkaline pH (>9) are likely to
have high sodium levels.

Soil degradation is an inevitable phenomenon that poses a real threat to the implemen-
tation of the vision of the 17 United Nations’ Sustainable Development Goals [9]. Therefore,
efforts should be made to mitigate hazards to soil function caused by degradation and
thus to agricultural productivity and socio-ecological sustainability. Early assessment of
soil degradation can help identify various socio-economic and biophysical causes and
prevent its further deterioration [14]. Various parameters of soil microbial activity are
helpful in assessing the condition of the soil environment subjected to various types of
human pressure. The most commonly used indicators are the number and diversity of
microorganisms and biochemical and enzymatic activity [15-19].

The soil microbiome is an essential component of the soil ecosystem, responsible
for most biological activity in the pedosphere. Microorganisms are closely linked to
organic matter decomposition, mineral release, nutrient cycling or carbon sequestration,
thereby determining the stability and resistance of ecosystems [20—-22]. The composition
and diversity of microbial communities depends on various factors, such as changes
in soil acidity [23,24] or depth of the soil profile [22]. According to Shi et al. [24] and
Wang et al. [25], soil pH is an important selector of the biodiversity of soil bacterial and
fungal populations. In the case of the soil profile, it is entirely colonized by microorganisms,
but their composition and diversity vary between individual soil layers [22]. The sensitivity
of heterotrophic soil microorganisms to changes in the properties of the soil environment
meant that the number of bacteria and fungi was repeatedly used to monitor changes in soils
subjected to various anthropopressures [18,19,26]. An important indicator of soil biological
activity, besides abundance, is the intensity of biochemical processes and the content of
products of soil microorganism activity, such as N-NO3, N-NHy or CO,. Respiratory
activity is considered a good indicator of changes occurring in the soil environment [27,28].
Since about 90% of CO; emitted from the soil is of microbial origin, the remainder is the
effect of plant respiratory processes and decomposition of organic compounds, brought
into the soil with the roots [29].

Enzyme activity is closely related to the soil microbiome and thus is considered a
good indicator of soil quality due to these relationships, ease of measurement, and rapid
reflection of changes caused by soil use [30,31]. Enzymes are involved in many biogeochem-
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ical cycles (in the carbon cycle—dehydrogenase, nitrogen cycle—proteases, phosphorus
cycle—phosphatases) [32]. In addition, hydrolysis of fluorescein diacetate (FDA) is used to
measure the total microbial activity in the soil. Fluorescein diacetate hydrolysis assessment
is proposed as a prospective method for determining total microbial activity, as it covers
several classes of enzymes including lipases, esterases and proteases. The spectrophotomet-
ric determination of fluorescein diacetate (FDA) hydrolysis has been shown to be a simple,
sensitive and rapid method for determining soil microbial activity [33].

Monitoring these properties seems justified, because soils with greater microbial di-
versity and biochemical and enzymatic activity are characterized by higher resistance to
environmental changes [30,32]. Although soils undergoing severe degradation are gen-
erally characterized by lower diversity and activity, they also constitute locations where
populations of exthermophilic microorganisms can emerge [34]. Microorganisms obtained
from such environments can subsequently be used in the composition of biopreparations
applied in bioremediation [35,36]. Therefore, studies were conducted to assess the abun-
dance, as well as biochemical and enzymatic activity of soil bacteria and fungi in soil from
post-industrial areas subjected to strong alkalization. Due to the important role played
by soil microorganisms in the health condition of soils and plants, research on the activity
and abundance of the microbiome and mycobiome was combined with studies on the
phytotoxicity of this environment, determining the impact of existing conditions on the
development of plants at the initial stage, i.e., germination and seedling root growth.

The authors formulated two research hypotheses: the first assumed that the analyzed
indicators of soil microbial activity and phytotoxicity would be suitable for monitoring the
condition of chemically degraded soils due to strong alkalization; the second assumed that
the alkalization of the environment would cause changes in the activity of microorganisms
not only in the upper layer, but also in the lower one, and they would persist in the soil
even at a great distance from the pollution emitter.

2. Materials and Methods
2.1. Description of the Research Area

The soil material was derived from a post-industrial area located in the Mazowieckie
region in central-eastern Poland (51°28'54"” N, 21°27'01” E). The climate of this region is
transitional between maritime and continental. The average annual air temperature is
10-11 °C; the sum of average annual precipitation varies between 650 and 750 mm. Soil
samples were collected from three locations at different distances from the reservoir with
liquid post-production waste, i.e., sodium hydroxide (Scheme 1).

Scheme 1. Sampling location.

Site S1 was 5.88 m away from the liquid tailings tanks, site 52 was 22.7 m away, and
site 53 was 50.08 m away. The sampling sites did not run along a single line, which helped
to analyze whether possible soil contamination spread in the environment in one direction
or evenly in all directions. The liquid was contained in sealed tanks placed in a concrete



Minerals 2023, 13, 12

40f18

reservoir, which was originally intended as a secondary protection against possible leaching
of the liquid into the soil. The liquid waste was a remnant from chemical industry activity
related, among others, to the production of cellulose and adhesives. The tanks were set up
in the 1970s. The characteristics of the liquid waste are listed in Table 1.

Table 1. Waste characteristics.

pH Ca K Na
1mol KCl1 mg kg1 mg kg1 mg kg1
waste 14 37.6 328 87,000

2.2. Sampling Description

Soil samples for analysis were collected in the summer (2 July) and autumn (27 Septem-
ber) of 2022 from depths of 0-20 and 2040 cm. The material was randomly collected from
4 Jocations within each of the three collection sites, i.e., 51, 52 and S3, separately for individ-
ual layers. Soil samples were collected using a cylindrical sampler with a diameter of 4 cm
and transferred to plastic bags. The collected material was then sieved through a 2 mm
mesh to remove any roots, gravel and other fragments. The samples were stored in plastic
containers at +4 °C.

2.3. Characteristics of Soil Chemical Properties

The chemical and physical properties of the soil (Table 2) were analyzed as a supple-
ment to the microbiological, biochemical, enzymatic and phytotoxicity tests. The pH of the
soil extract in KCl1 (10 g of soil in 25 mL of KCl) was determined electrometrically. Soil mois-
ture was determined using the gravimetric method. IR spectrometry was used to determine
organic carbon (TOC). Total nitrogen (TN) was determined by the Kjeldahl method.

Table 2. Soil characteristics.

pH M TOC TN
Sampling Depth 1 mol KCl % gkg1 gkg1
Location cm
s a s a s a s a
s 0-20 9.6 9.5 10.98 6.59 13.03 11.60 0.30 0.40
20-40 8.9 9.2 11.96 5.36 11.90 9.00 0.10 0.20
0 0-20 7.9 8.1 3.39 8.96 10.69 21.00 0.60 0.50
20-40 8.0 8.0 4.73 5.16 18.21 15.10 0.90 0.10
3 0-20 79 79 5.25 9.77 8.69 13.00 0.40 0.60
20-40 7.6 74 6.44 8.55 10.11 11.60 0.70 0.60

Abbreviations: S1—site 5.88 m away, S2—22.7 m away, S3—50.08 m away. M—soil moisture, TOC—total organic
carbon, TN—total nitrogen, s—summer, a—autumn.

2.4. Microbiological Analyses

According to the procedure described by Foght and Aislabie [37], the count of olig-
otrophic bacteria and filamentous fungi was determined using the plate method. Bacterial
counts were determined on soil extract medium and K,HPOy, while fungal counts were
determined on Martin’s medium with antibiotics [38]. Cultures were carried out for bacte-
ria at 28 °C for 4 days, and for fungi at 25 °C for 3 days. The analyses were performed in
triplicate, and the results are given as colony-forming units (CFU) per gram of dry matter.

2.5. Biochemical Analyses

The method of Riihling and Tyler [39] was used to determine soil respiratory activity.
In the presence of 0.2 M NaOH solution, 20 g of soil sample with 1% glucose was incubated
for 24 h. After incubation, excess unbound sodium hydroxide was titrated with 0.1 M HCI
in the presence of BaCl, and phenolphthalein.
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2.6. Enzymatic Analyses

Dehydrogenase activity was determined by the method of Thalmanna [40]. Soil sam-
ples (5 g) were incubated for 48 h at 30 °C in the presence of 0.1 M tris(hydroxymethyl)
aminomethane buffer (Tris-HCI pH 7.4). 2,3,5-triphenyltetrazolium chloride was used
as a substrate. Enzyme activity was determined colorimetrically (A = 485 nm) by mea-
suring the extinction of the produced TPF (triphenylformazan). Protease activity was
determined according to the method of Landd and Butler [41]. Soil samples (2 g) were
incubated in 0.2 M tris(hydroxymethyl)aminomethane buffer (Tris-HCl pH 8.0) for 1 h at
50 °C. Sodium caseinate solution (5 mL) was used as a substrate. The level of released
tyrosine was measured spectrophotometrically at 578 nm. The method of Tabatabai and
Bremner [42] was used to determine acid and alkaline phosphatase activity. The activity
of both these enzymes was determined in soil samples (1 g) incubated for 1 h at 37 °C.
Disodium 4-nitrophenyl phosphate disodium salt hexahydrate (PNPNa) was used as a
substrate. For acid phosphatase, incubation was conducted in universal buffer at pH = 6.5,
while for alkaline phosphatase at pH = 11. The activity of both enzymes was determined
spectrophotometrically at 400 nm and expressed as mg PNP kg~! d.m. soilh~1.

Fluorescein diacetate (FDA) hydrolysis level was determined using the method of
Schnurer and Rosswall [43]. Soil samples (1 g) were incubated for 2 h at 25 °C. Incubation
was carried out in the presence of fluorescein diacetate substrate and 60 mM sodium
phosphate buffer (pH 7.6). Enzyme activity was determined spectrophotometrically at
490 nm and expressed as mg fluorescein kg ! d.m. soil h—!.

2.7. Soil Phytotoxicity

Soil phytotoxicity was assessed using a phytotest, which enabled the analysis of the
effect of potentially toxic substances dissolved in the soil solution on germination and
root growth of Lepidium sativum L. after 2 and 4 days. This test consisted of placing 20 g
weighed amounts of fresh soil from the 0-20 cm layer in Petri dishes in 6 replicates for
each combination. Subsequently, the soil was soaked with distilled water exceeding their
total water capacity by 2 mL and thoroughly mixed. On the second day, after equilibrium
in the soil solution was established, the soil was covered with a filter paper disc. The
next step was placing 90 seeds of L. sativum on 3 plates and 10 seeds on the remaining 3
plates (100 seeds in total) and incubation at 22 °C. The number of germinated seeds on all
plates was counted after two days. After 2 and 4 days, the length of sprout roots was also
measured on plates with 10 seeds each.

2.8. Statistical Analysis

The results were presented in the form of arithmetic mean values from three replicates
obtained for a given sample together with the standard deviation. Statistical analysis of
the results of microbiological, biochemical, enzymatic and phytotoxicity analyses was
performed using the STATISTICA 13.3 program (TIBCO Software Inc., Palo Alto, CA,
USA). Data were analyzed using a three-way analysis of variance (ANOVA) to compare
means. The post hoc analysis used Tukey’s honestly significant difference (HSD) test at the
significance level of p < 0.05. Pearson’s correlation analysis was also conducted at three
levels of significance: p < 0.001, p < 0.01, p < 0.05. The relationships between microbiological,
biochemical, enzymatic, phytotoxicity and physical and chemical parameters were also
analyzed in three variants, at the level of: sampling sites (“combinations”), soil profile
and seasonal variation. Color scales ranging from dark green (lower values) to dark
red (higher values) were adopted for each case, with corresponding transition colors
between these extremes. Principal component analysis (PCA) was also performed for all
analyzed parameters.

3. Results

The results presented in Figure 1A,B refer to the abundance of oligotrophic bacteria
and filamentous fungi. Data concerning bacteria (Figure 1A) showed that their numbers in
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both soil layers (0-20 and 20—40 cm) differed significantly between individual sampling
sites (S1, 52 and S3) throughout the study period. The smallest number was recorded at
site S1, i.e., closest to the reservoir with liquid waste (0.04-0.06 cfu 10° kg~1). The level
of this parameter increased significantly with the distance from the source of pollution in
both soil layers in summer and autumn. The highest number was recorded in autumn (2.98
and 3.04 cfu). At that time, the number of bacteria was significantly higher in the upper
soil layer than in the lower layer.
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Figure 1. Number of selected groups of bacteria and fungi in soil from 0-20 and 2040 cm depths:
(A) oligotrophic bacteria; (B) filamentous fungi. Legend: S1, S2, S3—sampling sites located
51—5.88 m, S2—22.7 and S3—50.08 m from the reservoir with liquid post-production waste. Ver-
tical lines indicate the standard deviation. Different letters above the columns indicate significant
differences at p < 0.05.

The results obtained for filamentous fungi (Figure 1B) showed a similar development
tendency of this group of microorganisms as for bacteria. The lowest abundance of fungi
was recorded in the soil at site S1. This effect was visible in both soil layers and persisted
throughout the study period. The level of this parameter at S1 ranged from 0, i.e., no
filamentous fungi in the lower soil layer in autumn, to 1.85 cfu 10° kg ~! in the upper layer
in summer. In the remaining sampling sites, i.e., S2 and S3, the development of fungi was
significantly higher than in S1. The highest values were recorded in the upper soil layer,
ie., 0-20 cm (9.16-14.20 cfu), which was particularly pronounced in autumn. At that time,
the number of fungi was significantly smaller in the lower soil layer.

Figure 2A presents the soil respiration data. Significant differences were noted in the
intensity of this process at individual time points. In the summer, the highest values of
this parameter were recorded at sites S1 and S2, (upper layer—133.68 and 146.21 mg kg~ ;
lower layer—112.51 and 127.20 mg kg~ !). Significantly lower values were recorded at site
53, i.e., the farthest from the reservoir. Respiration in the analyzed layers at this location
reached 76.23 and 73.90 mg, respectively. The intensity of the respiration process was
different in autumn. Respiration in the upper soil layer (020 cm) was lowest at S1 and
amounted only to 65.48 mg. It remained at a similar level in the lower soil layer at all
sampling sites (S1, S2 and S3). On the other hand, in the 0-20 cm layer, respiration increased
significantly with the distance from the waste reservoir. The highest value was recorded at
site 52 (171.00 mg).

The results concerning the activity of dehydrogenases presented in Figure 2B showed
that similarly to the number of bacteria and fungi, the lowest values for the upper layer were
recorded for this parameter at site S1. This phenomenon was observed in the entire study
period (0.28 and 0.44 mg kg~ !). The activity of dehydrogenases significantly increased with
the distance from the reservoir with liquid waste, reaching the highest value in summer
at 52 (2.93 mg) and in autumn at S3 (1.81 mg). The opposite tendency was observed in
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the lower soil layer (2040 cm) in summer compared to the upper soil layer (0-20 cm).
The enzyme activity was the lowest at the most distant site, i.e., S3, and amounted to only
0.67 mg, while it was significantly higher at S1 and 52—2.15 and 1.93 mg, respectively. This
parameter in autumn in the lower soil layer was at a similar level at all sampling sites, i.e.,
51,52 and S3 (0.35-0.52 mg).
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Figure 2. Biochemical and enzymatic activity in soil from 0-20 and 20—40 cm depths: (A) respiration;
(B) dehydrogenases activity. Legend: S1, S2, S3—sampling sites located S1—5.88, S2—22.7 and
53—50.08 m from the reservoir with liquid post-production waste. Vertical lines indicate the standard
deviation. Different letters above the columns indicate significant differences at p < 0.05.

Figure 3A,B show the results for acid and alkaline phosphatase activity. Acid phos-
phatase activity (Figure 3A) reached the lowest values in both soil layers, at the site closest
to the waste tank, i.e., S1 (1.07-3.12 mg kg_l). At the remaining sites, i.e., S2 and S3, the
discussed activity was significantly higher (10.58-28.52 mg kg~ !). This effect persisted
throughout the study period and was most pronounced in the upper soil layer in autumn.
Acid phosphatase activity was significantly lower in the lower soil layer (20-40 cm).
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Figure 3. Enzymatic actvity in soil from 0-20 and 20-40 cm depths: (A) acid phosphatase; (B) alkaline
phosphatase. Legend: S1, S2, S3—sampling sites located S1—5.88, S2—22.7 and S3—50.08 m from the
reservoir with liquid post-production waste. Vertical lines indicate the standard deviation. Different
letters above the columns indicate significant differences at p < 0.05.

Data on alkaline phosphatase activity (Figure 3B) showed that the activity of this
enzyme reached higher values compared to acid phosphatase. For alkaline phosphatase,
different trends were noted between individual time points and soil layers. In summer, the
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lowest values of this parameter in the 0-20 cm layer were reached at 52 (13.97 mg kg’l). In
the remaining sites, i.e., S1 and S3, it was significantly higher, reaching the highest level at S3
(42.76 mg kg1). The lowest value in the lower soil layer was recorded at S1 (18.74 mg kg ~1).
At the other sites, i.e., S2 and S3, it was significantly higher (47.13-47.53 mg kg~ !). In
autumn, the activity of alkaline phosphatase in both soil layers showed a similar tendency
as acid phosphatase. It had the lowest values at S1 (19.59 mg and 8.76 mg kg ~!). At other
sites, it was significantly higher (54.95 mg and 50.51 mg kg~!). The values recorded in both
time points for the upper layer were generally significantly higher than for the lower layer.

Figure 4A presents the results for protease activity. The data were significantly different
in individual dates. In summer, the lowest values in both soil layers were recorded at the
site most distant from the liquid reservoir, i.e., S3 (8.07 and 10.21 mg kg’l). However, at S1
and S2, the proteolytic activity was significantly higher, reaching the highest values at 52
(19.95 and 18.65 mg kg~ !). In contrast to S3, there were no significant differences between
the layers at S1 and S2. In autumn, a reverse trend was observed, i.e., the lowest values of
the enzyme activity were observed at S1 and S2 (1.26-6.23 mg) and significantly higher at
S3 (9.08 and 14.29 mg kg~ !). In autumn, the values at most sites were significantly higher
in the upper layer than in the lower one.
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Figure 4. Enzymatic activity in soil from 0-20 and 20-40 cm depths continued: (A) protease; (B) FDA
hydrolytic activity. Legend: S1, S2, S3—sampling sites located S1—b5.88, S2—22.7 and S3—50.08 m
from the reservoir with liquid post-production waste. Vertical lines indicate the standard deviation.
Different letters above the columns indicate significant differences at p < 0.05.

The hydrolytic activity of fluorescein (Figure 4B), similarly as proteolytic activity,
greatly varied in individual experimental time points in both soil layers. In summer, the
lowest values in the 0-20 cm layer were recorded at S3 (53.50 mg kg~ !). In the remaining
sites, i.e., S1 and S3, this activity was significantly higher, reaching the highest level at
S2 (124.96 mg kg~ !). In the 2040 cm layer, the studied activity was lowest at S1 (57.94
mg kg~ 1), while at the other sites, it was significantly higher reaching the highest value
similarly to the upper layer at S2 (84.55 mg kg ~!). In autumn, fluorescein hydrolytic activity
was the lowest in both soil layers at the site closest to the reservoir, i.e., S1, reaching 40.35
and 13.67 mg kg~ !, respectively. At the other sampling sites, i.e., S2 and S3, the values were
significantly higher, especially at S3 (101.32 mg kg~ !). The hydrolytic activity of fluorescein
throughout the study period was significantly lower in the lower soil layer than in the
upper one.

The results concerning seed germination and root growth of L. sativum seedlings
(Figure 5A-C) indicated that the distance from the liquid waste reservoir had a very
significant effect on the phytotoxicity of the top soil layer (0-20 cm). Seed germination data
(Figure 5A) demonstrated that at 51, i.e., closest to the reservoir, seeds did not germinate
either in summer or in autumn. Therefore, no data were obtained for root length increment
in the soil from this site (Figure 5B,C). At the other sites, i.e., S2 and S3, the number of
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Root length of L. sativum after 2 days

70

germinated seeds was generally similar (97 seeds) in both time points. The number of
germinated seeds was slightly but significantly higher only in autumn at S2 and amounted
to 99 seeds.
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Figure 5. Soil phytotoxicity indicators from the 0-20 cm layer: (A) L. sativum seed germination;
(B) seedling root length after 2 days; (C) seedling root length after 4 days. S1, S2, S3 —sampling sites
located S1—b5.88, 52—22.7 and S3—50.08 m from the reservoir with liquid post-production waste.
Vertical lines indicate the standard deviation. Different letters above the columns indicate significant
differences at p < 0.05.

The results concerning the root length measured after 2 and 4 days (Figure 5B,C)
showed that the increments in autumn at both sites, i.e., S2 and S3, were significantly higher
than in summer. Root length measured after 2 days (Figure 5B) in autumn did not differ
significantly between individual points and amounted to 27.57 and 28.70. In contrast, root
length in summer was significantly greater at S2 (22.03). Different observations were made
for root measurements after 4 days (Figure 5C), where in summer, there were no significant
differences between S2 and S3 (40.37-43.75). In contrast, such differences occurred in
autumn. Significantly, the highest value was obtained for the farthest site, i.e., S3 (55.37 cm).

4. Discussion

Soil microorganisms are the foundation of many different ecosystem functions [20-22], and
their abundance, richness and composition are sensitive to changes in the soil environment [44,45];
thus, they are considered early indicators of changes in its quality [46]. All changes in the soil
microbiota have a significant impact on the cycle of nutrients, carbon, nitrogen, as well as
greenhouse gas emissions [47,48]. Considering the importance of soil microbial diversity for
the multifunctionality of ecosystems, it seems justified to include its analysis when studying
all mechanism of the soil environment’s response to climate change, as well as to various
human activities. Both of these factors significantly affect the physical and chemical properties
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of the soil [2,3], which in turn translate into the activity, abundance and biodiversity of soil
microorganisms, which have been confirmed in the present study. Significant changes in the
number of both bacteria and fungi recorded between individual sampling sites proved that
changes in the chemical properties of the soil had the main impact on this parameter. This
was confirmed by principal component analysis, which showed a negative correlation of both
oligotrophic bacteria and filamentous fungi with soil pH (Figure 6). In addition, the smallest
number of soil microorganisms was recorded in 51, characterized by a strongly alkaline pH (>9.0).
Along with increasing distance from the source of pollution, the value of this parameter also
grew significantly, which was probably related to the improvement in soil chemical conditions
(decrease in pH).

1.0

0.5

PC 2: 18.11%
o
o

1.0 0.5 0.0 0.5 1.0
PC 1: 57.65%

Figure 6. Principal component analysis (PCA) for the results of analyzed parameters in the soil. OB—
oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil, DEH—dehydrogenases, PRO—
protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid phosphatase, AlP—alkaline phos-
phatase, GERM—germination of L. sativum, RL2—root length of L. sativum after two days, RL4—root
length of L. sativum after four days, M—moisture, TOC—total organic carbon, TN—total nitrogen.

This was confirmed by the correlation results at the “combination” level where sig-
nificant positive correlations were recorded at S2 and S3 (Figure 7). The presented results
may also be evidence of the high sensitivity of soil microorganisms to the stress factor, i.e.,
soil pH, due to the rather significant differences in the abundance between the individual
analyzed sites at a relatively short distance.

Confirmation of the negative impact of soil pH on both groups of microorganisms
was also shown for the correlation results at the level of the soil profile, where significant
negative correlations for both bacteria and fungi were recorded (Figure 8). Generally, higher
numbers were observed in the upper soil layer for both tested groups of microorganisms.
Perhaps this was due to the fact that soil surface layers were porous and characterized
by a more frequent occurrence of dry—wet cycles. This, in turn, caused an influx of fresh
substrates and nutrients, which translated into relatively higher microbial activity [22].
Moreover, as reported by Naylor et al. [22], minerals such as sodium were more susceptible
to leaching; thus, their concentration tended to increase with depth. This, in turn, could
translate into deterioration of soil physicochemical conditions, with which soil microorgan-
isms were strongly associated [23,24].
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Figure 7. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters
at the “combination” level. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. SI,
52, S3—sampling sites located 51—5.88, S2—22.7 and S3—50.08 m from the reservoir with liquid
post-production waste. OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AIP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total
organic carbon, TN—total nitrogen.
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Figure 8. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters at the
level of the soil profile. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. Legend: 0-20,
20-40—soil profiles in cm. OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AlIP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total

organic carbon, TN—total nitrogen.
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For both bacteria and fungi, the highest numbers were recorded in autumn. A similar
trend was observed by Fan et al. [49]. This proved that the obtained microbial counts were
probably also affected by seasonal changes. They were shown to be related to climatic
fluctuations, including humidity and temperature in field conditions, which according
to Li et al. [50], were key indicators affecting the soil microbiome. More pronounced
changes in the case of bacteria were probably due to their greater sensitivity to unfavorable
conditions compared to fungi, which showed greater resistance [51].

Soil respiratory activity, i.e., CO, emissions from the soil surface, can also be a
good indicator of ecological disturbance of the soil environment. CO, can have differ-
ent sources [30]; therefore, its generation stream is of global importance. It is a powerful
regulator of the greenhouse effect and the global climate because it affects the global carbon
cycle [52,53]. According to Grzyb et al. [54] and Kwiatkowska et al. [55], carbon mineral-
ization was primarily related to organic matter. In turn, Bao et al. [56] and Hou et al. [57]
proved that climatic factors, such as temperature and humidity, mainly influenced soil
respiratory activity. It is likely that soil water content may have been one of the factors
that contributed to the stimulation, albeit with varying degrees of intensity, of respiratory
activity between the different sampling points in the current study. This was partially
confirmed by the correlation results at the “combination” level, where significant positive
correlations were recorded at S1 between carbon content and moisture content (Figure 7).
Quemada and Menacho [58] already reported that soil respiration was strongly influenced
by water content and temperature. We also obtained the highest values of this parameter in
summer, when high temperatures and water content probably contributed to the stimula-
tion of respiration [58,59]. Sodium hydroxide was also a factor that could have affected the
respiratory activity of the soil. According to Wong et al. [60], soil organic carbon could be
rapidly lost under sodium conditions. This is due to the dispersion of soil aggregates and
thus the release of organic matter accumulated in them. This may have stimulated, in our
study, the activity of microorganisms in relation to carbon mineralization, by decomposing
not only easily degradable carbon compounds, but also those that are hard to access. These
observations were confirmed by significant positive correlations of respiratory activity with
TOC at the “combination” level in sites located closest to the waste reservoir (Figure 7).
We also recorded positive correlations of these parameters at the level of soil profiles: 0-20
and 2040 cm (Figure 8). We recorded the highest significant positive correlation of this
indicator with TOC in autumn. Perhaps some additional source of fresh organic matter
also contributed to this effect, e.g., in the form of plant residues during the growing season.
On the other hand, the soil microbiota utilizes only part of the carbon contained in the
substrates for growth and maintenance of microbial structures, while the rest is released
into the atmosphere in the form of CO, [61]. Respiratory activity can be a good measure
of stress factors because, firstly, it reflects the efficiency of microorganisms, and secondly,
higher amounts of CO, were shown to be produced under stress conditions [61]. This
was also confirmed by the present results, indicating an increased CO, emission from the
soil at the site with most unfavorable conditions, i.e., S1. These observations additionally
indicated that an increased amount of greenhouse gas was emitted from degraded soil,
which could contribute to the worsening of the greenhouse effect [62].

In addition to biological and biochemical activity, soil enzymes are other rapid and
sensitive “receptors” of environmental and anthropogenic stress factors. They are similarly
closely associated with the physical and chemical properties of the soil and climatic con-
ditions [31,49,63]. The latter reports were also confirmed by our research, in which both
soil moisture and pH, as well as seasonal changes, were probably the main factors that
contributed to the fluctuations in the activity of the enzymes studied. This was supported
by the results of principal component analysis, where we noted negative correlations of
soil pH with all analyzed enzymes (Figure 6). Therefore, it could be one of the factors
limiting the activity of soil enzymes, especially at the site closest to the waste reservoir.
This applied, among others, to the activity of dehydrogenase, acid phosphatase and fluo-
rescein hydrolytic activity (FDA). These observations were also confirmed by significant
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negative correlations between dehydrogenase and soil pH in sites located closest to the
waste reservoir (Figure 7). The dependence of the activity of soil enzymes on soil pH has
been repeatedly analyzed in various conditions [18,64,65]. However, in the case of acid
phosphatase activity and FDA, negative correlations with soil pH were recorded at the level
of both soil profiles (Figure 8). With respect to acid phosphatase, we also noted negative
correlations with soil pH at the level of seasonal changes (Figure 9). The situation was
different for alkaline phosphatase, where the tested conditions, especially soil pH, had a
stimulating effect on this enzyme. This was confirmed by positive correlations with soil
pH at all sampling sites (Figure 7). The varying effects of soil pH on the enzymatic activity
could be due to the high complexity of the role of this parameter. It affects, among others,
the process of decomposition and mineralization of soil organic molecules, dispersion
and aggregation of soil colloids, the number and activity of microorganisms, and redox
reactions, which in turn translated into the activity of soil enzymes [66]. As with respiratory
activity, varying enzyme activities were probably also influenced by sodium hydroxide,
which not only increased soil pH, but also affected soil structure. These observations were
confirmed by significant positive correlations with TOC at the site closest to the reservoir for
all analyzed enzymes, except for dehydrogenase. As reported by Mavi and Marschnera [67],
increasing sodium saturation in the soil caused the dispersion of organic matter and clay
particles, thereby damaging aggregates and soil structure, which probably contributed to
the release of organic matter accumulated in them. Positive correlations with TOC were
also recorded for protease, FDA and acid phosphatase for the 20-40 cm profile (Figure 8).
This was probably also related to the presence of sodium, whose concentration increased
with depth [22]. The positive correlations with TOC of the tested parameters in autumn
(Figure 9) were associated, as in the case of microorganisms and respiratory activity, with
the supply of an additional source of organic matter, such as plant residues during the
growing season. Nitrogen was another biogen that also significantly affected the activity
of enzymes. This was confirmed by both principal component analysis (Figure 6) and
the significant positive correlations recorded for all TN levels with the enzymes studied
(Figures 7-9). The important role of nitrogen in shaping soil enzyme activity has also been
demonstrated by other authors [68,69]. The activity of the analyzed enzymes was also
affected by climatic conditions, especially moisture. We recorded significant positive corre-
lations of moisture content with all analyzed enzymes (Figure 9). The present study has
shown that soil enzymes have great potential to respond rapidly to environmental changes,
and can therefore serve as indicators of the health and quality of the soil environment.

Chemical degradation typically negatively affects the physical, chemical and micro-
biological properties of the soil environment, which also carries the risk of disturbing the
living conditions of plants [11]. Therefore, it is important to monitor the effects of different
types of harmful substances on parameters related to plant growth and development.
Phytotoxic parameters are often used to assess the effects of various substances on the
soil environment [17,70-72]. The conducted research indicated that sodium hydroxide
was the main factor limiting plant growth in the current study. This was evidenced by
germination inhibition of the test plant L. sativum in the soil collected closest to the waste
reservoir. This was probably due to the strong alkalization of the soil environment. These
observations were confirmed by the recorded significant negative correlations of soil pH
with all parameters related to phytotoxicity (Figure 6). As the distance from the source of
contamination increased, the soil pH decreased, which in turn translated into an improve-
ment in phytotoxic parameters. This was supported by the results of correlations at the
“combination” level between the discussed parameters, where significant positive correla-
tions were observed at site S3, located farthest from the waste reservoir (Figure 7). Soil pH
was also a limiting factor for both germination and root length increments of L. sativum at
the soil profile level (Figure 8). The stimulation of parameters related to phytotoxicity in
autumn was, to some extent, caused by better availability of the basic nutrient, important in
terms of plant nutrition, i.e., TN (Table 2). This was confirmed by the recorded significant
positive correlations between these parameters (Figure 9).
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Figure 9. Heat map displaying the Pearson correlation coefficients between chemical and physico-
chemical properties; microbial, biochemical and enzymatic activity; and phytotoxic parameters at the
level of the seasonal variability. Significant at * p < 0.05; ** p < 0.01; *** p < 0.001, respectively. VII,
IX—months of sampling, OB—oligotrophic bacteria, FF—filamentous fungi, RES—respiration of soil,
DEH—dehydrogenases, PRO—protease, FDA—fluorescein diacetate hydrolysis activity, AcP—acid
phosphatase, AlP—alkaline phosphatase, GERM—germination of L. sativum, RL2—root length of
L. sativum after two days, RL4—root length of L. sativum after four days, M—moisture, TOC—total
organic carbon, TN—total nitrogen.

The present study has shown that soil microbiological, biochemical and enzymatic
indicators, as well as phytotoxicity, have the potential to respond quickly to environmental
changes. Therefore, they can be used to assess the effects of the impact of various wastes on
soils used for various purposes, e.g., arable soils and soils of post-industrial areas [55,73].

5. Conclusions

All the analyzed parameters of the activity of soil microorganisms and phytotoxicity
showed significant changes in the level at individual sampling sites. The soil located closest
to the liquid waste reservoir had the lowest values of the microbiological, biochemical and
enzymatic activities, while phytotoxicity had the highest. Individual activities showed
changes depending on the season and soil layer. Bacterial and fungal counts and acid
phosphatase activity remained at the lowest levels at S1 in spring and autumn in both soil
layers (0—40 cm). For the other activities, i.e., respiration, protease, alkaline phosphatase
and fluorescein hydrolytic activity, the effect was more pronounced in both layers only in
autumn. The phytotoxicity results showed that conditions near the emitter of pollution
were unfavorable for seed germination. The above observations support the hypothesis
that the applied microbial activity parameters are sensitive indicators of soil changes
caused by liquid waste. Considering the duration of these changes and the profile level at
which they persisted, it should be pointed out that the total bacterial and fungal counts,
and the activities of acid phosphatase, alkaline phosphatase and fluorescein hydrolytic
activity were the most useful in monitoring the condition of soils exposed to degradation
caused by increased pH. The results also partially confirmed the second hypothesis that
soil contamination with waste would affect soil microbial populations in the deeper soil
layer, i.e., 20-40 cm. In contrast, it does not result in negative changes further away from
the reservoir.

Such strong changes in the activity of bacterial and fungal populations in the soil
located closest to the waste reservoir, where the pH was the highest (pH 9), suggested that
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this could be a site of selection of microorganisms resistant to high pH. These observations
suggest the need to continue research into the biodiversity of microbiota and mycobiota
inhabiting this site.

The present study provides guidelines that can be helpful in assessing the degree
of soil environment degradation caused by liquid waste reservoirs and in evaluating the
effectiveness of safeguards for such reservoirs.
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