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Abstract

:

Soil-dwelling microorganisms play an important role in the environment by decomposing organic matter, degrading toxic compounds and participating in the nutrient cycle. The microbiological properties of soil are determined mainly by the soil pH, granulometric composition, temperature and organic carbon content. In agricultural soils, these parameters are modified by agronomic operations, in particular fertilization. Soil enzymes participate in nutrient cycling and they are regarded as sensitive indicators of microbial activity and changes in the soil environment. The aim of the present study was to determine whether PAH content in soil is associated with the microbial activity and biochemical properties of soil during the growing season of spring barley treated with manure and mineral fertilizers. Soil samples for analysis were collected on four dates in 2015 from a long-term field experiment established in 1986 in Bałcyny near Ostróda (Poland). The total content of PAHs was lowest in August (194.8 µg kg−1) and highest in May (484.6 µg kg−1), whereas the concentrations of heavier weight PAHs was highest in September (158.3 µg kg−1). The study demonstrated that weather conditions and microbial activity induced considerable seasonal variations in PAHs content. Manure increased the content of organic carbon and total nitrogen, the abundance of organotrophic, ammonifying and nitrogen-fixing bacteria, actinobacteria and fungi and enhanced the activity of soil enzymes, including dehydrogenases, catalase, urease, acid phosphatase and alkaline phosphatase.
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1. Introduction


Environmental pollution caused by polycyclic aromatic hydrocarbons (PAHs) poses one of the greatest problems in the contemporary world. Polycyclic aromatic hydrocarbons (PAHs) are considered to be especially toxic to humans, likewise to plants, microorganisms and other living organisms. PAH toxicity is a well-known fact, especially its ability to cause cancer [1,2,3,4,5]. Polycyclic aromatic hydrocarbons belong to the group of persistent organic pollutants. These highly toxic compounds are accumulated in soil and persist in the environment for long periods of time [6,7]. These compounds are generated during incomplete combustion of organic matter in natural and anthropogenic processes [8,9]. Polycyclic aromatic hydrocarbons are classified into two main groups based on their chemical structure: low-molecular-weight (LMW) PAHs that contain two or three aromatic rings and high-molecular-weight (HMW) PAHs that contain four or more aromatic rings. Low-molecular-weight PAHs are relatively easily degraded, whereas most HMW PAHs with fused rings are carcinogenic and much more difficult to decompose [7].



The microbial degradation of PAHs is influenced by various environmental factors, including the availability of nutrients, the abundance and type of soil-dwelling microorganisms, as well as the type and chemical properties of degraded PAHs. Polycyclic aromatic hydrocarbons can be potentially degraded/transformed by a wide range of bacterial and fungal species [10,11]. Microorganisms easily adapt to new environmental conditions and they derive energy and nutrients from compounds that are not products of their own metabolism. This observation implies that microorganisms could be effectively used to reduce PAH levels in soil. Microorganisms that are potentially useful in soil remediation can be divided: autotrophs that derive carbon from carbon dioxide and heterotrophs that obtain carbon from the degradation of organic matter from both natural and anthropogenic sources [12]. Polycyclic aromatic hydrocarbons are sources of carbon and energy for microorganisms [3] and their content in soil can be effectively reduced through the addition of organic matter which that microbial activity [13,14].



Low nutrient availability can also decrease the effectiveness of bioremediation in areas contaminated with PAHs. In addition to easily metabolized sources of carbon, microorganisms also require minerals, including nitrogen, phosphorus, potassium and iron, for metabolic and growth processes. Therefore, contaminated and nutrient-deficient soils should be supplemented to stimulate the growth of autochthonous microorganisms [7,10]. According to Ravanipour [15], nutrient application can be regarded as the most important factor in bioremediation strategies for removing PAHs from soil.



Dissolved organic matter (DOM) is a major source of organic carbon (Corg) in soil and it plays a key role in carbon cycling. The presence of strong bonds between PAHs and soil organic matter (SOM) can significantly decrease the bioavailability and mobility of PAHs. As a result, these pollutants tend to accumulate in carbon-rich organic soils rather than in the deeper strata of mineral soils [16,17].



Organic matter increases soil moisture content and stimulates microbial growth. At the same time, organic and mineral nutrients enhance the abundance of exogenous microorganisms in the soil microflora, which increases the counts and viability of bacteria and other organisms capable of degrading PAHs [18].



There are several biological remediation techniques (bioremediation; bacteria and fungi, phycoremediation; algae, phytoremediation; plants and rhizoremediation; plant and microbe) for the treatment of PAH-contaminated soil. Based on the selection of the proper remediation approach, these remediation techniques are carried out by two basic types: (i) in situ (land farming, biostimulation, bioaugmentation, composting and phytoremediation) and (ii) ex situ (bioreactors) [19].



The rate of PAH biodegradation is affected by pH, which affects the development of soil microorganisms and enzymes. An increase in soil acidity promotes the accumulation of PAHs in soil [11,20]. The persistence of PAHs containing three and four aromatic rings increases in acidic soils. Liming can slow down PAH decomposition, depending on soil parameters, environmental factors and the properties of PAHs [21,22]. Most microorganisms are sensitive to pH and have a preference for pH-neutral environments (6.5–7.5) [10]. Neutralization of soil pH increases bacterial abundance and promotes the decomposition of PAHs [23].



Environmental contamination with persistent organic pollutants has emerged as a serious threat of pollution. Scientific knowledge upon microbial interactions with individual pollutants over the past decades has helped to abate environmental pollution [24]. For the last four decades, the degradation of PAHs by microorganisms has been well studied; most of the reported work has been focused primarily on the biodegradation of PAHs containing two to four fused rings [25]. Limited work has been dedicated to HMW PAHs. The influencing mechanism of soil fertilization PAH biodegradation is still unclear, especially microbe counts and soil enzyme activities.



In the natural environment, organic compounds are degraded by soil microorganisms and enzymes both under aerobic and anaerobic conditions [9]. Intermediate decomposition products are often more toxic for microorganisms, animals and humans than the parent compounds. The presence and accumulation of PAHs in soil has not been extensively studied to date and further research is needed to address this problem. Therefore, the aim of this study was to evaluate the influence of long-term varied organic mineral and mineral fertilization during the growing season and after the harvest of spring barley grown in the eighth cycle of crop rotation, on the microbial activity and biochemical properties of soil and the accumulation of PAHs in soil.



The research was conducted in order to assess the effect of long-term fertilization with manure and mineral fertilizers on the content of polycyclic aromatic hydrocarbons (PAHs) in soil. Relationships were also explored between the soil content of PAHs and the soil microbiological (counts of bacteria and fungi) and biological activity (enzymatic activity). The combined application of manure and mineral fertilizers has been studied in only a very few research experiments, hence their effect on PAH content in soil is still unexplored. The new insights contribute to a better understanding of PAH biodegradation processes under complex natural conditions. It was assumed that the optimal fertilization both with manure and with mineral fertilizers customized strictly to nutritional requirements to field crops does not exceed the permissible concentrations of the assessed PAHs in the soil.




2. Materials and Methods


2.1. Research Location and Experimental Design


Soil samples for the study were obtained in 2015 from a long-term controlled field experiment established in Bałcyny, Poland (N: 53°35′38.1″, E: 19°50′56.1″) in 1986. The experiment was conducted in three replicates (blocks) on soil developed from sandy loam (Haplic Luvisols, IUSS Working Group [26]), according to a previously described design [27]. The soil nutrition regime included the application of manure and mineral fertilizers or mineral fertilizers only. The same amount of nutrients was supplied with mineral fertilizers in both systems. The following mineral fertilizers were applied in the production of spring barley (Hordeum vulgare L.): (1) N0P0K0, (2) N1P1K1, (3) N2P1K1, (4) N3P1K1, (5) N2P1K2, (6) N2P1K3, (7) N2P1K2Mg, (8) N2P1K2MgCa (N1-30, N2-60, N3-90, P1-34.9, K1-33.2, K2-66.4, K3-99.7, Mg-18.1 kg ha−1) (Table 1).



The following crops were grown in rotation: sugar beets, spring barley, maize and spring wheat. After the spring wheat harvest, soil was limed with 2.5 t CaO ha−1 two years before the spring barley cultivation. Before the study, soil composition (per kg) was as follows: 100.0 mg of K, 53.2 mg of Mg, 41.3 mg of P, 7.9 g of organic carbon and 0.79 g of total nitrogen. Soil pH was slightly acidic (6.2 in 1 mol dm−3 KCl). Spring barley was grown in the second year after manure application (at the rate of 40 t ha−1). The content of nutrients, heavy metals and PAHs (LMW and HMW) in the manure was described previously by Krzebietke et al. [3]. All samples were analyzed for the 16 PAH priority pollutant listed by US EPA [28].



Soil samples for analyses of chemical, biochemical and microbiological properties and PAH levels were collected at a depth of 0–30 cm on four dates during the growing season of spring barley (BBCH-10, BBCH-23), after harvest and after skimming. Fresh soil samples for microbiological and biochemical analyses were passed through a sieve with a 2 mm mesh size directly after they had been transported to the laboratory.



In a study by Smreczak and Maliszewska-Kordybach [29], spring barley was most susceptible to soil contamination with selected PAHs in comparison with other crop species (maize, white mustard, sunflower). Therefore, soil samples for the analyses of microbiological and biochemical parameters and PAH content were collected in 2015 when spring barley was grown in rotation. Agronomic practices were applied in accordance with the requirements of the tested crop (Table S1). Phenological observations were conducted during the growing season of spring barley and the main developmental stages are described in Table S2.




2.2. Chemical Analyses of Soil


Selected chemical properties of soil (pH, Hh, total N, Corg) were analyzed. The following parameters were determined in air-dried soil samples: pH 1 mol KCl∙dm−3, by the potentiometric method; hydrolytic acidity (Hh), by Kappen’s method; total nitrogen content, by distillation after mineralization in sulfuric (VI) acid with the addition of the selenium reagent mixture; organic carbon content, by the Kurmies method.



The content of 16 PAHs was determined with the Trace GC/MS Ultra ITQ900 system with a TRIPlus autosampler (Thermo Fisher Scientific, Waltham, MA, USA) and a flame ionization detector. The total content of 16 PAHs (naphthalene, acenaphthene, acenaphthylene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene) was determined by the method described by Krzebietke et al. [3]. The content of LMW PAHs (naphthalene, acenaphthene, acenaphthylene, fluorene, anthracene, phenanthrene, fluoranthene, pyrene and chrysene) and HMW PAHs (benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene and dibenzo(a,h)anthracene) was determined in soil samples.




2.3. Microbiological and Biochemical Analyses of Soil


The counts of the following soil-dwelling microorganisms were determined in the soil samples: organotrophic bacteria, on Bunt and Rovira agar [30]; ammonifying and nitrogen-fixing bacteria, on the medium described by Wyszkowska [31]; actinobacteria, on the medium described by Küster and Williams with the addition of nystatin and actidione [32]; fungi, on Martin’s agar [33].



Microbial counts were determined by plating in three replicates. Microbial cultures were incubated at a temperature of 28 °C. The number of colony-forming units (CFU) was determined with a colony counter. The activity of the following soil enzymes was determined in three replicates: dehydrogenases, by the method described by Öhlinger [34]; urease, acid phosphatase and alkaline phosphatase, by the method described by Alef and Nannipieri [35]; catalase, by the method described by Johnson and Temple [36]. Microorganisms were isolated with the serial dilution method following the procedure described in the study by Wyszkowska et al. [37]. The procedure for the determination of soil enzymatic activity was presented in the study by Borowik et al. [38] and microbial counts. The culture conditions and the exact procedure for the isolation of microorganisms were described in our earlier paper in the study by Borowik et al. [39].




2.4. Statistical Analysis


The data (content of LMW PAHs and HMW PAHs and total content of 16 PAHs) were processed statistically by repeated measures ANOVA, where manure application and varied mineral fertilization were the fixed grouping factors and the sampling date was the repeated measure factor:


   y  i j k l   = μ +  τ i  +  f k  +    (  τ f  )    i k   + D a t  e    l   +    (  τ D a t e  )    i l   +    (  f D a t e  )    k l   +    (  τ f D a t e  )    i k l   +  β j  +    (  β D a t e  )    j l   +  ε  i j k l    



(1)




where  μ  is the general average;    τ i    is the effect of manure and NPK i;    f k    is the effect of manure application k;    β j    is the blocking effect j; Datel is the repeated measures effect;      (  τ f  )    i k     is the effect of the interactions between the ith rate of NPK fertilization and manure k;      (  τ D a t e  )    i l     is the effect of the interactions between the ith rate of NPK fertilization and sampling date l;      (  f D a t e  )    k l     is the effect of the interactions between manure k and sampling date l;      (  β D a t e  )    j l     is the effect of the interactions between blocks and sampling date l;      (  τ f D a t e  )    i k l     is the effect of the interactions between the ith rate of NPK fertilization, manure k and sampling date l;    ε  i j k l     is the random error with normal distribution, expected value 0 and variance σ2.



Before performing statistical analyses, dependent variables in each group were tested for normal distribution. The homogeneity of variance was determined in groups and the sphericity (equality of variances of the differences between measurements) was evaluated with Mauchly’s test. Data that did not satisfy the sphericity condition were analyzed with the use of Wilk’s lambda test and Pillai’s trace criterion.



The Shapiro–Wilk test revealed that the data did not have normal distribution, therefore they were log transformed. In the next step, data were processed in Tukey’s post hoc HSD test at p < 0.05.



Microbial counts and enzymatic activity were evaluated with the Kruskal–Wallis non-parametric test for independent samples. The analyses were performed on untransformed data. The relationships between soil microbial activity, biochemical properties, organic carbon and total nitrogen content vs. PAH content (17 parameters) were determined by principal component analysis (PCA). The strength of the correlations in PCA was validated with the use of Bartlett’s test of sphericity. The number of principal components was selected with the Kaiser criterion based on eigenvalues greater than one (λi > 1). The interpretation of individual principal component PCi was simplified by varimax rotation. The results of all chemical, microbiological and biochemical analyses were interpreted by focusing on the main effects. All statistical analyses were performed in the Statistica 13 program [40].




2.5. Weather Conditions


Considerable variations in temperature and precipitation were noted in 2015 (Table S3). Microorganisms require supportive weather conditions, including temperature and soil moisture content, which determine the rate of microbial growth and enzymatic activity of soil. Changes in temperature and precipitation were monitored for 7 days before each sampling date. Soil samples were collected for microbiological and biochemical analyses on four dates (22 April, 18 May, 8 August and 15 September 2015) and weather conditions varied considerably in each monitoring period. The lowest temperature (6.2 °C) was observed before the first sampling date, whereas the temperature before the second sampling date was 1.9 times higher. In contrast, precipitation during the 7 days preceding the sample collection was 1.8 times lower in May than in April. The least favorable weather conditions were noted in August (7 days before sampling), which was characterized by a very high temperature (19.7 °C) and an absence of rainfall. In September, the temperature (12.6 °C) was only marginally higher than in April and precipitation levels (7.8 mm) were higher than in the remaining sampling periods.





3. Results and Discussion


3.1. Selected Chemical Parameters of Soil


3.1.1. Soil pH and Hydrolytic Acidity


The growth of soil-dwelling microorganisms is determined by environmental conditions, including soil pH, which influences the microbiological and biochemical parameters of soil. Soil regularly amended with manure was characterized by higher pH values (in 1 mol KCl dm−3) and lower hydrolytic acidity than soil supplied with mineral fertilizers only (Table 1). Increasing nitrogen rates clearly decreased soil pH and increased hydrolytic acidity and the greatest changes in these parameters were observed under the influence of the highest nitrogen rate. In a study by Lemanowicz [41], high nitrogen rates and the absence of liming also undesirably increased hydrolytic acidity in soil. As expected, regular liming considerably increased soil pH and reduced hydrolytic acidity. The effects of liming were more pronounced in soil amended with manure than in soil supplied with mineral fertilizers only.




3.1.2. Organic Carbon and Total Nitrogen Content


Carbon and nitrogen are essential for PAH degradation. Microorganisms have different nutritional requirements and various values of C:N ratios have been reported as optimal in the literature. Fungi dominate in soils with high C content and limited N supply. In turn, bacterial growth is influenced by both C and N content [42]. According to Amezcua-Allieri et al. [43], the C:N ratio affects the rate at which PAHs are removed from soil. Farahani et al. [44] reported that the rate of PAH degradation in soil is determined by the C:N ratio in the growth medium and the chemical form of nitrogen.



Organic carbon and total nitrogen are important indicators of soil fertility [45,46]. In the present study, the content of organic carbon and total N in soil was significantly influenced by manure and mineral fertilization (Table 2, Figure 1). Manure (M) exerted a significant effect and varied mineral fertilization (Min) and the interaction between these factors (M × Min) exerted highly significant effects on the total nitrogen content of soil. Nitrogen fertilization clearly increased the total nitrogen content of soil relative to the control treatment and enhanced the accumulation of Corg in soil in 2015 (Figure 2). The increase in soil Corg content in response to rising N rates can be attributed to the accumulation of biomass in soil after the harvest of each crop grown in rotation. Siwik-Ziomek and Lemanowicz [47] also reported an increase in the total nitrogen content of soil in response to increasing rates of N fertilizer. The value of the Block (B) parameter was not significant, which indicates that soil variability in the experimental field had no effect on the content of Corg and total N.





3.2. Microbiological and Biochemical Properties of Soil


3.2.1. Microbial Abundance


Organotrophic Bacteria


In soil sown with spring barley, the counts of organotrophic bacteria were 1.7 higher in treatments that were regularly amended with manure than in treatments that were supplied with mineral fertilizers only (Figure 3a). The abundance of organotrophic bacteria increased with a rise in the N rate (Figure 3b). The highest N rate induced the greatest (1.4-fold) increase in the counts of organotrophic bacteria relative to the control treatment. The growth of organotrophic bacteria was also stimulated by higher potassium rates (66.4 and 99.7 kg∙ha−1). Liming decreased soil acidity and increased the availability of nutrients for organotrophic bacteria. Higher N and K rates induced similar effects. In 2015, the abundance of organotrophic bacteria in soil varied widely from 18,108 CFU kg−1 DM to 283,108 CFU kg−1 DM soil (Figure 3c). Bacterial counts were highest in soil samples collected in May (144,108 CFU kg−1 DM soil) and lowest in August (2.5 times lower). In April, the average abundance of organotrophic bacteria reached 69,108 CFU kg−1 DM soil and it was 19% lower than in September. May and September were characterized by the most favorable temperatures for bacterial growth (12.0 °C and 12.6 °C, respectively, during the 7-day monitoring period before sampling), which could explain the increase in the abundance of organotrophic bacteria in these months. According to Borowik et al. [48], organotrophic bacteria proliferate most rapidly at a temperature of around 15 °C.




Ammonifying Bacteria


Manure and mineral fertilizers significantly modified the abundance of ammonifying bacteria in soil (Figure 4a,b). The growth of these microorganisms was enhanced in treatments regularly amended with manure.



Potassium exerted varied effects on the counts of ammonifying bacteria; a moderate K rate decreased their abundance, whereas the highest K rate stimulated the proliferation of ammonifying bacteria (Figure 4b). Magnesium supplied with N2P1K2 had a minor influence on the counts of ammonifying bacteria. As expected, regular liming created the most favorable environment for the growth of ammonifying bacteria.



The abundance of ammonifying bacteria varied during the growing season (Figure 4c) and it was highest in August (139,108 CFU kg−1 DM soil) which was characterized by highly unfavorable weather conditions during the 7-day monitoring period before sampling (drought and very high temperature, 19.7 °C). According to Dąbek-Szreniawska et al. [49], a decrease in soil moisture content stimulates the growth of ammonifying bacteria. In the present study, the counts of ammonifying bacteria were 8% lower in May than in August and precipitation levels (3.9 mm) during the 7-day monitoring period before sampling were lower than in April and September (Table S3). The abundance of ammonifying bacteria was lowest in April (65 × 108 CFU kg−1 DM soil) and it was 15% higher in September (precipitation during the 7-day monitoring period before sampling reached 7.2 and 7.8 mm, respectively). The analyzed parameter was highest in May and August and it was considerably lower in April and September. These results could be attributed to optimal temperatures for microbial growth in May and August. Despite low precipitation in these months, soil water content was probably sufficient to promote the growth of ammonifying bacteria. Manure application increased the counts of ammonifying bacteria 1.4-fold relative to treatments supplied with mineral fertilizers only. The decomposition of organic matter supplied to soil with manure increased the content of mineral N and created a favorable environment for the development of soil microorganisms, including N-fixing bacteria. An increase in the content of mineral N as well as higher microbial counts promoted N immobilization in soil.




Nitrogen-Fixing Bacteria


Manure significantly increased the counts of N-fixing bacteria in soil (Figure 5a). The abundance of N-fixing bacteria was 1.4-fold higher in soil amended with manure every other year than in soil supplied with mineral fertilizers only. The decomposition of organic matter supplied with manure increased the content of mineral N. It should also be noted that manure creates favorable conditions for the growth of soil-dwelling microorganisms, including N-fixing bacteria. An increase in the content of mineral N and higher microbial counts promoted N immobilization in soil.



Increasing N rates exerted a minor effect on the abundance of N-fixing bacteria in soil (Figure 5b). Potassium was a more influential factor and higher K rates stimulated the proliferation of N-fixing bacteria. Magnesium decreased the abundance of N-fixing bacteria, whereas liming promoted their growth.



The counts of N-fixing bacteria in soil varied widely from 18 × 108 to 247 × 108 CFU kg−1 DM soil (Figure 5c). Average microbial counts were similar in April and August. The abundance of N-fixing bacteria was nearly two-fold higher in May and 21% lower in September relative to May.




Actinobacteria


Long-term manure soil application as well as mineral fertilization significantly modified actinobacteria counts in soil (Figure 6a,b). Actinobacteria counts were double the amount higher in soil regularly amended with manure than in soil supplied with mineral fertilizers only (Figure 6a). Lower N rates (30 and 60 kg ha−1) did not have a highly stimulating effect on actinobacteria counts. Only the highest N rate (90 kg ha−1) induced a 15% increase in the abundance of actinobacteria relative to the control (without mineral fertilization). According to Vetanovetz and Peterson [50], mineral N fertilization increases actinobacteria counts in soil. In the current study, the growth of actinobacteria was stimulated by higher K rates (66.4 and 99.7 kg ha−1). The highest K rate induced the greatest (2-fold) increase in actinobacteria counts relative to the lowest K rate. Magnesium did not influence the abundance of the studied bacterial group. Actinobacteria counts clearly increased in regularly limed soil.



Actinobacteria counts varied considerably during the growing season of 2015 (Figure 6c). The mean abundance of actinobacteria increased steadily between April and September. Barabasz and Vořišek [51] and Natywa et al. [52] reported the highest actinobacteria counts in summer, which could be attributed to high temperatures.




Fungi


Fungal abundance was 32% higher in soil amended with manure every other year than in soil supplied with mineral fertilizers only (Figure 7a). Fungal counts also increased in response to higher N rates (Figure 7b). Similar observations were made by Natywa et al. [52], Sosnowski et al. [53] and Sosnowski and Jankowski [54]. According to Niewiadomska et al. [55], N fertilization considerably increased fungal abundance relative to control soil. In the work of Wyszkowska [31], increasing urea rates also led to a significant increase in fungal counts in soil. In the present study, fungal abundance was 1.7-fold higher in soil supplied with the highest K rate than in soil fertilized with N2P1K1. Regular liming also enhanced fungal growth in soil.



In the growing season of 2015, fungal counts in soil ranged from 11 × 106 to 250 × 106 CFU kg−1 DM soil (Figure 7c). Mean fungal counts were highest in May (130 × 106 CFU kg−1 DM soil) and lowest in August. The analyzed parameter was similar in early spring (April) and late summer (September).





3.2.2. Enzymatic Activity


Dehydrogenases


Dehydrogenases (DHA) are regarded as reliable indicators of soil biochemical activity. Dehydrogenase activity is influenced by enzymes secreted by soil-dwelling microorganisms, both aerobic and anaerobic [56]. Dehydrogenases determine soil quality and fertility [57]. Ciarkowska and Gambuś [58] reported a strong correlation between DHA activity and organic carbon content in soil. In the present study, manure and mineral fertilization modified DHA activity in soil (Figure 8a,b). Dehydrogenase activity was 1.8-fold higher in soil with manure application than in soil supplied with mineral fertilizers only (Figure 8a). Manure exerted similar effects on DHA activity in the work of Koper and Siwik-Ziomek [59] and Saha et al. [60]. According to Piotrowska and Koper [61] and Natywa et al. [52], DHA activity in soil increased in response to organic amendments and decreased in response to mineral fertilizers (NPK+Ca). In turn, Kucharski and Wałdowska [62] found that mineral fertilizers stimulated DHA activity, but to a smaller extent than organic amendments.



A comparison of the observed changes in DHA activity revealed that the lowest N rate used in the study (30 kg ha−1) decreased the analyzed parameter by 8% relative to the control treatment (Figure 8c). However, DHA activity decreased in response to higher N rates (60 and 90 kg N ha−1). Kucharski [63], Lemanowicz and Koper [64] and Niewiadomska et al. [55] also found that higher N rates suppressed DHA activity in soil. In contrast, potassium did not inhibit DHA activity and even increased the studied parameter. In a study by Koper and Siwik-Ziomek [59], comprehensive mineral and organic fertilization with calcium and magnesium enhanced the biochemical activity of soil-dwelling microorganisms, increased DHA activity and promoted microbial growth. In the current experiment, regular soil liming enhanced DHA activity by increasing soil pH and reducing hydrolytic acidity. Zaborowska et al. [65] also reported that DHA activity decreased more than three-fold when soil pH was reduced from 7.1 to 6.4. Kalembasa and Kuziemska [66] found that soil liming stimulated DHA activity.



Dehydrogenase activity in soil was determined in the range of 2.13 to 9.65 µmol TFF kg−1 DM h−1 during the growing season (Figure 8c). This parameter peaked in August 2015 (5.75 µmol TFF kg−1 DM h−1) and was only somewhat lower in September (5.26 µmol TFF kg−1 DM h−1). In May, DHA activity was 20% higher than in April. The observed variations in the studied parameter could be attributed to changes in the moisture and oxygen content of soil (Table S3).




Catalase


Catalase is an antioxidant enzyme that protects plants against abiotic and biotic factors that cause oxidative stress [67]. Manure amendment increased catalase activity in soil (Figure 9a). The value of this parameter was 17% higher in the second year after manure application than in soil supplied with mineral fertilizers only. In a study by Lemanowicz and Koper [64], catalase activity also increased in treatments where maize was amended with manure. In the present study, the lowest N rate (30 kg ha−1) had no significant effect on catalase activity in soil (Figure 9b). In turn, the highest N rate (90 kg ha−1) increased catalase activity. Increasing N rates also stimulated catalase activity in the work of Lemanowicz and Koper [64,68]. Potassium and magnesium fertilizers stimulated catalase activity in soil. Regular liming was particularly effective in enhancing catalase activity and it increased the analyzed parameter 1.4-fold relative to the treatment fertilized with N2P1K2Mg. Catalase activity in soil varied during the growing season of 2015 (Figure 9c). The highest value was noted in September, followed by August; it was the lowest in May.




Urease


Regular supply of manure increased organic matter content and stimulated urease activity in soil (Figure 10a). Kucharski et al. [69] also found that manure application significantly enhanced urease activity in tested soils. In our study, urease activity was not significantly modified by mineral fertilization (Figure 10b). However, soil liming exerted a positive effect on urease activity.



In the growing season of 2015, urease activity ranged from 0.02 to 0.46 mmol N-NH4 kg−1 soil h−1 (Figure 10c). The studied parameter was highest in September (0.23 mmol N-NH4 kg−1 soil h−1) and lowest in May (0.04 mmol N-NH4 kg−1 soil h−1). Urease activity was 1.5 times higher in August (0.18 mmol N-NH4 kg−1 soil h−1) than in April.




Acid Phosphatase


Acid phosphatase activity differed significantly between treatments treated by manure and treatments supplied with mineral fertilizers only (Figure 11a,b). In soil regularly amended with manure, acid phosphatase activity was 1.7 times higher than in soil supplied with mineral fertilizers only. Lemanowicz and Koper [70] also found that acid phosphatase activity was lower when manure was not applied.



In turn, mineral fertilizers had no significant influence on the activity of the discussed enzyme. However, higher N rates can stimulate acid phosphatase activity by increasing the concentration of H+ in the soil solution as a result of nitrification and enhancing NH4+ uptake by plants. The highest N rate applied (90 kg N ha−1) induced the greatest (20%) increase in acid phosphatase activity relative to the control treatment. In the work of Kucharski [63], very high N rates (240 kg ha−1) stimulated the activity of acid phosphatase. Lemanowicz and Koper [64,70], Lemanowicz [41] and Siwik-Ziomek and Lemanowicz [47] also reported an increase in acid phosphatase activity with a rise in mineral N rates. The cited authors observed that high N rates stimulated the activity of acid phosphomonoesterase. In contrast, liming induced a minor decrease in the studied parameter. Phosphomonoesterases are highly sensitive to changes in pH and the optimal soil pH for acid phosphatase is 4.0–6.5 [71]. Kuziemska et al. [72] found that soil liming significantly decreased acid phosphatase activity regardless of year or sampling date.



Acid phosphatase activity ranged from 2.94 to 14.66 mmol PN kg−1 h−1 in the growing season of 2015 (Figure 11c). The analyzed parameter was highest in August and September and much lower in April and May. According to Natywa et al. [52], acid phosphatase activity increases in fall due to the supply of fresh organic matter with harvest residues that stimulate microbial growth. Lemanowicz and Krzyżaniak [73] observed that enzymatic processes are difficult to interpret during the growing season because they are largely influenced by changes in temperature and soil moisture content.




Alkaline Phosphatase


Long-term manure amendment and mineral fertilization modified alkaline phosphatase (AlP) activity in soil (Figure 12a,b). In soil amended with manure every other year, this parameter was 2.3 times higher than in treatments supplied with mineral fertilizers only. According to research, organic phosphorus enhances alkaline phosphatase activity in soil [70,74]. Sienkiewicz et al. [75] found that prolonged manure amendment increased the content of available phosphorus in soil. Lemanowicz and Koper [70] reported strong correlations between the content of organic and plant-available phosphorus vs. phosphatase activity. In their opinion, phosphatase activity is indicative of phosphorus levels in soil.



Alkaline phosphatase activity was stimulated by the lowest N rate (30 kg N ha−1) and suppressed by higher N rates (60 and 90 kg ha−1). In the work of Lemanowicz and Koper [70], an N rate of 90 kg N ha−1 also induced a significant (13%) decrease in AlP activity. Higher N rates also inhibited AlP activity in a study by Lemanowicz [41]. Kucharski [63] reported that a very high N rate (240 kg ha−1) decreased the value of this parameter in soil. In the current experiment, regular soil liming increased AlP activity two-fold relative to the treatment fertilized with N2P1K2Mg. Similar results were reported by Kalembasa and Kuziemska [66] and Kuziemska et al. [72]. Liming enhances soil enzymatic activity because nutrients are more available in soils with a near-neutral pH [65,66]. Lemanowicz [41] found a correlation between AlP activity and hydrolytic acidity. Similar observations were made in the present study, where AlP activity decreased with a rise in hydrolytic acidity (Table 1).



Alkaline phosphatase activity fluctuated in the growing season of 2015 (Figure 12c). This parameter was highest in April (1.75 mmol PN kg−1 h−1) and the values noted in May and August were similar. Higher AlP activity in spring could be associated with rapid phosphorus uptake by plant roots and the resulting decrease in the content of available phosphorus in soil. Such conditions support the secretion of phosphatases by plant roots, which catalyze the hydrolysis of organic phosphorus compounds to mineral compounds [73]. According to Lemanowicz and Bartkowiak [76], phosphatase secretion by roots and microorganisms is determined by the plants’ phosphorus requirements. In the present study, alkaline phosphatase activity was lowest in September (1.08 mmol PN kg−1 h−1).






3.3. Content of PAHs in Soil


Statistical analyses revealed that manure (M), mineral fertilization (Min) and M × Min interactions significantly influenced the total content of 16 PAHs and the content of LMW PAHs (naphthalene, acenaphthene, acenaphthylene, fluorene, anthracene, phenanthrene, fluoranthene, pyrene and chrysene) and HMW PAHs (benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene and dibenzo(a,h)anthracene) (Table 3). In 2015, the total content of PAHs (16) and the content of LMW PAHs was higher in soil amended with manure than in soil supplied with mineral fertilizers only (the effect of manure) (Table S4). The content of PAHs in soil varied significantly across sampling dates (Table S5).



3.3.1. Content of LMW PAHs in Soil


The content of LMW PAHs in soil differed significantly during the growing season (Table S5, Figure 13); it was highest in May (384.7 µg kg−1) and lowest in August (119.8 µg kg−1). This value was significantly higher in April (259.5 µg kg−1) than in September (210.0 µg kg−1).



In the growing season of 2015, the content of LMW PAHs (naphthalene, acenaphthene, acenaphthylene, fluorene, anthracene, phenanthrene, fluoranthene, pyrene and chrysene) was highly similar in soil treated with manure and in soil supplied with mineral fertilizers only (Figure 14). The analyzed parameter was higher between April and August in soil treated by manure and in September in treatments supplied with mineral fertilizers. In April and September, the content of LMW PAHs was identical in soil supplied with mineral fertilizers only.




3.3.2. Content of HMW PAHs in Soil


The content of HMW PAHs (benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene and dibenzo(a,h)anthracene) in soil differed significantly during the growing season (Table S5, Figure 15). The analyzed parameter was highest in September (158.3 µg kg−1) and lowest in August (75.0 µg kg−1).



The content of HMW PAHs was lower in April, May and August, and in September in soil supplied with mineral fertilizers only (Figure 16). In April, the greatest difference in the analyzed parameter was observed between soil with manure treatment (81.5 µg kg−1) and soil supplied with mineral fertilizers only (117.0 µg kg−1).




3.3.3. Total Content of 16 PAHs


The total content of 16 PAHs in soil varied significantly in the growing season of 2015 (Table S5, Figure 17). The fluctuations in the analyzed parameter could have resulted from varied weather conditions. According to Eriksson et al. [77], low temperatures significantly decrease the rate of PAH degradation in soil. Wang et al. [78] observed that, in periods of heavy rainfall, atmospheric PAHs are transported to soil and tend to accumulate in the soil environment. The total content of PAHs was lowest in August (194.8 µg kg−1) and highest in May (484.6 µg kg−1). The analyzed parameter was significantly lower in April (358.7 µg kg−1) than in September (368.3 µg kg−1). According to the IUNG system [79], soil can be classified as non-contaminated (i.e., with ∑13PAH concentrations < 600 µg kg−1).



Microbial abundance and soil enzymatic activity undoubtedly influenced the observed fluctuations in the total content of 16 PAHs. The examined parameter was lowest in August when dehydrogenase activity in soil was much higher (Figure 18). In a study by Maliszewska-Kordybach and Smreczak [29], high PAH levels inhibited the activity of dehydrogenases, which is highly sensitive to these pollutants. In the present study, fungal abundance was highest in May (soil most contaminated with PAHs) (Figure 7). Gałązka et al. [80] also reported an increase in fungal counts with a raise in anthracene levels in soil. Samanta et al. [81] emphasized the important role of the biodegradation of PAHs in the soil environment and compared their activity with that of bacteria. In the current study, the total content of 16 PAHs was higher in soil amended with manure on all sampling dates.





3.4. Principal Component Analysis: Correlations between Selected Soil Properties


The presence of correlations between selected properties of soil samples collected on four dates in 2015 was identified by principal component analysis (PCA). In April, the first two principal components explained 65% of total variance in the following variables: abundance of organotrophic bacteria, ammonifying bacteria, nitrogen-fixing bacteria, actinobacteria and fungi; activity of dehydrogenases, catalase, urease, acid phosphatase and alkaline phosphatase; content of total nitrogen and organic carbon; Hh and pH; content of LMW PAHs; content of HMW PAHs; total content of 16 PAHs (Figure 19, Table S5). The analyzed parameters were grouped on one side of the PC1 axis and the total variance explained by these components was very high at 48.3%. Microbial counts (organotrophic bacteria, ammonifying bacteria, N-fixing bacteria and actinobacteria) were strongly correlated with alkaline phosphatase activity in soil. An analysis of the first principal component (PC1) also revealed strong negative correlations between Hh values vs. the activity of catalase, dehydrogenases and urease; pH; total nitrogen content; organic carbon content; total content of 16 PAHs; content of LMW PAHs. An analysis of the second principal component (PC2) demonstrated that the negative correlation between acid phosphatase activity and the content of HMW PAHs explained 16.7% of total variance in the examined soil properties.



The influence of enzymatic activity on the studied soil parameters increased in May. The strong correlations between the activity of dehydrogenases, catalase, urease, acid phosphatase and alkaline phosphatase, pH, organic carbon content, total nitrogen content and actinobacteria counts explained 41.4% of total variance (Figure 20, Table S5). An analysis of PC2 revealed strong correlations between the total content of 16 PAHs, content of LMW PAHs, counts of organotrophic bacteria and hydrolytic acidity.



In August, PC1 explained 42.1% of total variance in the examined soil parameters. The abundance of organotrophic bacteria and actinobacteria and soil enzymatic activity (dehydrogenases, urease and acid and alkaline phosphatase) were strongly linked with pH and organic carbon and total nitrogen content (Figure 21, Table S5). Similar to the previous sampling date, the studied parameters were bound by a strong negative correlation with Hh values. An analysis of PC2 revealed that the strong correlation between the counts of nitrogen-fixing bacteria and the content of HMW PAHs explained 17.0% of total variance.



Soil samples collected in September were also characterized by high levels of microbial and enzymatic activity. High microbial abundance can be attributed to a higher content of organic matter that was supplied to soil with harvest residues. An analysis of PC1 demonstrated that strong correlations between all microbial counts (organotrophic, ammonifying, N-fixing bacteria and actinobacteria), enzymatic activity (dehydrogenases, catalase, urease and acid and alkaline phosphatase), pH (in 1 mol KCl) and the content of organic carbon and total nitrogen explained 50.5% of total variance (Figure 22, Table S5). An analysis of PC2 also revealed that total PAH content and the content of LMW and HMW PAHs in soil were strongly correlated.



Microbial abundance increases under supportive conditions for microbial growth [67]. According to Wielgosz and Szember [82], microbial counts tend to be higher in two periods of the year: in spring, when temperature and soil moisture content increase, and in fall, when fresh organic matter is supplied to the soil environment with harvest residues. Natywa et al. [52] and Wielgosz and Szember [82] also observed that the increase in the abundance of soil-dwelling microorganisms in fall is directly linked with the additional supply of organic matter in the form of harvest residues. Sosnowski et al. [54] reported higher soil microbial counts in fall than in spring, regardless of the experimental factors, and attributed their findings to higher precipitation in fall.



In the work of Lemanowicz and Bartkowiak [76], acid phosphatase activity was highly correlated with the organic carbon content of soil. In the present study, the above correlation was noted in soil samples collected between May and September.



According to Dąbek-Szreniawska et al. [49], soil pH has a considerable influence on enzymatic activity. In the current experiment, hydrolytic acidity had a negative effect on the activity of soil enzymes, excluding acid phosphatase and catalase. Natywa et al. [52] found that dehydrogenase activity was significantly affected by pH and the content of organic carbon and total nitrogen in soil. Ciarkowska and Gambuś [58] also reported a strong correlation between dehydrogenase activity and organic carbon content. In turn, Zaborowska et al. [65] found that dehydrogenase activity was strongly affected by soil pH.



In a study by Maliszewska-Kordybach and Smreczak [83], soil contamination with PAHs inhibited dehydrogenase activity. Lipińska et al. [84] observed that dehydrogenases were more resistant to PAH pollution than urease. According to Wyszkowska and Wyszkowski [85], Lipińska et al. [74] and Lipińska et al. [84], urease activity is compromised in soils heavily contaminated with PAHs. The presence of correlations between LMW PAHs (fluorene, fluoranthene and anthracene) and dehydrogenase activity was also reported by Klimkowicz-Pawlas and Maliszewska-Kordybach [86] and Oleszczuk et al. [18]. The content of PAHs is determined by the concentration of organic carbon and total nitrogen in soil [43,87,88]. In the present study, organic carbon and total nitrogen concentrations were strongly correlated with the total content of PAHs and the content of LMW PAHs in soil samples collected in early spring (Table S6). Maliszewska-Kordybach et al. [89], Wyszkowski and Ziółkowska [90] and Jin et al. [91] also observed significant correlations between organic carbon content and PAH levels in soil. In contrast, organic carbon content had no significant impact on PAH levels in soil in a study by Bi et al. [92].



Gałązka et al. [80] demonstrated that the content of HMW PAHs was negatively correlated with acid phosphatase activity. The above correlation was also noted in this study in soil samples collected in early spring. In turn, Gałązka et al. [80] found that fungal abundance increased with a rise in anthracene levels in soil. According to Samanta et al. [81], fungi and bacteria play an equally important role in PAH biodegradation in soil. Lehmann et al. [93] demonstrated that an increase in soil organic carbon content stimulated microbial activity and minimized the toxic effects of soil pollutants.



Soil is a complex matrix whose physical, physicochemical, chemical and biological properties are correlated with microbial activity and the presence of pollutants such as PAHs. Weather fluctuations during the growing season also exert a strong influence on chemical and biochemical processes in soil. The relationships between the examined soil parameters were, at least partly, identified in PCA. The PCA revealed that biological processes in soil are determined mainly by carbon and nitrogen content in soil, soil pH and Hh values. Microbial proliferation rates affect soil enzymatic activity. However, the impact of specific microbial groups on PAH levels in soil could not be determined based on the results of a short-term study. Data covering a longer period of time are also needed to formulate reliable conclusions about the impact of PAHs on soil enzymatic activity. However, the present findings indicate that PCA should be used to evaluate the relationships between diverse soil parameters.





4. Conclusions


The study revealed considerable seasonal variations in PAH levels in soil, depending on weather conditions and the activity of soil-dwelling microorganisms. The total content of 16 PAHs and the content of LMW and HMW PAHs was higher in soil amended with manure than in soil supplied with mineral fertilizers only. Manure application increased organic carbon and total nitrogen content, stimulated the activity of organotrophic, ammonifying and nitrogen-fixing bacteria, actinobacteria and fungi and increased the activity of dehydrogenases, catalase, urease and acid and alkaline phosphatase. Rising N rates increased the abundance of organotrophic bacteria and fungi and enhanced acid phosphatase activity in soil but inhibited the activity of dehydrogenases and alkaline phosphatase. Soil liming was most effective in increasing the counts of ammonifying bacteria, nitrogen-fixing bacteria, organotrophic bacteria and actinobacteria. Liming also enhanced the activity of catalase, urease and alkaline phosphatase and suppressed acid phosphatase activity. The study showed that manure is one of the important sources of polycyclic aromatic hydrocarbons in the soil. Further research, therefore, is still needed to investigate the effects of applied manure and mineral fertilizers under field conditions on the bioremediation of PAH-polluted soils.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijerph20053796/s1, Table S1: Dates of agricultural operations in the production of spring barley; Table S2: Phenological growth stages of spring barley cv. Olof; Table S3: Mean daily temperature and total precipitation in the study area in 2015; Table S4: The effect of manure (M), mineral (Min) fertilization and M × Min interactions on the content of LMW PAHs, HMW PAHs and the total content of 16 PAHs in soil; Table S5: The effect of sampling date (D) and the interactions between sampling date (D) and manure (M) fertilization on the content of LMW PAHS, HMW PAHs and the total content of 16 PAHs in soil; Table S6: Factor loadings in April, May, August and September.





Author Contributions


E.M.-W. and S.J.K. conceived and planned the research; E.M.-W. and S.J.K. carried out the field work, performed the analysis and wrote the manuscript. A.B. and A.K.: writing—review and editing and supervision. All authors helped with the interpretation of the results and provided critical feedback on the whole manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The results presented in this paper were obtained as part of a comprehensive study financed by the University of Warmia and Mazury in Olsztyn, Faculty of Agriculture and Forestry, Department of Agricultural and Environmental Chemistry and Department of Agrotechnology and Agribusiness (grant No. 30.610.014-110). Project financially supported by the Minister of Education and Science under the program entitled “Regional Initiative of Excellence” for the years 2019–2023, Project No.010/RID/2018/19, amount of funding: PLN 12 000 000.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank the staff of the Agricultural Experiment Station in Bałcyny for technical support during the experiment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Allamin, I.A.; Shukor, M.Y. Phytoremediation of PAHs in Contaminated Soils: A Review. Bioremediat. Sci. Technol. Res. 2021, 9, 1–6. [Google Scholar] [CrossRef]

	



Lipińska, A.; Wyszkowska, J.; Kucharski, J. Microbiological and Biochemical Activity in Soil Contaminated with Pyrene Subjected to Bioaugmentation. Water Air Soil Pollut. 2021, 232, 45. [Google Scholar] [CrossRef]

	



Krzebietke, S.; Mackiewicz-Walec, E.; Sienkiewicz, S.; Załuski, D. Effect of Manure and Mineral Fertilisers on the Content of Light and Heavy Polycyclic Aromatic Hydrocarbons in Soil. Sci. Rep. 2020, 10, 4573. [Google Scholar] [CrossRef] [PubMed]

	



Mackiewicz-Walec, E.; Krzebietke, S.J.; Sienkiewicz, S. The Influence of Crops on the Content of Polycyclic Aromatic Hydrocarbons in Soil Fertilized with Manure and Mineral Fertilizers. Int. J. Environ. Res. Public Health 2022, 19, 13627. [Google Scholar] [CrossRef] [PubMed]

	



Krzebietke, S.J.; Mackiewicz-Walec, E.; Sienkiewicz, S.; Wierzbowska, J.; Załuski, D.; Borowik, A. Polycyclic Aromatic Hydrocarbons in Soil at Different Depths under a Long-Term Experiment Depending on Fertilization. Int. J. Environ. Res. Public Health 2022, 19, 10460. [Google Scholar] [CrossRef]

	



Stańczyk-Mazanek, E.; Stępniak, L.; Kępa, U. Analysis of Migration of Polycyclic Aromatic Hydrocarbons from Sewage Sludge Used for Fertilization to Soils, Surface Waters, and Plants. Water 2019, 11, 1270. [Google Scholar] [CrossRef]

	



Patel, A.B.; Shaikh, S.; Jain, K.R.; Desai, C.; Madamwar, D. Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and Remediation Approaches. Front. Microbiol. 2020, 11, 562813. [Google Scholar] [CrossRef]

	



Li, X.; Hou, L.; Liu, M.; Zheng, Y.; Li, Y.; Lin, X. Abundance and Diversity of Polycyclic Aromatic Hydrocarbon Degradation Bacteria in Urban Roadside Soils in Shanghai. Appl. Microbiol. Biotechnol. 2015, 99, 3639–3649. [Google Scholar] [CrossRef]

	



Abdel-Shafy, H.I.; Mansour, M.S.M. A Review on Polycyclic Aromatic Hydrocarbons: Source, Environmental Impact, Effect on Human Health and Remediation. Egypt. J. Pet. 2016, 25, 107–123. [Google Scholar] [CrossRef]

	



Ghosal, D.; Ghosh, S.; Dutta, T.K.; Ahn, Y. Current State of Knowledge in Microbial Degradation of Polycyclic Aromatic Hydrocarbons (PAHs): A Review. Front. Microbiol. 2016, 7, 1369. [Google Scholar] [CrossRef]

	



Neina, D. The Role of Soil PH in Plant Nutrition and Soil Remediation. Appl. Environ. Soil Sci. 2019, 2019, 5794869. [Google Scholar] [CrossRef]

	



Kot-Wasik, A.; Dąbrowska, D.; Namieśnik, J. Degradacja Związków Organicznych w Środowisku. In Nowe Horyzonty i Wyzwania w Analityce i Monitoringu Środowiskowym; Politechnika Gdańska: Gdańsk, Poland, 2003; Volume 33, pp. 699–721. [Google Scholar]

	



Covino, S.; Svobodová, K.; Čvančarová, M.; D’Annibale, A.; Petruccioli, M.; Federici, F.; Křesinová, Z.; Galli, E.; Cajthaml, T. Inoculum Carrier and Contaminant Bioavailability Affect Fungal Degradation Performances of PAH-Contaminated Solid Matrices from a Wood Preservation Plant. Chemosphere 2010, 79, 855–864. [Google Scholar] [CrossRef] [PubMed]

	



Sayara, T.; Sarrà, M.; Sánchez, A. Effects of Compost Stability and Contaminant Concentration on the Bioremediation of PAHs-Contaminated Soil through Composting. J. Hazard. Mater. 2010, 179, 999–1006. [Google Scholar] [CrossRef]

	



Ravanipour, M.; Kalantary, R.R.; Mohseni-Bandpi, A.; Esrafili, A.; Farzadkia, M.; Hashemi-Najafabadi, S. Experimental Design Approach to the Optimization of PAHs Bioremediation from Artificially Contaminated Soil: Application of Variables Screening Development. J. Environ. Health Sci. Eng. 2015, 13, 22. [Google Scholar] [CrossRef] [PubMed]

	



Wilcke, W. SYNOPSIS Polycyclic Aromatic Hydrocarbons (PAHs) in Soil—A Review. J. Plant Nutr. Soil Sci. 2000, 163, 229–248. [Google Scholar] [CrossRef]

	



Johnsen, A.R.; Karlson, U. Diffuse PAH Contamination of Surface Soils: Environmental Occurrence, Bioavailability, and Microbial Degradation. Appl. Microbiol. Biotechnol. 2007, 76, 533–543. [Google Scholar] [CrossRef]

	



Oleszczuk, P. Phytotoxicity of Municipal Sewage Sludge Composts Related to Physico-Chemical Properties, PAHs and Heavy Metals. Ecotoxicol. Environ. Saf. 2008, 69, 496–505. [Google Scholar] [CrossRef] [PubMed]

	



Babu, A.G.; Reja, S.I.; Akhtar, N.; Sultana, M.; Deore, P.S.; Ali, F.I. Bioremediation of Polycyclic Aromatic Hydrocarbons (PAHs): Current Practices and Outlook. In Microbial Metabolism of Xenobiotic Compounds; Microorganisms for Sustainability; Arora, P.K., Ed.; Springer Singapore: Singapore, 2019; Volume 10, pp. 189–216. ISBN 9789811374616. [Google Scholar]

	



Maliszewska-Kordybach, B. Dissipation of Polycyclic Aromatic Hydrocarbons in Freshly Contaminated Soils—The Effect of Soil Physicochemical Properties and Aging. Water Air Soil Pollut. 2005, 168, 113–128. [Google Scholar] [CrossRef]

	



Maliszewska-Kordybach, B. Wpływ Wapnowania Na Trwałość Wielopierścieniowych Węglowodorów Aromatycznych w Glebach. Arch. Ochr. Śr. 1991, 3–4, 69–78. [Google Scholar]

	



Krzebietke, S.J.; Wierzbowska, J.; Żarczyński, P.J.; Sienkiewicz, S.; Bosiacki, M.; Markuszewski, B.; Nogalska, A.; Mackiewicz-Walec, E. Content of PAHs in Soil of a Hazel Orchard Depending on the Method of Weed Control. Environ. Monit. Assess. 2018, 190, 422. [Google Scholar] [CrossRef]

	



Maliszewska-Kordybach, B. Mikrobiologiczne Przemiany Wielopierścieniowych Węglowodorów Aromatycznych w Środowisku Glebowym. Post. Mikrobiol. 1987, 26, 233–247. [Google Scholar]

	



Bala, S.; Garg, D.; Thirumalesh, B.V.; Sharma, M.; Sridhar, K.; Inbaraj, B.S.; Tripathi, M. Recent Strategies for Bioremediation of Emerging Pollutants: A Review for a Green and Sustainable Environment. Toxics 2022, 10, 484. [Google Scholar] [CrossRef] [PubMed]

	



Nzila, A.; Musa, M.M. Current Status of and Future Perspectives in Bacterial Degradation of Benzo[a]Pyrene. Int. J. Environ. Res. Public Health 2020, 18, 262. [Google Scholar] [CrossRef]

	



IUSS Working Group WRB. International Soil Classifcation System for Naming Soils and Creating Legends for Soil Maps. World Reference Base for Soil Resources 2014, Update 2015; Food and Agriculture Organization of the United Nations: Rome, Italy, 2015. [Google Scholar]

	



Mackiewicz-Walec, E.; Krzebietke, S.J. Content of Polycyclic Aromatic Hydrocarbons in Soil in a Multi-Annual Fertilisation Regime. Environ. Monit. Assess. 2020, 192, 314. [Google Scholar] [CrossRef]

	



Bojes, H.K.; Pope, P.G. Characterization of EPA’s 16 Priority Pollutant Polycyclic Aromatic Hydrocarbons (PAHs) in Tank Bottom Solids and Associated Contaminated Soils at Oil Exploration and Production Sites in Texas. Regul. Toxicol. Pharmacol. 2007, 47, 288–295. [Google Scholar] [CrossRef] [PubMed]

	



Smreczak, B.; Maliszewska-Kordybach, B. Seeds Germination and Root Growth of Selected Plants in Pah Contaminated Soil. Fresenius Environ. Bull. 2003, 12, 946–949. [Google Scholar]

	



Alexander, M. Microorganismus and Chemical Pollution. Bioscience 1973, 23, 509–515. [Google Scholar] [CrossRef]

	



Wyszkowska, J. Biologiczne Właściwości Gleby Zanieczyszczonej Chromem Sześciowartościowym. Wyd. UWM Rozpr. Monogr. 2002, 65, 1–134. [Google Scholar]

	



Parkinson, D.; Gray, F.R.G.; Williams, S.T. Methods for Studying the Ecology of Soil Microorganism; Blackweel: Oxford, UK, 1971; p. 19. [Google Scholar]

	



Martin, J. Use of Acid Rose Bengal and Streptomycin in the Plate Method for Estimating Soil Fungi. Soil Sci. 1950, 69, 215–232. [Google Scholar] [CrossRef]

	



Schinner, F.; Öhlinger, R.; Margiesin, R. Dehydrogenase Activity Aith the Substrate TTC. In Methods Soil Biol; Springer: Berlin/Heidelberg, Germany, 1996; p. 426. [Google Scholar]

	



Alef, K.; Nanniperi, P. Methods in Applied Soil Microbiology and Biochemistry; Academic Press: Cambridge, MA, USA; Harcourt Brace & Company: London, UK, 1998; 576p. [Google Scholar]

	



Johnson, J.I.; Temple, K.L. Some Variables Affecting the Measurement of Catalase Activity in Soil. Soil Sci. Soc. Am. Proc. 1964, 28, 207–216. [Google Scholar] [CrossRef]

	



Wyszkowska, J.; Borowik, A.; Zaborowska, M.; Kucharski, J. Mitigation of the Adverse Impact of Copper, Nickel, and Zinc on Soil Microorganisms and Enzymes by Mineral Sorbents. Materials 2022, 15, 5198. [Google Scholar] [CrossRef]

	



Borowik, A.; Wyszkowska, J.; Wyszkowski, M. Resistance of Aerobic Microorganisms and Soil Enzyme Response to Soil Contamination with Ekodiesel Ultra Fuel. Environ. Sci. Pollut. Res. 2017, 24, 24346–24363. [Google Scholar] [CrossRef] [PubMed]

	



Borowik, A.; Wyszkowska, J.; Kucharski, M.; Kucharski, J. Implications of Soil Pollution with Diesel Oil and BP Petroleum with ACTIVE Technology for Soil Health. Int. J. Environ. Res. Public Health 2019, 16, 2474. [Google Scholar] [CrossRef] [PubMed]

	



StatSoft, Inc. STATISTICA Data Analysis Software System, version 13.1; StatSoft, Inc.: Tulsa, OK, USA, 2014. [Google Scholar]

	



Lemanowicz, J. Mineral Fertilisation as a Factor Determining Selected Sorption Properties of Soil against the Activityof Phosphatases. Plant Soil Environ. 2013, 59, 439–445. [Google Scholar] [CrossRef]

	



Carney, K.M.; Hungate, B.A.; Drake, B.G.; Megonigal, J.P. Altered Soil Microbial Community at Elevated CO 2 Leads to Loss of Soil Carbon. Proc. Natl. Acad. Sci. USA 2007, 104, 4990–4995. [Google Scholar] [CrossRef] [PubMed]

	



Amezcua-Allieri, M.A.; Ávila-Chávez, M.A.; Trejo, A.; Meléndez-Estrada, J. Removal of Polycyclic Aromatic Hydrocarbons from Soil: A Comparison between Bioremoval and Supercritical Fluids Extraction. Chemosphere 2012, 86, 985–993. [Google Scholar] [CrossRef]

	



Farahani, M.; Mirbagheri, S.A.; Javid, A.H.; Karbassi, A.R.; Khorasani, N.J. Biodegradation and Leaching of Polycyclic Aromatic Hydrocarbons in Soil Column. Food Agric. Environ. 2010, 8, 870–875. [Google Scholar]

	



Sienkiewicz, S. Oddziaływanie Obornika i Nawozów Mineralnych Na Kształtowanie Żyzności i Produktywności Gleby. UWM Olszt. Rozpr. Monogr. 2003, 74, 1–120. [Google Scholar]

	



Czekała, J. Impact of Long-Term Plant Cultivation without Participation of Cereals on Concentrations of Nitrogen Forms in Soil Humus Horizons. J. Res. Appl. Agric. Eng. 2010, 55, 49–53. [Google Scholar]

	



Siwik-Ziomek, A.; Lemanowicz, J. The Influence of Fertilization with Phosphorus, Sulphate, Carbon and Nitrogen Content on Hydrolases Activities in Soil. Pol. J. Soil Sci. 2017, 49, 49. [Google Scholar] [CrossRef]

	



Borowik, A.; Wyszkowska, J.; Kucharski, M. Wpływ Temperatury Gleby Na Drobnoustroje. Zesz. Probl. Post. Nauk Rol. 2011, 567, 55–67. [Google Scholar]

	



Dąbek-Szreniawska, M.; Kozak, M.A.; Pudło, A.A. Liczebność Bakterii i Aktywność Biochemiczna Gleby Torfowej i Murszowej. Ann. UMCS Ser. E 2004, 59, 2023–2032. [Google Scholar]

	



Vetanovetz, R.; Peterson, J. Effect of Carbon Source and Nitrogen on Urease Activity in a Sphagnum Peat Medium. Comm. Soil Sci. Plant Anal. 1992, 23, 379–388. [Google Scholar] [CrossRef]

	



Barabasz, W.; Vořišek, K. Bioróżnorodność Mikroorganizmów w Środowiskach Glebowych. In Aktywność Drobnoustrojów w Różnych Środowiskach; AR: Kraków, Poland, 2002; pp. 26–27. [Google Scholar]

	



Natywa, M.; Sawicka, A.; Wolna-Maruwka, A. Aktywność Mikrobiologiczna i Enzymatyczna Gleby Pod Uprawą Kukurydzy w Zależności Od Zróżnicowanego Nawożenia Azotem. Woda Sr. Obsz. Wiej. 2010, 10, 111–120. [Google Scholar]

	



Sosnowski, J.; Jankowski, K.; Ciepiela, G.A.; Wiśniewska-Kadżajan, B.; Deska, J. Wpływ Fitohormonów i Zróżnicowanych Dawek Azotu Stosowanych w Uprawie Festulolium Braunii z Koniczyną Łąkową Na Liczebność Mikroorganizmów Glebowych. Ochr. Środow. Zas. Nat. 2012, 3, 19–30. [Google Scholar]

	



Sosnowski, J.; Jankowski, K. Ocena Liczebności Mikroorganizmów Glebowych Spod Uprawy Mieszanek Festulolium Braunii z Roślinami Motylkowatymi Nawożonych Zróżnicowanymi Dawkami Azotu. Fragm. Agron. 2013, 30, 129–137. [Google Scholar]

	



Niewiadomoska, A.; Kleiber, T.; Klama, J.; Swędrzyńska, D. Wpływ Zróżnicowanego Nawożenia Azotowego Na Dynamikę Składu Mikrobiologicznego Gleby i Aktywność Enzymatyczną Dehydrogenaz Pod Trawnikiem. Nauka Przyr. Technol. 2010, 4, 90. [Google Scholar]

	



Brzezińska, M. Aktywność Biologiczna Oraz Procesy Jej Towarzyszące w Glebach Organicznych Nawadnianych Oczyszczonymi Ściekami Miejskimi. Acta Agrophys. Rozpr. Monogr. 2006, 131, 1–164. [Google Scholar]

	



Wyszkowska, J.; Kucharski, J. Biologiczne Właściwości Gleby Zanieczyszczonej Chwastoxem Trio 540 SL. Rocz. Glebozn. 2004, 55, 311–319. [Google Scholar]

	



Ciarkowska, K.; Gambuś, F. Aktywność Dehydrogenaz w Glebach Zanieczyszczonych Metalami Ciężkimi w Rejonie Olkusza. Zesz. Probl. Post. Nauk Rol. 2004, 501, 79–85. [Google Scholar]

	



Koper, J.; Siwik-Ziomek, A. Wpływ Wieloletniego Nawożenia Na Aktywność Dehydrogenaz w Glebie Oraz Zawartość Węgla Organicznego i Azotu Ogółem. Zesz. Probl. Post. Nauk Rol. 2006, 515, 197–202. [Google Scholar]

	



Saha, S.; Prakash, V.; Kundu, S.; Kumar, N.; Mina, B.L. Soil Enzymatic Activity as Affected by Long Term Application of Farm Yard Manure and Mineral Fertilizer under a Rainfed Soybean–Wheat System in N-W Himalaya. Eur. J. Soil Biol. 2008, 44, 309–315. [Google Scholar] [CrossRef]

	



Piotrowska, A.; Koper, J. Wpływ Wieloletniego Nawożenia Organicznego i Mineralnego Na Aktywność Enzymów Oksydoredukcyjnych i Hydrolitycznych w Glebie Spod Pszenicy Ozimej (Triticum aestivum L.). Zesz. Probl. Post. Nauk Rol. 2007, 520, 669–673. [Google Scholar]

	



Kucharski, J.; Wałdowska, E. Biological Results of Long-Term Fertilization with Slurry. Zesz. Probl. Post. Nauk Rol. 2001, 476, 197–204. [Google Scholar]

	



Kucharski, J. Relacje Między Aktywnością a Żyznością Gleby. In Drobnoustroje w Środowisku. Występowanie, Aktywność i Znaczenie; Red. W. Barabasz: Kraków, Poland, 1997; pp. 327–347. [Google Scholar]

	



Lemanowicz, J.; Koper, J. Zawartość Organicznych Związków Węgla i Fosforu Oraz Aktywność Enzymatyczna Ryzosfery Kukurydzy. Rocz. Glebozn 2009, 60, 55–59. [Google Scholar]

	



Zaborowska, M.; Wyszkowska, J.; Kucharski, J. Aktywność Mikrobiologiczna Zanieczyszczonej Cynkiem Gleby o Zróżnicowanym PH. Pierwiastki Śladowe—Kryteria Jakości Środowiska Przyrodniczego. In Proceedings of the IX Sympozjum Pierwiastki Śladowe w Środowisku, Sarnówek, Poland, 11–12 May 2006; pp. 250–251. [Google Scholar]

	



Kalembasa, S.; Kuzimierska, B. Wpływ Zanieczyszczenia Gleby Niklem Na Tle Nawożenia Organicznego Na Aktywność Dehydrogenaz. Ochr. Sr. Zasobów Nat. 2009, 20, 470–478. [Google Scholar]

	



Lemanowicz, J.; Bartkowiak, A.; Breza-Boruta, B. Changes in Phosphorus Content, Phosphatase Activity and Some Physicochemical and Microbiological Parameters of Soil within the Range of Impact of Illegal Dumping Sites in Bydgoszcz (Poland). Environ. Earth Sci. 2016, 75, 510. [Google Scholar] [CrossRef]

	



Lemanowicz, J.; Koper, J. Aktywność Enzymów Oksydoredukcyjnych i Zawartość Węgla i Azotu w Ryzosferze Jęczmienia Jarego Nawożonego Obornikiem i Azotem. Zesz. Probl. Post. Nauk Rol. 2010, 556, 437–442. [Google Scholar]

	



Kucharski, J.; Wyszkowska, J.; Borowik, A. Aktywnośc Ureazy w Glebie Nawożonej Obornkiem i Kompostem. Zesz. Post. Nauk Roln. 2009, 537, 217–225. [Google Scholar]

	



Lemanowicz, J.; Koper, J. Zawartość Wybranych form Fosforu w Glebie i Koniczynie Łąkowej Oraz Aktywność Fosfataz Glebowych Na Tle Zróżnicowanego Nawożenia Mineralnego i Organicznego. Woda Sr. Obsz. Wiej. 2009, 9, 119–139. [Google Scholar]

	



Wittmann, C.; Kähkönen, M.A.; Ilvesniemi, H.; Kurola, J.; Salkinoja-Salonen, M.S. Areal Activities and Stratification of Hydrolytic Enzymes Involved in the Biochemical Cycles of Carbon, Nitrogen, Sulphur and Phosphorus in Podsolized Boreal Forest Soils. Soil Biol. Biochem. 2004, 36, 425–433. [Google Scholar] [CrossRef]

	



Kuziemska, B.; Kalembasa, S.; Kalembasa, D. Wpływ Wapnowania i Materii Organicznej Na Aktywność Fosfataz w Glebie Zanieczyszczonej Niklem. Inż. Ekol. 2014, 37, 117–127. [Google Scholar]

	



Lemanowicz, J.; Krzyżaniak, M. Vertical Distribution of Phosphorus Concentrations, Phosphatase Activity and Further Soil Chemical Properties in Salt-Affected Mollic Gleysols in Poland. Environ. Earth Sci. 2015, 74, 2719–2728. [Google Scholar] [CrossRef]

	



Szara, E.; Mercik, S.; Sosulski, T. Formy Fosforu w Doświadczeniach Wieloletnich. Fragm. Agron. 2005, 1, 298–309. [Google Scholar]

	



Sienkiewicz, S.; Krzebietke, S.; Wojnowska, T.; Żarczyński, P.; Omilian, M. Effect of Long-Term Differentiated Fertilization with Farmyard Manure and Mineral Fertilizers on the Content of Available Forms of P, K and Mg in Soil. J. Elem. 2009, 14, 779–786. [Google Scholar] [CrossRef]

	



Lemanowicz, J.; Bartkowiak, A. Diagnosis of the Content of Selected Heavy Metals in the Soils of the Pałuki Region Against Their Enzymatic Activity. Arch. Environ. Prot. 2013, 39, 23–32. [Google Scholar] [CrossRef]

	



Eriksson, M.; Sodersten, E.; Yu, Z.; Dalhammar, G.; Mohn, W.W. Degradation of Polycyclic Aromatic Hydrocarbons at Low Temperature under Aerobic and Nitrate-Reducing Conditions in Enrichment Cultures from Northern Soils. Appl. Environ. Microbiol. 2003, 69, 275–284. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Ni, H.-G.; Sun, J.-L.; Jing, X.; He, J.-S.; Zeng, H. Polycyclic Aromatic Hydrocarbons in Soils from the Tibetan Plateau, China: Distribution and Influence of Environmental Factors. Environ. Sci. Process. Impacts 2013, 15, 661. [Google Scholar] [CrossRef]

	



Maliszewska-Kordybach, B.; Smreczak, B.; Klimkowicz-Pawlas, A.; Terelak, H. Monitoring of the Total Content of Polycyclic Aromatic Hydrocarbons (PAHs) in Arable Soils in Poland. Chemosphere 2008, 73, 1284–1291. [Google Scholar] [CrossRef]

	



Gałązka, A.; Król, M.; Perzyński, A. Zmiany Aktywności Biologicznej Gleb Skażonych Wielopierścieniowymi Węglowodorami Aromatycznymi (WWA) i Olejem Napędowym (ON) w Ryzosferze Kukurydzy. Zesz. Probl. Post. Nauk Roln. 2009, 535, 111–120. [Google Scholar]

	



Samanta, S.K.; Singh, O.V.; Jain, R.K. Polycyclic Aromatic Hydrocarbons: Environmental Pollution and Bioremediation. Trends Biotechnol. 2002, 20, 243–248. [Google Scholar] [CrossRef]

	



Wielgosz, E.; Szember, A. Wpływ Wybranych Roślin Na Liczebności i Aktywność Drobnoustrojów Glebowych. Ann. UMCS Sec. E 2006, 61, 107–119. [Google Scholar]

	



Maliszewska-Kordybach, B.; Smreczak, B.; Klimkowicz-Pawlas, A. Concentrations, Sources, and Spatial Distribution of Individual Polycyclic Aromatic Hydrocarbons (PAHs) in Agricultural Soils in the Eastern Part of the EU: Poland as a Case Study. Sci. Total Environ. 2009, 407, 3746–3753. [Google Scholar] [CrossRef]

	



Lipińska, A.; Wyszkowska, J.; Kucharski, J. Urease Activity in Soil Contaminated with Polycyclic Aromatic Hydrocarbons. Environ. Sci. Pollut. Res. 2015, 22, 18519–18530. [Google Scholar] [CrossRef]

	



Wyszkowska, J.; Wyszkowski, M. Activity of Soil Dehydrogenases, Urease, and Acid and Alkaline Phosphatases in Soil Polluted with Petroleum. J. Toxicol. Environ. Health A 2010, 73, 1202–1210. [Google Scholar] [CrossRef]

	



Klimkowicz-Pawlas, A.; Maliszewska-Kordybach, B. Effect of Anthracene and Pyrene on Dehydrogenases Activity in Soils Exposed and Unexposed to PAHs. Water. Air. Soil Pollut. 2003, 145, 169–186. [Google Scholar] [CrossRef]

	



Smreczak, B.; Klimkowicz-Pawlas, A.; Maliszewska-Kordybach, B. Biodostępność Trwałych Zanieczyszczeń Organicznych (TZO) w Glebach. Stud. Rap. IUNG-PI 2013, 35, 137–153. [Google Scholar]

	



Ukalska-Jaruga, A.; Smreczak, B. The Impact of Organic Matter on Polycyclic Aromatic Hydrocarbon (PAH) Availability and Persistence in Soils. Molecules 2020, 25, 2470. [Google Scholar] [CrossRef] [PubMed]

	



Maliszewska-Kordybach, B.; Smreczak, B.; Klimkowicz-Pawlas, A. Effects of Anthropopressure and Soil Properties on the Accumulation of Polycyclic Aromatic Hydrocarbons in the Upper Layer of Soils in Selected Regions of Poland. Appl. Geochem. 2009, 24, 1918–1926. [Google Scholar] [CrossRef]

	



Wyszkowski, M.; Ziółkowska, A. Zawartość Węgla Organicznego i Niektórych Makropierwiastków w Glebie Zanieczyszczonej Benzyną i Olejem Napędowym. Ochr. Sr. Zasobów Nat. 2009, 40, 112–122. [Google Scholar]

	



Jin, A.; He, J.; Chen, S.; Huang, G. Distribution and Transport of PAHs in Soil Profiles of Different Water Irrigation Areas in Beijing, China. Environ. Sci. Process. Impacts 2014, 16, 1526. [Google Scholar] [CrossRef] [PubMed]

	



Bi, X.; Luo, W.; Gao, J.; Xu, L.; Guo, J.; Zhang, Q.; Romesh, K.Y.; Giesy, J.P.; Kang, S.; de Boer, J. Polycyclic Aromatic Hydrocarbons in Soils from the Central-Himalaya Region: Distribution, Sources, and Risks to Humans and Wildlife. Sci. Total Environ. 2016, 556, 12–22. [Google Scholar] [CrossRef] [PubMed]

	



Lehmann, J.; Rillig, M.C.; Thies, J.; Masiello, C.A.; Hockaday, W.C.; Crowley, D. Biochar Effects on Soil Biota—A Review. Soil Biol. Biochem. 2011, 43, 1812–1836. [Google Scholar] [CrossRef]








[image: Ijerph 20 03796 g001 550] 





Figure 1. The effect of manure application on the content of organic carbon (Corg (a)) and total nitrogen (Ntot (b)) in soil (0–30 cm), g kg−1. 
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Figure 2. The effect of mineral fertilization on the content of organic carbon (Corg (a)) and total nitrogen (Ntot (b)) in soil (0–30 cm), g kg−1. 
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Figure 3. Abundance of organotrophic bacteria in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); 108 CFU kg−1 DM. 
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Figure 4. Abundance of ammonifying bacteria in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); 108 CFU kg−1 DM. 
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Figure 5. Abundance of nitrogen-fixing bacteria in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); 108 CFU kg−1 DM. 
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Figure 6. Abundance of actinobacteria in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); 106 CFU kg−1 DM. 
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Figure 7. Abundance of fungi in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); 106 CFU kg−1 DM. 
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Figure 8. Dehydrogenase activity in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); µmol TFF kg−1 h−1. 
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Figure 9. Catalase activity in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); mol O2 kg−1 h−1. 
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Figure 10. Urease activity in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); mmol N-NH4 kg−1 h−1. 
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Figure 11. Acid phosphatase activity in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); mmol PN kg−1 h−1. 
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Figure 12. Alkaline phosphatase activity in soil amended and not amended with manure (a), in soil supplied with mineral fertilizers (b) and on different sampling dates (c); mmol PN kg−1 h−1. 
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Figure 13. Content of LMW PAHs in soil supplied with mineral fertilizers (log transformed data for 2015). SEM—standard error of the mean. 
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Figure 14. Content of LMW PAHs in soil amended and not amended with manure (log transformed data for 2015). SEM—standard error of the mean. 
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Figure 15. Content of HWM PAHs in soil supplied with mineral fertilizers (log transformed data for 2015). SEM—standard error of the mean. 
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Figure 16. Content of HWM PAHs in soil amended and not amended with manure (log transformed data for 2015). SEM—standard error of the mean. 
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Figure 17. Total content of 16 PAHs in soil supplied with mineral fertilizers (log transformed data for 2015). SEM—standard error of the mean. 
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Figure 18. Total content of 16 PAHs in soil amended and not amended with manure (log transformed data for 2015). SEM—standard error of the mean. 






Figure 18. Total content of 16 PAHs in soil amended and not amended with manure (log transformed data for 2015). SEM—standard error of the mean.



[image: Ijerph 20 03796 g018]







[image: Ijerph 20 03796 g019 550] 





Figure 19. Correlations between the first two principal components and the analyzed variables (April 2015). 
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Figure 20. Correlations between the first two principal components and the analyzed variables (May 2015). 
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Figure 21. Correlations between the first two principal components and the analyzed variables (August 2015). 
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Figure 22. Correlations between the first two principal components and the analyzed variables (September 2015). 
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Table 1. Soil pH and hydrolytic acidity (0–30 cm).






Table 1. Soil pH and hydrolytic acidity (0–30 cm).





	
Treatment

	
N0P0K0

	
N1P1K1

	
N2P1K1

	
N3P1K1

	
N2P1K2

	
N2P1K3

	
N2P1K2Mg

	
N2P1K2MgCa






	
pH (1 mol KCl dm−3)




	
Manure

	
5.7

	
5.8

	
5.3

	
5.1

	
5.2

	
5.3

	
5.2

	
6.3




	
Without manure

	
5.0

	
4.9

	
4.6

	
4.5

	
4.6

	
4.6

	
4.6

	
5.5




	
Hh (mmol(+) kg−1)




	
Manure

	
17.7

	
16.7

	
25.6

	
26.9

	
25.9

	
24.2

	
25.0

	
13.2




	
Without manure

	
25.3

	
26.3

	
31.6

	
34.0

	
29.6

	
29.2

	
27.3

	
14.0
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Table 2. Two-way repeated measures analysis of variance of the organic carbon and total nitrogen content of soil.
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	Source of Variation
	df
	Organic Carbon
	Total Nitrogen





	Manure (M)
	1
	**
	*



	Block (B)
	2
	ns
	ns



	Mineral fertilization (Min)
	7
	**
	**



	M × Min
	7
	**
	**



	Error 1
	30
	-
	-



	Date (D)
	3
	**
	**



	D × M
	3
	**
	**



	D × B
	6
	ns
	ns



	D × Min
	21
	**
	**



	D × M × Min
	21
	**
	**



	Error 2
	90
	-
	-







* significance level p < 0.05, ** p < 0.01, ns—not significant.
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Table 3. Two-way repeated measures analysis of variance of the PAH content of soil.
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Source of Variation

	
df

	
PAHs




	
LMW (9)

	
HMW (7)

	
Total (16)






	
Manure (M)

	
1

	
**

	
**

	
**




	
Block (B)

	
2

	
ns

	
ns

	
ns




	
Mineral fertilization (Min)

	
7

	
**

	
**

	
**




	
M × Min

	
7

	
**

	
**

	
**




	
Error 1

	
30

	
-

	
-

	
-




	
Date (D)

	
3

	
**

	
**

	
**




	
D × M

	
3

	
**

	
**

	
**




	
D × B

	
6

	
ns

	
ns

	
ns




	
D × Min

	
21

	
**

	
**

	
**




	
D × M × Min

	
21

	
**

	
**

	
**




	
Error 2

	
90

	
-

	
-

	
-








** significance level p < 0.01; ns—not significant.
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