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Abstract

:

This study examined changes in soil enzymatic activity caused by constant mineral fertilization with NPK and diversified fertilization with Fe and Mo micronutrients. A field experiment was conducted in a completely randomized design with four replications in Siedlce (central-eastern Poland) between 2012 and 2014. Alfalfa (Medicago sativa L.) was used as the test plant. The first factor consisted of fertilization treatments: control; NPK; NPKFe1; NPKMo1; NPKFe1Mo1; NPKFe2; NPKMo2, and NPKFe2Mo2. The second factor was composed of the time of soil sampling (15 August 2012, 20 September 2012, 17 June 2013, and 20 July 2014). Mineral fertilization was applied: N-20; P-22; K-124.5; Fe1-0.5; Mo1-0.5; Fe2-1.0; Mo2-1.0 kg ha−1. Application of molybdenum (Mo2-1.0 kg ha−1) in alfalfa fertilized with NPK was optimal for obtaining the beneficial nitrogenase activity. The applied NPKFe1Mo1 fertilization in alfalfa cultivation was optimized to achieve high dehydrogenases activity, alkaline phosphatase activity, and acid phosphatase activity. The highest of soil urease activity was determined in soil fertilized with NPKFe2Mo2. The biochemical index (BCHI) of soil fertility reached its highest mean value (254.9) after applying the NPKFe1Mo1. A high BCHI soil fertility index indicates the possibility of generating high alfalfa yields and maintaining good soil culture.
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1. Introduction


In recent years, there has been an increasing interest in growing legumes as cultivated plants. Mineral fertilization of leguminous plants significantly differentiates the enzymatic activity of soil as well as the quality and quantity of the yield [1,2,3].



Iron and molybdenum are micronutrients, having a decisive effect on the amount of nitrogen fixed by legume plants [4]. Those nutrients are mainly necessary in the synthesis of nitrogenase, consisting of two protein complexes. The Mo-Fe protein is an enzyme responsible for N2 fixation, whereas the Fe protein provides electrons necessary for this process. Iron application is important for alfalfa because this chemical element turns into unavailable forms in soils with a higher pH and high calcium content. Applied in alfalfa cultivation, iron affects soil enzymatic activity and thus the potential viability of plants to grow [5,6,7]. According Siczek et al. [8], soil enzymes are similar to enzymes in other living organisms (e.g., in plants). Enzymes catalyze reactions breaking down organic matter, and their presence in soil is an indicator of its biochemical and microbial soil activity [9,10,11]. Garbuz et al. [12] points out that the diversification of enzymatic activity depends on the physical condition, and it is higher in moist soil. The moist soil was characterized by higher enzymatic activity. According to many authors, the tillage system influences the increase in the activity of soil enzymes [13,14]. Additionally, the level of enzymatic activity depends on the time when soil is sampled [9,15]. Plant species and long-term effects of fertilizer treatment may cause qualitative variability of soil microorganisms [7]. Many studies have proved that increasing soil organic matter content by the addition of organic manures can increase the biological activity in soil. Ploughed-in crop residues affect the diversity and abundance of soil fungal and bacterial communities and enzymatic activity [8].



According to Adetunji et al. [1], urease and phosphatase activities were stimulated by all crop species. Unlike urease, all crop residues had a positive impact on phosphatase activity at one year. The above authors found that at the end of the growing season, the activity of phosphatase and N concentration were higher than during the flowering phase. Harvesting methods had no effect on soil N, urease and phosphatase activity. According to Harasim et al. [10], conservation tillage stimulated significantly increased dehydrogenase and urease activity in topsoil and in deeper soil layers [10]. In the studies, Piotrowska-Długosz and Wilczewski [15], the activities of soil enzymes specifically related to the cycles of C, N and P responded in different ways to the rates of mineral N fertilizer applied along with green manure. Positive correlations between dehydrogenases activity and urease activity were observed by Harasim et al., Lauber et al., and Radulov et al. [10,16,17].



Balanced and complete fertilizer treatment of alfalfa is poorly investigated and to our knowledge, no studies on the impact of mineral fertilization on the enzymatic activity have been conducted yet.



The objective of this study was to determine the impact of NPKFeMo fertilization applied to alfalfa (Medicago sativa L.) on the activity of selected soil enzymes, and biochemical index of soil fertility.




2. Materials and Methods


2.1. Experimental Site and Treatments


The experiment was conducted on a Hortic Anthrosol (according to the IUSS World Reference of Soil Resources) [18] in Siedlce, Poland (52°17′ N, 22°28′ E). Developed from loamy sand, the soil had the granulometric composition of sand, silt, and clay: 79, 13, and 8%, respectively. Its chemical composition was optimal for the growth and development of alfalfa (Table 1). The experiment was conducted in a completely randomized design with four replications composed of two factors. The first factor consisted of the following treatments: control; NPK; NPKFe1; NPKMo1; NPKFe1Mo1; NPKFe2; NPKMo2, and NPKFe2Mo2. The second factor was the time of soil sampling: (15 August 2012, 20 September 2012, 17 June 2013, and 20 July 2014). Mineral fertilizers were applied each year at the following doses (kg ha−1): N-20, P-22, and K-124.5. Nitrogen was applied in the early spring as 34% ammonium nitrate; phosphorus in autumn as 46% triple superphosphate, and potassium as 60% potassium chloride in two doses, (the first in the early spring at 80 kg ha−1, the other after the first harvest at 44.5 kg ha−1). The application of Mo and Fe as FeSO4 7H2O (20.2% Fe) and (NH4)6Mo7O24 4H2O (54% Mo) was split into two doses (0.5 and 1.0 kg ha−1). At a seeding rate of 30 kg ha−1, alfalfa cv. Verko was sown in experimental plots of 3 m2 according to the recommended date in 2012. Bacterial vaccine Nitragina containing Rhizobium meliloti was introduced to soil together with the seeds. Alfalfa is cultivated in Poland to be used in the form of dried biomass as a protein supplement for animals.




2.2. Soil Sampling and Analyses


Soil samples were collected at the following times: August 2012, September 2012, June 2013, and July 2014 from a depth of 0–30 cm. The total carbon and nitrogen content in the soil was determined with a Perkin Elmer (Waltham, MA, USA) CHNS/O 2400 auto analyzer coupled with a thermal conductivity detector (TCD), and by using acetanilide as the reference material. Organic carbon was measured by applying oxidation-titrimetric method according to Kalembasa [19]. In this method, potassium dichromate and an acid mixture (sulphuric acid and phosphoric acid—5:1) were added to soil. In the presence of N-phenyl antranilic acid as indicator, the suspension in the flask was titrated with Mohr’s salt until the color changed to green. The content of available phosphorus and potassium in the soil was determined with the Egner–Riehm method (DL), magnesium with the Schatschabel method, available iron and molybdenum using 1M HCl, and available forms P, K, Mg, Fe, and Mo with the ICP-AES method, with an inductively excited plasma atomic emission spectrometer (Optima 3200 RL, PerkinElmer, Waltham, MA, USA). Soil pH was determined with the potentiometric method in 1 M KCl. The air-dry soil to solution ratio was 1:2.5 (m/v).



Measurements of the activity of all enzymes (nitrogenase, urease, dehydrogenases, alkaline phosphatase, and acid phosphatase) were performed in triplicate.



The intensity of the biological nitrogen fixation was assessed on the basis of the intensity of acetylene to ethylene reduction. Soil was incubated with C2H2 for 24 h. Soil nitrogenase activity was measured by an acetylene to ethylene reduction assay, using a CSI gas chromatographer with an FID (Flame Ionization Detector) in the Department of Agricultural Microbiology of the Institute of Soil Science and Plant Cultivation, State Research Institute in Puławy (Poland).



Urease activity was determined by the colorimetric method, according to Alef and Nannipieri [20]. Soil was incubated with an aqueous urea solution. After incubation, citrate buffer was added and urease activity was determined.



Dehydrogenases activity was determined by the colorimetric method according to Casida et al. [21] and Wolińska et al. [22]. During the incubation, TTC (2,3,5-triphenol tetrazolium chloride) was applied as a substrate reduced to TPF (triphenyl formazan) during incubation. All colorimetric compounds were determined with a spectrophotometer UV-VIS Lambda 25 (PerkinElmer, Waltham, MA, USA).



The activity of acid phosphatase and alkaline phosphatase was determined by incubating a reactive mixture containing soil and substrate. With disodium 4-nitrophenol phosphate hexahydrate in modified universal buffer (MUB) as a substrate, the Page [23] method was used for determination of acid phosphatase activity (at pH 6.5) and alkaline phosphatase activity (at pH 11). The color intensity (yellow) as an effect of released p-nitrophenol was then measured spectrophotometrically.




2.3. Biochemical Index of Soil Fertility


The biochemical index of soil fertility (BCHI) was calculated according to Kucharski et al. [24]: BCHI = (nitrogenase 10−1 + urease 10−1 + dehydrogenases + alkaline phosphatase + acid phosphatase) organic carbon content (%).




2.4. Weather Conditions


Data on hydrological and meteorological conditions were provided by the Institute of Meteorology and Water Management in Warsaw, the Hydrological and Meteorological Station in Siedlce (Table 2). In the years of research in individual months, average temperatures in the growing seasons coincided with the average values of multi-annual temperatures. The months with the highest average temperatures were July (19.9 °C) and August (18 °C). The lowest temperatures in the growing seasons were recorded in April (the average of 8.7 °C). An analysis of the sums of atmospheric precipitation showed that they were significantly varied across growing periods. The lowest amount of rainfall was recorded in 2012 (mean 543.7 mm), and the highest in 2013 (the average of 682.4 mm). Average values of precipitation in the years of the experiment were lower than the average multi-annual rainfall (the mean of 765 mm).



Sielianinov’s hydrothermal coefficient (K) for individual years is presented in Table 2 [25]. To calculate it, the following formula was applied:


K = (Mo · 10)/(Dt · days)








where K—hydrothermal coefficient for individual months; Mo—total monthly precipitation; Dt—mean daily temperatures in a particular month.




2.5. Statistical Analysis


The results were statistically analyzed using the analysis of variance for a two-factor experiment, available in the ANOVA program. The least significant differences (LSD) were determined using the Tukey’s test at the significance level of p ≤ 0.05. Linear regression equations and correlation coefficients between selected parameters were determined by using Statistica 13.1 software package (StatSoft Inc., Tulsa, OK, USA) for calculations.





3. Results


3.1. Nitrogenase Activity


Statistical analysis showed a significant effect of alfalfa fertilizer treatment, the time of soil sampling, and the interaction of the experimental factors on the activity of nitrogenase (Table 3).



The significantly highest mean of nitrogenase activity was recorded in soil fertilized with NPKMo2 (20-22-124.5-1.0 kg ha−1). It was about 3.2-fold more higher than in soil collected from the control plot (Figure 1a). The lowest value (11.28 nM C2H4) was observed in July 2014 (Figure 1b). The effect of soil sampling time on the activity of nitrogenase was dependent on weather conditions during the research year (Table 1).




3.2. Urease Activity


It was found that mineral fertilizer treatment and time of soil sampling significantly differentiated urease activity (Table 4).



In the fertilized soil, it increased significantly in relation to the control plot (without fertilizer treatment). Mineral fertilizer treatment with NPKFe2Mo2 (20-22-124.5-1.0-1.0 kg ha−1) increased urease activity in soil (by 12.8%), which is the highest in relation to control (Table 4, Figure 2a). However, statistical analysis showed no significant differences between enzymatic activity in the soil collected from different fertilized plots (349.5–353.6 mg N-NH4 h−1 kg−1 DM). Soil collected in September 2012 had the highest mean urease activity, with 350.1 mg N-NH4 h−1 kg−1 dry matter (DM) (Figure 2b). A significantly lower value was recorded in soil collected from the control plot (Table 4, Figure 2a,b).




3.3. Dehydrogenases Activity


The statistical analysis showed a significant effect of the applied fertilizers and the time of soil sampling on the activity of dehydrogenases (Table 5).



Soil fertilized with NPKFe1Mo1 was characterized by its highest average activity (Table 5, Figure 3a). It was 71% higher than in soil collected from the control plot. The highest value was recorded in soil collected in August 2012 (31.4 cm3 H2 h−1 kg−1 DM). Considering the interaction of mineral fertilizers and time of soil sampling (Table 5, Figure 3b), it was found that soil fertilized with NPKFe1Mo1 (20-22-124.5-0.5-0.5 kg ha−1) and collected in 2013, July 2014, August 2012, and September 2012 was characterized by the highest activity dehydrogenases, with 35.6, 38.2, 38.3, and 35.9 cm3 H2 h−1 kg−1 DM, respectively (Table 5).




3.4. Alkaline Phosphatase Activity


The mineral fertilizer dose NPKFe1Mo1 (20-22-124.5-0.5-0.5 kg ha−1) applied to alfalfa (Medicago sativa L.) significantly increased the activity of alkaline phosphatase (Table 6 and Figure 4a). However, the use of additional fertilization with iron and molybdenum reduced it.



Its highest (0.71 mmol PNP h−1 kg−1 DM) activity in soil was recorded in September 2012 (Figure 4b). Due to interaction of mineral fertilizers and time of soil sampling, the highest activity of alkaline phosphatase (0.82 mmol PNP h−1 kg−1 DM) was recorded in soil treated with NPKFe1Mo1 and collected in September 2012 (Table 6).




3.5. Acid Phosphatase Activity


The applied mineral fertilizer treatment and the time of soil sampling as well as the interaction of the experimental factors significantly differentiated acid phosphatase activity (Table 7 and Figure 5a,b).



The average acid phosphatase activity was at the level of 0.49 PNP h−1 kg−1 DM. Its highest activity (0.56 mmol PNP h−1 kg−1 DM) was in soil fertilized with NPKFe1Mo1 (20-22-124.5-0.5-0.5 kg ha−1). It was 9.8% higher than the activity of this enzyme in soil with NPKFe2 (20-22-124.5-1.0 kg ha−1). Acid phosphatase activity was at the same level in soil collected in June 2013 and July 2014 (0.48 mmol PNP h−1 kg−1 DM). Its significant increase was recorded in August 2012 (Figure 5b).




3.6. Correlation between Soil Enzyme Activities


On the basis of the conducted research, significant relationships were found between the activity of the enzymes at p ≤ 0.05 and p ≤ 0.01 (Figure 6). The values of the dehydrogenases activity was correlated with alkaline phosphatase activity in soil (r = 0.5602, p ≤ 0.01). Figure 6a presents this correlation with simple regression equation y = 0.422 + 0.008x (Figure 6a). Acid phosphatase was significantly correlated with alkaline phosphatase activity in the soil (r = 0.7534, p ≤ 0.05). This correlation was confirmed by the linear regression equation: y = 0.1255 + 0.5382x (Figure 6b).




3.7. Total Organic Carbon in Soil


Considering the three-year results, no significant impact of the experimental factors (fertilizer treatment and time of soil sampling) on total organic carbon in soil was found (Table 8). According to the mean values, the highest organic carbon content (3.44%) was in control soil. Across the times of samplings, its highest content was in soil sampled in August (3.32%).



The statistical analysis demonstrated significant differences in organic carbon content in response to different fertilizer treatment and different times of soil sampling The significantly highest value of 3.92% was recorded on the plot with NPKMo1 in June.




3.8. Biochemical Index (BCHI) of Soil Fertility


The biochemical index of soil fertility based on the experiment results (Table 9) was at a high level (ranging on average from 189.9 to 254.9). The mineral fertilizer treatment of NPK Fe1Mo1 resulted in its high values, with the mean of 254.9.



The same tendency in the changes of biochemical index of soil fertility was found for August 2012, September 2012, and July 2014 soil sampling. Its mean value was statistically the highest for the soil sampled in August 2012. Moreover, a significant correlation was observed between index values in August 2012, September 2012, June 2013, and July 2014, and the content of organic carbon.





4. Discussion


The paper presents results of soil enzymatic activities across selected months in different years. Many authors report that mineral fertilizer treatment affects soil enzymatic activities, and yields of legumes [26,27]. Iron and molybdenum are elements necessary for an increase in the activity of nitrogenase [28]. Additional molybdenum treatment in the present experiment resulted from the low content of its available forms (Table 1). Similarly, iron treatment was aimed at increasing its available amount in soil.



Mineral and organic fertilizers significantly affect the quantity and quality alfalfa yields [27] as well as soil enzymatic activity [3,5,9,29]. High soil nitrogenase and urease activity is related to the amounts of biologically fixed nitrogen [30]. Additionally, the activity of other enzymes determined in the present research proved the intensive mineralization of organic compounds in soil. This finding has been confirmed by other studies [1,7,31,32,33]. Enzymatic activity in soil is related to its high content of organic carbon (Table 1), total and mineral nitrogen [6,13,34]. In order to increase nitrogenase activity in the cultivation of alfalfa, and thus the amount of nitrogen fixed from the air, mineral fertilizers should be enriched with molybdenum, the deficiencies of which are common in soils of Poland [6,35]. Many studies [11,14,36,37] indicate a significant effect of the timing of soil sampling on the level of enzymatic activity. According to Siczek et al. [8], the activity of urease in soil with faba bean was higher than the activity of this enzyme in soil with wheat. A similar response was noted for dehydrogenases, which is an intracellular enzyme of microorganisms, connected with C-cycle [8]. Mineral fertilizers applied in the present studies and in the studies of other authors [3,5] significantly increased urease activity in soil. It should be added that these studies used soils with optimal chemical properties (pH, Ctot content, content of available forms of nitrogen, phosphorus, potassium, and magnesium). Urease and phosphatase activity decreased over time with no significant differences between chemical composition of soil residues and the control [1]. Despite the applied mineral fertilizer treatment, Harasim et al. [10] recorded urease and dehydrogenases activity many times lower. It should be added that in the present studies, basic soil parameters were at a low level (pH, organic matter content). High dehydrogenases activity recorded in the present experiment was confirmed by other studies [8,22], also in which the time of taking soil samples significantly differentiated the activity of this enzyme. According to Pan et al. [38] and Antonkiewicz et al. [39], the activity of enzymes increases with the introduction of fertilizers into soil and with the increase of carbon substrates in the soil, which was confirmed in the present experiment.



The level of alkaline phosphatase and acid phosphatase activity largely depends on soil pH [17,40] and mineral fertilizer treatment [10,41]. In the studies of Lemanowicz [41], KMgCaS and PKMgCa fertilizer treatment applied to soil with a pH of 5.2–5.9 resulted in a 2-fold increase in the level of acid phosphatase activity, compared to the activity determined in the soil not fertilized with potassium (PMgCaS). Additionally, Radulov et al. [17] recorded the highest activity of acid phosphatase (1.53 mmol PNP h−1 kg−1 DM) in soil treated with nitrogen at the dose of 120 kg−1. Such results were also observed in the studies of Li et al. [42]. According Mndzebele et al. [11], cowpea and amaranth plants grown without fertilizer treatment or 25% of recommended NPK amounts had the highest rhizosphere phosphatase activity, while the lowest was recorded at 100% NPK application. In the present experiment, an increase in alkaline phosphatase activity (by 41%) in relation to acid phosphatase activity as a response to NPKFe1Mo1 fertilization was largely due to soil pH.



A significant correlation between the enzymatic activity in soils was reported by other authors [13,17,41]. The diversity of microorganisms in the soil is related to the pH of the soil [16,42,43]. Correlations between soil enzymes’ content and pH was observed by other authors [44,45,46,47].



The optimal chemical properties of soil favored high enzymatic activity (Table 1) and positively affected correlation between activity of alkaline phosphatase and acid phosphatase. A significant correlation between enzymatic activity and organic matter was reported by Lemanowicz [41]. The biochemical index of soil fertility of the present experiment was higher than that reported by Kucharski et al. [24] and Iovieno et al. [40], who carried out the studies under laboratory conditions.



The present experiment showed a significant effect of mineral fertilizer treatment with NPKFeMo on the increase in the activity of nitrogenase, urease, and dehydrogenases. At the same time NPKFeMo treatment showed that anthropogenic soils can be used for alfalfa cultivation. The high activity of enzymes in these soils resulted in an increase in the biochemical fertility index, indicating potentials for higher yields.




5. Conclusions


The fertilized soil was characterized by high enzymatic activity. Mineral fertilizer treatment with NPKMo2 (20-22-124.5-1.0 kg ha−1) was optimal for obtaining favorable nitrogenase activity, while NPKFe2Mo2 (20-22-124.5-1.0-1.0 kg ha−1) contributed to the high urease activity. The highest dehydrogenases activity, alkaline phosphatase activity, and acid phosphatase activity were recorded in soil fertilized with NPKFe1Mo1 (20-22-124.5-0.5-0.5 kg ha−1). The biochemical index (BCHI) of soil fertility reached its highest mean value (254.9) after applying NPKFe1Mo1. The present experiment demonstrated a significant effect of soil enzyme activity and organic carbon on the biochemical soil fertility index. Its high value indicated the possibility of generating high alfalfa yields and maintaining good soil culture.
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Figure 1. The effects of mineral fertilizer treatment (a) and the time of soil sampling (b) on nitrogenase activity. Each bar represents the mean ± SE. The same letters mark no significantly different values (p ≤ 0.05). 
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Figure 2. The effects of mineral fertilizer treatment (a) and time of soil sampling (b) on urease activity. Each bar represents the mean ± SE. The same letters mark no significantly different values (p ≤ 0.05). 
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Figure 3. The effects of mineral fertilizer treatment (a) and time of soil sampling (b) on dehydrogenases activity. Each bar represents the mean ± SE. The same letters mark no significantly different values (p ≤ 0.05). 
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Figure 4. The effects of mineral fertilizer treatment (a) and time of soil sampling (b) on alkaline phosphatase activity. Each bar represents the mean ± SE. The same letters mark no significantly different values (p ≤ 0.05). 
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Figure 5. The effects of mineral fertilizer treatment (a) and time of soil sampling (b) on acid phosphatase activity. Each bar represents the mean ± SE. The same letters mark no significantly different values (p ≤ 0.05). 
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Figure 6. (a) The correlations between dehydrogenases activity and alkaline phosphatase activity, (b) alkaline phosphatase activity and acid phosphatase activity. 
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Table 1. Basic soil characteristics.






Table 1. Basic soil characteristics.





	
Chemical Properties

	
Years




	
2012

	
2013

	
2014






	
Ctot g kg−1

	
35.6 ± 0.8

	
34.1 ± 0.9

	
33.8 ± 0.7




	
Ntot g kg−1

	
2.3 ± 0.1

	
2.2 ± 0.1

	
2.4 ± 0.2




	
P * mg kg−1

	
264.8 ± 3.8

	
258.6 ± 2.1

	
249.9 ± 3.5




	
K * mg kg−1

	
88.7 ± 2.7

	
92.6 ± 2.5

	
91.1 ± 3.3




	
Mg * mg kg−1

	
91.3 ± 2.2

	
82.3 ± 1.9

	
78.2 ± 1.7




	
Fe * mg kg−1

	
1391.5 ± 7.9

	
1349.7 ± 8.3

	
1356.8 ± 9.0




	
Mo * mg kg−1

	
0.018 ± 0.003

	
0.021 ± 0.001

	
0.020 ± 0.001




	
pH

	
6.82

	
6.71

	
6.65








* Available forms; ±SD.
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Table 2. Characteristics of hydrothermal conditions, on the basis of data provided by the Institute of Meteorology and Water Management in Warsaw, the Hydrological and Meteorological Station in Siedlce (Poland).
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Months

	

	

	




	
Years

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X

	
XI

	
XII

	
Mean/Sum






	
Temperature (°C)




	
2012

	
−2.0

	
−7.8

	
4.0

	
9.0

	
14.5

	
16.4

	
20.4

	
18.0

	
14.2

	
7.5

	
5.4

	
−4.1

	
8.0




	
2013

	
−4.2

	
−8.0

	
−2.5

	
7.5

	
15.3

	
17.7

	
18.8

	
18.3

	
11.4

	
9.6

	
5.2

	
1.7

	
7.6




	
2014

	
−3.5

	
1.1

	
5.9

	
9.7

	
13.7

	
15.1

	
20.5

	
17.8

	
13.7

	
8.4

	
3.7

	
−1.0

	
8.8




	
Precipitation (mm)




	
2012

	
41.6

	
18.8

	
26.7

	
40.3

	
59.7

	
118.7

	
41.4

	
64.1

	
30.8

	
41.6

	
21.9

	
33.6

	
543.7




	
2013

	
45.8

	
37.7

	
34.8

	
57.6

	
145.8

	
11.9

	
49.1

	
44.1

	
86.6

	
18.0

	
35.5

	
15.5

	
682.4




	
2014

	
41.3

	
29.5

	
36.3

	
39.5

	
79.5

	
74.2

	
37.5

	
105.7

	
26.3

	
3.0

	
32.5

	
90.4

	
595.7




	
Hydrothermal index Sielianinov K (mm/°C)




	
2012

	
−6.93

	
−0.86

	
2.22

	
1.49

	
1.37

	
2.41

	
0.68

	
1.19

	
0.72

	
1.85

	
1.35

	
−2.64

	




	
2013

	
−3.63

	
−1.32

	
−4.49

	
2.56

	
3.18

	
2.11

	
0.87

	
0.80

	
2.53

	
0.62

	
2.27

	
2.94

	




	
2014

	
−3.93

	
9.58

	
1.99

	
1.36

	
1.93

	
1.64

	
0.61

	
1.98

	
0.64

	
0.12

	
2.93

	
−2.92

	








K: <0.5—drought; 0.5–1.0—semi-drought; 1.0–1.5—optimal moisture; >1.5—excessive moisture [25].
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Table 3. Nitrogenase activity in soil incubated with C2H2 for 24 h (in nM C2H4).






Table 3. Nitrogenase activity in soil incubated with C2H2 for 24 h (in nM C2H4).





	
Fertilizer Treatment

	
Time of Soil Sampling




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
9.18 ± 1.36 eB

	
9.39 ± 1.28 dB

	
14.66 ± 1.19 cA

	
10.51 ± 1.48 bB




	
NPK

	
10.81 ± 2.14 eB

	
12.37 ± 0.71 dB

	
24.65 ± 4.78 bA

	
9.03 ± 0.89 bB




	
NPKFe1

	
18.73 ± 2.35 dB

	
17.03 ± 2.23 cB

	
40.51 ± 5.20 aA

	
5.76 ± 0.40 cC




	
NPKMo1

	
22.24 ± 1.42 cB

	
19.54 ± 1.28 cB

	
29.16 ± 1.27 bA

	
11.69 ± 0.24 bC




	
NPKFe1Mo1

	
41.78 ± 2.03 bA

	
16.57 ± 0.33 cC

	
27.97 ± 2.82 bB

	
8.64 ± 1.03 bD




	
NPKFe2

	
25.90 ± 3.76 cB

	
24.98 ± 3.19 bB

	
36.74 ± 5.09 aA

	
19.61 ± 1.96 aB




	
NPKMo2

	
51.47 ± 5.38 aA

	
39.55 ± 1.69 aB

	
40.19 ± 2.26 aB

	
8.05 ± 1.39 bC




	
NPKFe2Mo2

	
13.81 ± 4.35 dB

	
26.44 ± 2.53 bA

	
19.58 ± 3.38 cB

	
16.97 ± 2.74 aB








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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Table 4. Urease activity in soil (in mg NH4-N h−1 kg−1 DM).






Table 4. Urease activity in soil (in mg NH4-N h−1 kg−1 DM).





	
Fertilizer Treatment

	
Time of Soil Sampling




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
315.5 ± 2.70 bA

	
319.4 ± 1.00 cA

	
306.5 ± 1.15 cB

	
312.4 ± 2.01 bA




	
NPK

	
357.0 ± 1.77 aA

	
358.9 ± 2,06 aA

	
340.8 ± 5.30 bC

	
351.0 ± 2.26 aB




	
NPKFe1

	
348.4 ± 1.51 aB

	
359.1 ± 7.19 aA

	
343.5 ± 3.29 aB

	
347.1 ± 2.40 aB




	
NPKMo1

	
352.4 ± 0.94 aA

	
353.1 ± 1.23 bA

	
347.7 ± 2.36 aB

	
353.3 ± 5.77 aA




	
NPKFe1Mo1

	
353.7 ± 3.10 aA

	
353.4 ± 1.92 bA

	
347.7 ± 2.18 aB

	
351.2 ± 1.08 aA




	
NPKFe2

	
351.9 ± 1.81 aA

	
351.3 ± 0.46 bA

	
347.5 ± 0.93 aA

	
349.6 ± 0.36 aA




	
NPKMo2

	
352.6 ± 1.11 aA

	
351.8 ± 1.60 bA

	
348.7 ± 0.51 aA

	
351.5 ± 1.32 aA




	
NPKFe2Mo2

	
356.6 ± 0.71 aA

	
354.1 ± 0.40 bA

	
350.2 ± 1.01 aB

	
353.7 ± 0.95 aA








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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Table 5. Dehydrogenases activity in soil (in cm3 H2 h−1 kg−1 DM).






Table 5. Dehydrogenases activity in soil (in cm3 H2 h−1 kg−1 DM).





	
Fertilizer Treatment

	
Time of Soil Sampling




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
23.2 ± 1.48 eA

	
21.0 ± 0.46 dA

	
20.9 ± 0.25 eB

	
21.2 ± 0.79 eA




	
NPK

	
26.5 ± 1.07 dA

	
24.2 ± 0.30 cA

	
23.6 ± 1.10 dB

	
25.5 ± 1.07 dA




	
NPKFe1

	
33.4 ± 1.03 bA

	
32.5 ± 1.19 bA

	
29.0 ± 0.60 bA

	
30.8 ± 0.38 cA




	
NPKMo1

	
33.6 ± 2.74 bA

	
32.7 ± 0.85 bA

	
27.1 ± 0.40 cB

	
29.2 ± 0.70 cB




	
NPKFe1Mo1

	
38.3 ± 1.11 aA

	
35.9 ± 0.89 aB

	
35.6 ± 1.06 aB

	
38.2 ± 1.37 aA




	
NPKFe2

	
32.4 ± 0.87 bA

	
30.8 ± 0.56 bA

	
27.5 ± 0.86 cB

	
29.8 ± 1.04 cA




	
NPKMo2

	
29.1 ± 0.40 cA

	
28.2 ± 0.42 bA

	
26.5 ± 0.98 cA

	
28.3 ± 0.92 cA




	
NPKFe2Mo2

	
35.1 ± 2.33 bA

	
31.7 ± 1.04 bB

	
30.2 ± 0.76 bB

	
33.4 ± 2.10 bA








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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Table 6. Alkaline phosphatase activity in soil (in mmol PNP h−1 kg−1 DM).






Table 6. Alkaline phosphatase activity in soil (in mmol PNP h−1 kg−1 DM).





	
Fertilizer Treatment

	
Time of Soil Sampling




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
0.67 ± 0.02 aB

	
0.69 ± 0.01 bA

	
0.67 ± 0.03 bB

	
0.63 ± 0.02 cC




	
NPK

	
0.60 ± 0.01 bB

	
0.66 ± 0.02 bA

	
0.52 ± 0.01 cD

	
0.55 ± 0.02 cC




	
NPKFe1

	
0.76 ± 0.04 aA

	
0.71 ± 0.01 bB

	
0.64 ± 0.03 bD

	
0.69 ± 0.01 bC




	
NPKMo1

	
0.69 ± 0.01 aB

	
0.72 ± 0.01 bA

	
0.61 ± 0.04 bD

	
0.63 ± 0.02 cC




	
NPKFe1Mo1

	
0.80 ± 0.01 aB

	
0.82 ± 0.02 aA

	
0.77 ± 0.02 aC

	
0.78 ± 0.01 aC




	
NPKFe2

	
0.60 ± 0.01 bB

	
0.63 ± 0.02 bA

	
0.52 ± 0.02 cD

	
0.56 ± 0.01 dC




	
NPKMo2

	
0.72 ± 0.02 aB

	
0.74 ± 0.04 bA

	
0.66 ± 0.03 bC

	
0.71 ± 0.02 bB




	
NPKFe2Mo2

	
0.71 ± 0.01 aB

	
0.74 ± 0.03 bA

	
0.67 ± 0.02 bC

	
0.70 ± 0.01 bB








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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Table 7. Acid phosphatase activity in soil (in mmol PNP h−1 kg−1 DM).






Table 7. Acid phosphatase activity in soil (in mmol PNP h−1 kg−1 DM).





	
Fertilizer Treatment

	
Time of Soil Sampling




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
0.54 ± 0.02 aA

	
0.51 ± 0.01 aB

	
0.49 ± 0.03 bC

	
0.49 ± 0.01 bC




	
NPK

	
0.47 ± 0.01 cA

	
0.44 ± 0.02 bB

	
0.40 ± 0.01 dD

	
0.41 ± 0.01 cC




	
NPKFe1

	
0.52 ± 0.01 bB

	
0.53 ± 0.01 aA

	
0.48 ± 0.02 bC

	
0.52 ± 0.01 bB




	
NPKMo1

	
0.52 ± 0.02 bB

	
0.53 ± 0.01 aA

	
0.53 ± 0.02 aA

	
0.53 ± 0.03 aA




	
NPKFe1Mo1

	
0.57 ± 0.01 aA

	
0.56 ± 0.02 aB

	
0.56 ± 0.02 aB

	
0.56 ± 0.02 aB




	
NPKFe2

	
0.43 ± 0.01 dB

	
0.44 ± 0.01 bA

	
0.40 ± 0.02 dD

	
0.41 ± 0.01 cC




	
NPKMo2

	
0.45 ± 0.01 cB

	
0.43 ± 0.01 bD

	
0.46 ± 0.01 cA

	
0.44 ± 0.02 cC




	
NPKFe2Mo2

	
0.51 ± 0.01 bA

	
0.49 ± 0.01 aC

	
0.50 ± 0.01 bB

	
0.51 ± 0.01 bA








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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Table 8. Total organic carbon in soil (in %).






Table 8. Total organic carbon in soil (in %).





	
Fertilizer Treatment

	
Time of Soil Sampling

	
Mean




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
3.47 ± 0.31 aA

	
3.43 ± 0.21 aA

	
3.34 ± 0.25 bA

	
3.50 ± 0.23 aA

	
3.44 a




	
NPK

	
3.45 ± 0.18 aA

	
3.24 ± 0.23 aB

	
3.06 ± 0.23 cB

	
3.20 ± 0.11 cB

	
3.24 a




	
NPKFe1

	
3.30 ± 0.22 bB

	
3.26 ± 0.24 aB

	
3.40 ± 0.19 bA

	
3.07 ± 0.21 cB

	
3.24 a




	
NPKMo1

	
3.22 ± 0.13 bC

	
3.42 ± 0.20 aB

	
3.92 ± 0.17 aA

	
3.13 ± 0.21 bC

	
3.42 a




	
NPKFe1Mo1

	
3.43 ± 0.19 aA

	
3.36 ± 0.14 aA

	
3.10 ± 0.15 cB

	
3.54 ± 0.11 aA

	
3.36 a




	
NPKFe2

	
3.14 ± 0.11 bC

	
3.34 ± 0.15 aB

	
3.72 ± 0.19 aA

	
3.15 ± 0.13 cC

	
3.34 a




	
NPKMo2

	
3.22 ± 0.13 bA

	
2.91 ± 0.11 bA

	
2.48 ± 0.11 aB

	
3.02 ± 0.12 cA

	
2.91 a




	
NPKFe2Mo2

	
3.38 ± 0.15 aA

	
3.08 ± 0.12 bB

	
2.52 ± 0.14 dC

	
3.34 ± 0.13 bA

	
3.08 a




	
Mean

	
3.32 A

	
3.25 A

	
3.32 A

	
3.19 A

	
3.08 a








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).













[image: Table] 





Table 9. Biochemical index (BCHI) of soil fertility.






Table 9. Biochemical index (BCHI) of soil fertility.





	
Fertilizer Treatment

	
Time of Soil Sampling

	
Mean




	
August 2012

	
September 2012

	
June 2013

	
July 2014






	
Control *

	
197.4 ± 4.2 fA

	
189.5 ± 2.5 dA

	
180.9 ± 5.1 cB

	
191.1 ± 3.8 eA

	
189.9 d




	
NPK

	
222.0 ± 3.1 eA

	
202.3 ± 3.3 dB

	
186.8 ± 4.3 cC

	
199.9 ± 4.3 eB

	
202.6 d




	
NPKFe1

	
235.6 ± 2.9 cA

	
232.6 ± 2.7 bA

	
233.0 ± 2.8 bA

	
206.6 ± 2.1 dB

	
225.3 c




	
NPKMo1

	
232.7 ± 3.1 cC

	
243.5 ± 1.9 aB

	
258.7 ± 1.6 aA

	
209.3 ± 1.8 dD

	
236.4 b




	
NPKFe1Mo1

	
271.7 ± 2.7 aA

	
249.6 ± 2.3 aB

	
230.9 ± 3.7 bC

	
267.3 ± 3.1 aA

	
254.9 a




	
NPKFe2

	
223.6 ± 2.5 eC

	
232.1 ± 1.8 bB

	
248.6 ± 4.2 aA

	
213.2 ± 2.4 cD

	
229.7 c




	
NPKMo2

	
227.6 ± 3.7 dA

	
199.3 ± 2.1 dB

	
164.9 ± 5.3 dC

	
197.5 ± 2.1 eB

	
197.1 d




	
NPKFe2Mo2

	
247.2 ± 3.2 bA

	
218 ± 2.0 cC

	
172.2 ± 7.2 dD

	
239.4 ± 3.3 bB

	
218.9 c




	
Mean

	
231.9 A

	
220.6 B

	
209.6 C

	
215.1 C

	
219.2








* Control—0; N—20; P—22; K—124.5; Fe1—0.5; Mo1—0.5; Fe2—1.0; Mo2—1.0 kg ha−1. Different lowercase letters within a column for fertilizer treatments and different uppercase letters within a line for times of soil sampling indicate significant differences (p ≤ 0.05).
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