

  agronomy-12-02307




agronomy-12-02307







Agronomy 2022, 12(10), 2307; doi:10.3390/agronomy12102307




Article



Unveiling the Impacts of Biochar, Manure and Their Optimal Combinations on Microbiological Soil Health Indicators and Lettuce Biomass



Adnan Mustafa 1,2,3[image: Orcid], Jiri Holatko 1,4[image: Orcid], Tereza Hammerschmiedt 1[image: Orcid], Jiri Kucerik 2[image: Orcid], Tivadar Baltazar 1[image: Orcid], Antonin Kintl 1,5[image: Orcid], Ondrej Malicek 1, Zdenek Havlicek 6 and Martin Brtnicky 1,2,*[image: Orcid]





1



Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of AgriSciences, Mendel University in Brno, Zemedelska1, 613 00 Brno, Czech Republic






2



Faculty of Chemistry, Institute of Chemistry and Technology of Environmental Protection, Brno University of Technology, Purkynova 118, 612 00 Brno, Czech Republic






3



Faculty of Science, Institute for Environmental Studies, Charles University in Prague, Benatska 2, 128 00 Prague, Czech Republic






4



Agrovyzkum Rapotin, Ltd., Vyzkumniku 267, 788 13 Rapotin, Czech Republic






5



Agricultural Research, Ltd., Zahradni 1, 664 41 Troubsko, Czech Republic






6



Department of Animal Morphology, Physiology and Genetics, Faculty of AgriSciences, Mendel University in Brno, Zemedelska 1, 613 00 Brno, Czech Republic









*



Correspondence: martin.brtnicky@seznam.cz







Academic Editors: Stephan M. Haefele and María Bonita Villamil



Received: 26 July 2022 / Accepted: 22 September 2022 / Published: 26 September 2022



Abstract

:

Continuous use of chemical fertilizers has deteriorated soil health and crop productivity. Replenishing soil nutrients and microbial activity with eco-friendly soil amendments such as biochar and manure is therefore necessary to sustain soil health for crop production. However, studies are limited regarding the evaluation of biochar and poultry manure effects on soil health, attributed mainly to microbial extracellular enzymes and respiration. Therefore, the present study was designed to investigate the effects of poultry manure and biochar on soil physico-chemical and microbiological properties and lettuce biomass accumulation in a pot experiment. The pots were amended with poultry manure either alone and or in combination with low (10%) and high (20%) rates of biochar. The treatments included were; (i) control, (ii) manure alone (M), (iii) manure plus 10% biochar (M + B10, and (iv) manure plus 20% biochar (M + B20). Results revealed that soil extracellular enzymes related to C, N, and P mineralization, soil basal (BR), and substrate induced respirations (SIR) were significantly affected by applied manure and manure–biochar. However, there were large differences observed for applied amendments regarding various soil and crop parameters. Specifically, the manure combined with a high rate of biochar (M + B20) enhanced total carbon (TC) content, dehydrogenase activity (DHA), BR, and all SIRs except Arginine-IR. On the other hand, manure combined with a low rate of biochar (M + B10) resulted in enhanced lettuce aboveground dry biomass (AGB-dry). The manure treatment alone (M), however, proved to be the most influential treatment in improving soil enzymes (β-glucosidase, N-acetyl-β-d-glucosaminidase and phosphatase) involved in C, N, and P mineralization compared to the other treatments and control. Thus, it was concluded that the sole application of M and M + B20 improved both fertility and soil health, which therefore could be a promising direction for the future to enhance soil quality and crop productivity.
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1. Introduction


In recent years, the decline in soil fertility and its quality has become a global threat. In fact, Oldeman et al. [1] and Rashid et al. [2] estimated that nearly 30% of world’s agricultural land will be converted to degraded soils in upcoming decades. This could be attributed to increased globalization and a growing human population on the one hand and to intensive agriculture and inappropriate management practices such as extensive tillage and indiscriminate chemical use, as well as low carbon inputs in the soil, on the other [3,4,5]. Furthermore, more agricultural intensification and frequent biotic and abiotic stresses induced by global climate change are known to impair soil fertility and crop production. These causative factors are among the chief contributors to soil degradation and contamination of groundwater quality. Soil, being the pedosphere, supports immense ecosystem services, and any change in its quality is interrelated with the deterioration of the whole environment. Therefore, there is a dire need to look for alternative strategies in agricultural soils that could ensure safe crop production and boost its fertility and health. Soil quality and fertility could be enhanced by increasing carbon inputs into the soil in the form of organic amendment, such as manure, biochar, compost, and other forms of carbon. By doing so, the soil nutrient-supplying capacity would be enhanced, soil health would be improved, and crop production would be increased [6,7].



Biochar is a carbonaceous material obtained through the destructive pyrolysis of organic materials (e.g., wood, manures, plant remains, food wastes), etc., in a low or zero oxygen environment [8]. It is distinguished from other similar materials and charcoal by virtue of its utilization as a soil amendment [9]. It is most often used to mitigate climate change via sequestration of soil organic carbon in the soil [10]. However, recently it has gained immense momentum for its use as a soil conditioner to improve soil fertility, reduce nutrient losses (mainly nitrate leaching), improve soil water retention, alleviate biotic and abiotic stresses in plants and enhance crop production [11,12]. In addition, a number of reports have acknowledged its stimulating effects on microbial populations and their activities in the soil [13,14]. Moreover, soil application of biochar has been considered as one of the best ways to recycle nutrients and convert biowastes into a useful product with agricultural benefits [8,9,13].



Biochar does so by altering the soil physico-chemical characteristics and by enhancing the availability of limiting nutrients [15]. Despite the fact that biochar has a high potential for improving soil properties, its application effects are further influenced by the type of feedstock, pyrolysis temperature, and rate of application in the soil. For instance, Zheng et al. [16] observed improved soil physico-chemical properties with the application of 0, 1, 2, 4, and 10% biochar. The authors reported an increasing trend of observed properties (soil pH, porosity, N, P, K, and amount of soil organic matter) with increasing biochar rate, suggesting a 10% biochar application rate as the best strategy for improving soil physical–chemical health. Another study by Du et al. [17] reported that biochar application at the rate of 1% enhanced microbial biomass and activity. However, Wang et al. [18] reported low positive effects (0.5%) and negative effects of biochar on microbial properties at (1%) biochar doses. Moreover, the pyrolysis of feedstock for biochar production have shown negative effects on the environment. A soil–water–atmosphere (gas) cycle possibly occurs during biochar production and transportation [19], which causes entry of biochar and its derivatives in unwanted media. Moreover, biochar sometimes contains minute amounts of primary environmental contaminants, such as heavy metals, poly aromatic hydrocarbons, and volatile organic compounds, which upon addition might accumulate in the soil [20,21,22]. These issues, together with soil textural constraints, affect the suitability and efficiency of biochar, which does not always result in positive effects. Therefore, the combination of biochar with other organic amendments, such as manure, has been recommended.



Manures are rich in plant nutrients and are a cheap source for improving soil fertility. Poultry manure production has been increased due to an increase in poultry production [23]. Poultry manure has been recognized as a rich source of nutrients especially N and C [24]. Its application in soil has been reported to enhance soil physico-chemical characteristics and plant biomass [25]. However, direct application of poultry manure on soil results in nitrate leaching and phosphorous runoff into freshwater bodies, which is one of the main environmental concerns of its direct application [26]. To date, many studies have been published on the sole utilization of biochar and/or poultry manure [25,27]. Little information is available on how the addition of poultry manure together with biochar impacts soil physico-chemical and microbiological properties. In particular, the role of manure in improving the efficiency of biochar under different rates has been the least explored, which in the present study constitutes the novelty. Thus, the responses of soil physico-chemical and microbiological health indicators through combined application of poultry manure and different rates of biochar should be further explored. Therefore, in the present study, we took advantage of a poultry rearing farm at Mendel University Brno, Czech Republic, to procure poultry manure and mix it with the biochar produced through the pyrolysis of organic wastes. Using such combinations could improve soil health and be ecologically promising. We thus hypothesized that (i) the sole application of poultry manure would enhance the soil physico-chemical properties, (ii) the combination of poultry manure and biochar at different rates would not only result in increased nutrients and plant biomass but also enhance the soil respirations; however, (iii) the differences in rates of biochar would influence the end point results. Therefore, the specific objectives of the present study were to (i) compare the effects of manure and manure–biochar amendments on soil chemical and health traits and crop biomass accumulation, and (ii) analyze soil basal and substrate-induced respirations and enzyme activities in order to track the changes in microbial functions caused by applied amendments. The results obtained from this work would essentially enhance our understanding of the amendment effects of poultry manure and biochar (at different rates) on main soil health indicators (soil respiration and extracellular enzyme activities), along with their potential for crop production.




2. Materials and Methods


2.1. Procurement of Manure and Preparation of Amendments


Poultry manure was produced at Mendel University in Brno. The biochar was introduced to the manure during the experimental rearing of broilers in the doses 0 wt%, 10 wt%, and 20 wt% of used litter. Used biochar was produced at 650 °C from agricultural waste (cereal bran and chaff, sunflower hulls, fruit peels, and pulp) (Sonnenerde GmbH, Riedlingsdorf, Austria) and had the following basic properties: C 86.6%, N 0.3%, C:N 288.7, pH 8.5, and BET specific surface 288.5 m2·g−1.




2.2. Pot Experiment and Design


The experimental soil was a mixture (1:1, w:w) of a silty clay loam (USDA Textural Triangle) Haplic Luvisol (WRB soil classification) sampled (0–15 cm) near the town of Troubsko, Czech Republic (49°10′28″ N 16°29′32″ E) and a fine quartz sand (0.1–1.0 mm; ≥95% SiO2). The following soil properties of Haplic Luvisol were determined before the start of the experiment: total carbon (TC) 7.0 g·kg−1, total nitrogen (TN) 0.80 g·kg−1, Phosphorous 0.049 g·kg−1, Sulphur (S) 0.073 g·kg−1, Ca (1.60 g·kg−1), Mg (0.118 g·kg−1), and K (0.115 g·kg−1); soil reaction, pH (CaCl2) 7.3.



Fresh manure was matured in bags for 4 months at 14 °C ± 4 °C. Then, matured manure was mixed and applied into 5 kg of soil at a dose of 30 g, equivalent to 10 t∙ha−1. The variants tested in the pot experiment and properties of matured manures are provided in (Table 1). The resulting soil–manure mixture was dosed into 3 replicates per variant (Table 1) and incubated in the greenhouse for 6 weeks before seeding. The incubation conditions were 22/18 °C, 45/60% air relative humidity, and a 12 h photoperiod, with soil moisture maintained at 60% of its water-holding capacity. After 6 weeks of incubation, the soil from all pots of each variant was mixed together and divided into 1 kg batches that were dosed into 1 L pots. All variants were prepared in 8 replications for the pot experiment. All pots were placed in the greenhouse under the same conditions as the incubation and sown with three sprouted lettuce seeds. The lettuce was grown for 7 weeks. At the end of the experiment, the plants were cut at ground level and aboveground biomass (AGB) was dried at 60 °C until a constant weight was obtained and then weighed gravimetrically using laboratory analytical scales to determine the weight of dry above-ground biomass (hereinafter referred to as AGB-dry).




2.3. Soil Analyses


Soil samples were sieved through a sieve with a mesh size of 2 mm. Air-dried samples were used for pH (CaCl2) analysis [28] and for total carbon (TC) and total nitrogen (TN) content determination using the Vario Macro Cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). Freeze-dried samples were assayed for enzymatic activities—β-glucosidase (GLU), phosphatase (Phos), and N-acetyl-β-d-glucosaminidase (NAG)—using methods based on spectrophotometric measurement of coloration evolved from p-nitrophenyl-derivates of respective enzyme substrates [29]. The samples stored at 4 °C were used for determination of dehydrogenase activity (DHA)—using a standard method based on triphenyltetrazolium chloride (TTC) [30]—and soil basal respiration (BR) and substrate induced respirations (IR)—with inductors d-glucose (Glc-IR), l-alanine (Ala-IR), l-arginine (Arg-IR) [31]—using a MicroResp® device (The James Hutton Institute, Aberdeen, UK).




2.4. Statistical Analyses


To evaluate the effects of the applied amendments, the obtained data were statistically analyzed using one-way analysis of variance (ANOVA). The Tukey HSD post hoc test was used to compare treatment means (at a significance level of p = 0.05). Principal component analysis (PCA) was performed to evaluate the mutual relationships between measured variables and applied amendments.





3. Results


3.1. Effects of Amendments on Soil Properties and Plant Biomass


There were no significant changes in soil pH observed after the application of amendments, namely, manure (M), manure + biochar 10% (M + B10), and manure + biochar 20% (M + B20). In all cases, the effect of applied amendments remained statistically non-significant among each other and with control (Figure 1a). The application of M + B20 resulted in the highest total carbon (TC), which was statistically significant compared to control (Figure 1b). This trend was followed by M + B10 and M alone treatments, but they remained statistically non-significant relative to control (Figure 1b). Conversely, there was no clear trend observed for TN contents under the applied amendments (Figure 1c). In the same way, there were no significant differences observed for C:N under the applied amendments (Figure 1d). The application of M + B10, however, yielded a slightly higher C:N ratio compared to other amendments and in the control (Figure 1d). The aboveground plant dry biomass (AGB-dry) was differently affected with the applied amendments. Seemingly, the application of M + B10, M + B20, and M alone resulted in similar increases in AGB-dry as compared to control soil (Figure 1e).




3.2. Effects of Amendments on Soil Microbial Properties


All three amendments yielded variable results regarding different soil enzyme activities. Dehydrogenase activity (DHA) was significantly higher in the soil amended with M + B20 compared to other amendments and the control, while the effects of other amendments remained statistically non-significant to the control (Figure 2a). The β-glucosidase (GLU) activity was significantly higher in the soil amended with M alone than in the soil amended with M + B10 and M + B20, respectively (Figure 2b). Likewise, the soil amended with M showed a significantly higher value for phosphatase (Phos) activity compared to control and other amendments. In the case of urease, the application of M and M + B20 treatments yielded similar values, both of which were significant compared to control and M + B10 as well (Figure 2c). The M treatment also enhanced the activity of N-acetyl-β-d-glucosaminidase (NAG), followed by M + B20 and M + B10 compared to control (Figure 2d).



Surprisingly, the application of M + B20 resulted in the highest basal respiration (BR), which was significantly different than other treatments and control (Figure 3a). Considerable differences were observed for various substrate-induced respirations subjected to different amendments. Specifically, in line with the results of BR, the amendment of soil with M + B20 also enhanced the glucose-induced soil respiration (Glu-IR) and alanine-induced (Ala-IR) which were statistically significant compared with other amendments and control treatment (Figure 3b,c). This was followed by M and M + B10, but the effect of the M + B10 amendment remained non-significant compared to control (Figure 3b,c). Conversely, in the case of arginine-induced respiration (Arg-IR), the significantly highest values were recorded in soil amended with M compared to control. However, the amendment of soil with M + B10 and M + B20 yielded similar but statistically significant differences from control (Figure 3d). The association of Arg-IR in M treatment as shown by PCA further supports this result (Figure 4).




3.3. Results from Principal Component Analysis


The score and loading plots of observed parameters and variants are shown in (Figure 4). Both the extracted components PC1 (hereinafter referred to as Dim 1) and PC2 (hereinafter referred to as Dim 2) accounted for 62.8% variation in the dataset. The applied variants were markedly separated as shown by different colors (Figure 4), showing the positive effects of amendments on the observed attributes. The positive relationship was found among the parameters (NAG, AGB-dry, Ala-IR, TN, Glu-IR, BR, DHA, TC, and C:N) separated by principal component one. While, the principal component two separated mutually positively related parameters (Arg-IR, GLU, Phos, and pH). This clearly shows the displacement of observed parameters under the applied amendments.





4. Discussion


4.1. Effects of Amendments on Soil Physico-Chemical Properties and Plant Biomass


Biochar and manures have been recognized to enhance soil fertility, physical and chemical soil health, and crop production. The soil reaction (pH) is an important soil chemical property and is driven by changes in soil mineral composition, soil nutrient status, and other microbiological characteristics [32]. In the present study, however, the applied amendments, manure alone (M), and combined with various biochar levels as M + B10 and M + B20, did not show any significant changes in soil pH compared to control (Figure 1a). These results are in agreement with the previous results reported by Zahra et al. [33], who reported no significant effects of biochar and compost application on soil pH due to the higher pH of the soil than the pH of applied amendments. The role of biochar on changing soil pH has been inconclusive. Different authors have reported enhanced or reduced pH of the soil due to the application of manure and biochar. For instance, Rehman et al. [34] reported a decreased pH of the soil under the application of manure and composted biochar, while the pH was increased due to the addition of rice-straw- and cotton-stick-derived biochars. This shows that the pH of the soil further depends on the nature and feedstock of the applied biochar and/or manure. Organic amendments have been perceived as enhancing the soil carbon and total nitrogen concentration in the soils [14,35]. We observed enhanced TC content under the combined application of manure and biochar at both levels (M + B10 and M + B20), with the highest increase being observed at the higher biochar level (Figure 1b). The enhanced TC content in the present study might be the result of the direct addition of soil organic carbon (SOC) through applied biochar and manure amendments in the soil and due to the improved soil aggregation. Yang and Lu [36] found that adding biochar to soil increased TC content. The authors argued increased TC content is due to the improved soil aggregate stability and soil aggregation with the addition of biochar. Furthermore, the higher TC content under a higher dose of biochar combined with manure M + B20 can be attributed to the resistance of C in biochar, which resists microbial decomposition after application in soil and thus appears in the TC pool of observed soil [37]. Our results of enhanced TC are in line with the findings of [38], who reported increased C content under the applied biochar and compost amendments. This is consistent with previous research that has established the role of organic amendments (biochar, compost, and manure) in improving C buildup [39,40]. These results were further verified by the strong association of TC with the M + B20 variant as depicted by PCA (Figure 4). In contrast, in the present study, the positive role of amendments in improving TN content was not verified (Figure 1c), and therefore no significant differences were observed for C:N ratio (Figure 1d). We ascribe these changes to the relatively shorter duration of the experiment and to the highly recalcitrant nature of biochar, which in combined treatments M + B10 and M + B20 might have resulted in stabilized N forms and ultimately less mineralizable N in the soil [41].



The present study revealed that the applied amendments positively affected the plant biomass accumulation (Figure 1e). The highest average aboveground dry biomass (AGB-dry) was observed in the pots amended with M + B10, followed by M + B20 and M alone (Figure 1e). These observed effects suggest the positive role of combined application of chicken manure and biochar in improving plant production. Increased plant biomass improves soil nutrient availability and uptake in plants via the combined use of biochar and manure, as previously reported by Cao et al. [42] and Dubey et al. [43]. The enhanced plant growth might also be the outcome resulting from improved soil physical conditions such as water-holding capacity, soil structure, and soil aeration due to applied amendments [44]. This might be the reason for efficient plant biomass production under combined manure plus biochar amendments in the present study.




4.2. Effects of Amendments on Microbial Properties


Organic amendments such as biochar and manures can maintain high microbial biomass and result in higher microbial activities. We found considerable variations in the measured soil enzyme activities subjected to different amendments. The dehydrogenase activity (DHA) was highest in the treatment M + B20, which is suggestive of higher C mineralization potential under this particular treatment. The results of enhanced DHA activity in the present study (Figure 2a) are advocated by previous works of [14], who reported enhanced DHA activity under the addition of biochar and humic substances in the soil. We further ascribe this improved DHA activity to a manure plus biochar mediated enhancement in SOM-degrading microbial communities, which under M + B20 amendment might have proliferated and raised the levels of DHA. In the present study, all other enzymes showed the highest activities under the M amendment compared to control (Figure 2b–d). This shows that manure alone (M) provided easily accessible substrates for microbes, which resultantly enhanced enzyme activities in a pattern similarly observed by [13]. Our results of enhanced C, N, and P acquiring enzymes under manure and, in some cases, manure combined with biochar are in agreement with [45], who reported enhanced soil enzymatic activities under manure alone and/or combined with a low or high dose of biochar. Moreover, Irmak et al. [46] also confirm our results of enhanced microbial enzymes under the application of manure and biochar. The differential responses of all enzymes under manure combined with biochar treatments might be associated with the variable substrate–enzyme interactions in the presence of biochar and to the chemistry of OC derived from biochar and manure [47], which further depend upon biochar surface characteristics and the rate of biochar applied. This is in line with Cardenas-Aguiar et al. [48], who stated that the variations in the measured soil enzymes could be related to the changes in the decomposition rate of the applied substrate (manure and biochar) in the present study.



Soil basal and substrate-induced respirations (SIR) are measures of microbial activity and their potential to mineralize nutrients in soil. The exogenous supply of organic amendments has been recognized to stimulate microbial respiration. In the present study, manure and biochar combinations at different rates showed a stimulating effect on soil basal (BR) and different substrate-induced respirations (Figure 3a–d). In all the cases (except for Arg-IR), we observed the highest respiration values in the soils amended with manure and high rates of biochar (M + B20). These results are in accordance with the previous results by [49], who reported enhanced microbial respiration due to the interactive application of manure and biochar. In line with our findings, another study by Trupiano et al. [40] reported enhanced microbial respiration under the application of manure combined with higher biochar doses. We ascribe these results to the enhanced microbial activity and proliferation due to freshly available C sources in the simultaneous addition of manure [40] and the shielding effect of biochar as the biochar is utilized by microbes as a niche [50]. Additionally, the enhanced sorption of organic substances on the biochar surface might have increased the microbial population [51] and hence eventually resulted in enhanced respiration (Figure 3) in the present study.





5. Conclusions


Soil degradation and a decline in its fertility have been recognized as a serious issue in the face of global climate change. The role of biochar and manures in improving soil productivity in this regard has gained momentum in recent years. This study concluded that all applied amendments, either sole manure, or combined with low and high doses of biochar, differed in their potential to improve soil physico-chemical and biological health indicators but not significantly in the biomass of crop sown in a pot experiment. As predicted, M + B20 enhanced TC content, confirming the C sequestration potential of this particular treatment. The same treatment enhanced the basal- and substrate-induced respirations (except for Arg-IR), which was coupled with enhanced DHA activity. The application of M alone enhanced all other soil enzymes, which is suggestive of the higher nutrient-supplying capacity of M treatment. Moreover, the applied amendments enhanced the AGB-dry of the crop at the same potential. Taken together, these findings suggest that the choice of a suitable amendment is imperative for sustaining soil health and crop benefits. However, the evaluation of direct mechanisms related to manure and biochar surface chemistry and their effects on microbial activities, community composition, and soil nutrient dynamics needs to be further studied under long-term studies in agroecosystems.







Author Contributions


Conceptualization, A.M., M.B., T.H. and J.H.; methodology, M.B., A.K., T.H. and Z.H.; software, A.M. and T.B.; validation, M.B., O.M., J.K. and Z.H.; formal analysis, A.M. and T.H.; investigation, A.K., J.K. and T.H.; resources, O.M., T.B. and J.H.; data curation, A.M., J.H., O.M. and T.B.; writing—original draft preparation, A.M.; writing—review and editing, J.H., T.H., J.K., A.K. and M.B.; visualization, T.H.; supervision, M.B., J.K. and Z.H.; project administration, A.K., J.H., M.B.; funding acquisition, M.B., J.H. and A.K. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by the project of Technology Agency of the Czech Republic TH03030319, by the Ministry of Agriculture of the Czech Republic, institutional support MZE-RO1218, MZE-RO1722 and by Ministry of Education, Youth and Sports of the Czech Republic, grant number FCH-S-22-8001.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data reported in this study was originally generated and can be requested from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Oldeman, L.R.; Hakkeling, R.T.A.; Sombroek, W.G. World Map of the Status of Human-Induced Soil Degradation: An Explanatory Note; International Soil Reference and Information Centre: Wageningen, The Netherlands, 1990. [Google Scholar]

	



Rashid, M.I.; Mujawar, L.H.; Shahzad, T.; Almeelbi, T.; Ismail, I.M.I.; Oves, M. Bacteria and fungi can contribute to nutrients bioavailability and aggregate formation in degraded soils. Microbiol. Res. 2016, 183, 26–41. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Zhou, X.; Luo, Y.; Yang, Y.; Fang, C.; Chen, J.; Li, B. Minor stimulation of soil carbon storage by nitrogen addition: A meta-analysis. Agric. Ecosyst. Environ. 2011, 140, 234–244. [Google Scholar] [CrossRef]

	



Wu, J.; He, S.; Liang, Y.; Li, G.; Li, S.; Chen, S.; Nadeem, F.; Hu, J. Effect of phosphate additive on the nitrogen transformation during pig manure composting. Environ. Sci. Pollut. Res. 2017, 24, 17760–17768. [Google Scholar] [CrossRef] [PubMed]

	



Mustafa, A.; Naveed, M.; Saeed, Q.; Ashraf, M.N.; Hussain, A.; Abbas, T.; Kamran, M.; Minggang, X. Application potentials of plant growth promoting rhizobacteria and fungi as an alternative to conventional weed control methods. In Sustainable Crop Production; IntechOpen: London, UK, 2019. [Google Scholar]

	



Khan, A.; Lal, R. Potential for Carbon Sequestration in the Soils of Afghanistan and Pakistan. In Climate Change and Terrestrial Carbon Sequestration in Central Asia; CRC Press: Boca Raton, FL, USA, 2007; pp. 235–250. [Google Scholar]

	



Sadaf, J.; Shah, G.A.; Shahzad, K.; Ali, N.; Shahid, M.; Ali, S.; Hussain, R.A.; Ahmed, Z.I.; Traore, B.; Ismail, I.M.; et al. Improvements in wheat productivity and soil quality can accomplish by co-application of biochars and chemical fertilizers. Sci. Total Environ. 2017, 607, 715–724. [Google Scholar] [CrossRef] [PubMed]

	



Elzobair, K.A.; Stromberger, M.E.; Ippolito, J.A.; Lentz, R.D. Contrasting effects of biochar versus manure on soil microbial communities and enzyme activities in an Aridisol. Chemosphere 2016, 142, 145–152. [Google Scholar] [CrossRef]

	



Lehmann, J.; Joseph, S. Biochar for environmental management: An introduction. In Biochar for Environmental Management: Science and Technology; Lehmann, J., Joseph, S., Eds.; Earthscan: London, UK, 2009; pp. 1–12. [Google Scholar]

	



Lehmann, J.; Joseph, S. (Eds.) Biochar for Environmental Management: Science, Technology and Implementation; Routledge: Abingdon, UK, 2015. [Google Scholar]

	



Bass, A.M.; Bird, M.I.; Kay, G.; Muirhead, B. Soil properties, greenhouse gas emissions and crop yield under compost, biochar and co-composted biochar in two tropical agronomic systems. Sci. Total Environ. 2016, 550, 459–470. [Google Scholar] [CrossRef] [PubMed]

	



Marks, E.A.; Mattana, S.; Alcañiz, J.M.; Pérez-Herrero, E.; Domene, X. Gasifier biochar effects on nutrient availability, organic matter mineralization, and soil fauna activity in a multi-year Mediterranean trial. Agric. Ecosyst. Environ. 2016, 215, 30–39. [Google Scholar] [CrossRef]

	



Foster, E.J.; Hansen, N.; Wallenstein, M.; Cotrufo, M.F. Biochar and manure amendments impact soil nutrients and microbial enzymatic activities in a semi-arid irrigated maize cropping system. Agric. Ecosyst. Environ. 2016, 233, 404–414. [Google Scholar] [CrossRef]

	



Holatko, J.; Bielska, L.; Hammerschmiedt, T.; Kucerik, J.; Mustafa, A.; Radziemska, M.; Kintl, A.; Baltazar, T.; Latal, O.; Brtnicky, M. Cattle Manure Fermented with Biochar and Humic Substances Improve the Crop Biomass, Microbiological Properties and Nutrient Status of Soil. Agronomy 2022, 12, 368. [Google Scholar] [CrossRef]

	



Khadem, A.; Raiesi, F. Influence of biochar on potential enzyme activities in two calcareous soils of contrasting texture. Geoderma 2017, 308, 149–158. [Google Scholar] [CrossRef]

	



Zheng, X.; Song, W.; Guan, E.; Wang, Y.; Hu, X.; Liang, H.; Dong, J. Response in Physicochemical Properties of Tobacco-Growing Soils and N/P/K Accumulation in Tobacco Plant to Tobacco Straw Biochar. J. Soil Sci. Plant Nutr. 2020, 20, 293–305. [Google Scholar] [CrossRef]

	



Du, Z.J.; Xiao, Y.T.; Qi, X.B.; Liu, Y.A.; Fan, X.Y.; Li, Z.Y. Peanutshell biochar and biogas slurry improve soil properties in the North China Plain: A four-year feld study. Sci. Rep. 2018, 14, 1032. [Google Scholar] [CrossRef]

	



Wang, D.; Felice, M.L.; Scow, K.M. Impacts and interactions of biochar and biosolids on agricultural soil microbial communities during dry and wet-dry cycles. Appl. Soil Ecol. 2020, 152, 103570. [Google Scholar] [CrossRef]

	



Chen, H.; Zhou, Y.; Zhao, H.; Li, Q. A comparative study on behavior of heavy metals in pyrochar and hydrochar from sewage sludge. Energy Sources Part A Recovery Util. Environ. Eff. 2018, 40, 565–571. [Google Scholar] [CrossRef]

	



Visioli, G.; Conti, F.D.; Menta, C.; Bandiera, M.; Malcevschi, A.; Jones, D.L.; Vamerali, T. Assessing biochar ecotoxicology for soil amendment by root phytotoxicity bioassays. Environ. Monit. Assess. 2016, 188, 166. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yang, R.; Si, X.; Duan, X.; Quan, X. The adverse effect of biochar to aquatic algae- the role of free radicals. Environ. Pollut. 2019, 248, 429–437. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, L.; Liu, S.; Ye, S.; Yang, H.; Song, B.; Qin, F.; Shen, M.; Tan, C.; Zeng, G.; Tan, X. Potential hazards of biochar: The negative environmental impacts of biochar applications. J. Hazard. Mater. 2021, 420, 126611. [Google Scholar] [CrossRef]

	



Garrido, M.S.; Menezes, R.S.C.; Sampaio, E.V.S.B.; Marques, T.R.R.; Olszevski, N. Accumulation and apparent recovery of N, P and K after the incorporation of gliricidia and manure in intercropping during the cultivation of corn–cowpea–cotton. Nutr. Cycl. Agroecosystems 2017, 2, 187–196. [Google Scholar] [CrossRef]

	



Bohara, H.; Dodla, S.; Wang, J.J.; Darapuneni, M.; Acharya, B.S.; Magdi, S.; Pavuluri, K. Influence of poultry litter and biochar on soil water dynamics and nutrient leaching from a very fine sandy loam soil. Soil Tillage Res. 2019, 189, 44–51. [Google Scholar] [CrossRef]

	



Adekiya, A.O.; Agbede, T.M.; Aboyeji, C.M.; Dunsin, O.; Simeon, V.T. Effects of biochar and poultry manure on soil characteristics and the yield of radish. Sci. Hort. 2019, 243, 457–463. [Google Scholar] [CrossRef]

	



Moore, P.A.; Daniel, T.C.; Sharpley, A.N.; Wood, C.W. Poultry manure management: Environmentally sound options. J. Soil Water Conserv. 1995, 50, 321–327. [Google Scholar]

	



Abd El-Kader, A.A.; Shaaban, S.M.; El-Fattah, M.S.A. Effect of irrigation levels and organic compost on okra plants (Abelmoschus esculentus) grown in sandy calcareous soil. Agric. Biol. J. N. Am. 2010, 1, 225–231. [Google Scholar] [CrossRef]

	



ISO_10390; Soil Quality—Determination of ph. International Organization for Standardization: Geneva, Switzerland, 2005.

	



ISO_20130; Soil Quality—Measurement of Enzyme Activity Patterns in Soil Samples Using Colorimetric Substrates in Micro-Well Plates. International Organization for Standardization: Geneva, Switzerland, 2018.

	



Małachowska-Jutsz, A.; Matyja, K. Discussion on methods of soil dehydrogenase determination. Int. J. Environ. Sci. Technol. 2019, 16, 7777–7790. [Google Scholar] [CrossRef]

	



Campbell, C.D.; Chapman, S.J.; Cameron, C.M.; Davidson, M.S.; Potts, J.M. A rapid microtiter plate method to measure carbon dioxide evolved from carbon substrate amendments so as to determine the physiological profiles of soil microbial communities by using whole soil. Appl. Environ. Microbiol. 2003, 69, 3593–3599. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, Z.; Bahar, M.; Sarkar, B.; Donne, S.W.; Ok, Y.S.; Palansooriya, K.N.; Kirkham, M.B.; Chowdhury, S.; Bolan, N. Biochar and its importance on nutrient dynamics in soil and plant. Biochar 2020, 2, 379–420. [Google Scholar] [CrossRef]

	



Zahra, M.B.; Aftab, Z.E.H.; Akhter, A.; Haider, M.S. Cumulative effect of biochar and compost on nutritional profile of soil and maize productivity. J. Plant Nutr. 2021, 44, 1664–1676. [Google Scholar] [CrossRef]

	



Rehman, I.; Riaz, M.; Ali, S.; Arif, M.S.; Ali, S.; Alyemeni, M.N.; Alsahli, A.A. Evaluating the Effects of Biochar with Farmyard Manure under Optimal Mineral Fertilizing on Tomato Growth, Soil Organic C and Biochemical Quality in a Low Fertility Soil. Sustainability 2021, 13, 2652. [Google Scholar] [CrossRef]

	



Mustafa, A.; Hu, X.; Abrar, M.M.; Shah, S.A.A.; Nan, S.; Saeed, Q.; Kamran, M.; Naveed, M.; Conde-Cid, M.; Hongjun, G.; et al. Long-term fertilization enhanced carbon mineralization and maize biomass through physical protection of organic carbon in fractions under continuous maize cropping. Appl. Soil Ecol. 2021, 165, 103971. [Google Scholar] [CrossRef]

	



Yang, C.D.; Lu, S.G. Effects of five different biochars on aggregation, water retention and mechanical properties of paddy soil: A field experiment of three-season crops. Soil Tillage Res. 2021, 205, 104798. [Google Scholar] [CrossRef]

	



Wang, J.; Xiong, Z.; Kuzyakov, Y. Biochar stability in soil: Meta-analysis of decomposition and primingeffects. Global Change Biology Bioenergy. 2016, 8, 512–523. [Google Scholar] [CrossRef]

	



Frimpong, K.A.; Amoakwah, E.; Osei, B.A.; Arthur, E. Changes in soil chemical properties and lettuce yield response following incorporation of biochar and cow dung to highly weathered acidic soils. J. Organic Agri. Environ. 2016, 4, 28–39. [Google Scholar]

	



Mustafa, A.; Minggang, X.; Shah, S.A.; Abrar, M.M.; Nan, S.; Baoren, W.; Zejiang, C.; Saeed, Q.; Naveed, M.; Mehmood, K.; et al. Soil aggregation and soil aggregate stability regulate organic carbon and nitrogen storage in a red soil of southern China. J. Environ. Manag. 2020, 270, 110894. [Google Scholar] [CrossRef] [PubMed]

	



Trupiano, D.; Cocozza, C.; Baronti, S. Effects of biochar and its combination with compost onlettuce (Lactuca sativa L.) growth, soil properties, and soil microbial activity and abundance. Hindawi. Int. J. Agron. 2017, 2017, 3158207. [Google Scholar] [CrossRef]

	



Masto, R.E.; Ansari, M.A.; George, J.; Selvi, V.A.; Ram, L.C. Co-application of biochar and lignite fly ash on soil nutrients and biological parameters at different crop growth stages of Zea mays. Ecol. Eng. 2013, 58, 314–322. [Google Scholar] [CrossRef]

	



Cao, Y.; Bai, M.; Han, B.; Impraim, R.; Butterly, C.; Hu, H.; He, J.; Chen, D. Enhanced nitrogen retention by lignite during poultry litter composting. J. Clean. Prod. 2020, 277, 10. [Google Scholar] [CrossRef]

	



Dubey, R.K.; Dubey, P.K.; Abhilash, P. Sustainable soil amendments for improving the soil quality, yield and nutrient content of Brassica juncea (L.) grown in different agroecological zones of eastern Uttar Pradesh, India. Soil Tillage Res. 2019, 195, 11. [Google Scholar] [CrossRef]

	



Al-Omran, A.; Ibrahim, A.; Alharbi, A. Evaluating the impact of combined application of biochar and compost on hydro-physical properties of loamy sand soil. Commun. Soil Sci. Plant Anal. 2019, 50, 2442–2456. [Google Scholar] [CrossRef]

	



Hammerschmiedt, T.; Holatko, J.; Kucerik, J.; Mustafa, A.; Radziemska, M.; Kintl, A.; Malicek, O.; Baltazar, T.; Latal, O.; Brtnicky, M. Manure Maturation with Biochar: Effects on Plant Biomass, Manure Quality and Soil Microbiological Characteristics. Agriculture 2022, 12, 314. [Google Scholar] [CrossRef]

	



Irmak Yilmaz, F. Impact of biochar and animal manure on some biological and chemical properties of soil. Appl. Ecol. Environ. Res. 2019, 17, 8865–8876. [Google Scholar] [CrossRef]

	



Mate, C.H.; Mukherjee, I.; Das, S.K. Persistence of spiromesifen in soil: Influence of moisture, light, pH and organic amendment. Environ. Monit. Assess. 2015, 187, 1–12. [Google Scholar] [CrossRef]

	



Cárdenas-Aguiar, E.; Méndez, A.; Paz-Ferreiro, J.; Gascó, G. The Effects of Rabbit Manure-Derived Biochar on Soil Health and Quality Attributes of Two Mine Tailings. Sustainability 2022, 14, 1866. [Google Scholar] [CrossRef]

	



Rogovska, N.; Laird, D.; Cruse, R.; Fleming, P.; Parkin, T.; Meek, D. Impact of Biochar on Manure Carbon Stabilization and Greenhouse Gas Emissions. Soil Sci. Soc. Am. J. 2011, 75, 871–879. [Google Scholar] [CrossRef]

	



Häring, V.; Manka’abusi, D.; Akoto-Danso, E.K.; Werner, S.; Atiah, K.; Steiner, C.; Lompo, D.J.P.; Adiku, S.; Buerkert, A.; Marschner, B. Effects of biochar, wastewater irrigation and fertilization on soil properties in West African urban agriculture. Sci. Rep. 2017, 7, 10738. [Google Scholar] [CrossRef] [PubMed]

	



Jin, H.; Lehmann, J.; Thies, J.E. Soil Microbial Community Response to Amending Maize Soils with Maize Stover Charcoal. In Proceedings of the 2008 Conference of International Biochar Initiative, Newcastle, UK, 10 September 2008; pp. 8–10. [Google Scholar]








[image: Agronomy 12 02307 g001 550] 





Figure 1. The effects of different amendments on: (a) soil pH; (b) total carbon; (c) total nitrogen; (d) carbon: nitrogen ratio; and (e) aboveground dry biomass of lettuce in a pot experiment. Different lowercase letters represent statistical difference at p = 0.05, (n = 3). 
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Figure 2. The effects of different amendments on: (a) dehydrogenase activity; (b) β-glucosidase activity; (c) phosphatase activity; and (d) N-acetyl-β-d-glucosaminidase. Different lowercase letters represent statistical difference at p = 0.05, (n = 3). 
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Figure 3. The effects of different amendments on: (a) basal respiration; (b) d-glucose-induced respiration; (c) l-alanin induced respiration; and (d) l-arginine-induced respiration. Different lowercase letters represent statistical difference at p = 0.05, (n = 3). 
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Figure 4. Principle component analysis (PCA) biplot of observed variants. Abbreviations are: AGB-dry, aboveground dry biomass; pH, soil reaction (CaCl2); TN, total nitrogen; TC, total carbon; C:N, ratio of carbon to nitrogen; DHA, dehydrogenase activity; Glu, β-glucosidase activity; Phos, phosphatase activity; NAG, N-acetyl-β-d-glucosaminidase; BR, basal respiration; Glu-IR, d-glucose-induced respiration; Ala-IR, l-alanin-induced respiration, Arg-IR, l-arginine-induced respiration. 
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Table 1. The tested variants in the pot experiment and manure properties (in fresh matter).
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	Variant
	Variant Code
	pH [-]
	C [%]
	N [%]
	C:N [-]





	I.
	Control without manure
	Control
	-
	-
	-
	-



	II.
	Manure
	M
	6.5
	20.1
	1.1
	18.2



	III.
	Manure + biochar 10%
	M + B10
	6.9
	26.4
	1.5
	17.4



	IV.
	Manure + biochar 20%
	M + B20
	7.1
	35.9
	2.0
	17.5
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