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Editorial on the Research Topic 


Integrated nutrients management: an approach for sustainable crop production and food security in changing climates





Introduction

In an era of shifting climates and evolving agricultural paradigms, the need for sustainable approaches to crop production and food security has become paramount. This Research Topic, titled “Integrated Nutrients Management for Sustainable Crop Production and Food Security in Changing Climates,” presents a collection of pioneering research that addresses the intricate relationship between INM, soil health, and global agricultural sustainability in the context of changing climates (Amanullah, 2017; Amanullah and Fahad, 2018). The issue has been meticulously curated under the editorial guidance of Amanullah, Gabrijel Ondrasek, and Abdel Rahman Al-Tawaha, with the aim of contributing to the advancement of agriculture in a changing world by emphasizing the critical role of INM in increasing crop productivity, reducing fertilizer costs, and solving food security challenges.





INM and soil health

Integrated Nutrient Management (INM) plays a pivotal role in enhancing soil health, particularly in the context of changing climates. INM's holistic approach involves the synergistic use of organic, chemical, and bio-fertilizers. By maintaining a balanced nutrient profile and fostering beneficial microbial communities in the soil, INM contributes to improved soil structure and fertility (FAO and ITPS, 2016). This is essential for adapting to climate variability, as healthier soils are better equipped to withstand extreme weather events and support sustained crop production (Krasilnikov et al., 2022).





INM and crop productivity

INM is intrinsically linked to increased crop productivity, a critical aspect of food security in a changing climate. By optimizing nutrient availability to crops, INM ensures that plants receive the essential elements they need for growth and development (Amanullah et al., 2019a; Amanullah et al., 2019b). The judicious use of organic matter, bio-fertilizers, and targeted nutrient applications enhances crop yield and resilience, ultimately leading to higher agricultural productivity. This boost in productivity is vital to meet the growing global demand for food while mitigating the impacts of climate change on crop production.





INM and costs of chemical fertilizers

One of the primary benefits of INM is its potential to reduce the reliance on expensive chemical fertilizers. With climate change exacerbating resource constraints and increasing fertilizer costs, the adoption of INM practices can be cost-effective for farmers (Amanullah et al., 2020; Amanullah et al., 2021). By incorporating organic materials and bio-fertilizers, INM allows for more efficient nutrient utilization, minimizing the need for excessive chemical inputs. This not only lowers production costs but also promotes sustainable agricultural practices, which are essential in a changing climate (Khan et al., 2022; Imran and Amanullah, 2023).





INM and food security

Food security is inextricably linked to INM, especially in the face of climate change-induced challenges. INM practices contribute to higher crop yields, ensuring a stable food supply (Khalid et al., 2022). By maintaining soil fertility, INM helps safeguard agricultural productivity against climate-related shocks, such as droughts and floods. Additionally, the sustainable nature of INM reduces the environmental impact of agriculture, preserving ecosystems and safeguarding the long-term availability of food resources (Nadia et al., 2023).





INM and climate change adaptation

As climate change alters temperature and precipitation patterns, INM emerges as a valuable tool for climate change adaptation in agriculture. INM practices help crops better withstand environmental stressors like heat and water scarcity by enhancing their resilience (Krasilnikov et al., 2022). Moreover, the reduced carbon footprint associated with INM aligns with global efforts to mitigate climate change. By sequestering carbon in soils and reducing greenhouse gas emissions from synthetic fertilizers, INM contributes to a more sustainable and climate-resilient agricultural system (FAO and ITPS, 2016).

These integrated approaches are essential for addressing the complex challenges posed by changing climates and ensuring a resilient and food-secure future.





Articles and insights

This Research Topic features 12 articles that collectively illuminate various dimensions of INM’s impact on sustainable agriculture. The diverse research contributions delve into vital aspects of agricultural sustainability, exploring novel solutions that extend from nano-technological interventions to organic waste management.

Here are insights from all 12 articles published in the Research Topic on Integrated Nutrient Management (INM), along with their relevance to soil health, crop productivity, lower costs of chemical fertilizers, food security, and climate change, while also including information related to yield and food security:




Eco-friendly disease management

Khan et al. demonstrate the potential of eco-friendly IONPs synthesized from M. spicata in combatting late blight disease. This research offers an eco-conscious approach to disease control, reducing yield losses and contributing to food security. It also aligns with sustainable agriculture by minimizing chemical pesticide usage and preserving soil health.





Enhancing manure quality

Holatko et al. explore co-composting cattle manure with biochar and elemental sulfur. This strategy not only enhances soil microbiological characteristics but also improves manure quality. Better-quality manure means improved nutrient content for crops, higher yields, and reduced reliance on synthetic fertilizers, contributing to food security.





Transitioning to biological fertilizers

Abdo et al. advocate for shifting from chemical fertilizers to biological fertilizers and growth stimulants. Their research underscores the positive impact of these alternatives on crop yield and soil health, promoting higher productivity and food security while reducing environmental impact.





Alternative fertilization

Dombinov et al. investigate sugarcane bagasse ash (SCBA) as a potential fertilizer for soybeans. SCBA's nutrient-rich composition offers a sustainable alternative to traditional fertilizers, reducing costs, and ensuring a stable yield, contributing to food security.





Flooding stress tolerance

Yijun et al. explore strategies to enhance flooding stress tolerance in soybean. This research provides insights into mitigating climate-induced challenges, ensuring crop productivity, and safeguarding food security even in adverse environmental conditions.





Precision agriculture

Li et al. introduce unmanned aerial vehicle (UAV) multispectral imaging for efficient plant nutrient deficiency diagnosis. This technology enhances precision agriculture practices, optimizing nutrient management, and crop yield, ultimately supporting food security.





Phosphorus and manure integration

Jamal et al. emphasize the integrated use of phosphorus fertilizer and farmyard manure for improving wheat productivity. This approach can reduce reliance on synthetic phosphorus fertilizers, lower production costs, and ensure a stable wheat yield, contributing to food security.





Nanomaterials in agriculture

Hammerschmiedt et al. explore the effects of graphene oxide and elemental nano-sulfur on soil biological properties and lettuce plant biomass. This research showcases the potential of nanomaterials in sustainable agriculture, with implications for soil health, higher crop productivity, and food security.





Organic manure alternatives

Lee et al. highlight the value of Hanwoo manure as an organic alternative to chemical fertilizers. This research offers a sustainable pathway to maintaining soil fertility, increasing crop yield, and ensuring food security while reducing the environmental impact.





Tillage and mowing strategies

Du et al. uncover the impact of tillage methods and mowing time on Cyperus esculentus cultivation. This study provides insights into sustainable practices for specific crops, which are critical for climate-resilient agriculture, higher yields, and food security.





Improving soil microbial communities

Guo et al. focus on the transformative role of biochar from organic waste in enhancing soil fertility and citrus growth on acid red soil. Improved soil health and fertility contribute to increased crop yield and food security, while the use of organic waste aligns with sustainability.





Alleviating root rot

Tagele et al. investigate cow dung's potential as a soil amendment to alleviate ginseng root rot. By enhancing soil health and crop resilience, this research supports higher yields and food security in the face of changing climates.

These insights collectively underscore the multidimensional benefits of INM, ranging from improved soil health and higher crop productivity to reduced costs, enhanced food security, and resilience to climate change. Adopting INM practices is a crucial step towards achieving sustainable agriculture and ensuring a stable food supply in a changing world.






Conclusion and future prospects

This Research Topic underscores the pivotal role of INM in promoting sustainable agriculture, improving soil health, and ensuring global food security in the context of changing climates. The findings collectively support the notion that INM is a fundamental strategy to enhance soil fertility, health, and resilience, which is crucial in the face of climate variability. As research continues to evolve, precision agriculture technologies, genetic diversity preservation, and innovative practices promise to shape a future where sustainable agriculture is the cornerstone of food security, even amidst the challenges posed by changing climates.
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Improvement of manure by co-composting with other materials is beneficial to the quality of the amended soil. Therefore, the manure was supplied with either biochar, elemental sulphur or both prior to fermentation in 50 L barrels for a period of eight weeks. The manure products were subsequently analyzed and used as fertilizers in a short-term pot experiment with barley fodder (Hordeum vulgare L.). The experiment was carried out under controlled conditions in a growth chamber for 12 weeks. The sulphur-enriched manure showed the lowest manure pH and highest ammonium content. The co-fermentation of biochar and sulphur led to the highest sulphur content and an abundance of ammonium-oxidizing bacteria in manure. The biochar+sulphur-enriched manure led to the highest dry aboveground plant biomass in the amended soil, whose value was 98% higher compared to the unamended control, 38% higher compared to the variant with biochar-enriched manure and 23% higher compared to the manure-amended variant. Amendment of the sulphur-enriched manure types led to the highest enzyme activities and soil respirations (basal, substrate-induced). This innovative approach to improve the quality of organic fertilizers utilizes treated agricultural waste (biochar) and a biotechnological residual product (elementary sulphur from biogas desulphurization) and hence contributes to the circular economy.




Keywords: manure enrichment, soil nutrients, organic matter, soil amendments, fertilizers, modified biochar



1 Introduction

Widely observed soil degradation is currently one of the main global concerns. It is caused by a combination of natural and anthropogenic detrimental processes, such as pollution, deforestation and consequences of poor land management and unsustainable agricultural practices: wind and water erosion, physicochemical changes as compaction, salinization, acidification, loss of soil organic matter (SOM) and nutrients (Virto et al., 2014; Tetteh, 2015; EC, European Commission, 2021). Additionally, agriculture intensification, driven by a necessity to meet human needs, has resulted in serious threats of soil pollution, environmental degradation and climate change (Lal, 2020).

The loss of SOM is closely related to the decline in soil fertility and the biological function of soils (Lal, 2009). Application of organic fertilizers in this regard can restore and preserve the sustainable SOM content in soil (Liu et al., 2011). Farmyard manure is the most common type of organic fertilizer. It plays a significant role in maintaining high quality healthy arable soils and sustainable agriculture (Kirchmann and Thorvaldsson, 2000). According to the recent literature, manure application to agricultural soil has a positive effect on the build-up of SOM and thus improves the soil structure as well as the intrinsic fertility of the soils (Mustafa et al., 2020; Mustafa et al., 2021). In addition, manure application may significantly increase the soil water storage and crop yield and has a positive effect on soil microbial activity (Wang et al., 2016; Hoover et al., 2019; Ashraf et al., 2021). It represents a good source of nutrients, especially carbon (C), nitrogen (N), phosphorus (P) and minerals, for both plants and soil organisms, including microbes (Qaswar et al., 2019). However, the properties of manure are variable and depend mainly on the type of livestock, bedding material and the conditions of fermentation, which can be modified to achieve the intended quality of product (Naveed et al., 2021).

Therefore, amendment of soil with manure as the primary source of organic matter, enriched with biochar and elemental sulphur (S), has brought promising results in previous studies. Fermentation of biochar-enriched manure mitigated emissions of greenhouse gases (Rogovska et al., 2011; Maurer et al., 2017), ammonia (Janczak et al., 2017), prevented nutrient losses (Hagemann et al., 2018). Biochar addition modified the thermodynamics and heat generation in the fermentation process (Czekała et al., 2016) and changed the content and functional diversity of microorganisms (He et al., 2018), as well as microbial mineralization (Jindo et al., 2012) in manure.

Moreover, the effect of S on manure composting is the subject of several studies in the recent literature. Sulphur is not only a useful nutrient for microorganisms and plants (Skwierawska et al., 2016; Bouranis et al., 2019), but also serves as soil conditioner improving the physicochemical properties of soil (Skwierawska et al., 2008; Abou Hussien et al., 2020). It has also been shown to increase crop yields (Soltanaeva et al., 2018). The S deficiency in Europe’s agricultural soils is linked to a significant decline in sulphur dioxide (SO2) emissions, which have been reduced by 70–80% over the last 30 years (Hoesly et al., 2018). For example, the available results of soil analyses carried out in the Czech Republic show that 85% of samples have low S content (Kulhánek et al., 2018). The effect of elemental S (upon the combined treatments with manure or biochar) on manure quality, soil properties and plant growth has been reported in only a few studies, e.g. (Mahimairaja et al., 1994b; de la Fuente et al., 2007; Godlewska, 2018b), and thus has left room for further studies. Moreover, the amendment of co-composted manure with elemental S may significantly alter soil enzyme activity (Malik et al., 2021), with a putative benefit of increased rate of nutrient transformation via enhancement of microbial activity and abundance by combination of external organic matter and elemental S amendment (Hammerschmiedt et al., 2021; Malik et al., 2021). Biochar addition to soil was also referred to affect activity of nutrient-transforming enzymes in soil not only negatively (Li et al., 2018; Song et al., 2019), but also positively (Azeem et al., 2019; Zhang et al., 2021). The novelty of this research lies in the pre-maturation enrichment of manure with elemental S, which is assumed to be promoted during the manure fermentation to the accelerated transformation into plant-available form and modulated in this process by a presence of biochar.

The objectives of this study were to evaluate (I) the impact of manure enrichment (prior to fermentation) with biochar, elemental S and a combination of both on the fertilizing properties of produced manure types, (II) the effect of soil amendment with these various manure types on the chemical and biological properties (i.e. activity of nutrient-transforming soil enzymes), and biomass of a test crop, barley fodder (Hordeum vulgare L.). It was hypothesized that the acidifying effect of elemental S would counteract the alkalizing effect of biochar in the case of their co-fermentation in manure, and that it could modify the biological properties of manure via S oxidation-promoted nutrient mineralization, accompanied by reduced ammonia emission.



2 Materials and methods


2.1 Collection, preparation, and analysis of modified manure

Animal manure was collected from a cattle-breeding farm of Research Institute for Cattle Breeding Ltd., located in the village of Rapotin, Czech Republic, Central Europe (49°58’46.4” N, 17°0’26,6” E). Experimental matured manure was prepared in the 50 L sealable containers (three containers per variant), filled with 10 kg of collected manure, which was (optionally) mixed with biochar and elemental S to create four experimental variants: [M] manure, [M+B] manure + biochar (40 g·kg-1), [M+S] manure + elemental S (1.4 g·kg-1), [M+B+S] manure + biochar (40 g·kg-1) + elemental S (1.4 g·kg-1). Each variant was prepared in three replicates. Used biochar was produced from agricultural waste at 600°C (Sonnenerde GmbH, Riedlingsdorf, Austria), and its properties were according the analyses of manufacturer as follows: elements (in g·kg-1) - C 866, N 3.0, O 10.0, H 14.2; Ash550°C 11.7%, salts 0.42%, pH (CaCl2) 8.5. Elemental S was a waste product obtained during desulphurization of biogas at sugar factory biogas plant in THIOPAQ scrubber (Paques, Netherlands).

The activation process ran for eight weeks at a laboratory-controlled temperature (20 ± 2°C) at stable air humidity (measured weekly). At the end of the process, a mixed sample from each variant was taken and analyzed. Manure pH in CaCl2 was determined according to (ISO 10390:2005); total Kjeldahl nitrogen (TKN) was determined according to (ISO 11261:1995); and ammonium nitrogen (N-NH4) was measured according to (ISO 15476:2009). The available P was determined according to (Egnér et al., 1960); dry matter (DM) was measured gravimetrically (Hoskins et al., 2003); and organic C (Corg) was measured according to (EN 15936:2012). Total S was determined according to (EN 15749:2009), ammonium-oxidizing bacteria (AOB) according to (Rotthauwe et al., 1997), denitrifying microorganisms (nirS) according to (Kandeler et al., 2006) and S-reducing microorganisms (dsr) according to (Ben-Dov et al., 2007).



2.2 Pot experiment

All four produced manure types were used as soil amendments in pot experiments with barley fodder (Hordeum vulgare L.) as a test crop. All experimental pots (volume 5 L) were filled with soil substrate: fine quartz sand (0.1–1.0 mm) mixed with sieved (2.0 mm) topsoil (0–15 cm) from the rural area near the town of Troubsko, Czech Republic - 49°10’28”N 16°29’32”E in ratio 1:1, w/w. The soil was a silty clay loam (according to USDA Textural Triangle), Haplic Luvisol [according to WRB soil classification (FAO, Food and Agriculture Organization of the United Nations, 2014)], and its properties were as follows: soil macronutrients (g·kg-1) - total C 14.00, total N 1.60 - available nutrients (mg·kg-1) - P 97, S 100, Ca 3259, Mg 236, K 231; mineral N forms (mg·kg-1) – Nmin 62.84, N-NO3 56.80, N-NH4 6.04; pH (CaCl2) 7.3.

The four pot experimental variants were made by thoroughly mixing a soil:sand blend (5 kg) with the particular manure type in amounts of 200 g per pot (the manure amount being equal to 50 t·ha-1). An unamended control contained only 5 kg of soil:sand blend. The treatments included (1) control, (2) manure (M), (3) manure + biochar (M+B), (4) manure + elemental S (M+S), (5) manure + biochar + elemental S (M+B+S). Each variant was prepared in five replicates. Each pot was sown with 16 barley seeds 2 cm under the soil surface and was watered with distilled water to achieve 65% water-holding capacity (WHC). This moisture level was maintained throughout the entire experiment. All pots were placed randomly into a growth chamber (CLF Plant Climatics GmbH, Germany). Controlled conditions were set as follows: 12-hours photoperiod, light intensity 20 000 lx, temperature (day/night) 20/12°C, relative air humidity (day/night) 45%/70%. After 14 days, the number of plants was reduced to 12 in each pot. Moreover, the pots were randomly rotated every other day to ensure the homogeneity of the conditions for the treatments.



2.3 Plant biomass measurements

The barley plants were grown for 12 weeks. After that, the shoots were cut at the ground level, washed with distilled water (Iocoli et al., 2019), and dried at 60°C until a constant weight was obtained. The dry aboveground biomass (AGB) was determined gravimetrically using the analytical scales.



2.4 Post-harvest soil characterization and statistical analysis

The soil samples were taken after the harvesting of AGB of barley. The homogenization of the samples was done by sieving through a 2 mm mesh. The samples for the enzyme activity assays (ISO 20130:2018) – β-glucosidase (GLU), arylsulfatase (ARS), phosphatase (Phos), N-acetyl-β-D-glucosaminidase (NAG) and urease (Ure) – were freeze-dried. The samples stored at 4°C were used for determination of dehydrogenase activity (DHA), soil basal (BR) and substrate induced respirations (Campbell et al., 2003): D-glucose (Glc-SIR), D-trehalose (Tre-SIR), citric acid (Cit-SIR), N-acetyl-β-D-glucosamine (NAG-SIR), L-alanine (Ala-SIR), L-lysine (Lys-SIR) and L-arginine (Arg-SIR). The total soil carbon (TC) and nitrogen (TN) content (ISO 10694:1995, ISO 13878:1998) were analyzed using air-dried samples.

DHA was measured by 2,3,5-triphenyltetrazolium chloride (TTC)-based method. The p-nitrophenol (PNP)-derivatives of the specific soil substrates were used for Vis spectrophotometric measurement (Infinite M Nano, Tecan Trading AG, Switzerland) at Λ = 405 nm (β-glucosidase, arylsulfatase, phosphatase, and N-acetyl-β-D-glucosaminidase). Urease activity was determined as an amount of ammonium produced from the substrate urea, detected Vis spectrophotometrically by the reagent cyanurate (Λ = 650 nm). Other soil properties were determined by the standard methods and the data obtained was statistically analyzed as listed in (Table 1).


Table 1 | Determined soil properties, methods used for measurement and statistics, relevant references.



The Shapiro–Wilk and the Levene tests (at p ≤ 0.05) were performed for the verification of normality and homogeneity of variances. Principal component analysis (PCA), and one-way analysis of variance (ANOVA) type I (sequential) sum of squares at 5% significance level were used for characterization of relationship between the treatments and selected soil properties. Tukey’s HSD (honestly significant difference) test was used for detection the statistically significant difference among factor level means, and “treatment contrast” was calculated as factor level means for each treatment. The results were also graphically presented with Rohlf biplot for standardized PCA. Pearson correlation analysis was performed for measuring the linear dependence between soil properties. Pearson correlation coefficient was interpreted as follows: 0.0< r< 0.3 (negligible correlation), 0.3< r< 0.5 (low correlation), 0.5< r< 0.7 (moderate correlation), 0.7< r< 0.9 (high correlation), and 0.9< r< 1.0 (very high correlation).




3 Results


3.1 Effect of added amendments on pH and nitrogen forms in manure

It was observed that both M+S and M+B+S exerted significantly lower pH values (6.85 ± 0.01 and 7.21 ± 0.01, respectively) compared to the M and M+B (9.04 ± 0.01 and 9.05 ± 0.01, respectively) – (Figure 1A). The S enrichment of the M+S variant caused a significantly lower TKN (by 4.8%) value but a significantly higher N-NH4 (by 83.1% as compared to the M) – (Figures 1B, C). The M+S manure did not differ in both TKN and N-NH4 content from the M+S+B manure, whereas this variant showed significantly decreased total TKN (by 7.2%) and increased N-NH4 (by 161%) content compared to the M+B.




Figure 1 | Properties of the maturated manures enriched with additives (biochar and S). (A) pH, (B) total Kjeldahl nitrogen, (C) ammonium nitrogen, (D) available phosphorus, (E) organic carbon, (F) total sulphur. Different letters indicate differences at level of significance p ≤ 0.05.





3.2 Effect of added amendments on manure – derived phosphorus and organic carbon

In both S-enriched variants (M+S and M+B+S), the available P was decreased compared to the M (by 39% and 32%, respectively) – (Figure 1D). The M+B variant showed significantly lower Corg compared to the M (by 3.7%) and M+B+S. A similar decrease in the Corg content was detected in the M+S variant (by 5.5% compared to M) – (Figure 1E).



3.3 Effect of added materials on sulphur content in manure

A significantly decreased total S value for the M+B manure (by 62% compared to the M) was received, whereas the M+B+S variant was significantly the highest (41% higher than M) – (Figure 1F). The total S in manure was significantly related to the microbiological traits of dsr (p ≤ 0.05, r = 0.51), and (at p ≤ 0.00) AOB (r = 0.76), nirS (r = -0.82), and to the N-NH4 nitrogen (r = 0.76) (Figure 2). These relationships are apparent also from the PCA biplot (Figure 3).




Figure 2 | The Pearson’s correlation matrix of the maturated manure properties. Explanation: Significance at · p ≤ 0.10; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.






Figure 3 | The PCA biplot of the maturated manure properties.





3.4 Effect of added amendments on microbial abundance in manure

Significantly increased dsr (determinant of the S-reducing microorganisms) was found the in the M+S and M+B+S variants (supplied with S) compared to the M and M+B (non-supplied with S): the values were ∼10-fold and ∼7.7-fold higher (than M), respectively (Figure 4A). The addition of S to the unmatured manure was crucial for the abundance of N-transforming microbiota: dsr correlated positively (p ≤ 0.001) with AOB (r = 0.82) and N-NH4 (r = 0.93), whereas nirS correlated negatively (p ≤ 0.001) with N-NH4 (r = -0.81), S (r = -0.82), AOB (r = -0.64) and dsr (r = -0.56) (Figure 2).




Figure 4 | Microbial properties of the maturated manures enriched with additives (biochar and S). (A) sulphur-reducing, (B) ammonia-oxidizing, and (C) denitrifying microorganisms in the maturated manures enriched with additives. Different letters indicate differences at level of significance p ≤ 0.05.



The AOB was significantly increased in the M+S and M+B+S variants (by 102% and 169%) compared to the M and M+B; the significantly highest AOB value was detected in the M+B+S manure (Figure 4B). The significantly lowest nirS value was revealed in the M+B+S variant (20.5% lower than M) and the significantly highest in the M+B variant (27.4% higher than M) (Figure 4C)



3.5 Effect of manure types on soil fertility and plant biomass yield

All manure-amended variants (M, M+B, M+S, M+B+S) showed a significant increase (by 62%, 43%, 86%, 98%, respectively) of AGB compared to the AGB of the control (Figure 5A). Further, the AGB value of the variant M+B+S was significantly higher than the AGB of M+B. The positive significant correlation (p ≤ 0.001, r = 0.69) that was found for AGB and TC, BR, Ure, corroborated the relation between plant biomass and soil nutrient availability. These values were significantly increased in M+B+S soil compared to the control soil (Ure) as well as compared to both the control and M variant (TC, BR).




Figure 5 | Dry plant above ground biomass and soil properties of variants amended with various manure types. (A) dry above ground biomass, (B) total carbon, (C) total nitrogen, (D) C:N ratio, (E) dehydrogenase activity, (F) arylsulfatase act., (G) urease act., (H) phosphatase act., (I) N-acetyl-β-D-glucosaminidase act., (J) β-glucosidase act., (K) basal respiration, (L) D-glucose-induced resp., (M) D-trehalose-induced resp., (N) L-lysine-induced resp., (O) L-alanine-induced resp., (P) L-arginine-induced resp., (Q) N-acetyl-β-D-glucosamine-induced resp. Different letters indicate differences at level of significance p ≤ 0.05.



The TC and TN content in the amended soil variants (M, M+B, M+S, and M+B+S) was significantly higher compared to the control: by 9%, 17%, 16%, 18% (TC) and by 13%, 18%, 17%, 19% (TN) (Figures 5B, C). TN values were similar among all these manure-supplied variants, whereas the TC was significantly lower in the M variant compared to the M+B, M+S and M+B+S. The variants did not differ significantly in C:N ratio (Figure 5D).



3.6 Effect of manure types on soil microbial activity

Significantly increased DHA was reached in all manure-amended variants (M, M+B, M+S, M+B+S) compared to the control: the values were higher by 35%, 53%, 67%, 50% (Figure 5E). Furthermore, the significantly higher DHA value was obtained in the M+S variant compared to the M variant. It assumed a general effect of M+S amendment on the microbial soil activity because DHA correlated significantly (p ≤ 0.001) positively with Ure (r = 0.79), BR (r = 0.54) and GLU (r = 0.53). The values of ARS in the soil variants amended with S-enriched manures (M+S, M+B+S) were not significantly higher than in the control soil (Figure 5F), whereas the variants M and M+B showed significantly lower ARS values (by 29% and 12%, respectively). Nevertheless, the amendment of S-enriched manures to soil resulted in a demonstrated significant increase (in M+S and M+B+S, compared to the control) of Ure (by 64% and 55%, Figure 5G), Phos (by 28% and 42%, Figure 5H), NAG (by 37% and 11%, Figure 5I) and GLU (by 21% and 16%, Figure 5J) activities. The values in M+S were significantly higher for Ure, NAG and GLU compared to the M and M+B values. The Phos was highest in M+B+S.

Compared to the control, BR was significantly increased in variants amended with all types of manure. Moreover, the received BR values were significantly higher in the S-enriched manure-treated variants (M+S and M+B+S, by 54% and 51% compared to control) than in the non-enriched manure variant M (by 24% higher than control) – (Figure 5K).

Results similar to the BR determination were obtained for substrate induced respirations, Glc-SIR, Tre-SIR, Lys-SIR; the control soil exerted significantly lower respiration values compared to the amended soil variants, and these showed significantly higher values due to the addition of enriched manures (M+B, M+S, M+MB+S) than after the addition of the control sole manure M (Figures 5L-N). On the contrary, the Ala-SIR (Figure 5O) and Arg-SIR (Figure 5P) showed in variants M+B and M+B+S no difference to the M variant, whereas the Ala-SIR in M+S was lower compared to the M variant. NAG-SIR was significantly decreased in non-biochar-amended variants (M and M+S) compared to the biochar-treated variants (M+B and M+B+S) (Figure 5Q).




4 Discussion


4.1 Effect of added amendments on pH and nitrogen forms in manure

The lower pH of the M+S and M+B+S variants (compared to the M and M+B) was ascribed to the acidifying potential of the elemental S addition, which was already reported (de la Fuente et al., 2007). Such biological oxidation of elemental S added to the alkaline mixed manure was referred to by (Costello et al., 2019). On the contrary, biochar in the manure M+B caused no pH change compared to the unamended manure (M), probably due to a negligible difference in the pH of the blended materials (manure and biochar). A significantly higher pH in M+B+S compared to the M+S variant was presumably caused by the neutralizing effect of added biochar, due to the sorption of S on its surface, such as reported by (Xu et al., 2014). These findings corroborated our hypotheses. The pH effect on other manure properties was ascribed from pH-significant (p ≤ 0.001) correlations: positive with TKN (r = 0.77), P (r = 0.79), nirS (r = 0.72), and negative with N-NH4 (r = -0.97), AOB (r = -0.85), dsr (r = -0.98) – these relations are also apparent from the PCA biplot.

Whereas the M+S variant showed significantly decreased TKN but significantly increased ammonium nitrogen compared to the unenriched manure; the M+S+B manure exerted significantly increased N-NH4 content and decreased TKN compared to the M+B. The S-enriched variants (M+S, M+B+S) showed higher ammonium content than non-S-enriched ones, putatively due to increased acidity, which was coupled with the microbial production of H2SO4. Sulphuric acid may promote activity of proteolytic bacteria, neutralize and protonate NH3 and, thus, mitigate its release from the manure. This mechanism is in line with the findings of (Mahimairaja et al., 1994b). Moreover, nitrification activity has a pH optimum for oxygen uptake between 7.0 and 7.4. Despite the presumed reduction in N loss via volatilization with S-treatment of the manure, higher TKN content in M and M+B (as compared to M+S and M+B+S) was observed. Concurrent with the previously reported benefit of acid manure to nitrification, an acidic pH increased the formation of bicarbonate during the hydrolysis of uric acid and urea (Vlek and Stumpe, 1978). Bicarbonate in manure may (opposite to the effect of sulphuric acid) cause higher losses of NH3. The reduction in nitrogen losses due to its immobilization during co-composting with carbonaceous biochar-derived materials, referred to by (Wang et al., 2018; Nguyen et al., 2022), could also be involved.



4.2 Effect of added amendments on manure – derived phosphorus and organic carbon

The availability of P in the manure variants seemed to be pH-dependent and significantly related to the S reduction (r = -0.82, p ≤ 0.001) and ammonium content (r = -0.70, p ≤ 0.01). Both M+S and M+B+S exerted the available P content lower than the manure M. These results may be explained by the acidifying effect of either sulphuric acid (H2SO4) or hydrogen sulphide (H2S) and increased access of protons from acidified ammonium  , all of which factors favored the precipitation of P. Previous studies (Mahimairaja et al., 1994a; Penn and Camberato, 2019) referred to these mechanisms, which make phosphates less soluble at a low pH. The single-enriched variants (M+B, M+S) showed significantly lower Corg compared to the M and M+B+S. The TC content was close to the TN content. The access of biochar carbon putatively affected the Corg content in the variants M+B (and also M+B+S), which showed highest decomposition and C mineralization level. The highest composting rate could lead to increased C volatilization in the form of CO2 (or CH4) (Jiang et al., 2011). However, no excessive Corg source was added to the unmatured manure of this variant. Elemental S was presumed to increase microbial abundance and stimulate the microbial decomposing activity (Roig et al., 2004). Moreover, elemental S may enhance the formation of sulphuric acid, as was described by de la Fuente et al. (2007). The authors of the study revealed that sulphuric acid combined with carbonate materials leads to the production of sulphates and the removal of carbonates (in the form of CO2). A significantly higher microbial activity in the M+B+S variant was presumed too and related to the evidence of increased aeration, which may cause desiccation similar as reported severe drying in the compost (Sundberg, 2005).



4.3 Effect of added materials on sulphur content in manure

The M+B manure contained a significantly less total S compared to the unenriched manure, whereas the total S value of the M+B+S variant was significantly the highest. The M+B manure was supplied with the biochar, i.e. the material with significantly lower S content compared to the unmatured manure, whereas the M+B+S was enriched by the excessive dose of elemental S together with biochar. The pyrolyzed matter has the potential to adsorb and stabilize any form of S transformation (Zhang et al., 2016; Lin et al., 2021) and mitigate its putative volatilization, e.g. in the form of H2S. Under insufficient aerobic conditions, one can expect a partial reduction of elemental S to H2S and its release into the environment.



4.4 Effect of added amendments on microbial abundance in manure

The co-fermentation of elemental sulphur and manure significantly modified biological properties; it led to the increased biomass of ammonia oxidizers and sulphur reducers. The addition of elemental S to the unmatured manure was crucial also for the abundance of microbiota. The significantly highest dsr value in the M+S was attributed to the absence of the putative biochar-mediated adsorption (as assumed for M+B+S) of elemental S, as described by Turk et al. (1992), which may function as a hindrance to the S reduction to H2S (Lovley and Phillips, 1994).

The abundance of ammonium oxidizers was significantly increased in the M+S and M+B+S variants compared to the unenriched manure and M+B; the highest AOB biomass was found in the M+B+S manure (Figure 2B). The obtained results may be explained by the increased availability of the substrate for the AOB-mediated oxidation (acidified ammonium  ) in the respective S-supplied manures, which the finding agreed with the previous observations (Gu et al., 2011; Soaud et al., 2011). The higher abundance of AOB in M+B+S was presumably due to a higher Corg and to general biochar-stimulated microbial growth.

The results of nirS determination (an indicator of denitrifying microflora in manure) were contrary to the AOB values: the lowest value in the M+B+S variant (significantly decreased compared to the control manure) and significantly the highest value in the M+B variant. Denitrification is the biochar-mediated and stimulated process that may occur simultaneously with nitrification (Cayuela et al., 2013). However, a low pH strongly interferes with the nitrate oxidation (Brenzinger et al., 2015), which present a considerable reason for the lower abundance of denitrifying microorganisms in the S-supplied variants.



4.5 Effect of manure types on soil fertility and plant biomass yield

The dry ABG was the key property for the evaluation of the agriculture benefit of the co-composted manure. Compared to the control, amendment of any type of manure to soil led to the significantly higher AGB. The highest AGB value was found in the M+B+S variant. The best fertilizing properties of M+B+S from all four used amendments were ascribed from the significantly highest content of dry biomass and total S in the respective manure. AGB correlated significantly (p ≤ 0.01) positively also with DHA (r = 0.66) and Ala-SIR (r = 0.62). The study by Yu et al. (2017) referred to a positive correlation between crop yield and soil N-NH4, the available P and K and microbial diversity or microbial abundance preservation. A beneficial increase of corn plant biomass in the soil amended with S-enriched biochar, which occurred due to the enhanced plant uptake of S (Zhang et al., 2016), corroborated the results with M+B+S manure.

All manure-amended variants increased the soil TC and TN content compared to the control. The TN values among all manure-amended variants were comparable. Albeit the non-enriched M manure was markedly Corg-abundant; the soil M variant showed a significantly decreased TC compared to the M+B, M+S, M+B+S. However, both M+B+S and M+S manures showed higher ammonium nitrogen content and nitrification potential (AOB marker) compared to the M variant, and this indicated their higher N mineralization rate. Thus, enhanced C sequestration was presumably achieved due to application of manure with increased N conversion. The C:N ratio did not differ significantly between all variants. Both TC and TN correlated significantly (p ≤ 0.001) positively with DHA (r = 0.82 and 0.66, respectively), Ure (r = 0.77 and 0.66, respectively) and substrate-induced respirations, e.g. Tre-SIR (r = 0.64 and 0.55, respectively), NAG-SIR (r = 0.68 and 0.57, respectively), Lys-SIR (r = 0.67 and 0.54, respectively) and Arg-SIR (r = 0.76 and 0.66, respectively). These relations proved that the amendment of enriched manures (M+S, M+B+S, eventually M+B) enhanced microbial activity and mineralization due to the derived higher nutrient content and availability (Holatko et al., 2022).



4.6 Effect of manure types on soil microbial activity

The manures applied to the pot experiment with barley (Hordeum vulgare L.) led to differences in soil properties compared to the control unamended soil, and between the variants amended with unenriched manure and the enriched manures. All manure variants, applied to the soil, significantly enhanced DHA activity compared to the control (Figure 3E). The increase in DHA due to the combined effect of manure and biochar was already reported (Brtnicky et al., 2019; Yilmaz and Ergun, 2019). Furthermore, a significantly higher DHA value was obtained in the M+S variant compared to the M variant because the S-enriched manure exerted properties (lowest pH, highest N-NH4 and S-reducing microflora among the manures) that most enhanced the decomposing microbial activity in the amended soil. The higher access of S in the soil was reported to correlate with higher DHA (Katkar et al., 2011; Lemanowicz et al., 2020).

The elemental S amendment to manures (M+S, M+B+S) did not significantly change the soil ARS compared to the control, and the variants M and M+B showed even significantly lower ARS values. Our presumption of elemental S-stimulated enhancement of soil organic S mineralization (catalyzed by ARS), ascribed from (Castellano and Dick, 1991), was denied. On the contrary, the results imply the retarded S mineralization in the M and M+B soil variants due to the putatively higher portion of added mineral and readily available S, which might be caused by efficient ARS-mediated mineralization during the manure (M, M+B) fermentation. A similar significant biochar-derived increase in ARS was referred to in the soil environment (Khadem et al., 2019).

Significantly increased Ure, Phos, NAG and GLU activities were observed in the variants M+S and M+B+S, compared to the control. The M+S variants also induced the Ure, NAG and GLU values compared to the M and M+B enzyme values. The Phos was the highest in M+B+S. Previously, elemental S amendment was referred to increase soil ARS, Phos and Ure (Godlewska, 2018a). A significant (p ≤ 0.001) positive correlation of Phos with Tre-SIR and Arg-SR (r = 0.66 and 0.59, respectively) and with dry AGB (r = 0.69) was found. NAG also correlated with AGB (r = 0.53; p ≤ 0.05). These relations implied that S-amendment mediated enhanced organic matter decomposition led to higher transformation and anticipated increased nutrient uptake for higher plant biomass yield. A similar benefit of combined use of biochar and poultry manure was referred to by Lu et al. (2015) to enhance microbial growth and enzyme activities (e.g. Ure). However, the significant beneficial synergic effect of elemental S and manure on the soil enzyme activities was novel and not yet mentioned in the literature. The enzyme activity dependence on SOM decomposition and their positive relation is known (Wutzler et al., 2017) and was shown in the PCA biplot (Figure 6).




Figure 6 | The PCA biplot of the soil properties.



S-enriched manure-treated variants (M+S and M+B+S) exerted higher basal respiration compared to both the control and the non-enriched manure variant M (Figure 3K). It verified our presumption of a significantly stimulating effect of S (co-composed with manure) on the enhancement of soil microbial abundance and activity. Enhanced microbial BR implied the intensified mineralization and putatively increased availability of nutrients for plants, which lead to higher plant biomass yield, TC and TN, as shown on the positive significant (p ≤ 0.001) correlation of BR and AGB (r = 0.69), TC (r = 0.57), and TN (r = 0.46, p ≤ 0.01) (Figure 7).




Figure 7 | The Pearson’s correlation matrix of the soil properties. Explanation: Significance at · p ≤ 0.10; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.



The results of all types of substrates-induced respirations seemed to be close to the results of BR, as shown by the significant (p ≤ 0.001-0.05) moderate to high correlation (r up to 0.79). Nevertheless, it was ascribed that manure enriched with biochar tended to stimulate more respiration inducible by N-rich substrates, whereas the application of S-enriched manure promoted higher respiration inducibility by the (non-nitrous) sugars. These differences implied a variable impact of used types of manure on functional soil diversity with the final consequence in the changes in the nutrient and other soil properties that affected the plant growth and biomass yield.




5 Conclusions

The sulphur-enriched manure showed the most lowered manure pH at the concurrent highest ammonium content. When manure, biochar and sulphur were co-fermented, the highest sulphur content and abundance of ammonium-oxidizing bacteria was observed. When added to soil, this biochar+sulphur-enriched manure promoted the highest dry aboveground plant biomass, the value was 98% higher compared to the unamended control, 38% higher compared to the amendment of biochar-enriched manure and 23% higher compared to the manure-amended variant. Sulphur-enriched manure types enhanced the most enzyme activities and soil respirations (basal, substrate-induced). Based on the results obtained, it was concluded that the co-fermentation of biological manures with bio-based materials, such as biochar and sulphur resulting as a by-product of biogas, is an attractive approach, not only to improve the enriched manure product but also to enhance soil fertility, health and crop productivity. This improvement of organic fertilizers may contribute to the circular economy and it will be further investigated by up-scaling on the field level.
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Carbonization of agricultural and forestry wastes is the main use of biochar application in agriculture. In this study, the effects of biochar on the physical and chemical properties of soil and diversity in rhizosphere microorganisms, leaf nutrients and fruit quality of acid red soil in “Shatangju” (Citrus reticulate cv.) orchard were studied using organic wastes and small-scale carbonization furnaces from orchards were used to produce biochar. The results showed that the finished rate of biochar produced from the organic wastes in the orchard was approximately 37%, and the carbon content of the finished product was as high as 80%. The results suggested that the biochar produced in the orchard could meet the annual consumption of the orchard. Applying biochar can improve the physical and chemical properties of acid soil in the “Shatangju” orchard by enhancing the availability of various mineral nutrients such as nitrogen, phosphorus, potassium, calcium, magnesium and boron. The species and quantity of root and rhizosphere microbial communities (fungi, bacteria and archaea) increased, and the dominant bacterial group changed, manifested in the increase in microbial diversity. Biochar directly affected the soil pH value and increased the soil organic carbon content, which may be the main reason for the change in microbial diversity in the soil and rhizosphere of “Shatangju” in the orchard and pot tests. The fruit quality of each treatment group with biochar was also better than that of the control group and improved fruit coloring. In the pure soil test, whether or not chemical fertilizer was applied, 3% biochar amendments can provide a suitable pH value for “Shatangju” growth and are relatively stable. Regardless of whether or not fertilizer was applied, 1.5%-3% biochar improved the soil in the pot test. In the field, the biochar at a rate of 2.4 kg/plant to 3.6 kg/plant, respectively, was the best in improving soil physical and chemical properties, foliar nutrition and fruit quality. Therefore, the amount of biochar added in the open environment (if the garden) can be slightly adjusted according to the results of the closed environment test (pure soil test and pot test). In this experiment, we explored the self-recycling of organic carbon, mainly through the preparation of a simple small-scale biochar furnace suitable for the use by orchards, and selected the appropriate amount of biochar to improve the physical and chemical conditions of “Shatangju” orchard soil and increase fruit quality.




Keywords: biochar, Citrus reticulate, acid red soil, organic carbon cycle, soil microbiota, nitrogen content, fruit quality



1 Introduction

Agricultural practices improve soil quality and increase soil nutrient supply capacity, which has been emphasized in many fields across basic and applied sciences (Puget and Lal, 2005; Du et al., 2013; Iqbal et al., 2022). Fertilizers are important agricultural inputs that play an irreplaceable role in agricultural development. Excessive chemical fertilizer application is a common and serious problem in China as farmers are concerned about increased food demand, low soil fertility, and a high multiple cropping index (Tian et al., 2016). Excessive chemical fertilizer application reduces soil quality, acidification, and nonpoint source pollution (Xia et al., 2020). Thus, controlling chemical fertilizer application while ensuring high and stable yield is a key area of agricultural research. Limited use of organic nutrient resources and application of organic materials to replace some chemical fertilizers have been shown to effectively reduce the amount of chemical fertilizer needed, increase soil productivity, ensure crop yield, and improve local ecological functions (Liu et al., 2022).

Carbonization of agricultural and forestry wastes is the focus of biochar application in agriculture (Pawlak-Kruczek et al., 2020). Biochar is a carbon (C) rich thermally decomposed organic material produced through the pyrolysis process from the feedstock at high temperatures (300°C-700°C) under a limited supply of oxygen (Zhang et al., 2013b). The feedstock may include crop residues, tree bark, wood materials, chicken litter, sewage sludge or dairy manure (Oshunsanya and Aliku, 2016). It is important to mention that biochar differs from charcoal and carbon-based materials. It has distinctive biological, chemical and physical properties (Oni et al., 2019). Its porous structure, high surface area, and low degradation rate played an important role in soil nutrient retention (Khan et al., 2021b). The high pH, electric conductivity (EC), cation exchange capacity (CEC), high carbon contents and abundance surface functional groups are important for environmental pollutant complexation, e.g., heavy metals (Ahmad et al., 2014; Bashir et al., 2018). Incorporating biochar in the soil can prominently increase soil aeration, porosity, water holding capacity and nutrients, which improve soil fertility, plant growth and carbon sequestration in soil. The high pH of biochar is due to its high alkalinity and CEC, which can enhance soil efficiency (Ahmad et al., 2014).

Soil microorganisms play an imperative role in the nutrient cycle of soil, including the organic matter composition and soil aggregate arrangement (Oleszczuk et al., 2014). Soil microorganisms affect soil fertility and ecosystems (Tardy et al., 2015). Numerous studies have recorded an enhancement in soil microorganisms and biomass by adding biochar to soil (Bruun et al., 2014; Yu et al., 2019). Meng et al. (2019) documented that biochar derived from wheat straw incorporation into soil significantly increased the community abundance and diversity of plant beneficial bacterial and fungal taxa and the variety of plant wheat seedling rhizospheres. Additionally, Ahmad et al. (2016) described that the microbiota in the applied soil was significantly diverse, e.g., Pseudomonas, a major rhizosphere-encouraging bacteria, was markedly improved by the biochar applied treatments. Biochar may likewise enhance the abundance of ammonia-oxidizing bacteria and archaea and reduce (Proteobacteria, Firmicutes) the overall abundance of oligotrophic and copiotrophic taxa separately (Meng et al., 2019). On the other hand, biochar application was also reported to reduce abundance of microbial communities of Proteobacteria, Acidobacteria, Firmicutes, and Bacteroidetes (Wu et al., 2016).

“Shatangju” is China’s main citrus variety and a famous distinct local variety (Wang et al., 2012b). It is characterized by easy peeling, no core, slagging and high sweetness (Li et al., 2012; Li et al., 2019). Recently, it has been mainly grown in Guangdong Province and Guangxi Province, belonging to the citrus industrial belt in the Xijiang River Basin of China. The “Shatangju” orchard covers an area of 6 million mu (Chaisiri et al., 2021). The soil in the main planting area of “Shatangju” is the acidic red soil. Fruit farmers generally use lime to improve the soil acidity with lime. However, a large amount of long-term application of lime will cause soil hardening, damage beneficial soil microorganisms, reduce soil organic carbon, and easily cause the imbalance of soil calcium, potassium, magnesium and other elements, and the soil is prone to acid reversion (Zhang et al., 2013c).

In China, relevant research on biochar was conducted, and there are many fields of application, but there are few examples related to production of “Shatangju.” This study was designed to evaluate the effect of biochar prepared from “Shatangju” orchard waste on improving the properties of acid red soil and affecting the yield and quality of “Shatangju.” The effect of “Shatangju” plant waste biochar on the soil physical and chemical properties of soil was explored in this study. The composition of soil and root microbial communities under different biochar amendments was also examined. At the same time, the effect of biochar on fruit quality was evaluated. The results of this study will provide information about self-made biochar under field conditions for improving “Shatangju” production.



2 Materials and methods


2.1 Plant material

The experiments were conducted in 2020 and 2021. The “Shatangju” plants (2 years old) plants were grown in root-pruning bags with a diameter of 60 cm and height of 40 cm filled with acid red soil and were used for pot experimentation; ten-year-old “Shatangju” plants were used as the experimental trees in the orchard, with row spacing of 2.5 m × 2.5 m. The acid red soil bearing the following physiochemical was used as potting soil: pH 4.43, OMC (Organic matter content) 15.17 g/kg, A-N (available nitrogen) 72.57 mg/kg, A-P (available phosphorus) 15.23 mg/kg, A-K (available potassium) 369.93 mg/kg, E-Ca (exchangeable calcium)1.82 g/kg, E-Mg (exchangeable magnesium) 0.15 g/kg, A-Zn (available zinc) 18.79 mg/kg, A-B (available boron)1.17 mg/kg, A-Cu (available copper) 0.54 mg/kg and E-Mn (exchangeable manganese) 18.57 g/kg. Orchard soil: moisture content 19.9%, field capacity 30%, bulk density1.22 g/cm, porosity 3.65%, pH4.82, OMC 21.48 g/kg, CEC 8.04 cmol/kg, A-N 110.52 mg/kg, A-P 22.71 mg/kg, A-K 153 mg/kg, E-Ca 889.45mg/kg, E-Mg 49.9 g/kg, A-Zn 3.88 mg/kg, and A-B0.86 mg/kg.



2.2 Test method


2.2.1 Preparation and index determination of biochar

Biochar was prepared from pruned citrus branches and interrow grass in the citrus orchard using a Shizishan brand carbonization furnace provided by the School of Engineering, Huazhong Agricultural University, Patent # ZL 201310290114.X. The branches were cut into 10-cm and 20-cm pieces after pyrolysis at 500°C-550°C under anoxic conditions. Biochar was screened through a 20-mesh sieve and used in the pot and field experiments. Plant ash was prepared with the same materials as the control. The samples’ yield rate, moisture content, ash content, and carbon content of the samples were measured (Brahmakshatriya and Donker, 1971; Wang et al., 2009). The experiment was repeated three times every year.

The effect of biochar on the pH value of red soil was determined by pouring 2 kg of acid red soil into each flower pot. Biochar was applied to the flowerpot according to 0%, 1%, 2%, 3%, 4%, 5% and 6% of the soil weight. NPK 1% (15-15-15) compound fertilizer was prepared and applied in a flowerpot containing biochar. The soil pH value was measured continuously throughout the soil incubation period. The experiment was repeated three times every year.



2.2.2 Biochar amendments on citrus in pot tests

The 25 kg crushed and air-dried red soil was spiked with biochar and placed in 35 L root-pruning bags. One “Shatangju” was planted in a bag in rain-shelter cultivation conditions. The percentages of biochar amendments to the dry weight of red soil were 0, 1.5%, 3%, 4.5%, and 6%. The base fertilizer was modified Hoagland-Amon nutrient solution [KH2PO4, KNO3, Ca (NO3)2, and MgSO4.7H2O were 136, 505, 1180, and 492 mg/kg, respectively; H3BO3, MnCl.4H2O, ZnSO4.7H2O, CuSO4.5H2O, Na2MoO4 and EDTA-Fe were 2.86, 1.81, 0.22, 0.08, 0.09 and 48.5 mg/kg, respectively]. The experiment was repeated three times every year.

Including the control, ten treatments were established: 1.5% biochar (1.5% C), 3% biochar (3% C), 4.5% biochar (4.5% C), 6% biochar (6% C), base fertilizer (BF), base fertilizer + 1.5% biochar (BF+1.5% C), base fertilizer + 3% biochar (BF+3% C), base fertilizer + 4.5% biochar (BF+4.5% C) and base fertilizer + 6% biochar (BF+6% C). The soil and plant indices were measured at the time of planting and 9 months post-cultivation. In the control group, only the dressing furrow was dug, and the soil was backfilled. The experiment was repeated three times every year.



2.2.3 Biochar amendments on “Shatangju” in the orchard

Six treatments, including 0 kg biochar/plant (control), 1.2 kg biochar/plant (C-1.2 kg), 2.4 kg biochar/plant (C-2.4 kg), 3.6 kg biochar/plant (C-3.6 kg), 4.8 kg biochar/plant (C-4.8 kg) and 6 kg biochar/plant (C-6 kg), were established. The location of biochar application was at the drip line of the tree crown. One 80 cm long, 30 cm wide, and 30 cm deep dressing furrow was dug from the north and the south and the biochar and soil were mixed evenly before the application.




2.3 Sample collection and determination method


2.3.1 Soil and root samples

In the pot experiments, 0-20 cm topsoil at 5-10 cm away from the plant trunk was collected. In the orchard experiment, two biochar amendment sites were randomly selected, and the soil 0-30 cm deep from the soil layer was evenly collected. The quartering method was used diagonally, choosing 0.5 kg soil samples to determine the soil pH value and available nutrients. The roots and rhizosphere soil were frozen at -80°C, and the microbial community diversity of the soil, rhizosphere soil, and roots was measured.

The drying method was used for soil moisture content measurement, the Wilcox method for field capacity, and the ring-cutting method for bulk density (Khan et al., 2022). The pH value was determined by potentiometry (soil water ratio was 1:2.5), and soil organic matter was analyzed by oxidation by a saturated potassium dichromate solution with oil bath heating. The EDTA ammonium acetate exchange was used to determine the CEC. Available nitrogen was determined by the alkaline hydrolysis diffusion method, available phosphorus was determined by ammonium fluoride-hydrochloric acid by using extraction molybdenum antimony resistance colorimetric method, available potassium was determined by neutral ammonium acetate extraction-flame photometry, exchangeable calcium and magnesium were extracted by ammonium acetate and determined usnig atomic absorption spectrometry, available zinc was determined by DTPA extraction-atomic absorption spectrometry, and available boron was determined by boiling water extraction curcumin colorimetric (Mikula et al., 2020). The standard soil sample was GBW07417a (ASA-6a) from paddy soil in Guangdong Province.

The detection of microbial community diversity in the roots, rhizosphere, and soil was as follows. Genomic DNA was extracted for PCR amplification, and specific primers with barcodes were designed according to the designated sequencing region. Library construction and Illumina PE250 sequencing, OTU cluster analysis, and species taxonomy analysis were conducted to determine microbial community diversity, relative abundance and the community structure component diagram.



2.3.2 Leaf samples

From the tree canopy, the second to fourth intact and healthy leaves were collected from the top of underyearling vegetative spring shoots from all four directions. Three leaves were collected from each direction, which was repeated twice for each direction. Leaves were mixed in a plastic bag, and 24 leaves were chosen and brought back to the laboratory to determine nutrient content.

Total nitrogen was determined by the H2SO4-H2O2 Kjeldahl digestion method. Total potassium was determined by H2SO4-H2O2 Kjeldahl digestion and the molybdenum antimony resistance colorimetric method, total potassium was determined by H2SO4-H2O2 Kjeldahl digestion and flame photometry (Khan et al., 2022), and total calcium, magnesium, and zinc were determined by dry ashing-dilute hydrochloric acid dissolution atomic absorption spectrometry. Total boron was determined by dry ashing-dilute hydrochloric acid dissolution curcumin colorimetry (Bao, 2005).



2.3.3 Fruit samples

At the stage of maturation and harvesting, twelve fruits were randomly selected from each tree from all four directions around the upper part of the crown, and the single fruit weight and quality were determined.

The fruit uniformity was determined by the proportion of medium fruit (diameter of 36.5-42 mm) (Wang et al., 2012b). The color difference de, brightness L, redness a, and yellowness b of the peel were determined by a Minolta CR-300 automatic colorimeter. The fruit shape index was the ratio of longitudinal diameter to transverse diameter. The peel thickness was measured with a Vernier caliper according to the cross-section of the equatorial line. The solid soluble content was measured using the RA-250 WE digital sugar meter (KEM company, Japan). The titratable acid content was measured using the NaOH neutralization titration method (GB/T 12456-2008). Reducing sugar and total sugar were determined by 3,5-dinitrosalicylic acid colorimetry (Li, 2000). Vitamin C content was determined by the 2,6-dichlorophenol indophenol (DCPIP) titration method (GB/T 5009.86-2016).




2.4 Data analysis

The data were sorted out in Excel 2007. The differences between each treatment and the control were analyzed by t test; Duncan’s multiple comparison method was used to analyze the significance of the differences among the treatments at P<0.05. The analysis was conducted with six replications (3 replications per year) The graphs of different experiments were made using Graphpad Prism 5. The test data were analyzed by SPSS (25) for Windows software.




3 Results


3.1 Optimization of biochar preparation conditions and comparative analysis

During the process of biochar preparation (Figure 1), the heating rate was affected by the type and length of the materials. The heating rate of grass was much higher than that of the “Shatangju” branches. The shorter the length the “Shatangju” branch was, the faster the heating rate was. After heating for 1 hour, the two began to show significant differences. The biochar yield of grass was slightly higher than that of the “Shatangju” branches, and the biochar yield of the10-cm raw material was higher than that of the 20-cm raw material, but the difference did not reach a significant level. The carbon content in biochar from Citrus branches was significantly higher than that in biochar from grass (Table 1). Different proportions of biochar amendments could increase the pH value of acid red soil, and with increasing time, the pH value increased and remained relatively stable later (Table 2). When chemical fertilizer was applied to the red soil with biochar amendments (Table 3), the pH value of the soil in the sample groups with 3%, 4%, 5% and 6% biochar showed a decreasing trend. The pH value of red soil decreased slightly, but the change was not obvious in the sample groups with 1% and 2% biochar. With continuous fertilizer application, the pH value of the soil was maintained at approximately 5.5 in the sample group with 3% biochar, and the fluctuation range of pH value was smaller than that of the sample group with 4%, 5% and 6% biochar. Therefore, the pH of acid red soil with 3% biochar was improved and remained stable for a long time. This pH value (5.5) was close to that suitable for citrus growth.




Figure 1 | Response of time and temperature to various types of citrus branch and grass during biochar preparation. Lowercase letters show the difference among different temperatures at a specific time at P<0.05. Lowercase letters on a specific time have no significant difference. Error bars represent the standard deviation of the mean.




Table 1 | Characteristics of biochar prepared by different materials.




Table 2 | Effect of different incubation periods on the pH of different concentrations of biochar.




Table 3 | Effect of fertilization on the pH value of acid red soil with biochar amendments.





3.2 Effects of different biochar amendments on potted “Shatangju”


3.2.1 Effects of different biochar amendments on the nutritional contents of leaves of potted “Shatangju”

Before planting, the nutrient contents of leaves were determined as follows: total nitrogen 20.42 g/kg, total phosphorus 2.46 g/kg, total potassium 14.39 g/kg, calcium 9.76 g/kg, magnesium 2.55 g/kg, zinc 26.8 mg/kg, and manganese 63.3 mg/kg. After nine months of cultivation (Table 4), the contents of calcium and zinc were significantly increased, the contents of phosphorus, potassium and manganese were decreased, and the contents of nitrogen and magnesium were maintained at the original level. The contents of phosphorus, potassium and calcium increased with biochar amendments.


Table 4 | Changes in mineral nutrients in leaves of “Shatangju” after nine months of cultivation with different biochar amendments in pot tests.





3.2.2 Effects of different biochar amendments on the soil of potted “Shatangju”

As shown in Table 3, the pH value of the soil increased after biochar amendments, and after adding base fertilizer, the increased range of pH values decreased. With the increase of 1.5% biochar, the pH value increased by approximately 0.26-0.47 units, and the OMC increased by 14-15 g/kg. Except for available manganese, the contents of all mineral elements showed an increasing trend. Among the treatments with biochar only, the change in alkali-hydrolyzed nitrogen was small, As shown in Table 5, after nine months of cultivation, the fluctuation range of the soil pH value was not large, and the pH value of each treatment with base fertilizer increased slightly, indicating that the stability of acidic soil improved by biochar was better. The biochar amendments promoted the utilization of organic matter and available boron, and the utilization rates of alkali-hydrolyzable nitrogen, exchangeable calcium and available boron were all high in the treatments with base fertilizer.


Table 5 | Physicochemical properties of soil in different treatments when planted in pot tests.





3.2.3 Effects of different biochar amendments on soil and root microbial community diversity of potted “Shatangju”

After biochar amendments, the soil and rhizosphere microbial communities changed. The fungi were mainly from the phyla Ascomycota, Basidiomycota, Chytridiomycota, Mucoromycota and some unclassified groups. In the classification of genera, Alternaria, Cladophialophora, Ceratobasidium, Cladosporium, Exophiala, Fusarium, Humicola, Penicillium, Phialophora, Phoma, and Stepylotrichum were dominant. Fusarium and Ceratobasidium were the most dominant genera whether base fertilizer was added or not. Cladophialophora was the dominant genus in the roots of the control group, and Arthrographis was the dominant genus in the soil (Figures 2A, D).




Figure 2 | Soil and root microbial community composition of different biochar amendments in pot tests Notes: p-1 to p-10: CK, 1.5% C, 3% C, 4.5% C, 6%C, BF, BF+1.5% C, BF+3% C, BF+4.5% C and BF+6% C. S: soil; R: root. (A–C) representing the phylum and (D–F) representing the Genera. (A, D) showing the fungal, (B, E) showing bacterial and (C, F) showing the archaeal diversity. (clear pictures are provided in Supplementary Material A–F: Figures S1–6).



The main bacteria were in the phyla of Cyanobacteria, Acidobacteria, Actinobacteria, Proteobacteria, Patescibacteria, Gemmatimonadetes, Chloroflex and Bacteroidetes. The dominant genera in roots in the control group were Acidothermus, Conexibaber, and Ktedonobacteraceae_uncultured. The dominant genera in the soil were Acidibacter and Dyella. Burkholderia-Caballeronia-Paraburkholderia, Chloroplast_norank, Gemmatimonas, Nocardioides, Nostocales_norank, Roseiflexaceae_uncultured and Subgroup 6_norank were the dominant genera of the soil and root systems after biochar amendments (Figures 2B, E).

The main archaea were in the phyla of Bacteroidetes, Cyanobacteria, Proteobacteria and Thaumarchaeota. The dominant genera in the control group were Group 1.1c_norank, Nitrososphaeraceae_norank, and Nitrosotaleaceae_norank. After biochar amendments, Niastella was the dominant genus in the roots and Mitochondria_norank, Flavisolibacter, Chloroplast_norank, and Chitinophagaceae_uncultured were the dominant genera in the soil. The results showed that biochar could significantly change the microbial diversity of “Shatangju” roots and soil around the rhizosphere (Figures 2C, F).




3.3 Effects of different biochar amendments on “Shatangju” in the orchard


3.3.1 Effects of different biochar amendments on the nutrient content of “Shatangju” leaves

The nutrient contents of leaves in the control group were as follows: total nitrogen 27.57 g/kg, total phosphorus 1.30 g/kg, total potassium 9.43 g/kg, calcium 26.14 g/kg, magnesium 2.80 g/kg, zinc 34.95 mg/kg, and boron 59.29 mg/kg. As shown in Table 6, after biochar amendments, the zinc content in leaves increased significantly, while the content of the other elements decreased.


Table 6 | Changes in leaf nutrient contents with different amounts of biochar amendments in orchards.





3.3.2 Effects of different biochar amendments on soil physical and chemical properties in the orchard

As shown in Table 7, biochar can significantly reduce the soil bulk density and increase the soil water content, field capacity and capillary porosity. With the increase in the amount of biochar amendments, the soil water content increased by 12.74%, 25.84%, 32.07%, 40.93% and 47.31%, the field water capacity increased by 17.28%, 28.10%, 39.15%, 53.93% and 67.08%, the capillary porosity increased by 8.75%, 11.42%, 14.10%, 19.56% and 23.61%, and the bulk density decreased by 7.55%, 13.21%, 18.22%, 22.56% and 26.12%. The results showed that biochar amendments could loosen the soil and improve the soil water retention property, so they could be used as an important measure to reduce the viscosity barrier of red soil. Biochar significantly increased the soil pH value and organic carbon content. Compared with that of the control, the soil organic matter in the treatment groups increased by 93.76%, 151.99%, 201.53%, 254.21% and 465.24%. This result indicated that biochar had obvious effects on improving soil acidification and fertilizer. The content of soil mineral elements in the biochar treatment groups was higher than that in the control group, and the changing trend was as follows: alkali hydrolyzable nitrogen and available phosphorus increased, and other elements increased first and then decreased. The inflection points of available potassium and boron were 2.4 kg/plant biochar, and the inflection points of exchangeable calcium, available magnesium and available zinc were 3.6 kg/plant biochar (Table 8).


Table 7 | Changes in soil physical properties with different biochar amendments in orchards.




Table 8 | Changes in soil chemical properties with different biochar amendments in orchards.





3.3.3 Effects of different biochar amendments on soil and root microbial diversity in orchards

The fungi were mainly in the phyla of Ascomycota, Basidiomycota, Mucoromycota and unclassified. The dominant genera were Arthrographis, Fusarium, Humicola, Lophistoma, Melanconiella, Mortierella, Penicillium, Phoma and Trichoderma. Fusarium, Humicola, Mortierella, and Penicillium were the most dominant genera in the control, and Arthrographis, Fusarium, Humicola, Mortierella and Penicillium were the most dominant genera in the root and rhizosphere soils. After different biochar amendments, the most dominant genera in root and rhizosphere soil changed into Arthrographis, Fusarium, Humicola, Lophistoma, Melanconiella, Mortierella, Penicillium, and Arthrographis in the root soil, and Fusarium, Humicola, Mortierella, Penicillium and Trechispora in the rhizosphere soil (Figures 3A, D).




Figure 3 | Soil and root microbial community composition of different biochar amendments in orchard Notes: p-1 to p-10: CK, 1.5% C, 3% C, 4.5% C, 6%C, BF, BF+1.5% C, BF+3% C, BF+4.5% C and BF+6% C. S: soil; R: root. (A–C) representing the phylum and (D–F) representing the Genera. (A, D) showing the fungal, (B, E) showing bacterial and (C, F) showing the archaeal diversity. (clear pictures are provided in Supplementary Material A–F: Figures S7–12).



The main bacteria phyla were Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Gemmatimonadetes and Proteobacteria; the dominant genera were Acidothermus, Burkholderia-Caballeronia-Paraburkholderia, Chloroplast_norank, Gemmatimonadaceae_uncultured, KF-JG30-C25_norank and Mitochondria_norank. Among them, the most dominant genera in the roots of the control group were Acidothermus, Bryobacter, Caldilineaceae_uncultured, Chitinophagaceae_uncultured, Chloroplast_norank and JG30-KF-AS9_norank. The dominant genera in rhizosphere soil were Acidothermus, Bryobacter, Chitinophagaceae_uncultured and KF-JG30-C25_norank. After biochar amendments, the most dominant genera in the roots were Acidothermus, Bryobacter, Burkholderia-Caballeronia-Paraburkholderia, Chloroplast_norank and Mitochondria_norank. The dominant genera in the rhizosphere soil were Acidothermus, Bryobacter, Burkholderia-Caballeronia-Paraburkholderia, Chitinophagaceae_uncultured, and KF-JG30-C25_norank (Figures 3B, E).

The main archaea were in the phyla of Bacteroidetes, Cyanobacteria, Euryarchaeota, Proteobacteria and Thaumarchaeota. Candidatus Nitrocosmicus, Candidatus Nitrososphaera, Candidatus Nitrosotalea, Candidatus Nitrosotenuis, Chitinophagaceae_uncultured, Chloroplast_norank, Group 1.1c_norank, Nitrososphaeraceae_norank, and Nitrosotaleaceae_norank were dominant genera. Candidatus Nitrocosmicus, FBP_norank and Flavitalea were the most dominant genera in the roots of the control group. Candidatus Nitrocosmicus was the most dominant genus in the rhizosphere soil. After different biochar amendments, the most dominant genera of roots were Candidatus Nitrososphaera, Candidatus Nitrocosmicus, Chloroplast_norank, Group 1.1c_norank, Marine Group II_norank, Nitrososphaeraceae_norank, and Nitrosotaleaceae_norank. In contrast, the most dominant genera in rhizosphere soil were Candidatus Nitrososphaera, Candidatus Nitrocosmicus, Group 1.1c_norank, Marine Group II_norank, Nitrososphaeraceae_norank, and Nitrosotaleaceae_norank (Figures 3C, F).




3.4 Effects of different biochar amendments on “Shatangju” fruit quality

After biochar amendments, the average fruit weight of “Shatangju” (37.44-40.44 g) did not change significantly, but the medium fruit proportion increased significantly. Compared with the control group, the number of medium fruits in each treatment group increased by 48.48%, 30.30%, 24.24%, 36.36% and 27.27%. Biochar amendments could reduce the peel thickness, and the peel thickness in groups with 3.6 kg/plant and 4.8 kg/plant biochar significantly decreased by 0.31 mm and 0.25 mm, respectively, compared with that of the control (2.06 mm), but it did not affect the fruit shape index (Table 9).


Table 9 | Changes in physical fruit properties with different amounts of biochar amendment.



The color value (de) and d (a/b) of the fruit color increased but did not reach a significant level compared with the control. The fruit surface brightness (dl) was the highest when 1.2 kg and 2.4 kg of biochar were added to each plant. The redness value (da) was highest at 6 kg of biochar per plant treatment. The yellow degree value (db) of each treatment was higher than that of the control, and the difference was significant (Table 10).


Table 10 | Changes of citrus peel visual with different biochar amendments.



Table 11 shows that biochar can increase the soluble solids content/Titratable acid (SSC/TA), total sugar, reducing sugar, edible rate, and water content of “Shatangju”, and reduce the content of Titratable acid (TA). It can also increase the soluble solids content(SSC) content, vitamin C, and juice yield, except for individual treatments. When the biochar amendments were 2.4 kg/plant and 3.6 kg/plant, the fruit quality was better than that under the other treatments. Compared with that of the control, the SSC content increased by 4.96% and 5.79%, TA decreased by 16.67% and 8.33%, soluble solids content/Titratable acid (SSC/TA) increased by 24.48% and 15.24%, vitamin C content increased by 13.30% and 18.18%, total sugar increased by 11.36% and 13.21%, reducing sugar increased by 7.37% and 22.35%, edible rate increased by 2.96% and 3.79%, juice yield increased by 8.96% and 5.86%, and water content increased by 0.52% and 0.63%. These results supported that proper biochar amendments had an obvious effect on improving fruit quality.


Table 11 | Changes in citrus fruit nutritional properties with different biochar amendments.






4 Discussion

In this experiment, the organic waste of an orchard was fully utilized to prepare biochar. Organic waste from orchards includes “Shatangju” branches from pruning twice a year and grass from mowing five times a year. A total of 1187 kg per mu produced 437 kg of biochar per mu. The simple biochar furnace that we developed and produced can handle the preparation of biochar and the reuse of organic waste in the “Shatangju” orchard. With obvious effects, the biochar output can meet the orchard requirements and support the organic carbon cycle in the orchard.

Biochar is a kind of stable, insoluble and aromatic solid substance produced by the pyrolysis of agricultural solid wastes such as straw, rice husk, bamboo, wood and animal manure under at high temperature and anaerobic conditions (Tan et al., 2022). This study analyzed the effects of “Shatangju” branch biochar amendments on soil physical and chemical properties, soil and root microorganisms, leaf nutrition, and fruit quality of “Shatangju”(Tables 4–11). After biochar amendments, the soil bulk density decreased, and the soil water content, field capacity and capillary porosity increased significantly, consistent with previous research results (Wang et al., 2012a; Zeng et al., 2013; Li et al., 2014; Zhan et al., 2015). The physical properties of biochar determine these benefits. As a kind of carbon-rich microporous material, biochar has a large specific surface area, making its density far less than that of soil (Spokas et al., 2009). Biochar has a strong adsorption capacity and thus promotes the formation of soil aggregates, and its strong hydrophilicity can increase capillary porosity and improve soil water holding capacity (Downie et al., 2009). Biochar is an effective soil amendment (Glaser, 1998).

According to the sequencing analysis of soil and root microorganisms (Figures 2, 3), biochar amendments significantly increased the number of species and the quantity of soil and root microorganisms in pot and field tests. Other dominant genera replaced many dominant genera in the control after biochar amendments. In the pot experiment, the abundance of beneficial bacteria such as Fusarium, Ceratobasidium, Chloroplast_norank, Mitochondria_norank and Gemmatimonas was the highest, and the content of harmful bacteria such as Cladophialophora was reduced when 3% biochar was added in the appropriate treatment. This is beneficial in degrading soil pollutants such as nitrogen oxides and heavy metals, increasing organic matter in mineral soil and fixing atmospheric nitrogen. The orchard environment is much more complex than the pot experiment environment with rain protection measures. The relative abundance of beneficial bacteria such as Fusarium, Humicola, Chloroplast_norank and Nitrososphaera was high, and the species of microbial colonies were more abundant in orchard soil. The high stability of biochar, which is a suitable addition amount, can prolong its retention in soil, improve soil structure, and affect the diversity of soil and root microbial communities, although orchard soil has a large volume and strong buffering capacity. Biochar amendments increased the soil microbial biomass in the peach orchard, especially the utilization rate of microbial carbon sources. However, high carbon is unfavorable to microbial diversity (Lu et al., 2020). The pH value of potato rhizosphere soil is important for soil microbial biomass, followed by organic carbon and total nitrogen (Xu et al., 2020). Biochar has a large specific surface area and nonvolatile ash, providing a more suitable niche for soil microorganisms. Biochar directly affected the soil pH value and increased the soil organic carbon content. We speculated that soil pH stability is the main reason for the increase microbial diversity in the soil and rhizosphere of “Shatangju” in the orchard and pot tests based on the results reported by Zhalnina et al. (2015) and Shi et al. (2021).

Relevant studies have suggested that biochar can also improve soil fertility, reduce nutrient fixation and leaching, promote nutrient absorption by plants, increase fertilizer utilization rate, and improve growth and development of most crops, while avoiding the disadvantages caused by the lime (Magrini-Bair et al., 2009; Laird et al., 2010; Wang et al., 2012a; Chen et al., 2013; Zhang et al., 2013a). This experiment also proved that biochar has these advantages in the “Shatangju” orchard and pot tests (Tables 5, 8).

Biochar also exerts effects on improving the nutrient absorption of crops. Studies have shown that biochar amendments can improve the crop’s capacity to absorb nitrogen, phosphorus, potassium and other nutrients, and the absorption rate increases with the number of biochar amendments, however, when it exceeds a certain amount, it inhibits the absorption of nutrients by crops (Chan et al., 2007; Li et al., 2014; Khan et al., 2020). Our study showed that the contents of nitrogen, phosphorus, potassium, calcium, magnesium and boron in the leaves of “Shatangju” after biochar amendments were slightly lower than those of the control (Tables 4,6), consistent with the results of (Zhang et al., 2013c). It may be that biochar amendments can improve the soil nutrient efficiency and then improve the nutrient absorption of crops. However, the increase in plant biomass and fruit amount, carbohydrates produced by photosynthesis, and the transfer of nutrients lead to the dilution of leaf nutrients and the reduction of element contents. Meanwhile, biochar increased the content of available phosphorus, potassium, calcium and magnesium and other mineral elements in the soil and increased the absorption of these elements.

Previous studies have demonstrated that (Fang et al., 2014; Zhang et al., 2014) biochar amendments can increase the aboveground dry matter accumulation and crop yield, but the effect on crop quality is rarely mentioned. The present experiment also proved the effect of biochar in the production of “Shatangju”. The different proportions of biochar can improve “Shatangju” internal and external qualities to varying degrees, especially the proportion of medium fruit. The price of medium fruit of “Shatangju” is high so that biochar amendments can increase the economic benefits after harvest for the grower (Tables 9–11).

In this experiment, biochar amendments in pot and field tests significantly improved the soil pH value and organic matter contents (OMC), hydrolyzable alkali nitrogen, phosphorus, potassium, exchangeable calcium, exchangeable magnesium, zinc, available boron and CEC. Many pot tests have found similar findings and analyzed the related reasons (Kimetu and Lehmann, 2010; Gao et al., 2012; Han et al., 2012; Zhang et al., 2013a; Zhang et al., 2013c; Zhao et al., 2015; Zhu et al., 2015). However, there is not a complete design for the optimal amount of biochar. It is generally believed that the effect of biochar on crop growth, yield and quality is closely related to the biochar amount and soil properties (Khan et al., 2021a). Asai et al. (2009) found that rice yield increased with biochar amendments, but when biochar amendments reached 16 t/hm2, rice yield did not increase due to nitrogen deficiency. In a pot test on sandy loam, Vaccari et al. (2011) showed that the biomass of ryegrass increased by 20% and 52% when biochar amendments were 30 t/hm2 and 60 t/hm2, respectively, but decreased when biochar amendments were 100 t/hm2 and 200 t/hm2 compared with that of the control group. This study found that in the pure soil test, whether or not chemical fertilizer is applied, 3% biochar amendments can provide a suitable pH value for “Shatangju” growth and are relatively stable. Due to the limited amount of planting soil in the pot test, whether or not fertilizer is applied, 1.5%-3% biochar can improve the soil. In the field test, the biochar at 2.4-3.6 kg/plant (approximately 4% - 6% of the mixed soil sample, namely, approximately it is about 4% - 6% of the soil in the fertilizing ditch 80 cm long, 30 cm wide and 30 cm deep) is suitable for the growth and development of “Shatangju” with proper soil pH value, organic matter content (OMC), large, medium and trace element content and leaf element content, and improved fruit quality. Therefore, the amount of biochar added in the open environment (if the garden) can be slightly adjusted according to the results of the closed environment test (pure soil test and pot test). Of course, the amount of biochar used in the field needs to be determined by the soil, variety, tree age and planting density, and it should be noted that the effect of not always better the amount is.



5 Conclusion

A simple small-scale biochar furnace is beneficial for the “Shatangju” orchard. It can convert the carbon fixed by “Shatangju” plants and orchard grasses into biochar and change the physical and chemical properties of soil and microbial colonies in the soil by applying 2.4-3.6 kg biochar per plant, thus affecting the absorption and utilization of soil nutrients by “Shatangju” roots, directly increasing the yield and improving the quality of fruit. The results of the closed environment test (pure soil test and pot test) and the open environment test (if it is a garden) can refer to each other in terms of the added biochar in order to obtain a model of the organic carbon cycle in the orchard. It provides a method deal with the waste in the orchard, address the problem of biochar shortage, and maintain the cycle of organic carbon in the orchard, which provides a theoretical basis for the fertilization, soil improvement and rational agriculture of biochar in “Shatangju” orchards.
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Partial replacement of chemicals with biological fertilizers is a recommended strategy to reduce the adverse environmental effects of chemical fertilizer losses. Enhancing the reduced mineral with biological fertilizers strategy by foliar application of humic acid (HA) and amino acids (AA) can reduce environmental hazards, while improving maize (Zea mays L.) production under semiarid conditions. The recommended doses of N, P and K (e.g., 286 kg N ha-1, 75 kg P2O5 ha-1 and 67 kg K2O ha-1) were applied as the first fertilization level (100% NPK) and were replaced with biofertilizers by 100%, 75%, 50% and 25% as levels of reducing mineral fertilization. These treatments were applied under four foliar applications of tap water (TW), HA, AA and a mixture of HA and AA. Our results reported significant reductions in all parameters, including maize ear yield attributes and grain nutrient uptake, when replacing the mineral NPK with biofertilizers by 25-100% replacement. However, these reductions were mitigated significantly under the application of growth stimulants in the descending order: HA and AA mixture>AA>HA>TA. Applying a mixture of HA and AA with 75% NPK + biofertilizers increased ear length, grain yield, grain uptake of N and K, and crude protein yield by 37, 3, 4, 11 and 7%, respectively as compared with 100% mineral fertilizer only. Moreover, all investigated parameters were maximized under the application of 75% NPK + biofertilizers combined with AA or the mixture of HA and AA, which reveals the importance of growth stimulants in enhancing the reduced chemical NPK strategy. It could be concluded that the mineral NPK rate can be reduced by 25% with biofertilization without any yield losses when combined with HA and AA under arid and semi-arid conditions. That achieves the dual goals of sustainable agriculture by improving yield, while reducing environmental adverse effects.




Keywords: maize, mineral NPK fertilizers, biofertilizers, humic acid, amino acids



1 Introduction

Maize (Zea mays L.) is the most important staple crop worldwide with various basic uses, such as human diets, animal feeding and energy production. The global area of maize production was greater than 150×106 ha in 2010 (Bassu et al., 2014), and the demand is expected to double by 2050 (Ramirez-Cabral et al., 2017). In Egypt, maize is the second main crop (7.5×106 tons) with an area of 1.1×106 ha that is located in a semiarid region with low-fertility soil (FAO, 2020). On average, 290, 80 and 70 kg ha-1 of N, P2O5 and K2O, respectively, are the conventional mineral fertilization to maize fields in Egypt with use efficiencies by 30, 36 and 20%, respectively (El-Etr and Mahmoud, 2011; El-Gedwy, 2020; El-Sobky and Abdo, 2020). This means that more than 60% of the applied synthetic fertilizers are lost to the environment, which causes environmental hazards and economic losses. Furthermore, intensive nitrogen fertilization can decrease crop yields owing to lodging (Corbin et al., 2016) in addition to inducing water and air pollution as a result of N losses (Huang et al., 2017) through nitrate leaching (Fan et al., 2012) and nitrous oxide and ammonia emissions (Hirel et al., 2011).

For cleaner production, intensive research work has been carried out to increase nutrient use efficiencies in parallel with reducing synthetic fertilizer usage and losses. Biofertilizers have been suggested as inputs for sustainable agricultural production, as they are eco-friendly and cost-effective materials (Kumawat, 2017). Biofertilizers are defined as the formulations containing living microorganisms or latent cells having the potential of colonizing roots of crops plants and promoting the growth by improving nutrients availability and acquisition (Lakshmi, 2014; du Jardin, 2015).

Chemical fertilizers provide root zone with readily available nutrients that are subject to losses, while biofertilizers increase nutrient uptake by fixing the nutrients that are vulnerable to loss and from outer sources (e.g., N2 fixing bacteria) or by solubilizing unavailable nutrients (e.g., P and K solubilizing bacteria) (Pawar et al., 2019). Biofertilizers are sources of beneficial soil microorganisms, which enhance plant growth, yield and N use efficiency by increasing the availability and supply of essential nutrients (Kubheka et al., 2020a; Phares et al., 2022). Also, Biofertilizers improve plant resistance to environmental stress, including drought, temperature and saline conditions (Itelima et al., 2018). Maize yields were optimized under the reduced fertilization strategy when combined with N, P and K biofertilizers (Jilani et al., 2007; Yosefi et al., 2011). On the other hand, using biofertilizers improved maize yields by only 15.3% on average in a meta-analysis study (Schmidt and Gaudin, 2018). We hypothesized that applying growth stimulants, such as humic and amino acids, can enhance maize growth and yields under a reduced synthetic N strategy with biofertilizers.

Humic acid improves the morphological and yield attributes; metabolism (e.g., total soluble sugar, photosynthetic pigment, total carbohydrates, proline and total amino acids); nutrient contents, nutrients uptake and yields and yield attributes (Canellas et al., 2019; Khan et al., 2019; Yuan et al., 2022). Amino acids enhance plant functions such as photosynthesis, protein synthesis, phytohormone activators, stoma action, stress resistance and chelating effects (Matysiak et al., 2020). Amino acids are better than humic acid in improving the maize yield attributes and grain contents of N, P and K and have positive effects on the physicochemical processes and yield attributes (Ragheb, 2016). Amino acids are readily available sources of N, protein synthesis, and hormone precursors, including auxins and antistress agents, which in turn positively affect plant growth and yields. However, there was no documentation in the literature on the effects of the combined foliar application of humic and amino acids with partial replacement of NPK mineral fertilizers with biofertilizers on maize yield quantities and crop grain qualities.

Therefore, this study aimed to evaluate the possibility of reducing nutrient surplus by growth stimulants (amino or humic acid) to enhance maize yield attributes and nutrients uptake under replacement of synthetic fertilizers strategy with biofertilizers. This study also aimed to select the best combined rate of minerals and biofertilizers when using single or mixed humic and amino acids for optimal maize production under semiarid conditions. This study serves the efforts of achieving the dual goals of sustainable agriculture by maintaining optimal yields accompanied by less environmental effects, especially in arid and semi-arid regions.



2 Materials and methods


2.1 Experiment site

A two-season trial was carried out at the Experimental Station in Ghazala Village, Fac. of Agric., Zagazig Univ., Sharkia Governorate, Egypt (30.11°N, 31.41°E) during the summer seasons of 2019 and 2020. This site is described by hot weather, dry summer seasons (Table S1) with an average temperature of 32.1°C and no precipitation. Analysis of soil was carried according to  Klute (1986), the soil is alluvial clay in texture (FAO-UNESCO soil map) and consisted of 475.7 ± 2.2 and 476.6 ± 1.8 g kg-1 clay, 318.2 ± 0.8 and 318 ± 1.1 g kg-1 silt and 206.1 ± 1.2 and 205.4 ± 1.3 g kg-1 sand during the first and second seasons, respectively. The soil pH levels (1:2.5) were 8.05 ± 0.02 and 8.02 ± 0.05, respectively and the EC values (1:5) (dSm-1) were 1.85 ± 0.1 and 1.92 ± 0.06 during the first and second seasons, respectively. The available N, P and K (mg kg-1) concentrations were 21.12 ± 1.1 and 22.15 ± 0.9, 8.15 ± 0.9 and 8.22 ± 0.8, and 149.3 ± 1.5 and 148.7 ± 1.3 during the first and second seasons, respectively. The soil organic carbon contents were 7.45 ± 0.13 and 7.56 ± 0.04 g kg-1, respectively.



2.2 Experimental design and study factors

In total, twenty treatments with three replicates were conducted in a randomized complete block split-plot design. Foliar spraying using growth stimulants was used for the main plot, and mineral and biofertilizer applications were used for the subplots. Three foliar sprays with humic acid (HA), amino acids (AA) and a mixture of HA+AA were applied at rates of 3 g L-1, 3 ml L-1 and 3 g L-1+3 ml L-1, respectively. In parallel, tap water (TW) was sprayed as the control. Foliage-applied treatments were carried out using water (595 L ha-1 per spray) at 21, 35 and 55 days after planting (DAP). The foliar spraying of humic acid and amino acids was conducted by using solid and liquid commercial products, namely, K-humate (e.g., 860 g kg-1 humic acid, total organic matter 750 g kg-1, pH 5.5–6.5 and 12 g kg-1 K2O), as well as Aminocat star (Shoura, Alexandria, Egypt) as a source of amino acids containing 10 g kg-1 free amino acids, 3 g kg-1 N, 1 g kg-1 P2O5 and 5 g kg-1 K2O.

Five rates of mineral and biofertilizer application (e.g., NPK 100% (F1), NPK 75% plus biofertilizers (F2), NPK 50% plus biofertilizers (F3), NPK 25% plus biofertilizers (F4) and biofertilizers (F5)) were applied. The recommended doses of NPK (NPK 100%) were established by adding 286 kg N ha-1 ammonium nitrate (335 g kg-1 N), 75 kg P2O5 ha-1 superphosphate (155 g kg-1 P2O5) and 67 kg K2O ha-1 potassium sulfate (48 g kg-1 K2O). The recommended NPK doses are applied by maize producers for commercial production in the region. Before planting, the maize seeds were inoculated with a biofertilizer mixture (e.g., Nitrobein biofertilizer containing Azotobacter sp. and Azospirillum sp. as N2-fixing bacteria, phosphorine biofertilizer containing Bacillus megaterium var. phosphaticum as phosphate-solubilizing bacteria, and potassiomage as K solubilizing bacteria). These biofertilizers were produced by the Agriculture Research Center, Giza, Egypt and were used at the recommended dose of 1 kg ha-1 for each biofertilizer. Superphosphate and potassium sulfate were applied basally before planting. Nitrogen fertilizer was applied in two equal splits before the first and second irrigation periods at 21 and 34 days after planting (DAP).



2.3 General agronomic practices

During the two seasons, maize was cultivated after wheat (Triticumaestivum L.) and the soil was plowed using a moldboard plow to a depth of 0.30 m and was divided into 60 plots. The area of each plot was 3.5 m x 5 m including 5 ridges with 70 cm apart. On May 15th and 20th of the first and second seasons, a single cross 178 yellow maize cultivar was planted. Seeds were sown by hand at a rate of 24 kg ha-1 in both seasons on one side of the ridge in hills that were 25 cm apart. Furrow flood irrigation was conducted at each 14-day interval with a total amount of 7140 m3 ha-1. The plants were thinned before the first irrigation (21 DAP) to one plant for each hill to a density of 57120 plants ha-1. Soil samples were collected each season before planting at a depth of 0-30 cm to determine the soil physical and chemical properties.



2.4 Recorded data


2.4.1 Maize yields and yield attribute measurements

By late September of each year, the maize was harvested (120 DAP), and the following yield attributes were recorded using ten ears: ear length (cm), ear diameter, row number per ear, grain number per row, grain number/ear (calculated), 100-grain weight (g), and grain weight per ear (g). Additionally, the following final yield traits were recorded from the three central ridges at each plot and were converted into Mg ha-1: grain yield at a grain moisture content of 15.5%, ear yield, stover yield and biological yield. The harvest index was calculated from the grain and total yields (Mg ha-1) according to (Buresh et al., 1988) as follows:

	



2.4.2 Determination of macronutrients content and uptake

The grain samples were dried at 70°C after harvest to determine their total N, P and K contents according to (Faithfull, 2002). The grain N, P and K uptakes (kg ha-1) were calculated by multiplying the grain yields by the grain N, P and K percentages (Moll et al., 1962). The grain protein contents (%) were calculated by multiplying the grain N percentages by 5.70 (Bishnoi and Hughes, 1979). The crude protein yields (CPY) (kg ha-1) were calculated by multiplying the grain yields (kg ha-1) by the percentages of grain protein content (%).




2.5 Statistical analysis

The data were statistically analyzed using MSTAT-C Version 2.1, which was used also for analysis of variance (ANOVA) determinations (Gomez and Gomez, 1984). The treatment means were compared using the least significant differences (LSD) test at a 0.05 probability level (Snedecor and Cochran, 1989). The Pearson’s simple correlation matrix for yields, yield attributes and uptake of nutrients in grains was also computed by SPSS 20. The path coefficient analysis was estimated. Path-coefficient analysis measures the direct effect of one predictor variable on another and has been widely used to determine the nature of the relationships among grain yields and their contributing components (Pavlov et al., 2015).




3 Results


3.1 Maize yield attributes and crude protein yield

The greatest ear length (EL) (20.32 cm) was reported under the application of 75% NPK + biofertilizers with HA and AA mixture during the first season, while the greatest ear length was (20.50 cm) during the second season under the application of 100% NPK and AA without biofertilizers (Table 1). On average, ELs exhibited their maximum (e.g., 17.99 and 18.83 cm) values under the application of 75% NPK + biofertilizers when compared with all other NPK and biofertilizer combinations during the first and second seasons, respectively. Additionally, ELs exhibited their maximum lengths (e.g., 17.74 and 17.71 cm) under HA and AA mixture when compared with the control [e.g., tap water (TW)] and the single application of HA or AA during the first and second seasons, respectively. Similarly, ear diameter (ED), number of grains per ear (NG/E) and grain weight per ear (GW/E) were maximized under the application of 75% NPK + biofertilizers and HA and AA mixture as compared with the other single applications of growth stimulants during both seasons (Tables 1, 2). The NG/Es had the highest values (e.g., 614.6 and 589.9) under the application of 50% NPK + biofertilizers with HA and AA mixture or 100% NPK and AA, respectively. In contrast, the EDs (cm) and GW/Es (g) exhibited their highest values (e.g., 4.38 and 4.48, 229.5 and 225.9, respectively) under the combined application of 75% NPK + biofertilizers and an HA and AA mixture during the first and second seasons, respectively. On the other hand, the application of 100% NPK with TW resulted in the highest 100-grain weights (e.g., 37.91 and 40.51 g) during the two seasons. On average, the 100-grain weights were maximized under the application of 75% NPK + biofertilizers with foliar application of the HA and AA mixture during the two seasons. The application of growth stimulants (HA and/or AA) significantly improved all ear parameters compared with TW, and the mixture exhibited the highest values. Application of these stimulants reduced the negative impact of replacing mineral fertilizer with biofertilizers on the ear parameters, while using only 25% NPK with biofertilizers under the application of an HA and AA mixture exhibited all investigated ear parameters to be higher, equal or have no significant reductions when compared with using 100% mineral fertilizer.


Table 1 | Impact of foliar spraying of stimulants and chemical and bio fertilization treatments on ear length, ear diameter and number of grains per ear of maize.




Table 2 | Impact of foliar spraying of stimulants and chemical and bio fertilization treatments on grain weight per ear,100-grain weight and grain yield of maize.



The grain yield (GY), stover yield (SY), biological yield (BY), harvest index (HI) and crude protein yield (CPY) responded differently to the combinations of minerals and biofertilizers and growth stimulants (Tables 2–4). The GYs and EYs (Mg ha-1) exhibited their highest values (e.g., 10.03 and 9.93, 11.49 and 11.63, respectively) when applying 75% NPK + biofertilizers combined with the HA and AA mixture and the single application of AA during the first and second seasons, respectively. On average, the GYs and EYs recorded their maximum values under the application of 75% NPK + biofertilizers with foliar application of the HA and AA mixture during the two seasons. The maximum values of SY (Mg ha-1) and BY (Mg ha-1) during the first and second seasons (e.g., 21.72 and 20.19 and 32.61 and 30.60, respectively) were obtained when applying 75% NPK + biofertilizer treatment combined with AA during the first season and the mixture of HA and AA during the second season, respectively. In contrast, the HIs (%) reached their highest values (e.g., 45.60 and 45.42) under the application of AA combined with 25% NPK + biofertilizers in the first season and biofertilizers without mineral fertilization in the second season. Applying the 75% NPK + biofertilizer treatment combined with the application of HA and AA reported the highest improvements in GY, EY, SY and BY, which was followed by 100% NPK, with no significant differences. In contrast, the biofertilization treatment recorded the highest HI, while the lowest HI was exhibited under mineral fertilization (100% NPK) only. GY, SY and BY were sensitive to the replacement of mineral NPK with biofertilizers under TW, with average reductions of 44.44, 33.26 and 38.41%, respectively, when compared with mineral fertilizer with biofertilization. The maximum values of CPY (kg ha-1) during the first and second seasons (e.g., 1064.2 and 1089, respectively) were reported under the 75% NPK + biofertilizer treatment combined with application of the HA and AA mixture during the first season and AA during the second season.


Table 3 | Impact of foliar spraying of stimulants and chemical and bio fertilization treatments on stover, ear and biological yields of maize.




Table 4 | Impact of foliar spraying of stimulants and chemical and bio fertilization treatments on harvest index and crude protein yield of maize.





3.2 Macronutrient content and uptake

The application of 100% NPK with AA or 75% NPK + biofertilizer treatments with TW resulted in the highest N contents (e.g., 20.5 and 20.4 g kg-1) during the 1st season and 21.3 and 20.9 g kg-1 during the 2nd season, respectively (Figure 1A). The N content decreased significantly with replacing the mineral NPK by more than 50%, where the N content decreased from 19.5 g kg-1 under 100% NPK with AA or 75% NPK + biofertilizer treatments to 14.5 g kg-1 under biofertilization only. The maximum P content (1.6 g kg-1) was reported under the application of 100% NPK and 50% NPK + biofertilizers combined with AA or the application of biofertilizers combined with HA and AA mixture during both seasons (Figure 1B). On average, the P content was the highest (1.54 g kg-1) when applying 100% NPK and decreased significantly with replacing the mineral fertilization until reaching 1.4 g kg-1 under the biofertilization treatment. The AA was higher than HA and AA mixture followed by HA and finally TW for their effects on increasing P contents. The maximum K contents (10.4 and 10.8 g kg-1) during the 1st and 2nd seasons, respectively, were exhibited with the application of 50% NPK + biofertilizers with HA (Figure 1C). The HA or AA resulted in the highest K contents (e.g., 9.2 and 9.7 g kg-1, respectively), while TW exhibited the lowest K contents (e.g., 7.7 and 8.0 g kg-1) during the 1st and 2nd seasons, respectively. The grain uptakes of N (GNU), P (GPU) and K (GKU) improved significantly in response to the application of growth stimulants, even with reductions in the mineral NPK application rates (Figure 2). GNU (kg kg-1), GPU (kg kg-1), GKU (kg kg-1) and CPY (kg ha-1) exhibited their maximum values (e.g., 181, 14.12 and 94.36, respectively) when 75% NPK + biofertilizers were applied combined with foliar application of the HA and AA mixture during the first season. While applying 75% NPK + biofertilizers combined with foliar application of AA maximized these parameters (e.g., 185.2, 14.9 and 99.75, respectively) during the 2nd season. Generally, a reduction by 47% was reported in these parameters under partial or complete replacement of mineral NPK without growth stimulants. However, the application of HA with AA or a single AA mitigated this reduction significantly, especially under 75% or 50% NPK with biofertilizer treatments.




Figure 1 | Impact of humic acid (HA), amino acids (AA) and the mixture (HA+AA) application on contents of nitrogen (%) (A), phosphorous (%) (B) and potassium (%) (C) under chemical and bio fertilization treatments. Letters above columns refer to the significance LSD (p ≤ 0.05).






Figure 2 | Impact of humic acid (HA), amino acids (AA) and the mixture (HA+AA) application on grain nitrogen uptake (GNU) (A), grain phosphorus uptake (GPU) (B) and grain potassium uptake (GKU) (C) under five fertilization treatments. Letters above columns refer to the significance LSD (p ≤ 0.05).





3.3 Correlations and path coefficients among the studied variables

The EL was significantly and positively correlated with GN/E, stover and biological yields, crude protein yield, N (%) and GNU when the data were pooled over the two years (Table 5). Additionally, NG/E had positive and significant correlations with yield attributes, CPY, and macronutrient contents and uptake. The 100-grain weight exhibited positive and significant correlations with SY, EY, BY, CPY, K (%), GNU, GPU, GKU and GY. Moreover, SY was positively and significantly correlated (p< 0.01) with EY (0.554**) and BY (0.966**), while it exhibited negative and significant correlations with HI (-0.708**) and N concentration (-0.327**). The EY had positive and significant correlations with BY, CPY, macronutrient contents and uptake, and GY. The CPY was significantly and positively correlated with N (%), P (%), K (%), GNP, GPU, GKU and GY. In addition, grain N contents were positively and highly significantly correlated (p< 0.01) with P (%), K (%), GNP, GPU, GKU and GY. Similarly, grain P contents exhibited positive and significant correlations with K (%), nutrient uptake, and GY. There were positive correlations between grain K contents and GNU (0.426**), GPU (0.451**), GKU (0.697**) and GY (0.325**). The GNU was positively and strongly correlated (p< 0.01) with GPU (0.913**), GKU (0.882**) and GY (0.913**). The GKU had strong positive correlations (p< 0.01) with GY (0.900**). The GY exhibited positive and strong correlations (p< 0.01) with ED (0.810**), GN/E (0.636**), GW/E (0.940**), 100-grain weight (0.830**), EY (0.939**), BY (0.560**), HI (0.735**), CPY (0.913**), N (%) (0.298**), P (%) (0.314**), K (%) (0.325**) and GNU (0.913**).


Table 5 | Correlations (Pearson correlation coefficient) between the study traits in maize as calculated from the combined data across two years.



The direct and indirect effects of grain yield and the other yield components of maize across the two seasons are presented in Table 6. Grain weight/ear had positive and strong direct effects on grain yield (1.359), while the number of grains/ear and 100-grain weight exhibited negative effects (-0.144 and -0.361, respectively). For the indirect effects, only the number of grains/ear and 100-grain weight had positive effects on grain yield (0.874 and 1.229, respectively) through grain weight/ear.


Table 6 | Direct (Diagonal) and indirect effect of yield components on maize grain yield across two years relative to correlation.






4 Discussion


4.1 Response of maize yield attributes and crude protein yield to a reduced NPK strategy combined with biofertilizers and growth stimulants

Due to their vital roles in building plant tissues and all physiological processes, the decline in mineral N, P and K rates was accompanied by significant reductions in maize growth and ear parameters. Our results showed significant reductions in the ear parameters, including EL, ED, NG/E and GW/E, under partial replacement of mineral NPK fertilizers by biofertilizers. Replacing mineral fertilizers with biofertilizers has environmental importance by reducing the loss of chemical fertilizers to the environment but may have negative impacts on maize growth and yield (Gao et al., 2020). Higher reductions in GW/E were reported as compared with that in EL, ED and NG/E when using lower rates of NPK fertilizers, which indicates the importance of high rates of readily available NPK during grain filling (Zarabi et al., 2011). Biofertilizers are not direct sources of nutrient, but enhance the activity of soil microorganisms, which improves soil fertility by regulating the decomposition of organic matter, increasing nutrient solubility and protecting them against losses. This explains the reductions in ear parameters with the reduced NPK rates even when applying biofertilizers. We combined growth stimulants such as HA and AA to reduce the negative effect of reduced NPK rates on maize growth, and we found improvements in the maize ear parameters even under reduced NPK rates by 75%. The reductions in EL, ED, NG/E and GW/E were significantly affected by AA application, while the mixture of HA and AA with 75% NPK + biofertilizers increased those parameters over than applying 100% NPK. Under semiarid conditions, plants are subjected to drought periods during growth, which could reduce ear formation. In addition to containing N, P and K, the AA contains amino acids which enhance plant resistance to stress and reduce their effects on ear growth, grain formation and filling (Canellas et al., 2019). Additionally, HA contains organic substances and K, which promotes plant growth under stress conditions but does not contain high NPK like amino acids. Combining HA and AA exhibited superior effects on the ear parameters when compared with a single application of HA or AA. For cleaner maize production, we suggest combining lower rates of chemical NPK fertilizers with biofertilizers and HA and AA mixtures. On the other hand, GY, SY, EY, BY, HI and CPY recorded significant variations in their responses to the combined application of chemical NPK fertilizers, biofertilization and growth stimulants (HA and AA). Sharp reductions in these attributes were exhibited by reducing the mineral NPK rate by 25-100%, even with biofertilization. Similarly, increases in grain and stover yields with increasing N, P and K rates were reported (Gul et al., 2015). Higher N, P and K uptakes by maize plants produce higher LAIs, which activate photosynthesis and lead to greater dry matter production in terms of grain and stover yields (Canellas et al., 2019). Applying biofertilizers did not noticeably compensate for the sharp reductions in yield attributes that resulted from the reduced mineral fertilizer rate, which indicates less efficient of biofertilization under low NPK rates. Only an improvement by 12.5% in maize yields under biofertilization was reported by the meta-analysis study of Schmidt and Gaudin (2018). They found that biofertilizers were more effective under controlled conditions than under open field conditions, as field conditions might not be appropriate for microorganism activity, especially under semiarid conditions. Applying HA decreased the adverse effect of lower rates of mineral fertilization but not as much as AA or the mixture of HA and AA, because HA could only promote plant resistance to environmental stresses through its organic components. AA had the same effect as the HA and AA mixture on improving the yield attributes to exhibit higher GY, SY, EY and BY than by applying 100% NPK only. Similarly, there were increases in grain yields and yield attributes, as well as grain protein contents and GNU, with the application of HA or AA (Khan et al., 2019). In addition, AA is a direct source of N, P and K, which promotes plant resistance to stress under arid conditions (drought) and increases protein formation, photosynthesis and grain formation and filling (Szczepaniak et al., 2018). It is worth mentioning that HI recorded a contradictory response, for which the highest HI was reported when applying 25% NPK + biofertilizers, which means higher grain formation against dry matter. The HI measures the relative investment of plant resources in their reproductive parts (Unkovich, 2010). The CPY increased with increasing the replacement of NPK fertilizer with biofertilizers combined with foliar application of HA and AA. This response could result from enhanced soil fertility with high organic matter and N contents, which increased grain yields (White, 2009; El-Sobky, 2016), amino acid formation (Jiang et al., 2019) and mineralization of soil organic N (Li et al., 2003), and accelerated the physiological and biochemical processes of the plants (Rawal and Kuligod, 2014). That increased the N concentration and N uptake. In addition, humic acid and amino acids enhance plant functions such as photosynthesis, protein synthesis, phytohormone activation, total amino acids and grain contents of N, P and K (Ragheb, 2016; Canellas et al., 2019; Khan et al., 2019).



4.2 Effect of reduced NPK rates combined with biofertilizers and growth stimulants on maize macronutrient contents and uptake

Nutrient contents and uptakes by maize grains have a strong positive correlation with mineral fertilization rates (Luan et al., 2020; Li et al., 2021). Significant reductions in N, P and K contents were exhibited under chemical NPK rates that were lower than 50% even combined with biofertilizers. Meanwhile, the nutrient uptakes and crude protein yields recorded sharp reductions with decreasing NPK rate of less than 100% with biofertilizers. These results were correlated with the previous sharp reductions in grain yield, which demonstrated the role of biofertilizers for continuous, but not rapid or high supply with NPK like chemical fertilizers to maximize yield (Sarajuoghi et al., 2013; Kubheka et al., 2020a). We applied a biofertilizer mixture of N2-fixing bacteria and P- and K-solubilizing bacteria, which increased soil macronutrient availability and uptake by plants (Goebel et al., 2016). The biofertilizers produced a compound that could be synthesized by bacteria or facilitate nutrient uptake from the environment. The application of growth stimulants, especially AA, under 75% NPK + biofertilizers, caused significant increases in the N and P contents and their uptakes to have the same values like that of 100% NPK. On the other hand, the K contents and uptakes recorded their highest values when applying 50% NPK + biofertilizers with HA. These results demonstrate the role of AA-containing amino acids and N and P nutrients in improving the assimilation of these nutrients in grains, which also proves the stronger effect of AA on grain yield compared with other stimulants (Hegab et al., 2020). There were increments in grain N concentrations and total N uptakes of maize with N fertilizer applications (Niaz et al., 2016). The HA is a source of organic acids and K, which could prevent sharp reductions in grain yield under environmental stress and can significantly supply plants with K only, which is consistent with our results. Increased K contents with the reduction of NPK rate by 50% refer to the antagonistic effect of high N rates on K uptake by maize grains. There are no previous studies on the combined effect of HA and/or AA on the N, P and K contents and uptakes by maize grains; however, there were increments in grain N and P contents by 21.3 and 15.2%, respectively, under AA application when compared with HA (Hegab et al., 2020). The K contents increased by 22.7% under HA application compared with AA application.



4.3 Correlations and path coefficients among grain yields and yield attributes and macronutrient contents and uptake

The correlations among the examined traits may be due to the consequence of the genetic associations among the studied parameters. The correlation and path analysis (Table 5) revealed that grain yield had significant relationships with the yield components, macronutrient content and nutrient uptake. These findings suggested that the improvement in maize grain yields is linked to an increase in those traits that might have positive impacts on grain yield. Similarly, significant positive correlations among maize grain yields and yield attributes as well as with grain quality were reported [Ali (2016); Reddy and Jabeen (2016)]. The results revealed that grain weight/ear was considered to be the major yield component that maize breeders should consider to produce high-yielding maize. Similar results have been reported by several investigators (Nataraj et al., 2014; Ali, 2016; Reddy and Jabeen, 2016).



5
Conclusions

The efforts to obtain cleaner production are continuously increasing due to the environmental hazards that are caused by the intensive application of chemical fertilizers, especially N, P and K. Although the replacement of these chemicals with biofertilizers is a strongly recommended strategy, numerous findings have indicated that such replacements are an inefficient economic strategy. As shown by our study, there were sharp reductions in the maize yield attributes when replacing chemical NPK fertilizer by 25% to 100% with biofertilizers. For example, the grain yield was halved when reducing the recommendation rate of NPK fertilizers by 25%. Bio-stimulants, including humic (HA) and amino acids (AA), act against these reductions and significantly improved the maize yield quantities and qualities under 75% NPK more than for the recommended NPK rate. Moreover, the best yield attributes were obtained under the application of 75% NPK with HA and AA as compared with 100% of NPK fertilizers. Generally, the mixture of HA and AA reported the greatest effects, which was followed by AA and then HA. We strongly recommend combining the reduced amounts of chemical fertilizers with biological fertilizer, and HA and AA as strategies to obtain optimal maize yields and quality under semiarid conditions with less environmental hazards.
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Sugarcane bagasse is commonly combusted to generate energy. Unfortunately, recycling strategies rarely consider the resulting ash as a potential fertilizer. To evaluate this recycling strategy for a sustainable circular economy, we characterized bagasse ash as a fertilizer and measured the effects of co-gasification and co-combustion of bagasse with either chicken manure or sewage sludge: on the phosphorus (P) mass fraction, P-extractability, and mineral P phases. Furthermore, we investigated the ashes as fertilizer for soybeans under greenhouse conditions. All methods in combination are reliable indicators helping to assess and predict P availability from ashes to soybeans. The fertilizer efficiency of pure bagasse ash increased with the ash amount supplied to the substrate. Nevertheless, it was not as effective as fertilization with triple-superphosphate and K2SO4, which we attributed to lower P availability. Co-gasification and co-combustion increased the P mass fraction in all bagasse-based ashes, but its extractability and availability to soybeans increased only when co-processed with chicken manure, because it enabled the formation of readily available Ca-alkali phosphates. Therefore, we recommend co-combusting biomass with alkali-rich residues to increase the availability of P from the ash to plants.




Keywords: combustion and gasification, 31P-NMR spectroscopy, X-ray diffraction (XRD), phosphate extractability and availability, greenhouse experiments



Introduction

In tropical and subtropical countries, the combustion of sugarcane bagasse and leaves is used to generate heat and electricity (Raza et al., 2021). This combustion can be considered sustainable (Ondrasek et al., 2021), as it releases only carbon that has been sequestered from the atmosphere (Mendiara et al., 2017). In Brazil, about 6% of electricity is generated from the combustion of sugarcane leaves and bagasse (Watanabe et al., 2020), resulting in up to 10 million tons of ash annually (Herzel et al., 2020). However, sustainability also depends on appropriately recycling valuable elements found in the ash, such as phosphorus (P) and potassium (K). Although bagasse ash has been recognized as a potential fertilizer because it contains P and K (Pita et al., 2012; Gonfa et al., 2018), it is often disposed of as waste in landfills (Xu et al., 2018; Silva et al., 2019). This is due to both a lack of reliable information on nutrient availability compared to conventional fertilizers, and because the ash is partly produced in the rainy season, which makes transport to the field difficult. Biomass combustion and use of the resulting ash in agriculture is a promising strategy for sustainable energy production, disposing of ash at low-cost while recycling valuable nutrients (Patterson et al., 2004). Ultimately, such practices will help to achieve global goals for climate change mitigation by making efficient use of resources (EU, 2016; Li et al., 2016; Müller-Stöver et al., 2018; EU, 2019; Chojnacka et al., 2020).

While K from biomass ash is comparable to that found in mineral fertilizers (Li et al., 2017; Tran et al., 2018), the availability of P from ashes to plants depends, among other factors, on the origin and composition of the biomass. This can be modified by joint processing with other (nutrient-rich) residues, and by varying thermal processing conditions (Demeyer et al., 2001; Schiemenz and Eichler-Löbermann, 2010; Müller-Stöver et al., 2018). Following thermal processing, organic P oxidizes and reacts with other metals, including alkaline earth metals and alkali metals such as aluminum (Al) and iron (Fe), calcium (Ca), and sodium (Na), forming a mixture of oxides and phosphates (Tan and Lagerkvist, 2011). The solubility of phosphates from ash and their availability to plants depends on mineral P types formed during the thermal processing of biomass (Brod et al., 2015; Kratz et al., 2019; Luyckx et al., 2021). To our knowledge, there is currently only limited information available on the P mineralogy of bagasse ash, and thus the fertilization effects of these ashes are not well understood.

The objectives of the present study were to produce ashes by combusting and gasifying sugarcane bagasse alone and in combination either with chicken manure or sewage sludge. The goal of these variations was to i) change the elementary composition of bagasse ash and ii) use laboratory and greenhouse analyses to understand and predict plant P availability as well as subsequent fertilization effects. Chicken manure and sewage sludge were used because they both have high P mass fractions, while otherwise differing in Ca, Na, K, Fe, and Al content. The co-processing also aimed to show the benefits of using bagasse ash as a fertilizer. We chose soybean as a model plant because it is one of the most widely cultivated crops in Brazil (FAOSTAT, 2022) and is often cultivated in rotation with sugarcane (Bordonal et al., 2018; Withers et al., 2018). In this study, we conducted laboratory and greenhouse experiments to understand and predict the plant P availability from different bagasse-based ashes and their fertilization effects on soybeans.



Material and methods


Ash preparations

Bagasse ashes from the sugarcane factory ′Usina Nova Gália Ltda.′ (Paraúna, Goiás state, Brazil), hereafter named cB ash, as well as five bagasse-based ashes resulting from small-scale combustion and gasification, were used in this study. On a small-scale, bagasse pellets were gasified alone (gB) or as a blend with chicken manure pellets (gBM), and co-combusted either with chicken manure pellets (cBM) or sewage sludge (cBS; Supplementary Material S1, S2). The ratios of bagasse pellets to chicken manure pellets and sewage sludge were 80 to 20 (w/w). All sugarcane bagasse-based ashes were dried to constant weights at 60°C (TR 1050, Nabertherm GmbH, Lilienthal, Germany). The ashes, as well as triple superphosphate (TSP; Triferto Fertilizers, Doetinchem, Netherlands), were milled (≤ 250 μm, Retsch ZM 1, Retsch GmbH, Haan, Germany) before analyses and use in greenhouse pot experiments.



Ash characterizations


Elementary compositions

All bagasse-based ashes and TSP were analyzed for their elemental composition. Carbon (C) and nitrogen (N) were measured in a Vario El Cube, CHNS elemental analyzer (CHNS mode, Elementar Analyzensysteme GmbH, Langenselbold, Germany) by combusting 0.1 g of each fertilizer. Another 0.1 g of fertilizer was mixed with 0.25 g lithium borate and digested at 1000°C in a muffle furnace for 30 min. The molten phase was diluted in 30 ml of 5% hydrochloric acid (HCl) and filled up to 50 ml with ultra-pure water (Milli-Q Reference, Merck, Darmstadt, Germany). Subsamples for P, K, Ca, Na, Fe, Al, magnesium (Mg) and silicon (Si) determination were then diluted with ultra-pure water at a ratio of 1:20 (v/v) and measured in inductively coupled plasma atomic emission spectroscopy (iCAP 6500, Fisher Scientific, Schwerte, Germany).



Sequential phosphorus extraction

The sequential P extractions from cB, gB, gBM, cBM and cBS ashes followed the protocol of Hieltjes and Lijklema (1980), modified by Qian et al. (2009). In brief, 0.5 g of each ash were sequentially extracted with 20 mL of distilled deionized water (ddH2O), 1 M ammonium chloride (NH4Cl) at pH 7, 0.1 M sodium hydroxide (NaOH), and twice with 0.5 M hydrochloric acid (HCl) solutions. Samples were shaken (Turbula T2c, Willy A. Bachofen AG, Muttenz, Switzerland) for 2 hours (h), 2 h, 17 h, and 2x 24 h, respectively, and centrifuged at 15000 g (Hermle Z326K, HERMLE Labortechnik GmbH, Wehingen, Germany) for 5 min. before collecting supernatants. Phosphorus in supernatants was measured using inductively coupled plasma atomic emission spectroscopy (Thermo iCAP 7400, Dreieich, Germany) according to Brod et al. (2015).



Phosphorus and potassium extraction in citric acid

Phosphorus and K were extracted with 2% citric acid from all bagasse-based ashes and TSP following the protocol of Herzel et al. (2020). Briefly, 1.0 g ± 0.1 g of ashes or TSP were mixed with 100 mL of 2% citric acid solution (1:100 w/v), then shaken for 30 min. in an overhead shaker (35 rpm, RA20, Gerhardt, Königswinter, Germany) and filtered via a folded filter (type 2015, particle retention 5-8 µm, Labsolute, Renningen, Germany). Phosphorus and K concentrations in the filtrates were analyzed by inductively coupled plasma atomic emission spectroscopy (Thermo iCAP 7400, Dreieich, Germany).



Powder X-ray diffraction analysis

The powder X-ray diffraction (XRD) measurements were based on the protocol described by Herzel et al. (2020). Measurements focused on P phases in cB, gB, gBM, cBM and cBS ashes and were combined with P extractions in 2% citric acid, 2% formic acid, 0.1 M NaOH and 0.5 M HCl to verify the disappearance of reflexes due to pH changes. Ash measurements were performed in Bragg-Brentano geometry over a 2θ range from 5° to 80° with a step size of 0.02° employing a D8 Advance Bruker AXS (Bruker, Billerica, USA) before and after P extraction in 0.1 M NaOH and 0.5 M HCl solutions, respectively. Diffraction patterns were collected using Cu Kα1 and Cu Kα2 (λ1 = 1.54056 Å, λ2 = 1.54443 Å) radiation and recorded with a Lynxeye detector. Qualitative identification of the crystalline phases was performed using the MATCH! Software (version 3.6) in combination with the ICDD PDF2 database.




Plant trials under greenhouse conditions

Two independent greenhouse pot experiments were conducted at the Institute of Bio- and Geosciences, IBG-2: Plant Sciences, Forschungszentrum Jülich, Germany (50°54’36’’N, 6°24’49’’E), to evaluate the fertilizing effect (Exp. 1) and plant P availability (Exp. 2) from bagasse-based ashes to soybeans.

Soybeans (Glycine max (L.) Merr., RGT Shouna) were cultivated as described in Herzel et al. (2020) to provide homogeneous plant material at the start of the experiments. Soybeans were germinated on moist filter paper in the dark, and after 3 days (d) seedlings with comparable radicle length were transplanted into the substrate, i.e., sand and a greenhouse substrate low in nutrients (Null-Erde, Balster Einheitserdewerk, Fröndenberg, Germany) in a volume ratio of 1:1 (Supplementary Material S3) until the unifoliate leaves were fully expanded. At this stage, the roots were washed and plantlets with comparable morphologies were identified. Five plantlets were harvested to analyze the initial K and P contents (referred to as the first harvest in Eq. 2 and 3). Roots of remaining plantlets were inoculated with N2-fixing Bradyrhizobium japonicum (NPPL HI Stick, BASF SE, 180 Ludwigshafen, Germany). Plantlets were then transplanted into pots containing 1150 gram (g), i.e. 1.25 liter (L), of substrate treated with the different fertilizers. The selection of the potting medium was based on additional analyses (Supplementary Material S3). The substrate chosen as the potting medium was selected because it contained only a small mass fraction of P, and its physical and chemical properties were not significantly affected by high doses of bagasse ash, unlike either Brazilian soil from the field or quartz sand. This enabled analyses of ash as fertilizer and of P availability from ashes to soybeans under highly controlled conditions.

Soybean plants received 16 h d-1 light from natural and artificial light sources (minimum 400 μmol s-1 m-², SON-T AGRO 400, Philips) regulated by an automated light system. The pots were watered to 70% of their water holding capacity weekly. The substrate was covered with white plastic granulate to reduce water evaporation. Pots were randomized each week to minimize edge effects.


Experiment 1: Soybean response to increasing doses of cB ash

A dose-response experiment using cB ash (Table 1) as fertilizer for soybeans was conducted from August to September. The aim of this experiment was to analyze the efficiency of pure bagasse ash as fertilizer for soybeans under greenhouse conditions. Six doses of cB ash, ranging from 0 g to 31.6 g cB ash kilogram-1 (kg-1) substrate, were homogeneously incorporated into the substrate and delivered 0 mg to 120 mg P and 0 mg to 385 mg K kg-1 of substrate. Positive control treatment received readily available P and K at optimal doses for soybeans, i.e., 30 mg P kg-1 from TSP and 225 mg K kg-1 from potassium sulphate (K2SO4), determined in pre-experiments (data not shown). According to the recommendation for soybean cultivation under field conditions, soybean plantlets were inoculated with the symbiotic microbe Bradyrhizobium japonicum (2.3) and no mineral N fertilizer was added (Mendes et al., 2003).


Table 1 | Chemical compositions of cB, gB, gBM, cBM and cBS ashes and triple superphosphate (TSP).



Each fertilizer treatment contained five biological replicates, which were harvested after 44 d of growth. During plant growth the average relative air humidity was 52/66% (day/night) and the temperature was 25/20°C (day/night). The plants received an average of 9.8 mol photons m-2 d-1 light irradiance.



Experiment 2: Effect of thermal co-processing bagasse pellets with nutrient rich residues on P-availability to soybeans

Over the period from April to June, we evaluated the P availability from gB, gBM, cBM and cBS ashes (Table 1) to soybeans. The soybeans were fertilized with 54 mg P kg-1 of substrate. Phosphorus dose was based on the dose response experiment discussed in Effect of industrially produced bagasse ash as fertilizer. Absolute amounts of applied bagasse-based ashes were 13.2 g of gB, 3.2 g of gBM, 2.2 g cBM, and 1.9 g cBS ashes kg-1 substrate. For all treatments, the concentration of K was adjusted with K2SO4 to 244 mg kg-1 and with ammonium nitrate to 23 mg of N kg-1 of substrate to exclude K and N limitation when comparing plant P availability from gB, gBM, cBM and cBS ashes.

Each fertilizer treatment contained five biological replicates, which were harvested after 42 d of growth. Average relative air humidity was 47/62% (day/night) and the temperature was 25/19°C (day/night). The plants received an average of 11.2 mol photons m-2 d-1 light irradiance.



Non-invasive shoot growth measurements

In Experiment 1, the shoot areas of soybean plants were regularly imaged using the plant phenotyping “ScreenHouse” platform available at IBG-2 Plant Sciences, Forschungszentrum Jülich GmbH, Germany, as described in Nakhforoosh et al. (2016) and Herzel et al. (2020) to depict the shoot growth dynamics. In brief, the shoots were automatically imaged at a 45° angle from four sides of the pot, i.e., 0°, 90°, 180°, and 270° (Point Gray Grasshopper2, 5MP color camera, by FLIR Integrated Imaging Solutions Inc., Richmond, British Columbia, Canada). The sum of the four images represented the projected shoot area of the plant. Shoot areas were imaged weekly for 26 d, starting on day 6 after transplanting the plantlets into the fertilized substrate. Imaged shoot area was significantly correlated with leaf area of soybeans after plant harvest (R = 0.96, Supplementary Material S4), allowing an estimation of projected leaf area over time. The factor used to convert the projected shoot areas from px to projected leaf areas in cm2 was 1792 and was based on a calibration curve (Supplementary Material S4).



Destructive analyses

In experiment 1, roots and shoots were harvested separately and numbers of root nodules were counted to evaluate the evenness of root nodulation between treatments. In both experiments 1 and 2, roots and shoots were separately dried at 65°C to constant weight (TR 1050, Nabertherm GmbH, Lilienthal, Germany). The dry masses (DM) were determined (PG503-S, Mettler Toledo GmbH, Gießen, Germany) and the root mass fractions (RMF) were calculated, defined as dry mass of nodulated roots (DMRoots) relative to the total dry mass (DMTotal) of the plant from shoot and root organs (Eq. 1).

 

Before washing the roots, 250 g of homogenized substrate were sampled, dried at 30°C to constant weight and used for pH measurements (Supplementary Material S5).



Chemical biomass analyses

Shoot and root material was ground (MM 400, Retsch GmbH, Haan, Germany) separately in experiment 1, and collectively in experiment 2. Phosphorus and K were analyzed as follows: 50 g of dry biomass were digested in a microwave (Mars 5, Prg. Pflanzen160 X-Press, Kamp-Lintfort, Germany) with 2 mL of HNO3 and 1 mL of H2O2 for 35 min. including heating and residence time in triplicate. The samples were then diluted with ultra-pure water (Milli-Q Reference, Merck, Darmstadt, Germany) to a total volume of 14 mL. Before measurement by inductively coupled plasma atomic emission spectroscopy (iCAP 6500, Fisher Scientific, Schwerte, Germany), subsamples were diluted to a ratio of 1:20. The subsamples were measured for P in both experiments and additionally for K in experiment 1, which focused on the fertilization effect of cB ash as a PK fertilizer rather than only on plant P availability from the ashes as in experiment 2. Phosphorus and K uptakes were calculated as described by Herzel et al. (2020), i.e., as the differences in total P and K in total dry matter of soybeans after 44 d (see Experiment 1: Soybean response to increasing doses of cB ash) and 42 d (see Experiment 2: Effect of thermal co-processing bagasse pellets with nutrient rich residues on P-availability to soybeans) of growth in fertilized substrates (referred to as final harvest) and before fertilization beginning (see Plant trials under greenhouse conditions), i.e., first harvest (Eq. 2 and Eq. 3).



 

To evaluate the potential substitution of commercial P and K from TSP and K2SO4 by cB ash, the relative agronomic effectiveness (RAE) of P and K from cB ash was calculated according to Bogdan et al. (2021). RAE is based on the uptakes of P and K from cB ash (PcB), TSP (PTSP), K2SO4 (KK2SO4) and unfertilized substrate (P0, K0) following the Eq. 4 and Eq. 5.



 




Statistics

Randomization of pots and statistical analyses were performed with RStudio, version 1.2.1355 (2019), using the package “agricolae” (Mendiburu, 2022). Data were calculated as arithmetic means ± standard error of the means of the biological replicates and visualized using the R package “ggplot2” (Wickham, 2016) and “ggpattern” (Langlais et al., 2020). Data were subjected to Levene tests for normality using the R package “heplots” (Fox et al., 2021) before a one-way analysis of variance (ANOVA) was performed. Replicate means were compared by Tukey’s honest significance test. Pearson correlations were performed using the R package “corrplot” (Wei et al., 2017). The R package “FactoMineR” (Husson et al., 2022) with the function “factoextra” (Kassambara and Mundt, 2020) was used to perform the principal component analyses and to visualize the results. The data set for principal component analyses included P extractable with H2O, NH4Cl, NaOH and HCl, as well as the mass fractions of K, Na, Ca, Mg, Fe and Al (Supplementary Material S6), because these elements may form phosphates in the ash and affect P extractability.




Results and discussion


Ash characterizations


Elementary compositions of bagasse-based ashes

Bagasse-based ashes were analyzed for mass fractions of N, P and K, which are the most important for plant nutrition, as well as for Ca, Mg, Na, Al and Fe, which influence the availability of P from ashes to plants. All ashes contained low mass fractions of N, which is due to N emission during thermal processing of the biomass (Mayer et al., 2022). cB and gB ashes contained similar P and K but different C mass fractions, which is due to different fuel to air ratios during thermal biomass processing. Other elements in cB and gB ashes likely differed due to soil contamination in the cB ash as it was sampled from the landfill. The chemical compositions of bagasse-based ashes were strongly modified by thermal co-processing (co-gasification and co-combustion) of bagasse pellets with the additional feedstocks of chicken manure or sewage sludge (see 2.1). In regard to P, the mass fractions increased from 0.4 wt% in ash from gasification of bagasse pellets alone (gB), to 1.7 and 2.0 wt% in gBM and cBM ashes (co-gasified and co-combusted bagasse pellets with chicken manure pellets), to 3.0 wt% in cBS ash (co-combusted bagasse pellets with sewage sludge; Table 1). Thus, thermal co-processing of bagasse pellets with nutrient rich chicken manure pellets or sewage sludge increased the P mass fraction in bagasse-based ashes to values also described for low grade phosphate rock (Zapata and Roy, 2004). According to European regulations (EU, 2019), gBM and cBM ashes can thus be classified as PK fertilizers since they contained more than 1.3 wt% P and 1.6 wt% K, while cBS ash could be classified as P fertilizer because of the low K content of 0.64 wt% (Table 1).

The extractability of P from ashes is highly affected by elemental composition and P forms (Luyckx et al., 2021). Calcium, Mg, Na, K, Fe and Al are of great importance for phosphate formation and its solubility in various extraction solutions (Kratz et al., 2019). Combining 20 wt% chicken manure pellets with 60 wt% bagasse pellets (gBM and cBM ashes), increased the mass fractions of P, K, Ca, Mg and Na in gBM and cBM ashes up to 5.0, 3.0, 9.2, 1.8 and 6.0 fold, respectively. In contrast, the mass fractions of Fe and Al decreased as much as 2.3 and 2.6 fold, compared to pure gB ash (Table 1). When bagasse pellets were co-combusted with sewage sludge, the mass fractions of P, Ca, Mg and Na in cBS ash increased 7.4, 4.0, 1.2 and 2.8 fold, while K mass fraction decreased 1.6 fold compared to gB ash. In contrast to chicken manure as additional feedstock, Fe was not reduced and Al even increased following the addition of sewage sludge (Table 1).



Phosphorus extractability from bagasse-based ashes

To distinguish between extractable P forms, we conducted a sequential P extraction with water, 1 M NH4Cl at pH 7, 0.1 M NaOH and 0.5 M HCl. The pH dependence of the extraction is thought to represent water dissolvable P, labile P, Fe-/Al-bound P and Ca-/Mg-bound P fractions (Qian et al., 2009; Brod et al., 2015). The total P content extracted by this procedure was 75% from gBM ash and cBM ash, 68% from cBS ash and 56% from cB and gB ashes (Figure 1A). The extractability of P from all bagasse-based ashes with 0.5 HCl was higher than all other extraction solutions (Figure 1A). This is consistent with previous studies reporting that P soluble in HCl is the major P fraction in various ashes (Brod et al., 2015; Lemming et al., 2020). Luyckx et al. (2021) explained this by the presence of Ca-phosphates (e.g. apatite and whitlockite), which dissolve in acidic solutions.




Figure 1 | Phosphorus extractability from cB, gB, gBM, cBM and cBS ashes in various solutions. (A) Sequential P extractability in water, 1 M NH4Cl at pH 7, 0.1 M NaOH and in 0.5 M HCl. (B) Phosphorus extractability with 2% citric acid. The error bars represent standard errors of the means. Different letters indicate statistical differences between P extractabilities (Tukey’s HSD test, p ≤ 0.05, n = 3).



Only low amounts of P were soluble in 0.1 M NaOH. The highest solubility was found in cBS ash with around 7% of total P (Figure 1A). The different P solubility in 0.1 M NaOH was probably due to different Fe and Al mass fractions in the ashes (Table 1; Qian et al., 2009). The overall lowest P extractability was achieved with 1 M NH4Cl at pH 7 (≤ 3% of total P) and with H2O (<1% of total P; Figure 1A).

P extractability in 2% citric acid is commonly considered to predict P availability from a fertilizer for a plant (Bergfeldt et al., 2018; Herzel et al., 2020). In this study, P was extracted with 2% citric acid, yielding similar values for gBM ash (96.8%) as for TSP (98.0%), while cBM ash (85%), gB ash (78%) and cB ash (49%) contained less extractable P (% of P from total P; Figure 1B). This extractability of P was higher than in 0.5 M HCl, probably due to complexing agents in citric acid (Herzel et al., 2020; Luyckx et al., 2021). The lowest amount of P extracted with 2% citric acid was measured in cBS ash (30%; Figure 1B). Contrary to gB, gBM and cBM ashes, the extractability of P in citric acid from cBS ash was half of that seen in 0.5 M HCl, indicating the presence of different P forms in cBS ash than in other bagasse-based ashes, as well as the necessity of harsh acidic conditions for P solubilization from cBS ash.



Principal component and correlation analyses

To understand P extractability in bagasse-based ashes, principal component analyses (PCA) were performed for P soluble in water, 1 M NH4Cl at pH 7, 0.1 M NaOH and 0.5 M HCl, and the mass fractions of Ca, Mg, Fe, Al, K and Na, which can form phosphates in the ash. The first two principal components, named dimension 1 (Dim1) and dimension 2 (Dim2), together explain 94.90% (Dim1: 83.4% and Dim2 11.5%) of the total variance (Figure 2). Interestingly, Na, K, Mg, Ca, PHCl and PNH4Cl formed a group with gBM and cBM ashes, while Fe, Al, PNaOH and PH2O formed a group with cBS and gB ashes (Figure 2). This indicated a close relationship between the pH of the solutions for P extraction and the mass fractions of Na, K, Mg, Ca, Fe and Al in the ashes.




Figure 2 | Biplot of component 1 (Dim1) and 2 (Dim2) of the Principle Component Analyses (PCA) for P soluble in water (PH2O), 1 M NH4Cl at pH 7 (PNH4Cl), 0.1 M NaOH (PNaOH), and 0.5 M HCl (PHCl), mass fractions of potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), iron (Fe) and aluminum (Al) with gB (1), gBM (2), cBM (3) and cBS (4) ashes as sub-data set.



Further analyses revealed that P soluble in HCl positively correlated with total Mg (R2 = 0.96, p ≤ 0.01), Ca (R2 = 0.86, p< 0.10) and Na (R2 = 0.82, p< 0.10) mass fractions (Table 2A) suggesting the presence of Mg-/Ca-phosphates and/or Mg-/Ca-Na phosphates in bagasse-based ashes. The positive correlation of K (R2 = 0.97, p ≤ 0.01), Na (R2 = 0.90, p ≤ 0.05) and Mg (R2 = 0.81, p ≤ 0.10) mass fractions with P soluble in 1 M NH4Cl hints at the presence of Mg-alkali phosphates in the ashes (Table 2A). Calcium- and Mg-alkali phosphates likely occurred in cBM and gBM ashes due to higher mass fractions of K and Na in the ashes compared to gB and cBS ashes (Table 1). High mass fractions of Fe (3.86 wt%) and Al (4.18 wt%; Table 1), as well as strong positive correlations with Fe (R2 = 0.89, p< 0.05) and Al mass fractions (R2 = 0.83, p< 0.1) with P soluble in 0.1 M NaOH (Table 2A) suggest the presence of Fe- and Al-phosphates in cBS ash.


Table 2 | Pearson’s correlation between sequentially extracted P with distilled deionized water (PH2O), 1 M NH4Cl at pH 7 (PNH4Cl), 0.1 M NaOH (PNaOH), and 0.5 M HCl (PHCl) from gB, gBM, cBM and cBS ashes with total mass fractions of potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), iron (Fe) and aluminum (Al) in the ashes (A), and with phosphorus (P) uptake from the ashes (B).





Crystalline P phases in bagasse-based ashes

Phosphorus phases were analyzed by X-ray diffraction (XRD) to understand P extractability from bagasse-based ashes. The crystalline P phases detected by XRD in any of the ashes contained predominantly orthophosphate and only small amounts of pyrophosphate (Table 3, Supplementary Material S7). This is in line with 31P nuclear magnetic resonance (NMR) analyses conducted in our study (Supplementary Material S8) and in a previous study by Herzel et al. (2020). The combination of 31P NMR analyses with sequential extraction revealed further undefined P species in the fertilizers that were not extractable with the standard extraction solution of 0.25 M NaOH and 50 mM Na2EDTA for 31P NMR analyses (Supplementary Material S8).


Table 3 | Overview of crystalline P phases in gB, gBM, cBM and cBS ashes based on Supplementary Material S7.



The P phase formation depends on the chemical elements present in the biomass before thermal processing as previously reported by Hannl et al. (2022) in sewage sludge-based ashes. In the cBS ash, high mass fractions of Fe and Al from sewage sludge (Supplementary Material S1) facilitated the formation of AlPO4, which was soluble in 0.1 M NaOH and 0.5 M HCl. High mass fractions of alkali and earth alkali metals from chicken manure favored the formation of Ca(Na,K)PO4 in cBM ash, and two, as yet undefined, P phases in both cBM and gBM ashes (Table 3, Supplementary Material S7). We assume that the formation of Ca-alkali phosphates in bagasse-based ashes was due to the principle of thermochemical post-treatment of ashes. In this process, ashes and alkaline additives such as Na2SO4 or K2SO4 are combusted at 1000°C for 30 min. to form Ca-alkali phosphates (Steckenmesser et al., 2017; Herzel et al., 2020). The formation of different P phases in cBM and gBP ashes may have been due to the different thermal processing environments, as illustrated by Bergfeldt et al. (2018) in ash and biochar after combustion and pyrolysis of chicken manure. All bagasse-based ashes from small-scale processing contained CaK2P2O7 and whitlockite (Ca9M(PO4)7), which most commonly contain Ca, K, Fe, and/or Mg at the placeholder “M”; (Herzel et al., 2020). In an earlier study, Hannl et al. (2022) detected K-whitlockite in alkali-rich ash and (Mg, Fe)-whitlockite and AlPO4 in Fe-and Al-rich ash. In cB ash, amorphous phases masked potential P phases (Supplementary Material S7).

According to earlier studies, the extractability and/or plant availability of P from AlPO4 and Ca-based phosphates is as follows: Ca(Na,K)PO4 > CaK2P2O7 > Ca9M(PO4)7 > AlPO4 (Vogel and Adam, 2011; Kratz et al., 2019; Herzel et al., 2020). Further analyses of the undefined P phases and detailed elucidation of whitlockite structure in bagasse-based ashes will help to identify the factors behind the fertilizers´ efficiency. Consequently, variation of crystalline P phases might enable prediction of plant P availability from bagasse-based ashes. Based on P extractability in 2% citric acid and XRD analyses, we predict that the fertilizer effectiveness of bagasse-based ashes for soybeans will be as follows: cBM ≥ gBM > gB > cBS > cB.




Ash fertilization effects under greenhouse conditions


Effects of industrially produced bagasse ash as fertilizer

In experiment 1, bagasse ash (cB ash) from a sugarcane factory in Goiás, Brazil, was investigated as a fertilizer for soybeans. Compared to the non-fertilized control plants, substrate fertility was significantly increased by the addition of the ash. The measurements showing the fertilization effects included soybean shoot size, projected leaf area, dry biomass accumulation, biomass allocation to the roots, and uptakes of P and K (Figure 3). In general, shoot size, leaf area, biomass, and nutrient uptake increase as nutrient availability increases, while the biomass allocation to the roots decreases as plants need to forage less for nutrients in the soil (Poorter et al., 2012; Herzel et al., 2020). The positive fertilization effect of cB ash on the employed soybean is in line with earlier studies reported for various other crops, such as wheat (Gonfa et al., 2018), bean, and Chinese kale (Webber III et al., 2017).




Figure 3 | Effects of increasing cB ash doses on soybean growth (experiment 1). (A) Shoot phenotypes, (B) projected leaf areas (PLA), (C) total plant dry mass (DM) from shoot and root organs, (D) root mass fractions (RMF), (E) uptake of phosphorus (P) and (F) uptake of potassium (K) during 44 d growth. All values are given per plant. Phosphorus and potassium were provided by cB ash (yellow bars and labels) and triple-superphosphate (TSP) and K2SO4 (green bars and labels). The values within the bars (E, F) represent relative agronomic effectiveness compared to P and K from TSP and K2SO4. The error bars represent standard errors of the means. Identical letters indicate no statistical differences between the fertilizer treatments (Tukey’s HSD test, p ≤ 0.05, n = 5).



Despite the positive fertilization effects of cB ash described above, it was less effective as fertilizer for soybeans, although 7.9 g cB ash kg-1 substrate provided the same dose of P as in the positive control treatment using triple-superphosphate (TSP). When compared to plants provided TSP, those receiving cB ash displayed significantly slower shoot growth 16 d after the beginning of the treatment, lower total plant dry mass, and a larger root mass fraction as well as lower P and K uptakes after harvesting the plants (Figures 3A–F). We assume that the fertilization effects of cB ash depended on plant P rather than K availability and N2 fixation, because K extractability in 2% citric acid was higher than that of P (Table 1), and the number of root nodules and mass fractions of N in roots did not significantly differ across treatments (Supplementary Material S9). The relative agronomic efficiency of P from cB ash, which presents the fertilizer effectiveness relative to referenced fertilizer (TSP in the present study), was only 22% of that of TSP (Figure 3E). The low efficiency is in line with P extractability in 2% citric acid (Figure 3B). In a study by Bogdan et al. (2021), P uptake from ashes produced by combustion of two different sewage sludges was shown to increase the relative agronomic P efficiency during seven months of ryegrass (Lolium perenne) growth. A long-term experiment with a perennial plant that can be harvested above ground in regular intervals, could aid in better understanding P uptake dynamics from bagasse ash and thus offer insight into the use of bagasse ash as a slow-release P fertilizer.

Increasing doses of cB ash enhanced fertilizer efficacy. Fertilization with 90 mg P/289 mg K kg-1 and 120 mg P/385 mg K kg-1 from cB ash even produced biomass yields comparable to TSP fertilization (Figure 3C), although P uptake again remained significantly lower than with TSP (Figure 3E). The use of large quantities of ash has been suggested to result in nutrient imbalances in the substrate that do not conform to crop requirements (Müller-Stöver et al., 2018). A detailed study on nutrient content in plants fertilized with increasing amounts of ash would clarify whether large cB ash doses can cause nutrient imbalances in the substrate that hinder P uptake by plants.

The pure bagasse ash tested here was not able to compete with TSP and K2SO4 for fertilizer efficiency. Future studies should investigate the effects of different local combustion conditions, times, and storage conditions on the composition, as well as the P availability from bagasse ashes to crops. This would allow better insight into how the ash could be effectively used in agriculture and industry, rather than being disposed of in landfills.



Effect of thermal co-processing bagasse pellets with nutrient rich residues on P-availability to soybeans

In the following, bagasse pellets were gasified (λ = 0.4) alone (gB) and in combination with chicken manure (gBM) as well as co-combusted (λ = 2.2) with chicken manure (cBM) or sewage sludge (cBS) to obtain different ashes for testing as fertilizer for soybeans under greenhouse conditions. Plant P availability from bagasse-based ashes varied and depended on the biomass used for ash production, which is in line with previous studies (Schiemenz and Eichler-Löbermann, 2010; Müller-Stöver et al., 2018).

The effects of pH and/or availability of other plant nutrients on plant P availability from ashes, as suggested by Schiemenz and Eichler-Löbermann (2010), were negligible in this study. The pH values in the selected substrate did not statistically differ, regardless of fertilizer treatment (Supplementary Material S2, S4), and N and K were not limiting due to the additional supply (see 2.3.2). Compared to gB and cBS ashes, soybeans receiving P from gBM and cBM ashes accumulated significantly more total dry biomass and took up more P (Figures 4A–D), indicating better plant P availability (Herzel et al., 2020). This was probably due to more Ca-/Mg-phosphates in the ashes, since P uptake is positively correlated with P soluble in 0.5 M HCl (R2 = 0.86, p< 0.05; Table 2B). Lemming et al. (2020) assumed that Ca-phosphates determine the overall level of plant P availability. Although amounts of plant dry biomass and P uptake from ashes showed evidence of different plant P availabilities, biomass allocation to the roots, which also indicates plant P availability (Poorter et al., 2012; Herzel et al., 2020), was not statistically different (Figure 4C). We recommend 1) further studies in arable soil to investigate plant P availability from bagasse-based ashes under field conditions and 2) the use of other crops that respond differently to ash, as shown by Schiemenz and Eichler-Löbermann (2010). Previously, Ferreira et al. (2012) reported that P extractability in Mehlich I solution from Brazilian arable soil (classified as Ferralsol) increased after fertilization with a residual ash from the co-combustion of bagasse with bovine residues.




Figure 4 | Fertilization effects of gB, gBM, cBM and cBS ashes on soybean (experiment 2). (A) Shoot phenotypes, (B) total plant dry mass (DM), (C) root mass fractions (RMF), and (D) uptakes of phosphorus (P) from the ashes. All values are given per plant. The error bars indicate standard errors of the means. Identical letters indicate no statistical differences between the fertilizer treatments (Tukey’s HSD test, p ≤ 0.05, n = 5).



Extraction of P from bagasse-based ashes with 2% citric acid provided a reasonable estimate for plant P availability, as indicated by plant growth analyses (Figure 1B, Figure 4). However, it tended to underestimate or overestimate P availability depending on the P phases in the ash. Phosphorus extraction in 2% citric acid predicted the lowest available P in cBS ash, which is in line with the results described above. The same extraction procedure also indicated that gBM ash should contain significantly more plant available P than cBM ash (Figure 1), which was not observed in the pot experiment using soybeans. Here, more P was taken up following cBM ash fertilization than with gBM ash (Figure 4C). The better plant P availability from cBM ash was probably due to the Ca(Na,K)PO4 phase in cBM ash, as it is more plant available than whitlockite (Herzel et al., 2020), which dominated in gBM ash (Table 3, Supplementary Material S7). Thus, both extraction of P in 2% citric acid and mineralogical P phase analyses are good estimates of plant P availability, although the mineralogical analyses provide a better prediction than P extractability in 2% citric acid.

The question arises whether co-processing of the low-P containing bagasse with nutrient-rich residues makes sense. Chicken manure is a valuable fertilizer in and of itself. However, the high solubility of P from chicken manure could lead to pollution of surface waters, while its combustion could reduce P solubility in water and while retaining its availability to plants (Codling, 2006; Codling, 2019). Sewage sludge ash contains high amounts of P which would only be diluted by co-processing with bagasse. In this study, these resources were used as they provided contrasting chemical compositions and were instrumental in helping to understand the P mineralogy of the bagasse-based ashes. However, careful selection of locally available residues that are produced in sufficient amounts and are otherwise potentially disposed of (as the bagasse ash itself) is indispensable for showing the benefits of using bagasse ash as a fertilizer. Finally, when such a process is implemented, life cycle analyses and economic assessments need to be conducted to investigate the environmental impacts of producing and using bagasse-based ashes as fertilizers, particularly with respect to their economic and ecological advantage over finite rock-based fertilizers.





Conclusion

Bagasse ash represents a valuable resource that deserves attention in further studies as a potential fertilizer, with the goal of reducing the dependence on rock-based sources in fertilizer production. While the use of pure bagasse ash as a fertilizer for soybeans was limited by the low P mass fraction and plant P availability, thermal co-processing of bagasse with either chicken manure or sewage sludge increased the overall P mass fraction in the ashes to the levels of low-grade phosphate rock. The plant P availability was even shown to increase when bagasse was co-combusted with chicken manure due to the formation of plant available Ca-alkali phosphates. Thus, we recommend co-processing bagasse with alkali-rich residues to increase the P availability from bagasse-based ashes to soybeans.
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Background

Nitrogen(N), phosphorus(P), and potassium(K) are essential elements that are highly deficient during plant growth. Existing diagnostic methods are not suitable for rapid diagnosis of large-scale planting areas. Near-ground remote sensing technology based on unmanned aerial vehicle (UAV) and sensor is often applied to crop growth condition monitoring and agricultural management. It has been proven to be used for monitoring plant N, P, and K content. However, its integrated diagnostic model has been less studied.



Methods

In this study, we collected UAV multispectral images of Ligusticum chuanxiong Hort. in different periods of nutritional stress and constructed recognition models with different heights and algorithms. The optimal model variables were selected, and the effects of different sampling heights and modeling algorithms on the model efficiency under the time span were evaluated. At the same time, we evaluated the timeliness of the model based on leaf element content determination and SPAD. It was also validated in field crop production.



Results

The results showed that the LR algorithm’s model had optimal performance at all periods and flight altitudes. The optimal accuracy of N-deficient plants identification reached 100%, P/K-deficient plants reached 92.4%, and normal plants reached 91.7%. The results of UAV multispectral diagnosis, chemical diagnosis, and SPAD value diagnosis were consistent in the diagnosis of N deficiency, and the diagnosis of P and K deficiency was slightly lagging behind that of chemical diagnosis.



Conclusions

This research uses UAV remote sensing technology to establish an efficient, fast, and timely nutritional diagnosis method for L. Chuanxiong, which is applied in production. Meanwhile, the standardized production of medicinal plant resources provides new solutions.





Keywords: nutrient deficiency, symptom identification, unmanned aerial vehicle (UAV), canopy reflectance, medicinal plants, ligusticum chuanxiong Hort



1 Introduction

There are 14 essential mineral nutrients in the whole life cycle of plants (de Bang et al., 2021), among which nitrogen(N), phosphorus(P), and potassium(K) are closely related to the yield and quality of cultivated crops and are more likely to be deficient (Sanchez et al., 2020). N is a component of plant proteins, nucleic acids, chlorophyll, and other substances. N deficiency can cause phenotypic symptoms such as stunted growth, yellowing old leaves, small leaves, and reduced branching and flowering (Rahayu et al., 2005). P is an element involved in energy metabolism (ATP, NADPH), nucleic acids, and membrane phospholipid composition (Kamerlin et al., 2013). P deficiency causes a reduction in cell division and elongation, reddish-purple or dark green plant leaves, and stunted plant growth and development (Hughes and Lev-Yadun, 2015). K regulates plant growth in plants by affecting electroneutrality, osmoregulation, anion-cation balance, and biochemical pH status, and K+ reduces the production of reactive oxygen species (ROS) by suppressing the number of electrons used for side reactions with oxygen, such that potassium deficiency can lead to local necrosis of the plant foliage (Pottosin and Shabala, 2016). K deficiency also predisposes the plant to collapse by hindering cell wall development (Anschutz et al., 2014). Identifying and replenishing N, P, and K deficiencies at an early stage of plant deficiency is the key to ensuring proper plant growth. Therefore, N, P, and K are the plant nutrients that need to be monitored as a priority in field production management.

Ligusticum chuanxiong Hort. is one of the commonly used medicinal plants of the Umbelliferae family, which has been cultivated in China for more than 1500 years (Ran et al., 2011). Its roots are widely used in China, Japan, Korea, Singapore, and other Asian regions for treating and preventing cardiovascular and gynecological diseases (Chen et al., 2018). Currently, the cultivation area of L. chuanxiong in the Chengdu Plain of China is more than 6000 hm² year-round, with an annual production of 1.8×107~20×107 kg (Peng et al., 2020). However, irrational fertilization exists in the process of large-scale cultivation. This causes a waste of resources (Krasilnikov et al., 2022), environmental pollution and damages the quality of Chuanxiong herbs (Liu, 2009; Chen et al., 2022).On the other hand, due to the specificity of their use, medicinal plants are often subject to strict requirements in terms of growing environment and cultivation management, which requires a large amount of labor. With the urbanization and aging of China’s population, labor management costs have increased. Therefore, in the context of large-scale cultivation and rising labor costs, there is an urgent need for efficient and reliable tools to assist medicinal growers in management and decision-making.

In the process of crop planting and production, due to the differences in soil properties and nutrient content, as well as temperature changes, rainfall conditions, etc., the nutrient loss is different (St Luce et al., 2011). Adequate fertilization is an important factor to ensure crop yield and quality (Imran et al., 2021). Therefore, it is necessary to monitor the nutritional status of the key stages of crop growth to take timely remedial measures. At present, the nutritional diagnosis of crops mainly includes sensory empirical, chemical, and spectral. Sensory experience diagnosis is highly subjective. Chemical diagnosis relies on laboratory conditions, and the operation process is cumbersome and time-consuming (Daughtry et al., 2000). The spectral diagnosis method established by using the close correlation between crop nutritional status and its spectral characteristics is fast, non-destructive, and easy to grasp (Balasubramanian et al., 1998; Toth and Jozkow, 2016; Sanchez et al., 2020). Although the existing proximal spectral diagnosis technology identifies more types of element deficiencies with high accuracy (Rustioni et al., 2018; Sanchez et al., 2020), the collection efficiency is low and cannot meet the real-time monitoring of large-scale agricultural fields. And with the development of UAV technology, it is equipped with different sensors such as RGB, Multispectral, Hyperspectral, Thermal Sensor, Light Detection and Ranging (Sun et al., 2022). Appropriate sensors can be selected according to the application (Zhu et al., 2021), thus providing a new solution for crop growth monitoring (Toth and Jozkow, 2016). UAVs are equipped with optical sensors to collect and quantify light attenuation caused by photon scattering, absorption, and transmission caused by the interaction of light with plant canopy tissue. These interrelationships are closely related to the physical and chemical properties of the plant, thus obtaining crop phenotypic parameters to provide an accurate and timely assessment of the crop development status (Homolova et al., 2013), such as the assessment of crop nutrition, disease, pest incidence, weeds, biomass, etc. (Osco et al., 2020; de Castro et al., 2021; Rehman et al., 2022). At present, the acquisition of near-Earth spectral image technology based on UAV has attracted the attention of many scholars due to its high efficiency, real-time and non-destructive characteristics.

The sustainable development of agroecosystems needs to be considered in crop growth detection. Non-destructive, low-cost, and high-efficiency UAV multispectral technology solves the problem. Multispectral cameras have three or more discrete bands. The choice of bands depends on the need for vegetation indices (VI) associated with crop phenotypes, which are more sensitive to vegetation characteristics than a single wavelength. Among them, indices such as Normalized Difference VI (NDVI), Green Normalized Difference VI (GNDVI), Normalized Difference Red-edge Index (NDRE), and soil-adjusted VI (SAVI) are considered to be closely related to the nutritional status of plants (Osco et al., 2020). Rehman et al. (2022) used NDVI and NDRE to establish a prediction model for rice nitrogen and yield in different locations and time spans. Gordillo-Salinas et al. (2021) found that GNDVI and Blue Normalized Difference Vegetation Index (BNDVI) had better prediction effects on the nitrogen content of wheat in different phenological periods. Furlanetto et al. (2021) found that GNDVI, NDVI, Ratio between Infrared and Green (GRVI), Ratio between Green and Infrared (GNIR), Ratio between Red and Infrared (RNIR), and Ratio between Infrared and Red (RVI) can effectively differentiate adequate K supply maize plants under treatment with severe potassium deficiency. Gracia-Romero et al. (2017) found that the NDVI, SAVI, Renormalized difference vegetation index (RDVI), Enhanced vegetation index (EVI) and other indices of corn plants with and without phosphate fertilizer had significant changes. Given this, we believe that UAV multispectral technology has the potential for integrated diagnosis of plant N, P, and K deficiency and can meet the needs of future crop cultivation and production self-energy and intelligence.

This study aimed to verify the possibility of distinguishing N, P and K deficiency in plants using UAV multispectral technology. And we will evaluate the impact of different algorithms and flight altitudes on classification accuracy as well as the timing of the diagnosis compared to other diagnostic methods. We expect that UAV multispectral technology with a suitable algorithm and flight altitude can accurately identify deficient plants and can detect the deficiency symptoms of plants as early as possible.



2 Materials and methods

The method is described in three main stages: a) experimental design and data collection; b) digital image processing and data analysis; c) Chemical analysis of leaf tissue and determination of growth indicators. The specific steps of each phase are organized in a workflow (Figure 1) and detailed below.




Figure 1 | Workflow of the process performed in this study.




2.1 Experimental design and data collection


2.1.1 Study area and experimental design

The field experiment was conducted in the Medicinal Botanical Garden of Chengdu University of Traditional Chinese Medicine (30°69’N, 103°81’E, 524m ASL) located in Chengdu City, Sichuan Province, China, from January 2022 to June 2022 (Figure 2A). The region has a humid subtropical monsoonal climate. The average temperature during the experiment was 13.7°C, and the accumulated rainfall was 316.99 mm. The cultivation medium is made of yellow loam, perlite, and coconut coir in a volume of 5:3:2. The yellow soil was collected from long-term unfertilized plots (pH 6.98, organic matter content of 18.4 g/kg, available nitrogen content of 43.71 mg/kg, available phosphorus content of 19.57 mg/kg, and available potassium content of 51.92 mg/kg). After the soil was air-dried for several days, it was crushed and passed through a 5 mm sieve (Rajkovich et al., 2011). The mixed cultivation medium was packed into polypropylene pots with quartz sand at the bottom, and 2/3 of the pots were buried in the soil and kept at the same height.




Figure 2 | Study site, experimental design, and stress characterization. (A) Study area location, (B) Study area, (C), Stress characterization. CK, control group, ND, nitrogen deficiency group, PD, phosphorus deficiency group, KD, potassium deficiency group, NS, nitrogen supplementation group, PS, phosphorus supplementation group, KS, potassium supplementation group.



The germplasm material was crop rhizomes harvested from Fengdui Village, Dujiangyan City, Sichuan Province. The area is a Geo-Authentic product area of L. chuanxiong. Before planting, remove the aerial parts and fibrous roots according to traditional planting habits. After 3 days of placement, choose rhizomes of even size for planting. Two in each pot are one sample, totaling 196 samples. Hoagland’s nutrient solution was watered weekly after planting to ensure normal growth in the early stages (Hoagland and Arnon, 1950). Until April 1, samples were divided into control (CK), N deficient (ND), P deficient (PD), and K deficient (KD) groups. Each processed 48 samples. Every 7 days, 500 ml of the corresponding nutrient solution was poured, CK was poured with Hoagland’s nutrient solution, and the stress group was poured with Hoagland’s nutrient solution with the relative mineral elements completely removed. The deficient nutrient solution was prepared according to the method of Xu and Mou (2016). Watering the soil with sufficient water to remove the pre-watering Hoagland’s solution before starting the treatment. After 30 days of treatment, 24 samples were divided from ND, PD, and KD as nitrogen supplementation group (NS), phosphorus supplementation group (PS), and potassium supplementation group (KS), respectively, and changed to watering with whole Hoagland nutrient solution (Figure 2B).



2.1.2 Remote sensing image acquisition

A total of nine missions were conducted during the experiment in April-May 2022 to capture multispectral images between 11:00 and 13:00 in cloudless and windless weather. The interval between each capture was about 7 days. The drone used is the DJI Phantom 4 Multispectral (DJI, Shenzhen, China), which was equipped with a multispectral lens having six CMOS sensors, including one RGB sensor for visible imaging and five single-band sensors (B: 450 ± 16 nm, G: 560 ± 16 nm, R: 650 ± 16 nm, RE: 730 ± 16 nm, NIR: 850 ± 26 nm). Missions were uploaded to the drone via DJI GS Pro. Above ground level (AGL) was set to 5 and 10 meters. Under this AGL, the drone did not affect the crop canopy, and the orthoimage stitching was normal. The ground sampling distance (GSD) was 0.265 cm/pixel (5m AGL) and 0.529 cm/pixel (10m AGL). The camera was connected to the drone with a gimbal, and shooting angle was 90° from the ground. The for-ward overlap rate was 80%, and the side overlap rate was 75%. Image geographic coordinates determined by Real Time Kinematic (RTK) GPS with an error of less than 1 cm in the horizontal direction and less than 1.5 cm in the vertical direction. The 10% and 90% radiometric calibration plates (JINGYI, Guangzhou, China) were placed in the center of the plot before the mission begin. It was used to verify the radiometric calibration effect.




2.2 Digital image processing and data analysis


2.2.1 Generation of orthorectified mosaic and radiometric correction

The generation of orthorectified mosaic was done on DJI Terra (DJI, Shenzhen, China) and the steps include radiometric calibration, image alignment, dark angle compensation, and aberration calibration. The radiometric calibration was calculated as follows (DJ-Innovations, 2020):

 

Where X is the response band, XDN is the brightness value of the image element in this band, XLS is the light-sensitive signal obtained by the light intensity sensor, ρNIR is the parameter that regulates the interconversion between the NIR image signal and the multispectral light intensity sensor, and pCamX and pLSX are the calibration parameters obtained by the multispectral light intensity sensor in other bands with reference to the NIR band.



2.2.2 Feature extraction and variable screening

Mask images were made using the support vector machine (SVM) algorithm (Figure 3), and vegetation indices were calculated (Table 1). Then the image was segmented, and mask extracted the sample mean reflectance and vegetation index (Hassanzadeh et al., 2020), then removed redundant variables through the information value (IV) and correlation between variables (Zaghwan and Gunawan, 2021). Correlation coefficients between variables were calculated by person correlation analysis, and 90% was used as the correlation threshold to remove redundant variables (Hassanzadeh et al., 2020). The IV is used primarily to evaluate the predictive ability of variables in the classification model. The higher the IV value, the higher the information contribution of the variable. Before calculating IV, the data needs to be discretized. The calculation formula is as follows (Zhang et al., 2017):




Figure 3 | Mask extraction. Support vector machines (SVM) separated the crop crown from the background. (A) RGB image. (B) Mask.




Table 1 | Vegetation indices, equations, and sources used in the study.



 

Where n is the number of groups, set to 10; i represents the ith group; yi is the number of positive samples in this group; ni is the number of negative samples in this group; yT is the number of all positive samples in the sample; nT is the number of all negative samples in the sample; to prevent extreme values, if the number of positive samples or negative samples in the variable group is 0, it is adjusted to 1.



2.2.3 Data analysis and evaluation

Data processing and evaluation were performed in Python 3.8. Divide the data into training and test sets according to 7:3. Standardize and PCA dimensionality reduction of selected variables (Abdi and Williams, 2010). Since the dataset is an unbalanced sample, the SMOTE algorithm was used to oversample the training set data (Zhu et al., 2017). And then, the model was trained using K-Nearest Neighbor (KNN), Logistic Regression (LR), Naive Bayesian Model (NBM), Support Vector Machine (SVM), Decision Tree (DT), and Random Forest (RF) algorithms. The optimal parameters of the model were determined by grid search and five-fold cross-validation. Model performance was evaluated by AUC (Area under the Curve), precision, recall, and f1-score. All evaluation metrics were averaged over ten random divisions of the training and test sets obtained (Hossin and Sulaiman, 2015). AUC is the area under the ROC curve, which is applicable to the evaluation of classification models with unbalanced samples. The closer the AUC is to 1, the better the model is; close to 0.5, the model has no predictive value. Precision indicates the proportion of true cases among positive cases, recall indicates the proportion of true cases among all positive cases, f1-score neutralizes the precision and recall for evaluation, and the calculation equation is as follows (Wu et al., 2022):

 

 

 

Where TP is the number of samples where the instance is a positive class and is predicted to be positive, TN is the number of samples where the instance is a negative class and is predicted to be negative, FN is the number of samples where the instance is a positive class and is predicted to be negative, and FP is the number of samples where the instance is a negative class and is predicted to be positive.




2.3 Ground sampling and chemical analysis

Ground sampling activities were conducted before each nutrient watering (16:00-18:00 on the same day), and nine sampling sessions were conducted. SPAD was measured with MultispeQ V2 (PhotosynQ, USA) by selecting the first fully expanded leaf below the terminal branch and measuring the mean of five parts of the leaf on both sides of the base, both sides of the middle, and the tip. Each treatment was randomly sampled 10 times. At the same time, the first fully expanded leaf was collected for chemical analysis of nutrient element content, all samples were collected, and each 8 replicate samples were mixed into 1 sample (about 0.25 g). A minimum of 3 samples per treatment were used for chemical analysis. After collection, they were placed in ice boxes and brought back to the laboratory for chemical assays, washed 2-3 times using RO water dripping, deenzymated at 105°C for 30 min, and dried at 65°C to constant weight. Digest with H2SO4 -H2O2, Kjeldahl analyzer (BUCHI K-360, FOSS, Sweden) was used to determine the total K, UV-Vis spectrophotometer (A580, AOE, China) for total P determination, and total K was determined using a flame photometer (6400A, shjingmi, China) (PRC, 2011).

After the last flight mission, dry biomass and leaf-to-stem ratio (LSR) were determined by the weighing method (Smart et al., 2004), and chlorophyll and carotenoid contents in leaves were determined by the acetone extraction colorimetric method (Arnon, 1949).




3 Results


3.1 Effect of nutritional deficiency on the growth of L. chuanxiong

Samples were collected after 58 days of stress and measured for biomass, chlorophyll content, carotenoid content, and leaf-to-stem ratio (Table 2). Except for KS, all treatment groups showed a significant decrease in biomass compared to CK, with ND showing the largest decrease of 43.52%, PD and KD decreasing by 21.15% and 14.33%. And biomass increased in all groups after supplementation with deficient nutrients compared to those with complete deficiency. For chlorophyll content, only ND showed significant differences with CK. PD (P=0.121) and KD (P=0.078) showed an increasing trend in chlorophyll content, but there was no significant difference. For carotenoid content, ND was significantly reduced, and PD significantly increased compared to CK. For LSR, all treatment groups showed a decrease compared to CK. The decreases were 52.27%, 42.05% and 18.18% in the KD, ND and PD groups. And LSR increased after supplementation with deficient nutrients compared to the deficient treatment. Collectively, all stress groups caused a reduction in biomass compared to the control group, with ND>PD>KD. Only ND significantly reduced chlorophyll and carotenoid contents. All the stress groups caused a reduction in the leaf-to-stem ratio, where KD>ND>PD.


Table 2 | Effect of different treatments on plant biomass, chlorophyll content, carotenoid content, and leaf-to-stem ratio.





3.2 Model building and evaluation


3.2.1 Variable filtering

Including single-band reflectance and vegetation index, we counted 20 indicators as pre-selected variables (Figure S1). To remove redundant information and simplify the workflow by information value (IV) and Pearson correlation analysis. We used IV as the degree of variable contribution and 0.9 as the correlation threshold (Figure 4) and finally determined the GRVI, LCI, BRVI, RVI, GREEN band, RED band, RE band, OSAVI, BVI, EVI as the input variable.




Figure 4 | Variable screening based on IV and correlation. (A) The IV was calculated with PD\KD as the positive sample and the other treatment groups as the negative sample. (B) The IV was calculated with the ND as the positive sample and the other treatment groups as the negative sample. (C) Heat map of vegetation index correlation.



We removed the background of the selected variables and conducted PCA dimension reduction. As shown in Figure 5, with increasing stress time, phenotypic changes were first seen in the ND group (After 15 days). After 22 days of stress, the PD and KD groups began to show differences from the CK group. After 30 days of stress, we set up a supplemental fertilizer treatment, and the supplemental fertilizer treatment group gradually returned to the level of the CK group.




Figure 5 | Dimensionality reduction images at different stress times. The remote sensing images of selected variables were subjected to PCA downscaling. b: PC1, g: PC2, r: PC3.





3.2.2 Different algorithms and AGL evaluation

The classification effects of different algorithms under 5 m and 10 m AGL were compared (Figures 6A, B), with AUC as the evaluation criterion. LR maintains the optimal classification performance under different stress stages and heights; NBM, SVM, and RT also have high classification performance, while Decision Tree and KNN perform poorly. After 23 days of stress, the AUC values of the models constructed by LR, NBM, SVM, and RT algorithms reached or approached 0.9. The classification effect was the best at 38 and 45 days of stress, and the AUC values of the LR models exceeded 0.99. After 52 days, the classification performance of all algorithms and flight altitude models decreased. Overall, LR is best for building models.




Figure 6 | Different modeling algorithms and AGL evaluation. AUC is the evaluation metric of the model as the average of area of the ROC curves for each classification sample. (A) performance evaluation of different algorithms at 5 m AGL, (B) evaluation of different algorithms at 10 m AGL, (C) evaluation of logistic regression algorithms at different AGL.



Comparison of the LR algorithm at different heights (Figure 6C). The classification effect of 5m AGL was higher than that of 10m AGL before 22 days of stress. The AUC reached above 0.9 after 15 days of stress, while the AUC exceeded 0.9 after 22 days with 10 m AGL. Both models had similar classification performance after 31 days. AUC all reached above 0.99 after 45 days of stress. Overall, modeling efficacy was similar for 5m and 10m collection data after 30 days of stress, but 5m AGL modeling was more sensitive to nutrient deficiency.



3.2.3 Model evaluation

Based on the results in the above sections, we choose to use the LR algorithm to build the model under 5m AGL and perform PCA dimensionality reduction visualization for samples in different stress periods (Figure 7). After 15 days of stress, the ND group was gradually separate from the CK and PD\KD groups (Figure 7C), and the prediction accuracy was 78.48%. And the accuracy rate reached 97.77% after 22 days. From 38 to 58 days, the prediction precision and recall rate both reached 100% (Table 3). After 22 days of stress, there were differences between PD\KD group and CK group (Figure 7D), the recognition precision rate reached 87.1%, and the recall rate was 82.08%. The recognition accuracy rate between 30 and 45 days was between 87.3% and 92.35%, the recall rate was between 86.37% and 89.03%, and the recognition effect was the best (Table 3). The recognition rate decreased in both ND and PD\KD groups after 52-58 days of stress.




Figure 7 | Classification results of logistic regression(LR) models under different stress time models. PCA dimensionality reduction and visualization of sample data collected at 5 m height. (A-I) were the classification results after 1, 8, 15, 22, 30, 38, 45, 52 and 58 days of stress successively. The LR algorithm predicts the test samples. ▼ are the correctly predicted samples in the test set, × are the incorrectly predicted samples in the test set, and • are the training set samples.




Table 3 | Evaluation index of models in different stress stages.






3.3 Comparison with other diagnostic methods and field validation

Diagnosis of each treatment group was performed by chemically measuring the elemental content of the plant leaves and SPAD (Figure 8). There was a significant difference compared to the CK group, indicating that the diagnostic method could make a valid diagnosis of stress in that period. For the ND group, both chemical diagnosis and SPAD diagnosis showed significant differences from the CK group after 15 days of stress (Figures 8A, D); After 15 days of stress, the images of RGB, GRVI, and results of PCA were different from those of CK group (Figures 5, 7C). For the P deficiency treatment, leaf P content was significantly different between the CK group after 15 days (Figure 8B), while there was no difference in SPAD compared to the CK group. There was a difference between PCA images after 22 days of stress (Figure 5), which was further proved by PCA scatter plot (Figure 7). For the K deficiency treatment, leaf K content was significantly reduced after 8 days of stress compared to the CK group, and there was no significant difference in SPAD. The diagnosis period of potassium-deficient plants by multispectral imaging was 15 to 22 days after stress. Based on this, multispectral diagnosis is similar to chemical diagnosis in the diagnosis period of nitrogen deficiency, while phosphorus and potassium deficiency are slightly lagged behind.




Figure 8 | Chemical diagnosis and SPAD diagnosis results. (A) Leaf N content. (B): leaf P content. (C) leaf K content. (D) SPAD values; * (P<0.05) and ** (P<0.01) represent significant differences from the control group. Statistical methods used were Student’s t-test and ANOVA.



As shown in Figure 9, we predicted the nutrient status of the field vegetation in L. Chuanxiong planted fields with the model developed during the same period (after 38 days of stress). In this image acquisition, potted plants of ND, PD, and KD groups were placed in the open area of the field. We collected leaves from N deficient area and normal field, and N content of the leaves in this area was significantly lower than that of normal field leaves. Moreover, the results predicted by the model were similar to the ND group of crops (Figure 9B). Crops in most areas and the CK group were predicted to be healthy vegetation (Figure 9A). Crops in the roadside area were predicted to be phosphorus or potassium deficient, similar to the results predicted for the PD and KD groups (Figure 9C).




Figure 9 | Field verification (5m). **(P<0.01) represent significant differences from the control group. Statistical methods used were Student’s t-test.






4 Discussion


4.1 Effect of N deficiency on crop phenotype and canopy spectrum

N is an essential nutrient for plants’ main physiological metabolic functions and is closely related to chlorophyll synthesis and light metabolism. Under our experimental conditions, nitrogen deficiency produced distinct symptomatic features with uniform yellow leaves and slow plant growth (Figure 2C). Yellowing symptoms occurred first in the basal leaves and later caused the yellowing of the whole plant.

In agreement with Have et al. (2017), N deficiency caused a decrease in chlorophyll and carotenoid content in the leaves (Table 2), while a decrease in the pigment content of canopy leaves followed by an increase in visible light reflectance was the key to identifying N-deficient plants. N deficiency caused slow crop growth and a significant reduction in LSR (Table 2), which resulted in sparse vegetation canopy foliage. Although background segmentation was performed prior to data processing, mixed image elements still resulted in spectral differences (Benincasa et al., 2017), which is also an important factor in identifying N-deficient plants. Therefore, the key to distinguishing N-deficient plants is the canopy pigment content and the number of canopy leaves.

The indices LCI, NDWI, GNDVI, and NDRE in our study contributed more information gain to the identification of N-deficient plants than single bands (Figure 4A). This is consistent with the finding of Osco et al. (2020) that vegetation indices contributed more to the prediction of leaf N content than spectral bands. Meanwhile, the green and red band reflectance provided a high information gain (Figure 4A) and a weak correlation with the vegetation index (Figure 4C), which is also consistent with the finding of Li et al. (2022) that the combination of vegetation index plus spectral band variables can improve the accuracy of the model. In addition, we verified by supplementing the treatments with deficient elements that the change was indeed due to differences in N deficiency. All indices and bands except the red-edge band tended to move closer to the control after the N supplementation treatment (Figure 5, Figure S1), with indices such as OSAVI and RVI being more sensitive to the response of N supplementation.



4.2 Effect of P and K deficiencies on crop phenotype and spectrum

Plants are usually subjected to P deficiency conditions, where the reduction in cell division and elongation leads to high chlorophyll concentration and further causes anthocyanin accumulation, giving the leaves a purplish-red color (de Bang et al., 2021). However, Hughes and Lev-Yadun (2015) found that reddening leaf margins were not a common symptom of all P deficiencies. For example, in sugar beet, rice, and potato, P deficiency symptoms only manifested as stunted growth with dark blue/green leaf coloration. Under our experimental conditions, only a few plants were observed to have reddish-purple leaves in the early stages of stress, but the leaves were dark green with little new leaf emergence (Figure 1C).

The present study differs from Gracia-Romero et al. (2017)’s study in that P deficiency increased NDVI, GNDVI, LCI, and other indices (Figure S1). The difference could be the accumulation of more chlorophyll under P-deficient conditions and the reduction in the number of new leaf sprouts in the canopy or the difference in the GSD, making the previous spectral images contain more information about the soil background.

Under K-deficient conditions, plants generally exhibit symptoms of chlorosis or necrosis from the tip to the edge of old leaves (Ueno et al., 2018) and loose leaves and stems. In this experiment, the symptoms of edge necrosis of old leaves were not easily detected, but the plants showed obvious relaxation of leaves and stems (Figure 1C). At the same time, the number of new leaf germinations was significantly reduced compared with normal plants.

K deficiency greatly reduced the leaf-to-stem ratio of crops (Table 2), indicating that K deficiency limited the reduction of crop new leaf germination, and the reflectance of new leaves in the visible light band is lower than that of mature leaves (Nakaji et al., 2019; Wu et al., 2022). The reduction of the visible light band in the canopy of K-deficient plants was related to the decrease in the proportion of young leaves in the canopy caused by K deficiency. This spectral change is similar to that of Severtson et al. (2016) for diagnosing K deficiency in rapeseed by a drone-carrying canopy sensor. Unlike the study of Furlanetto et al. (2021), the former study found that the chlorophyll concentration, GNDVI, RVI, and GRVI of maize decreased in severe K deficiency. In this study, the chlorophyll concentration of crops did not decrease under the state of P deficiency but increased compared with normal plants; the GNDVI, RVI, GRVI, and other indices were significantly higher than normal plants. This may be related to the reduction of the new leaf germination of L. chuanxiong and the higher spatial resolution in this study. It is worth noting that GRVI obtained the best regression model between K content in the former study and the maize growth stage, and in this study, GRVI was also the best index to distinguish PD\KD groups from other groups (Figure 2B).

In the model constructed in this study, PD and KD groups were set as one category because the canopy of L. chuanxiong under P and K deficiency treatments had similar spectral characteristics and phenotypic changes. However, compared with potassium deficiency, phosphorus deficiency did not severely limit the germination of new leaves. The reason for the spectral change may be the dark green overall appearance of the plant due to the accumulation of pigment. Increasing the band of the multispectral camera or adding texture information may be the solution. In practice, this method should be applied for initial diagnosis in large-scale production and combined with other means to further determine phosphorus or potassium deficiency.



4.3 Effects of GSD and classifiers on model performance

Background information, such as exposed soil and vegetation shading, may significantly impact the vegetation index, especially in the case of small canopy coverage (Benincasa et al., 2017). Removing the background does not always improve the results, and the solution to the problem is usually to increase the image’s resolution (Corti et al., 2018). In the present study, lower AGL improved the model’s accuracy at an early stage (15-22 days of stress). However, the higher recognition accuracy (1-8 days of stress) before differences in chemical assays led us to consider that lower AGL are more susceptible to noise. While the model constructed with 10 m AGL had lower classification performance in the early stage, it achieved similar classification performance after 30 days of stress (Figure 6C). There was also no significant change in accuracy when Vega et al. (2015) used multispectral images to monitor sunflower nitrogen status with GSDs ranging from 1 to 100 cm/pixel. We argued that different GSD does not affect the accuracy of model recognition, and using a lower AGL only means increasing the model sensitivity at the early stage of stress, but it may also reduce the model noise resistance.

We compared the model performance of KNN, LR, NBM, SVM, DT, and RF with AUC as the evaluation index and found that LR, NBM, SVM, and RF all achieved better prediction accuracy at 5m and 10m AGL. Among them, the LR algorithm achieved the best results in each stress period and flight altitude, but the model sensitivity was high and easily affected by noise at 5m AGL. Both NBM and RT have such problems, while SVM performs better on this problem. The study by Zermas et al. (2015) also showed that the LR algorithm showed higher sensitivity than the SVM algorithm in distinguishing N-defective leaves. KNN performs classification by measuring the distance method between different feature values. NBM is a probabilistic classification method proposed by Pearl based on Bayes’ theorem. DT judges the attributes of samples sequentially based on knowing the probability of occurrence of various situations until the final result is derived. RF is an integrated algorithm consisting of multiple decision trees. SVM and LR are classification methods based on linear models, and the results of the two algorithms are very close in most experiments. The SVM is a structural risk minimization model, which is not easily affected by outliers. This is why SVM was not affected by noise in this study, but it also means that it is not sensitive to vegetation diagnosis at the initial stage of stress. Classifiers based on linear discriminant always achieve better classification results in the classification of remote sensing images, such as SVM and LDA (Ang and Seng, 2021; Zhang et al., 2021), and the same is true in this study. All classifiers showed a decrease in performance at the later stage of stress, which is related to plant physiological characteristics.



4.4 Consistency inspection with traditional diagnostic methods and field validation

In previous studies, vegetation indices such as NDVI, GNDVI, and NDRE showed high sensitivity to leaf nitrogen content (Gordillo-Salinas et al., 2021; Rehman et al., 2022), while P and K deficiency treatments only responded to severe deficits (Gracia-Romero et al., 2017; Furlanetto et al., 2021). The present study’s spectral responses of P and K deficiency treatments also showed delayed diagnosis time. We diagnosed K deficiency symptoms after 7 days of stress and P and N deficiency symptoms after 15 days of stress by chemical assays (Figure 8). The spectral response of the ND group appeared at the same time as the difference in leaf N content. The spectral response of the PD and KD groups appeared 7 to 14 days after the appearance of the elemental difference (after 22 days of stress). It can be seen that UAV multispectral technology lags behind the chemical diagnosis of P and K deficiency symptoms but can diagnose N-deficient plants promptly. Although the remote sensing image diagnosis method in this study is relatively slow in the diagnosis of phosphorus and potassium deficiency, it is more suitable for large-scale agricultural production than the chemical diagnosis method, which needs to rely on a laboratory environment and complex operation.

We verified the feasibility of the practical application of the model in field. Unfortunately, areas predicted by the model to be phosphorus or potassium deficient were not sampled, resulting in our inability to rule out whether the crop in that area was affected by other factors that influenced the results. However, the model successfully identified crops of ND, PD, and KD groups in fields. We cannot strictly control soil nutrient conditions in the field, so constructing an accurate remote sensing nutrient deficiency diagnostic model is difficult. The method used in the paper can provide a solution bill for this purpose, but it is difficult to achieve large-scale cultivation, so it needs to be collected at a lower flight altitude. However, higher flight altitude means higher efficiency, so the question of how models built at lower flight altitudes can be applied at higher flight altitudes will be a further research direction.




5 Conclusions

In conclusion, this study developed a nutrient deficit recognition technology based on UAV multispectral images in L. Chuanxiong and completed the process from nutrient deficiency model construction to field application. Moreover, we evaluated the influence of different algorithms and flight altitude on the recognition model during the full growth period. It can provide a reference for the application of UAV remote sensing technology in intelligent agriculture and help L. Chuanxiong cultivation personnel and botanists to make decisions. In addition, with the rapid development of UAV remote sensing technology, UAV with different sensors will play a greater role in the development and utilization of medicinal plant resources and regulate the production methods of medicinal plant resources in a more reasonable and efficient way.
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Introduction

Low soil fertility and high fertilizer costs are constraints to wheat production, which may be resolved with integrating fertilizer phosphorus (P) and farm-yard manure (FYM). Study objectives were to evaluate P source impacts on soil, P efficiency, and wheat growth in a calcareous soil.



Methods

Treatments included P fertilizer (0, 17, 26, or 39 kg P ha-1) and/or FYM (0 or 10 T ha-1) in a: 1) incubation experiment and 2) wheat (Triticum aestivum spp.) field experiment.



Results and Discussion

Soil organic matter increased (30-72%) linearly for both fertilizer and FYM, whereas pH decreased (0.1-0.3 units) with fertilizer only. Addition of fertilizer and FYM increased plant available P (AB-DTPA extractable soil P) an average of 0.5 mg P kg-1 soil week-1 with incubation. The initial increase was 1-9 mg P kg-1, with further increase after 84 d of ~3-17 mg P kg-1. There was also a significant increase of available P in the soil supporting plants in the field study, although the magnitude of the increase was only 2 mg kg-1 at most for the highest fertilizer rate + FYM. Grain (66 to 119%) and straw (25-65%) yield increased significantly, peaking at 26 kg P ha-1 + FYM. The P Absorption Efficiency (PAE), P Balance (PB), and P Uptake (PU) increased linearly with P rate, with the highest levels at the highest P rate. The P Use Efficiency (PUE) was highest at the lowest rates of P, with general decreases with increasing P, although not consistently. Principal component analysis revealed that 94.34 % of the total variance was accounted for with PC1 (84.04 %) and PC2 (10.33 %), with grain straw yield significantly correlated to SOM, PU, and PAE. Regression analysis showed highly significant correlation of PB with P-input (R2= 0.99), plant available P (R2= 0.85), and PU (R2= 0.80). The combination of FYM at the rate of 10 T ha-1 and fertilizer P at 26 kg P ha-1 was found as the optimum dose that significantly increased yield. It is concluded that FYM concoction with fertilizer-P not only improved SOM and residual soil P, but also enhanced wheat yields with reasonable P efficiency.






Keywords: manure, phosphorus, wheat, calcareous, phosphorus absorption efficiency, phosphorusbalance, phosphorus uptake, phosphorus use efficiency



1 Introduction

Wheat (Triticum aestivum L.) is the world’s leading agronomic crop in production value and acreage (Hopkins and Hansen, 2019). Wheat is Pakistan’s most important cereal crop, accounting for 8.7% of agricultural value addition and 1.7% of the gross domestic product (GDP) (Khan et al., 2022).

Although Pakistan’s soil and climate conditions are favorable and high-yielding cultivars are available, wheat grain production is reduced due to the calcareous nature of most Pakistani soils and poor nutrient management, particularly that of phosphorus (P) (Ul-Allah et al., 2018). Low soil fertility due to continuous cropping, with little or no external inputs and crop residue removal, are other causes of low production (NFDC, 2001).

Plants require P as an essential macronutrient to complete their life cycles (Marschner, 2012; Hopkins, 2015; Ding et al., 2020; Hopkins, 2020). In calcareous soils, a majority of applied P fertilizer is adsorbed on the calcite surface and becomes temporarily unavailable to plants, which can cause a yield reduction (Hopkins, 2015; Saeed et al., 2021). Plant-available P in soil is affected by soil chemistry properties, especially pH and limestone content (Lindsay, 2001; Fixen and Bruulsema, 2014). Calcareous soils are commonly deficient in plant-available P due to poor solubility as a result of fixation and sorption (Lindsay, 2001; Manzoor, 2013; Hopkins et al., 2014; Mihoub and Boukhalfa-Deraoui, 2014; Deraoui et al., 2015; Hopkins, 2020). The resulting effect of low P solubility is relatively poor fertilizer P efficiency (Jamal et al., 2018; Mihoub et al., 2019). Thus, a great majority of calcareous soils need relatively high amounts of extraneous supplementation of P for sustained crop yield (Fixen and Bruulsema, 2014; Hopkins et al., 2014; Hopkins and Hansen, 2019; Pradhan et al., 2021). Therefore, P dynamics in these soils must be known to evaluate their availability to plants (Manzoor, 2013).

Furthermore, the present price boost in P fertilizers is reflected in its decreased application to crops by resource-poor farmers, potentially resulting in reduced crop production (Aboukila et al., 2018). In some regions, including Pakistan, it is difficult to convince the farming community to apply full-recommended fertilizer doses for wheat, but it seems possible to improve fertilizer P use efficiency (PUE) in calcareous soils by selecting efficient P sources and adopting appropriate time and methods of application. To address the aforementioned issues, cost-effective, environmentally friendly, and more productive farming technologies must be developed (Hopkins, 2015; Mihoub et al., 2019; Hopkins, 2020).

Yields have steadily increased since the onset of the Green Revolution, and as a result, there is an increasing need to efficiently supply P to plants while minimizing negative impacts on the environment (Hopkins and Hansen, 2019; Khan et al., 2022). Many studies have shown that organic manures may partially or entirely substitute chemical fertilizers, reducing dependency on limited rock phosphate reserves (Khan et al., 2022; Mihoub et al., 2022). Manure (commonly referred to as “farmyard manure” (FYM) in some regions, including Pakistan) is less concentrated, and P is bound to various molecules that must be decomposed to convert it to inorganic phosphates that plants can take up (Hopkins, 2015; Mihoub et al., 2022). However, an advantage of the FYM is that it also contains all other essential plant nutrients, which can reduce the possibility of P-induced deficiencies of other nutrients (Barben et al., 2011). It is also considered a slow-release source of P (Hopkins, 2015). The FYM also contains a wide variety of other molecules, including organic acids, that can be beneficial as they improve P movement through soil and bioavailability (Hill et al., 2015a; Hill et al., 2015b; Hopkins, 2015; Summerhays et al., 2015). The addition of soil organic matter (SOM) may improve soil chemical, physical, and biological properties, which can then positively impact nutrient cycling and provide an enhanced environment for vegetation growth (Wu et al., 2013).

As previously mentioned, animal manures are considered a valuable nutrient source when applied to the soil with proper management (Pradhan et al., 2021), although it has also been reported that the sole application of organic amendments could hamper nutrient availability due to fixation (Hazra et al., 2018). Its decomposition rate is relatively faster than many other organic nutrient sources (Rehim et al., 2020), but this decomposition can lead to increases in SOM. This process can play a prominent role in improving soil structure, which in turn provides favorable environments for root development (Zhang et al., 2014) and improves soil water-holding capacity (Wu et al., 2013). It has been reported as a valuable fertilizer for wheat (Triticum aestivum L.) production by increasing SOM content (Rehim et al., 2020).

In this regard, the integration of traditional chemical P fertilizers and organic amendments, such as FYM, could be a possible option for improving the efficiency of fertilizer P use in highly calcareous P-sorbing soils (Hopkins, 2015). Although there are many studies examining chemical fertilizer and manure P in wheat, there needs to be an evaluation of the changes in P transformations and grain yield of bread wheat induced by the combined application of FYM and chemical P fertilizer. Moreover, it needs to be clarified how P fertilizer in combination with FYM may affect nutrient balance and the need for, or not, chemical fertilizers in calcareous soils. This point is considered one of the most important recent trends in studies related to soil quality and soil-plant relations regarding P under these conditions.

Therefore, studies were conducted to determine whether the combination of P fertilizer with FYM in calcareous soils under subhumid climatic conditions found in Pakistan can: (1) improve soil properties and P availability; (2) improve phosphorus absorption efficiency (PAE), phosphorus balance (PB), phosphorus uptake (PU), and PUE in wheat; and (3) increase wheat productivity. For this study, it was hypothesized that the application of inorganic P in combination with FYM improves wheat grain yield by improving soil properties, PAE, PB, PU, and PUE in calcareous soils.



2 Materials and methods


2.1 Experimental site and soil characteristics

The experiment was carried out at a greenhouse and a field location immediately next to each other located at the Institute of Biotechnology and Genetic Engineering at the University of Agriculture, Peshawar, Pakistan (34° 01′, 14.2″ N and 71° 28′, 52.6″ E). The preceding crop in the location was maize (Zea mays L.). This region lies 340 m above sea level and is classified as a warm-temperate zone. The average annual temperature is ~22°C, with the highest average in June at ~33°C and the lowest in January at ~10°C. The average annual precipitation is 640 mm, with the least amount of rainfall occurring in November.

A composite soil sample was collected at 0–20 cm depth before the experiment with the following results: pH = 8.4 (Richards, 1954), salinity as electrical conductivity (EC) = 0.25 dS m−1 (Richards, 1954), SOM = 5.9 g kg−1 (Nelson and Sommers, 1982), total nitrogen (N) = 5 mg kg−1, and plant-available P and potassium (K) = 4.7 and 130 mg kg−1, respectively, as determined through extraction with ammonium bicarbonate-diethylenetriamine pentaacetate (AB-DTPA) (Soltanpour, 1985).



2.2 Experimental design and measurements


2.2.1 Treatments: Laboratory incubation and field experiment

Four chemical P fertilizer rates were applied without or with 10 T FYM ha−1 in both studies (
Table 1
). The chemical fertilizer was single superphosphate (SSP; 8% P). The FYM was derived from well-decomposed cattle (Bos taurus) excreta (dung and urine) mixed with some crop residues, such as rice and cotton straw. The physiochemical properties and nutrient constituents of FYM were as follows: brown to black color, pH = 8.0, EC = 2.1 dS m−1, total N = 13.6 g kg−1, total P = 1.5 g kg−1, and total K = 8.4 g kg−1.


Table 1 | 
Phosphorus (P) treatment rates (kg ha−1) applied as single superphosphate (SSP) and/or farmyard manure (FYM) for a laboratory and a field experiment.





2.2.2 Soil P release dynamics and mineralization potential: Laboratory incubation

A laboratory experiment was carried out by applying fertilizer and/or FYM (
Table 1
) to 1 kg of soil in plastic pots with no drainage holes. Before filling the soil in pots, the soil and the fertilizer and/or FYM were thoroughly mixed. Each treatment had three replicates, and the pots were arranged in a completely randomized design (CRD) and incubated under laboratory conditions of a 16-h light and 8-h dark cycle at 25°C ± 1°C and 55%–65% relative humidity for 84 days. Distilled water (DW) was added as needed to maintain adequate soil moisture at near-field capacity.

Triplicate soil samples from each treatment were spectrophotometrically analyzed for plant-available P after 0, 7, 14, 28, 56, and 84 days of incubation. The change in P content (weekly turnover) was calculated by subtracting the initial plant-available P at 0 days from the final P at 84 days and dividing by the total number of weeks (12). Mineralization potential (kg ha−1 week−1) was calculated by multiplying weekly turnover in milligrams of P per kilogram of soil per week (the assumption is that the weight of 1-ha soil is approximately 2 × 106 kg; Sarir et al., 2006).



2.2.3 P efficiency and yield: Field experiment

A field study was conducted by applying the same fertilizer/FYM treatments as described in experiment 1 (
Table 1
). The experimental field was plowed to a 30-cm depth using a rotavator, and then the SSP and/or FYM were applied to the soil in respective plots, each of 10 m2, before crop sowing with tillage. The experimental treatments were arranged in a randomized complete block design (RCBD) with three replicates. The seeds of the wheat variety ATTA-HABIB-2010 were surface disinfected with 1% sodium hypochlorite (NaOCl) to minimize microorganism growth on the seed and then rinsed two to three times with DW. The disinfected seeds were then sown at a seeding rate of 120 kg ha−1 with a 25-cm row spacing.

The plots were furrow-irrigated. Fertilizer K was applied as potassium sulfate (K2SO4) to all plots prior to the first irrigation at 22 kg K ha−1. At the first and second irrigations, fertilizer N was split and applied in two equal doses as urea [CO(NH2)2] to all plots at 110 kg N ha−1. The N and K were not balanced, with plots receiving FYM having an additional 136 and 84 kg ha−1 of N and K, respectively. However, there was no evidence of deficiency or excess of either of these or other nutrients, and, therefore, it is assumed that these nutrients had no effect on the treatments.

The crop was generally raised using the best agronomic and cultural management practices. The crop was largely free of insect and disease damage. No pesticides were applied. Weeds were pulled by hand as and when required. The wheat was hand-harvested using a sickle.

At maturity, whole plant samples were randomly collected from each plot to determine P concentration and accumulation by wheat plants (Jackson, 1973). The total dry matter yield of each plot was recorded; wheat grains were separated using a micro-plot thresher (Kissan wheat thresher, Gojra, Pakistan), and grain yield was recorded. Postharvest soil samples were collected from each plot and the soil properties measured prior to planting were determined again.

To assess changes in the efficiency of applied P fertilizer in the presence of FYM, P uptake (PU; kg ha−1) was calculated by multiplying the nutrient concentration values with the total dry matter yield (Eq. 1).



In addition, the percent P uptake efficiency (PUE) was calculated by subtracting the PU in unfertilized soil from fertilized soil and dividing by the P applied (Eq. 2) (Syers et al., 2008).



The PAE (mg mg−1) was calculated by dividing PU by available soil P (Eq. 3) (adapted from Castillo et al., 2013):



Finally, the PB (kg ha−1) was calculated by subtracting the P output in the harvested wheat crop (measured as PU) from the total P input (P in fertilizer + P in FYM) (Eq. 4) (Sun et al., 2018).






2.3 Statistical analysis

The experimental data were statistically evaluated using the statistical software MSTATC 8.1. A two-way ANOVA (in randomized blocks) was used to analyze data, considering the application rates of mineral fertilizer (SSP) and organic amendment (FYM) as the two factors. The significant differences between treatments were compared by critical difference at a 5% level of probability using the F-test. A principal component analysis (PCA) was done to classify the treatments according to the measured parameters and to identify the parameters that determine yield increases and P efficiency. A cluster analysis (CA) was performed using Ward’s method to determine the most important traits related to grain yield. A simple linear regression was performed to show the relationship of PB with PU, plant-available P (AB-DTPA), and P input (Excel 2007 software). The PCA and CA analyses were performed using the XLSTAT statistical package software (ver. 2022.1.1.1251, Excel Add-ins).




3 Results


3.1 Weekly turnover and mineralization potential of P: Laboratory incubation

There were several statistical differences in the laboratory incubation trial (
Supplementary Table S1
). In the control treatment (F0M0), the plant-available P had only minor fluctuations over time (
Table 2
). Initially (day 0 of incubation), there were significant increases (~1–9 mg P kg−1) in plant-available P that were mostly proportional to the applied P rate. By the end of the study (84 days), the differences had increased (~3–17 mg P kg−1) as the fertilizer and FYM P moved towards equilibrium with the soil.


Table 2 | 
Laboratory incubation: effect of fertilizer phosphorus (P) and farmyard manure (FYM) applications on soil AB-DTPA extractable P transformation during 12 weeks of incubation.




The rate of this increase was gradual over the incubation time when the soil was treated with only FYM at 10 T ha−1 (F0M15). The remaining fertilized treatments, regardless of whether they were applied with FYM or not, tended to have a slight decrease in available P during the initial phase of incubation and thereafter an increase. The correlations between available and applied P was very high, especially when no FYM was applied (
Figure 1
).




Figure 1 | 
Correlations between plant-available P (extracted with ammonium bicarbonate-diethylenetriamine pentaacetate (AB-DTPA)) and applied P for soil incubated under laboratory conditions. The applied P was chemical fertilizer applied as a single superphosphate (SSP) and/or manure (farmyard manure (FYM)).




The application of fertilizer P alone, as well as in conjunction with FYM, significantly affected the weekly turnover and mineralization potential of P in these calcareous soils (
Supplementary Table S2
; 
Table 3
). The average change of plant-available P (weekly turnover) with applied P was 0.49 mg P kg−1 soil, which was significantly greater than the control. The increase in weekly turnover P against 17 to 26 kg P ha−1 was 56% and 19%, respectively. A decline in weekly turnover P was recorded when the soil was treated with the highest fertilizer P at 39 kg P ha−1 in conjunction with FYM. The application of FYM significantly increased mineralization potential at 0, 17, 39, and 26 kg P ha−1 (
Supplementary Table S3
). A maximum mineralization potential of 32.8 kg P ha−1 was recorded in the treatment (F39M0) followed by treatments (F39M15) and (F26M15) with values of 22.5 and 19.5 kg P ha−1, respectively.


Table 3 | 
Laboratory incubation: effect of fertilizer phosphorus (P) and farmyard manure (FYM) application on weekly turnover P and mineralization potential.





3.2 Straw and grain yields: Field experiment

There were significant differences in grain and straw yields (
Table 4
) for both P sources, as well as their interaction (fertilizer, FYM, and fertilizer × FYM). There were increases in grain and straw yields over the control for all fertilized treatments (
Figure 2
).


Table 4 | 
Field study: Statistics (F-Values with P-value significance indicated) for soil properties, yields, and P efficiency.







Figure 2 | 
Wheat grain and straw yield as affected by P application from fertilizer (F) and/or farmyard manure (FYM). Fertilizer was applied at 0, 17, 26, or 39 kg P ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P ha−1, respectively (FYM = 0.15% P). Treatment means with different letters are significantly different at p< 0.05. Data are shown as means ± SD (n = 3).




A significant increase in grain yield was observed with the addition of fertilizer P alone and in combination with FYM, as compared with the control treatment (
Figure 2
). Maximum grain yield was produced with the highest rate of fertilizer (39 kg P ha−1), whether FYM was added or not. However, FYM allowed a statistically equivalent yield where it peaked at the second-highest rate of fertilizer (26 kg P ha−1) when FYM was also included, which was higher than the yield at this same rate of fertilizer without FYM and all other lower fertilizer rates. Applications of 26 and 39 kg P ha−1, reinforced with 10 T ha−1 FYM, increased grain yield by 33% and 28%, respectively, as compared with the same amount of fertilizer P applied alone.

Similarly, the maximum straw yield was achieved with the second-highest fertilizer P rate (26 kg P ha−1) with FYM (
Figure 2
). However, this was again statistically similar to that of the highest fertilizer rate (39 kg P ha−1).



3.3 P efficiency: Field experiment

There were significant differences in PU, PB, PUE, and PAE (
Table 4
) for both P sources, as well as their interaction (fertilizer, FYM, and fertilizer × FYM). There were increases in PU, PB, and PAE over the control for all fertilized treatments (
Table 5
; 
Figure 3
). As is typical, the PUE was highest at the lowest rates of P (
Table 5
).


Table 5 | 
Field study: effect of fertilizer phosphorus (P) and farmyard manure (FYM) application on postharvest plant-available P (AB-DTPA extractable P), P uptake (PU), P use efficiency (PUE), and P acquisition efficiency (PAE).







Figure 3 | 
P balance (PB) is affected by P application from fertilizer (F) and/or farmyard manure (FYM). Fertilizer was applied at 0, 17, 26, or 39 kg P ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P ha−1, respectively (FYM = 0.15% P). Treatment means with different letters are significantly different at p< 0.05. Data are shown as means ± SD (n = 3).




Not surprisingly, the PB, PU, and PAE increased somewhat linearly with the P rate and were significantly highest at the highest P rate (F39M15) (
Table 5
; 
Figure 3
). When comparing with and without FYM, these parameters were higher with FYM at every fertilizer rate except PU and PAE at 17 kg P ha−1. It was observed that in the control treatment (F0M0), the PU exceeded the P additions, leading to a slightly negative PB, whereas for all the other treatments, the PB was positive (
Figure 3
). This indicates residual P in the soil, which may benefit subsequent crops and soil P fertility. The PU followed similar trends as straw yield.

As expected, the maximum PUE was observed with the lowest P fertilizer level with FYM only (F0M15) as compared to the untreated control and was less for the low fertilizer rate (F17M0) (
Table 5
). The PUE decreased as fertilizer increased from 17 to 26 kg P ha−1 (F17M0 and F26M0, respectively). Surprisingly, the PUE did not decrease further at the highest P rate (F39M0). When FYM was added, the PUE decreased at the low fertilizer rate (F17M0 vs. F17M15), but curiously increased at the next highest rate (F26M0 vs. F26M15), and there was no difference at the highest rate (F39M0 vs. F39M15). Unexpectedly, the lowest PUE was at the lowest fertilizer rate with FYM (F17M15).



3.4 Postharvest soil properties: Field experiment

There were highly significant differences in SOM (
Table 4
) for both P sources (fertilizer and FYM) but not for the interaction. For fertilizer (F), combined across FYM treatments, the increase was mostly linear and significant at the two highest P rates (
Figure 4A
). For FYM (M), combined across fertilizer rates, the increase was also significant (
Figure 4B
).




Figure 4 | 
Postharvest soil pH and soil organic matter (SOM) as affected by P application from fertilizer (F) and/or farmyard manure (FYM). As the F × FYM interaction was not significant, the fertilizer graph (A) was averaged across FYM rates, and the FYM graph (B) was averaged across fertilizer rates. Fertilizer was applied at 0, 17, 26, or 39 kg P ha−1, and FYM was applied at 0 or 10 T ha−1 with 0 or 15 kg P ha−1, respectively (FYM = 0.15% P). Treatment means with different letters are significantly different at p< 0.05. Data are shown as means ± SD (n = 3).




There were highly significant differences in pH (
Table 4
) for fertilizer P but not FYM or the interaction. For F, combined across FYM treatments, the decrease was mostly linear for the first two fertilizer rates but then plateaued across the highest two rates (
Figure 4A
). For FYM (M), there was a trend for a pH decrease with the FYM application, but the difference was not significant (
Figure 4B
).

There were highly significant differences in plant-available P, as measured by AB-DTPA-extractable soil P (
Table 4
), for both P sources (fertilizer and FYM), but not for the interaction. Application of P alone, as well as in combination with FYM, modestly increased postharvest available P over the control, with a general increase as the P rate increased (
Table 5
). The highest P rate resulted in a significant increase over the control (p< 0.05).



3.5 PCA and correlation: Field experiment

The PCA was computed to detect interrelationships among measured traits and to determine the importance of the measured traits on the evaluation of grain yield and P efficiency; the PCA was conducted using the experimental dataset including all eight treatments and 11 variables to reduce the dimensionality of the data and to reveal the potential relationships among the measured traits. The PCA results identified that the first two principal components (PCs) with eigenvalues of >1 were accounted for (
Table 6
). The measured traits are appropriate for accounting 94.34% of the total variance: PC1 (84.04%) and PC2 (10.33%). The PC1 was mainly explained by: SOM, pH, grain yield (GY), straw (SY), plant-available P (AB-DTPA), PU, PB, P Transf, and week T. The PC2 showed a high correlation with only PAE and PUE.


Table 6 | 
Field study: Principal component analysis (PCA) of the selected trials showing the amount of variance explained by individual principal components (PC) with PCA values.




Grain yield and straw yield were significantly correlated to SOM, PU, and PAE (
Figure 5
). Moreover, the superimposition of various treatments on the variable plot showed that wheat treated with the F26M15 and F39M15 treatments represented a higher correlation with soil P, weekly turnover, PB, SOM, PU, straw, and grain yield (
Figure 5
). In contrast, fertilizer-only P (up to 26) or FYM application showed a negative association with various parameters.




Figure 5 | 
Principal component analysis (PCA) indicating the impact of treatments and their relationships with various soil properties and yield. Treatments (in blue font) are described in 
Table 1
. Measured parameters (in red font) include phosphorus (P) use efficiency (PUE), P acquisition efficiency (PAE), grain yield (G yield), P uptake (PU), soil organic matter (SOM), straw yield (S yield), P balance (PB), and plant-available P (AB-DTPA) (soil P).




The information obtained from the application of PCA allowed the identification of the most important traits related to wheat yield. The PCA conferred the positive effects of mineral-P concoction with FYM on SOM, soil P, PU, and wheat yield. This notation is further sustained by the CA results, which revealed that most traits of the PC1 were located in the same group (cluster I) (
Figure 6
). This suggests that those traits clustered together could contribute the most to influencing wheat yield under our study conditions.




Figure 6 | 
Cluster analysis (CA) of 11 traits of soil and wheat grown under calcareous conditions. Measured parameters include soil organic matter (SOM), grain yield (GY), P acquisition efficiency (PAE), plant-available P (AB-DTPA) (soil P), P uptake (PU), and phosphorus (P) use efficiency (PUE).




A strong positive regression coefficient (y = 0.782x − 8.439, R
2 = 0.98) was observed between total P input and PB (
Figure 7A
). Positive values of PB are similar to the accumulation of P in soil and are good for soil fertility improvement, while negative values (such as for the zero P rate) indicate crop P starvation and suggest that the soil is being “mined” of soil P. This may result in a reduction in fertility (exhaustion). Similarly, there was a strong correlation between PB with plant-available P (AB-DTPA) (y = 0.024x + 4.271, R
2 = 0.84) (
Figure 7B
) and PU in plants (y = 0.2644x + 11.362, R
2 = 0.80) (
Figure 7C
). These observations indicate that PB is directly linked with the external application of P, which not only increased plant-available P (AB-DTPA) but was also helpful in the assimilation of P in growing plants.




Figure 7 | 
Simple linear regression analysis shows the relationship of P balance (PB) with P input (A), soil (plant)-available P as AB-DTPA with PB (B), and P uptake with PB (C).






4 Discussion


4.1 Plant-available P and mineralization potential

We generally observed a slow and gradual increase in plant-available P (AB-DTPA) with the addition of fertilizer P and FYM, which increased further with the incubation time. In general, FYM application has appreciable and dynamic impacts on the chemical fractions of P because P from FYM gradually turns into available forms over time (Hopkins, 2015; Ma et al., 2020).

It has been reported by Amin (2018) that the addition of FYM to calcareous soils significantly increased plant-available P (AB-DTPA). The increase in available P in our study might be due to the release of significant quantities of CO2 during FYM decomposition (Andriamananjara et al., 2019) and the complexing of cations such as Ca+2, thus reducing P fixation in calcareous soils (Lindsay, 2001; Fixen and Bruulsema, 2014; Jamal et al., 2018). The FYM contains organic acids, which are known to complex P and increase its solubility (Hill et al., 2015a; Hill et al., 2015b; Hopkins, 2015; Summerhays et al., 2015). Furthermore, FYM application, in conjunction with fertilizer P, increased the plant-available P throughout the incubation period. The application of animal manure, similar to the FYM used in this study, may increase the bioavailability of soil P by improving the concentrations of soil-dissolved organic carbon (Jamal et al., 2018). Our results are in line with the study of Yan et al. (2016), who reported that manure application increased the proportion of plant-available P due to the transformation of stable P to labile P.

In our study, the mineralization potential was found to increase with increasing levels of fertilizer P. There is also some evidence of it increasing with FYM application, but only at the 0- and 26-kg P ha−1 fertilizer rates. However, the highest mineralization potential was achieved at the highest fertilizer P rate without FYM application, being significantly greater than all other treatments. Amin (2018) also found that high levels of FYM addition enhanced P mineralization in calcareous soils.



4.2 Postharvest soil properties

The application of fertilizer P generally increased SOM (
Figure 4A
). The addition of FYM also increased SOM. The increase in SOM with FYM treatment may be partially due to the input of organic matter found in the FYM (Rehim et al., 2020), although the increase in SOM with chemical fertilizer would not be explained by this as it contains no organic material. Rather, this increase is likely related to increased plant biomass in the current year’s crop.

Other researchers have found that FYM not only reduced the oxidation stability of SOM but also improved the SOM content of the soil up to 1.2–2.9 kg ha−1 (Li et al., 2017; Ding et al., 2020). Furthermore, the addition of FYM with a combination of inorganic fertilizers to soil has been reported to increase the efficiency of applied fertilizers (Elgharably, 2020). Moreover, the addition of FYM with inorganic fertilizers can increase SOM and consequently soil water and nutrient holding capacity (Urbaniak et al., 2017).

The addition of FYM did not significantly decrease soil pH in our study, but it trended downward. Rehim et al. (2020) found that the addition of FYM decreased soil pH in calcareous sandy soil. The soil pH could have been reduced due to the chemical oxidation and microbiological decomposition of FYM in soil, which produced acidic compounds that help reduce soil pH. The production of organic acids (amino acid, glycine, cysteine, and humic acid) during the mineralization (ammonization and ammonification) of organic materials by heterotrophs and nitrification by autotrophs can also cause a decrease in soil pH (Kumar et al., 2020). We did measure a significant decrease in pH with the application of SSP fertilizer. During the mineralization and chemical transformations of organic and inorganic fertilizers, the H+ ions released can decrease soil pH if the soil is not highly buffered with carbonates or similar substances (Hopkins, 2015; Ding et al., 2020).

The combined application of P fertilizers and organic amendments significantly increased P accumulation in soil, which agrees with the findings of various researchers (Hopkins, 2015; Qaswar et al., 2020; Rehim et al., 2020; Pradhan et al., 2021; Mihoub et al., 2022). This may be due to low levels of P in the soils and inputs from both organic and inorganic P sources (Shah et al., 2013).

Postharvest plant-available P (AB-DTPA) significantly increased with the application of fertilizer P. The addition of FYM increased this further, but only at one rate (possibly due to the great PU in the plant and less remaining in the soil). This effect may be attributed to the release of both P and low molecular weight organic acids during organic amendment decomposition (Pradhan et al., 2021). The organic acids/anions can dissolve insoluble P and compete with phosphate for adsorption sites on the surfaces of soil particles, thus increasing P availability (Jamal et al., 2018). Furthermore, organic amendments enhance soil biological and enzyme activities and increase organism abundance, thus enhancing P availability through dissolved organic carbon in the soil (Wu et al., 2013). The studied soil was highly calcareous, and the Ca–P was the most abundant fraction in these soils due to the high content of Ca2+ that forms calcium phosphates with P and hampers the availability of P (Saeed et al., 2021). The organic compounds can decrease the formation of Ca–P due to calcium solubilization by decreasing the soil pH due to the release of organic acids from SOM decomposition (Kumar et al., 2020). Additionally, these molecules, found in manure and similarly in ancient deposits of formerly living materials (e.g., Leonardite), or even with manmade molecules, can complex P to improve its solubility and mobility (Hopkins, 2013; Hill et al., 2015a; Hill et al., 2015b; Hopkins, 2015; Summerhays et al., 2015; Hopkins et al., 2018). For these reasons, manures can improve soil P availability and uptake by plants.



4.3 Yields and P Efficiency

Maximum wheat grain yield was achieved at the highest rate of P fertilizer (39 kg P ha−1), regardless of whether FYM was applied or not. However, an equivalently high yield was achieved at the next lower rate of P fertilizer (26 kg P ha−1) when FYM was also applied. Similarly, the findings of Ibrahim et al. (2008) revealed that FYM and different levels of compost have significantly increased wheat grain yield due to improved soil physical conditions, enhanced soil fertility, and improved stand establishment.

In the present study, the uptake of P by wheat was increased with P fertilizer and FYM. The increased uptake of P by wheat at an increased level of chemical P fertilizer and FYM could be due to the fact that FYM releases more nutrients over time, so that nutrient loss is less, which might have resulted in more plant PU. Furthermore, it could be due to the balanced and steady supply of nutrients to plants at all stages of crop growth.

Efficiencies for P, such as PAE and PUE, were determined in this study. PAE denotes the aptitude of crops to take up P from the soil, and PUE is the ability to produce biomass using the acquired P. Improving P efficiency can be reached by improving the acquisition and utilization of P (Parentoni and Lopez de Souza, 2008). In general, inorganic P caused an increase in PUE when applied in combination with FYM; however, PUE values decreased at higher FYM application rates. These results were in agreement with the findings by Rahim et al. (2010) and Castillo et al. (2013), who found that the PUE of wheat decreased significantly at a higher P rate.

We observed positive PB for all the treatments except the control. This shows that even the low levels of P fertilizer used in the present study resulted in a building of residual soil P. It has been reported by many that application of FYM alone or in combination with inorganic fertilizer increases the soil nutrient balance (Blake et al., 2000; Meena et al., 2017; Pradhan et al., 2021). Furthermore, we observed (
Figure 3
) strong correlations between P input vs. PB (R
2 = 0.98), PB vs. plant-available P (AB-DTPA) (R
2 = 0.84), and PB vs. PU (R
2 = 0.80). The PCA analysis also clustered various plant growth parameters with P26 and P39 along with FYM and conferred positive effects of applied treatments on soil properties and wheat yield (
Figure 5
). These positive linear relationships might be due to the cause of positive PB in these soils (Tang et al., 2008). These values have been successfully used as a tool for predicting the change in the soil P status and recommending the amount of P application practically (Blake et al., 2000). Plant-available P (AB-DTPA) in these highly alkaline calcareous soils has very low availability due to high fixation, and slow diffusion, thus limiting plant growth and crop yield. The addition of FYM alone or in combination with inorganic fertilizers decreases P fixation owing to the inactivation of Fe and Al ions thus improving the adsorption capacity of P in soil (Jamal et al., 2018; Saeed et al., 2021).

We note that, in terms of environmental considerations, the highest PUE was at the lowest rate of P (F0M15). However, this rate does not enable sufficient overall sustainability as the yields were so low. Agricultural producers have the responsibility to provide food, fuel, and fiber for the eight billion people on Earth. Low yields result in an increase in the amount of arable land. Thus, a combination of reasonable yields along with good P efficiency is a vital consideration. In our study, the second highest PUE was at the statistically highest grain and straw yield, providing for farm, environmental, and societal sustainability.




5 Conclusion

The SOM increased linearly for both fertilizer and FYM, whereas the pH decreased with fertilizer only. The addition of fertilizer and FYM increased plant-available P by an average of 0.5 mg P kg−1 soil week−1 with incubation. With this, plant-available P (AB-DTPA) increased initially (~1–9 mg P kg−1), with further gains by the end of the incubation (~3–17 mg P kg−1). In the field study, there was also a significant increase of available P in the soil supporting plants, although the magnitude of the increase was much smaller, with a maximum 2 mg kg−1 significant increase for the highest fertilizer rate with FYM. The increased plant-available P resulted in significant increases in grain and straw yields, which peaked with fertilizer at 26 kg P ha−1 plus FYM. The PU, PB, and PAE increased linearly with the P rate, with the highest levels at the highest P rate. In general, efficiency increased with FYM. The PUE was highest at the lowest rates of P, with general decreases with increasing P, although not consistently. The PCA revealed that 94.34% of the total variance was accounted for by PC1 (84.04%) and PC2 (10.33%), with grain straw yield significantly correlated to SOM, PU, and PAE. A strong positive regression coefficient was observed between PB and total P input, plant-available P (AB-DTPA), and PU. The outcomes of our study would help to update recommendations for P fertilizer application in calcareous soils while sustaining soil fertility and simultaneously reducing fertilizer costs and conserving limited resources.
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Ginseng is a profitable crop worldwide; however, the ginseng replanting problem (GRP) is a major threat to its production. Soil amendment is a non-chemical method that is gaining popularity for alleviating continuous cropping obstacles, such as GRP. However, the impact of soil amendment with either cow dung or canola on GRP reduction and the associated soil microbiota remains unclear. In the present study, we evaluated the effect of soil amendment with cow dung, canola seed powder, and without amendment (control), on the survival of ginseng seedling transplants, the soil bacterial and fungal communities, and their associated metabolic functions. The results showed that cow dung increased ginseng seedling survival rate by 100 percent and had a remarkable positive effect on ginseng plant growth compared to control, whereas canola did not. Cow dung improved soil nutritional status in terms of pH, electrical conductivity,  , total carbon, total phosphorus, and available phosphorus. The amplicon sequencing results using Illumina MiSeq showed that canola had the strongest negative effect in reducing soil bacterial and fungal diversity. On the other hand, cow dung stimulated beneficial soil microbes, including Bacillus, Rhodanobacter, Streptomyces, and Chaetomium, while suppressing Acidobacteriota. Community-level physiological profiling analysis using Biolog Ecoplates containing 31 different carbon sources showed that cow dung soil had a different metabolic activity with higher utilization rates of carbohydrates and polymer carbon sources, mainly Tween 40 and beta-methyl-d-glucoside. These carbon sources were most highly associated with Bacillota. Furthermore, predicted ecological function analyses of bacterial and fungal communities showed that cow dung had a higher predicted function of fermentation and fewer functions related to plant pathogens and fungal parasites, signifying its potential to enhance soil suppressiveness. Co-occurrence network analysis based on random matrix theory (RMT) revealed that cow dung transformed the soil microbial network into a highly connected and complex network. This study is the first to report the alleviation of GRP using cow dung as a soil amendment, and the study contributes significantly to our understanding of how the soil microbiota and metabolic alterations via cow dung can aid in GRP alleviation.
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1 Introduction

Ginseng (Panax ginseng C. A. Meyer) is an economically important medicinal plant in South Korea; however, its production is challenged by the ginseng replanting problem (GRP), which is caused by a variety of abiotic and biotic factors (Lee et al., 2015; Yang et al., 2015; Seo et al., 2019). Recent studies have documented that the changes in soil chemical properties, of which soil pH is the main factor, significantly contribute to GRP (Zhang et al., 2020). The soil microbiota plays a key role in determining plant health and productivity by channeling various crucial soil functionalities, including mineralization and plant disease control (Srivastava et al., 2022). Manipulating the soil microbiota is an effective way to alleviate GRP (Lee et al., 2015; Dong et al., 2018; Seo et al., 2019). Several agricultural practices can shape the soil microbial structure (Romdhane et al., 2022), which can result in either positive (Qi et al., 2020) or negative outcomes on plant health (Bziuk et al., 2021). For example, continuous cropping of ginseng affects the taxonomic and functional diversity of the soil microbial population and the potential pathogenic genera, increasing the risk of soil conduciveness (Zhang et al., 2020; Tong et al., 2021). On the other hand, various methods such as crop rotation (Zhao et al., 2017; Ji et al., 2021b), chemical fumigation (Liu et al., 2022), and high-temperature steaming (Yang et al., 2019) have been documented to reduce the replanting problem.

Soil amendment is an environmentally benign alternative approach to chemical fumigation that is efficient in suppressing soil-borne diseases (Zhou et al., 2019; Lopes et al., 2022). Soil amendment involves soil incorporation with organic materials and covering it with a polyethylene film for at least two weeks at an optimal temperature (Momma et al., 2006). Soil amendment improves soil suppressiveness by reshaping the soil microbiome and soil physicochemical properties (Lopes et al., 2022), which ultimately results in the enrichment of beneficial microbes for plant disease control, direct suppression of bacterial and fungal pathogens (Zhou et al., 2019; Zhao et al., 2020), and modulation of the plant immune system (Jayaraman et al., 2021).

Soil amendment successfully mitigates replanting problems in apples, prunus, and strawberries (Browne et al., 2018; DuPont et al., 2021; Giovannini et al., 2021). However, the efficacy of soil amendment varies with the type of carbon source utilized for incorporation (Zhao et al., 2020) and is mediated by the microbiota, which impacts the emission of volatile compounds toxic to soil-borne pathogens (Poret-Peterson et al., 2019; Lopes et al., 2022). More importantly, cow dung, an organic amendment, is a cheap and easily available resource that improves plant and soil health, resulting in sustainable crop production (Gupta et al., 2016). Integrating soil amendment and biofumigants, such as Brassica spp., effectively control apple replanting problems (Wang and Mazzola, 2019). However, the effect of soil amendment with either cow dung or canola (biofumigant) on GRP and the taxonomic and functional diversity of the associated bacterial and fungal communities remains unclear. Thus, we aimed to determine the impact of cow dung, and canola on soil microbial communities and GRP reduction in six-year-old ginseng cultivated soil, which had a significant GRP.



2 Materials and methods


2.1 Materials, study design, and sampling

In this study, we obtained the soil from a six-year-old continuously cultivated ginseng farm in Punggi, Gyeongsangbuk-do Province, South Korea (36°48′37′′N,128°32′28′′E). The farm was abandoned because of the high GRP. Cow dung (pH = 8, electrical conductivity (EC) = 0.823) was obtained from a dairy farm in Daegu, Kyungpook-do Province, South Korea (32°32′27′′N,126°35′27′′E). Canola seed meal was acquired from the FarmHannong Bio Company in Seoul, Yeongdeungpo-gu, South Korea.

An 8-mm sieve was used to homogenize the collected soil thoroughly. Cow dung and canola seed powder were mixed separately with the soil at 1% in a plastic box (0.5 × 0.5 m in width and length). Non-amended soil served as the control. The treatments, including control, were watered at 70% field capacity and covered with plastic transparent polythene film for 40 days. The soil was left for a month at air temperature, and the polythene film was uncovered and air-dried in a greenhouse for one month. The greenhouse pots (31 cm height, 15 cm diameter) were filled with 2 kg of soil. Three one-year-old baby ginseng plants were transplanted into each plastic pot. All the soil amendments were arranged in a completely randomized design. The experiment was replicated three times, each containing five pots. Ginseng was grown for three months in a greenhouse. The seedlings were irrigated once a week.

Soil for DNA extraction was sampled by removing the top 2 cm of soil at a depth of approximately 5 cm from 7 cm away from each transplanted ginseng seedling at three points from each pot immediately before ginseng seedling transplanting (0 days after transplanting, 0DAT) and at the end of the experiment (90 days after seedling transplanting, 90DAT) (Figure 1A). The samples were pooled to obtain three samples (replicates) for each treatment and stored at −80°C until used for DNA extraction. For chemical property profiling, soil samples were collected at 0DAT.




Figure 1 | Impact of soil amendment on ginseng survival and plant growth properties. Pictorial view of the experimental scheme (A) and survived transplanted ginseng seedlings (B). Graph showing the effect of different soil amendments on ginseng growth parameters during the three months after transplanting: the survival rate of transplanted ginseng seedlings (C), shoot length (D), shoot dry weight (E), and chlorophyll content (F). Mean values having the same letter(s) are not significantly different (p< 0.05). Error bars indicate standard deviation (n = 18).



The emergence rate was calculated as the number of emerging transplants divided by the total number of transplants. Ginseng replanting problem (GRP) was determined in each replication by dividing the number of surviving transplants by the total number of transplanted seedlings at 90DAT (Li et al., 2019). The GRP was expressed as percent seedling survival.



2.2 Soil chemical property analysis

The soil chemical properties were analyzed according to NIAST (2010) at Kyungpook National University, South Korea. A pH and EC meter (SP2000, Skalar BV, Netherlands) was used to measure the soil pH and EC. A titration method using an automatic titrator (Metrohm 888, Switzerland) was employed to assess the soil organic matter (SOM) content. Soil ammonium  and nitrate    concentrations were measured using cadmium reduction and salicylate colorimetric methods, respectively, using BLTEC QuAAtro (BLTEC KK, Osaka, Japan). The method employed by Dumas was used to determine the total nitrogen (TN) concentration with S832DR (Leco, USA). The concentrations of exchangeable potassium (K) and available P2O5 (AP) in the soil were measured using a PerkinElmer Optima 8300 ICP-OES (PerkinElmer, MA, USA) and SKALAR San++ system autoanalyzer (Skalar Analytical B.V., Breda, Netherlands), respectively. The soil cation exchange capacity (CEC) was measured using the BaCl2-H2SO4 exchange method.



2.3 Community-level physiological profiling

The change in the metabolic activity of the microbial communities in soil amendments was determined using the community-level physiological profiling (CLPP) method with Biolog EcoPlates with three replications. The EcoPlates had 31 kinds of carbon sources (Biolog, Hayward, CA, USA). Briefly, a one-gram soil was mixed with 99 mL of sterile distilled water. The mixture was vortex-homogenized for 20 min, and the soil particles were allowed to settle at 4°C for 30 min. The clay particles suspended in the supernatant were removed using one-gram CaCo3 and CaCl2. The supernatant (150 µL) was then dispensed into each well of a Biolog EcoPlate. The plates were then incubated at 25°C for 120 h under dark conditions. The color readings were measured at 590 nm and 750 nm wavelengths every 24 h using a Biolog microplate reader with Biolog MicroLog™ Software and MicroStation™. The absorbance value of each carbon source well was calculated by subtracting the value obtained from the control well at each time point. The carbon source utilization of the microbiota in each soil amendment was determined based on the percentage of total carbon utilization.



2.4 DNA extraction, library preparation, and sequencing

The DNeasy® PowerSoil® Pro Kit (Qiagen, Hilden, Germany) extracted microbial DNA from 0.5 g soil samples according to the manufacturer’s guidelines. DNA purity was checked with UV spectrophotometry (NanoDrop™ OneC spectrophotometer, Thermo Fisher Scientific) and double-checked using gel electrophoresis. DNA quantity was measured using a Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). The DNA samples were kept at −80°C until used for library preparation for Illumina MiSeq sequencing.

The extracted DNA template was amplified using two-step PCR with universal primers 515F/907R for the bacterial 16S rRNA gene and ITS86F/ITS4R for the fungal internal transcribed spacer ITS (ITS1) region. Detailed descriptions of the primers and PCR conditions are provided in Table S1. The AMPure XP bead purification kit (Beckman Coulter, CA, USA) and Nextera®XT Index Kit (Illumina, San Diego, CA, USA) were used for the cleanup library and ligation processes, respectively. The pooled library was quality checking using an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). Sequencing was performed using the Illumina MiSeq platform (Illumina) at Kyungpook National University’s NGS Core Facility (Daegu, South Korea).



2.5 Bioinformatics analysis

The QIIME2 pipeline (https://qiime2.org) was used to demultiplex the raw sequences of bacteria and fungi from each sample. The reads were denoised using DADA2 in QIIME2 (Callahan et al., 2016) by removing singletons and chimeric sequences. Taxonomic assignment of the representative sequences, which were truncated and had high-quality scores, was performed using a classify-sklearn-based QIIME feature classifier trained on reference databases. SILVA (version 138.1) 99% full-length database (Quast et al., 2013) and UNITE database (version 8.3) (Nilsson et al., 2019) were used for bacteria and fungi, respectively. Taxonomy-assigned contaminants of chloroplasts, mitochondria, and kingdom-level unclassified taxa of ASVs (amplicon sequence variants) were excluded from downstream analysis. The sample reads were rarefied to an equal size (Figure S1) to a subsampling depth of the smallest 5551 and 20753 reads per sample of bacteria and fungi, respectively, to enable similarity comparison between treatments and avoid variation attributed to the DNA extraction method as well as library preparation. The normalized dataset contained 2102 and 232 ASVs.

The ecological functions of bacterial, fungal, and communities following soil amendment were determined using the functional annotation of prokaryotic taxa (FAPROTAX) (Louca et al., 2016), fungi functional guild (FUNGuild) (Nguyen et al., 2016), respectively.



2.6 Statistical data analysis

The R statistical software (version 4.1.3) performed all downstream statistical data analyses (R Core Team, 2022). Different R packages, ggplot (Wickham, 2016) and ComplexHeatmap (neatmap v2.1.0) (Gu et al., 2016), were used to visualize the data. Levene’s test (Oksanen et al., 2020) and PERMDISP (Anderson et al., 2011) were employed to determine the homogeneity of the variance and multivariate homogeneity of dispersion, respectively. The Shapiro–Wilk test was used to validate the data normality assumption. Comparison of the statistical difference between soil amendments in ginseng emergence, survival rate, and alpha diversity indices (at ASV level) was performed with ANOVA, and means comparison was performed with the least significant difference using the dplyr package. Factorial analysis was performed to additionally take into account the impact of the soil sampling time. The statistical differences among soil amendments in terms of bacterial and fungal community assembly were analyzed using permutational multivariate ANOVA (PERMANOVA) (Adonis; vegan, version 2.5.7) (Dixon, 2003). Differential abundance tools, such as ALDEx2 (Fernandes et al., 2013), LEfSe (Segata et al., 2011), metastat (White et al., 2009), metagenomeSeq (Paulson et al., 2013), and random forest in R (Beck and Foster, 2014) were used investigate potential microbial biomarkers in different soil amendments.

Random matrix theory (RMT) analysis based on the correlation method (Spearman’s rank correlation) from compositional data at the ASV level was employed to construct a network of bacterial and fungal communities. ASVs were rarefied, values less than 0.1% relative abundance were filtered out, and the default correlation coefficient cutoff point was set to 0.7 at p< 0.01. Gephi (version 0.9.2) software (Bastian et al., 2009) was used to visualize the co-occurrence network.




3 Results


3.1 Effects of soil amendments on soil nutritional content and ginseng survival rate

The impact of cow dung and canola on the soil nutritional content of six-year-old ginseng cultivated soil with a known problem with ginseng replanting is illustrated in Table 1. Although each treatment began with a single composite sick soil sample, the cow dung and canola soil amendments improved the soil’s nutritional status in terms of pH, EC, total carbon, total phosphorus, and available phosphorus. In addition, cow dung outperformed canola and control considerably (p ≤ 0.05) in terms of soil  , whereas canola exceeded in TN,  , and exchangeable potassium (K).


Table 1 | Effects of soil amendment with cow dung and canola on soil chemical properties of ginseng soil with replanting problema.



Our study also revealed that, between treatments, the ginseng survival rate, shoot length, and shoot dry weight varied significantly (p ≤ 0.05) (Figures 1B–F) at 90DAT. When compared to the control, cow dung significantly (p ≤ 0.05) increased ginseng survival by 100%, whereas canola showed no discernible difference (Figures 1B, C). Cow dung also had a significantly (p ≤ 0.05) high positive impact on ginseng seedling growth in terms of shoot length and weight (Figures 1D, E). The difference in chlorophyll content among the treatments was found to be insignificant (p > 0.05) (Figure 1F). Notably, there was no difference in ginseng emergence rate between treatments at the beginning; all had 100% emergence (data not shown), indicating that the soil amendments had no phytotoxic effects.



3.2 Microbial diversity and community composition changes following soil amendments

Most alpha diversity indices revealed a significantly (p ≤ 0.05) high variation between the soil amendments, but not with sampling time (Figures 2A, B; Table S2). Furthermore, factorial ANOVA revealed that there was no significant (p>0.05) interaction effect between treatments and sampling time in most alpha diversity indices (Table S2), implying that the degree of soil amendment impact on these diversity indices did not vary across sampling times. Canola had a high negative effect on alpha diversity compared to cow dung and control (Figures 2A, B; Table S2). At 90DAT, there was a slight recovery of fungal and bacterial diversity in canola. Soil amendments also showed substantial variation in bacterial (R2 = 0.54, p ≤ 0.001) and fungal (R2 = 0.78, p ≤ 0.001) community composition (Figures 2C, D; Table 2). However, the shift in bacterial composition following cow dung and canola amendments across sampling periods varied, as revealed by the highly significant interaction effect between sampling time and treatment (R2 = 0.16, p ≤ 0.001) (Table 2). At 90DAT, the bacterial composition shift in cow dung was stable, whereas in canola, the microbial profile showed no return to that of 0DAT (Figure 2C, Table 2).




Figure 2 | Impact of soil amendments on soil microbial diversity and community structure. Alpha bacterial (A) and fungal (B) diversities. Beta diversity of bacteria (C) and fungi (D) showing community structure of the treatments. Bacterial (E) and fungal (F) community composition (>1%) of treatments at phylum level on two sampling times.




Table 2 | PERMANOVA analysis of soil treatment effects on bacterial and fungal community composition structure based on weighted uniFrac distance.



Cow dung and canola had a remarkable impact on taxonomic composition at 0DAT and 90DAT, and they severely depleted members of the phylum Acidobacteriota, one of the dominant phyla in control (Figures 2E, F; Table S3). Following the canola amendment, Pseudomonadota, mainly Gammaproteobacteria, was the dominant population in the bacterial communities; however, Pseudomonadota was largely replaced by Actinomycetota at 90DAT (Figure 2E; Table S3). In addition, canola showed a severe transient negative impact on Bacteroidota abundance, although there was a complete recovery at 90DAT. In contrast, the cow dung amendment increased Bacillota and Actinomycetota. The increase in Bacillota abundance after cow dung could be partly attributed to the incorporation of cow dung as it was originally dominated by the Bacillota population (Figure S2). This effect persisted even after ginseng transplantation at 90DAT. Certain phyla, such as Armatimonadota and Desulfobacterota, vanished following canola treatment, and no members of this phylum were detected even at 90DAT. Myxococcota and Planctomcetota disappeared temporarily after canola treatment but later recovered three months later, at 90DAT. Ascomycota dominated the fungal community, with a relative abundance of over 85% across all treatments and sampling dates (Figure 2F). Among the other phyla, Basidiomycota was significantly negatively affected by the canola application. The second most abundant fungal phylum, Mortierellomycota, in control declined after cow dung and canola application at 90DAT. Ascomycota was the largest group of true fungi and comprised both pathogenic and saprophytic members. The fungal classes Leotiomycetes and Sordariomycetes dominated control. On both sampling dates, the relative abundance of Leotiomycetes decreased dramatically in cow dung (Figure S3).



3.3 Identification of potential microbial biomarkers enriched in soil amendments

ALDEx2, LEfSe analysis (LDA values > 4), the random forest model, metastat, and metagenomeSeq were used to identify potential microbial biomarkers discriminating the bacterial and fungal communities between the treatments. The results showed that over 464 bacterial and 75 fungal taxa were key discriminatory microbes between the treatment groups (Figure 3; Supplementary material 2). Bacillus, Turicibacter, Streptomyces, Rhodanobacter, and Paeniclostridium were the most highly stimulated bacterial genera in cow dung, as consistently detected by most biomarker selection tools (Figures 3A, C, E). Several features from Pseudomonadota, such as Stenotrophomonas and Pseudomonas, were the key bacteria found to be enriched in canola (Figure 3A). In control, the relevant members of p_Acidobacteriota and p_Chloroflexi were comparatively more abundant.




Figure 3 | Differential abundance analysis of bacterial and fungal taxa after soil amendments. LEfSe analysis (LDA score > 4.0) displaying differentially abundant bacterial (A) and fungal (B) taxa among the treatments. Taxon names are abbreviated as p: phylum, c: class, o: order, f: family, and g: genus. Random forest model displaying the most predictive bacterial (C) and fungal (D) genera following soil amendments. Bland-Altman plot showing ALDEx2 analysis between cow dung and control of bacteria (E) and fungi (F). ASVs with a larger difference and small dispersion are considered differentially abundant (q ≤ 0.1) and are indicated by red dots. Black and grey dots represent rare and abundant taxa, respectively.



In the fungal community, most biomarker tools detected Chaetomium as the most significantly enriched genus in the cow dung application (Figures 3B, D, F), signifying that Chaetomium can be considered a key biomarker. Furthermore, f_ Stachybotryaceae, and Trichoderma were abundant in the canola treatment (Figures 3B, D). Members of c-Leotiomycetes (including Pseudeurotium), Talaromyces, Mrakia, and Curvularia were differentially abundant in control than in the substrate-amended soils (Figures 3B, D, Supplementary material 2).



3.4 Microbial co-occurrence network patterns and functional diversity alterations by soil amendments

RMT-based analysis was employed to construct co-correlation networks for the soil amendments. The results revealed that soil amendments showed a remarkable variation in bacterial-fungal network topologies (Figures 4A−C and Table 3). Cow dung shifted the microbial community assembly of the six-year-old ginseng soil to a highly connected (total links, avWD) and less modularized network (Table 3). It is worth noting that cow dung had a lower percentage of negative links, indicating better co-occurrence than the co-exclusion of bacteria and fungi. In contrast, in canola, the number of nodes, total links, avWD, modularity, GD, and modules were lower than in cow dung and control, implying that the impact of soil amendments on the complexity of the microbial co-occurrence network highly depends on the type of amendment. A negative relationship was found in the intra- and inter-phylum (Figures 4A–C).




Figure 4 | Impact of soil amendments on microbial co-occurrence network patterns and functional diversity. Co-occurrence networks of bacterial and fungal communities in treatments based on RMT analysis at the ASV level (Spearman’s rank correlation (corr_cut = 0.7), p< 0.05): control (A), cow dung (B) and canola (C). Node size in each treatment is proportional to the degree. Predicted functions of bacterial (D) and fungal communities (E) in different treatments based on the FAPROTAX database and fungal guild tools, respectively. LEfSe analysis (LDA score > 4.0) showed differentially enriched predicted functions across treatments.




Table 3 | Co-occurrence network topological properties of bacterial-fungal communities in soil amendments.



Given the shift in soil microbial communities after soil amendment with cow dung and canola, FAPROTAX analysis was performed to determine functional changes. Chemoheterotrophy and aerobic chemoheterotrophy putative functions were the most dominant in all treatments (Figure 4D). The canola amendment enhanced functions related to nitrate reduction and nitrate/nitrogen respiration, which are often called dissimilatory nitrate reduction and lead to the accumulation of   (Picazo et al., 2021) (Figure 4D). There was also a remarkable reduction in the functions related to animal parasites and human-associated and human pathogens following canola. Furthermore, fermentation and chitinolysis were enhanced in cow dung (Figure 4D). The change in fungal ecological guild following soil amendments was parsed using FUNGuild (Figure 4E). The functional profiles of ginseng soil changed with the soil amendments based on the trophic mode. Cow dung-amended soil and cow dung were enriched with dung saprotrophs, epiphytes, and plant saprophytes. In addition, the same treatment was less enriched with functions related to plant pathogens and fungal parasites than canola and control, indicating its potential to enhance soil suppressiveness. The genera that contributed to plant pathogens were Acremonium, Alternaria, Calonectria, Colletotrichum, Coniochaeta, Cladosporium, Curvularia, Dendryphion, Fusarium, Microascus, Monilinia, Neofusicoccum, Neonectria, Rhexocercosporidium, Stagonospora, and Trichoderma.



3.5 CLPP analysis and the soil microbiota-soil nutrient relationship

CLPP analysis using 31 different carbon sources in Biolog EcoPlates showed that cow dung induced significant functional changes related to carbon utilization (Figures 5A, B). The distribution of carbon source utilization in the soil amendments differed (Figure 5C). Amines/amides were the least utilized carbon groups by the soil microbial communities in the soil amendments. More importantly, compared to control and canola, the cow dung-amended soil had higher utilization rates of carbohydrates and polymer carbon sources. Among the polymers and carbohydrates, Tween 40 and beta-methyl-D-glucoside were the most utilized carbon sources in cow dung (Figure S4). These carbon sources were highly associated with Bacillota (Figure 5D). In contrast, cow dung showed less catabolic activity of carboxylic and acetic acids than canola. Canola showed higher metabolic activities of D-galactonic acid and D-galacturonic acid, which were positively associated with Pseudomonadota (Figure 5D). Such differences in metabolic activity following the change in microbial community assembly may be linked to modifications in soil nutritional content after soil amendment. Most soil chemical properties, including TN, total carbon, and CEC, strongly influenced the soil microbial community structure, where improved soil pH and AP had a cow dung-mediated positive influence on Bacillota (Figure 5E; Table S4). Similarly, most soil factors were consistently found to be determinant factors in the fungal community assembly (Table S4).




Figure 5 | Effects of soil amendments on soil chemical properties, microbial communities, and their metabolic activities. PCOA plot showing the community-level physiological profiling using Biolog EcoPlates with 31 different carbon sources at different incubation periods (A, B). Relative carbon source utilization (%) (C). Distance-based redundancy analysis (dbRDA) based on Bray-Curtis distance displaying the relationship of the soil bacterial communities with metabolic activities (D) and soil chemical properties (E) as indicated by the angles and projection of arrows. The length of the arrows represents the contribution of each soil chemical parameter to the variation in the bacterial community structure. Refer to Table 1 for soil chemical property abbreviations.






4 Discussion

The GRP is a major concern for ginseng farmers throughout much of the world, including South Korea. Soil microbiota imbalance and accumulation of toxic substances are the major causes of GRP (Lee et al., 2015; Liu et al., 2021b). Several agricultural interventions have the potential to shift the microbiota structure and induce disease suppression (Qi et al., 2020) (Jayaraman et al., 2021). soil amendment is an environmentally benign non-chemical approach that is effective in reshaping the soil microbiota, resulting in reduced continuous cropping obstacles (Lopes et al., 2022) owing to the introduction or activation of beneficial microbes for soil-borne disease control (Zhao et al., 2020). However, the impact of cow dung and canola on GRP has not been previously investigated, and the shift in taxonomic and functional diversity of soil bacterial and fungal communities after cow dung remains unclear. Therefore, the present study investigated the effect of cow dung and canola on GRP reduction, soil nutrition, and microbiota.

The survival rate of transplanted ginseng seedlings grown in cow dung-treated soil was 100% higher than that of control, whereas canola had no significant effect. In support of our results, numerous studies have documented that soil amendment alleviates the replanting problems of different plants (Browne et al., 2018). Li et al. (2019) also applied soil disinfestation with bean dregs and sugarcane bagasse and found a reduction in the replant failure of ginseng plants. However, we believe that this study is the first to document the alleviation of GRP using a soil amendment with cow dung as a substrate. Changes in soil microbiota are one of the major contributing factors affecting the occurrence of GRP (Dong et al., 2018). Thus, understanding and manipulating the soil microbiota with pre-planting agronomic practices is a novel approach to microbiome-assisted strategies to enhance soil suppressiveness for suitable organic farming systems (Dong et al., 2018; De Corato, 2020).The direct exogenous microbial input from the incorporated cow dung may have contributed to the alteration in microbial community structure assembly (Sun et al., 2015). More importantly, the enhanced soil nutrient content after incorporating cow dung as a carbon source could provide diverse microhabitats for soil microbial growth and colonization (Suleiman et al., 2016; Zhou et al., 2019; Ye et al., 2021), inducing substantial changes in the soil bacterial and fungal community structures (Hu et al., 2018; Liu et al., 2021b). Our findings are in agreement with previous reports that soil nutrients, such as pH, TC, and TN, were the major factors shaping soil microbial community in the ginseng field and alleviating GRP (Zhang et al., 2020; Ji et al., 2021b; Liu et al., 2021b).

Chloroflexi and Acidobacteriota are oligotrophic bacteria that specifically adapt to low available resources (Eo and Park, 2016; Liang et al., 2018; Ye et al., 2021), and low soil pH often decreases their abundance after organic amendments (Ye et al., 2021), similar to the cow dung and canola results. The accumulation of different types of acidic compounds after ginseng monocropping is a major challenge in ginseng production (Li et al., 2018). The improvement in pH after cow dung shows its neutralizing potential, as the applied cow dung was alkaline. Similarly, a previous study reported the acid-neutralizing potential of manure and its potential to prevent nitrate leaching (Sun et al., 2015). Chloroflexi is often highly correlated with several soil-borne diseases (Liang et al., 2018; Ren et al., 2018) and is described as disease-inducing bacteria (Niu et al., 2016). This may be due to the fact that the majority of Chloroflexi members are not able to fix nitrogen but instead compete with beneficial soil microbes and host plants for nitrogen resources (Niu et al., 2016; Ren et al., 2018). In contrast, members of Bacillota, including Bacillus and Clostridium were differentially abundant in cow dung treatment. Bacillota, known for their crop growth promotion and high antifungal activity, are often strongly associated with soil suppressiveness (Lee et al., 2021) and subsequently protect ginseng plant health. Microbial biomarkers, such as Bacillus and Streptomyces, have an inverse relationship with GRP, and they are significantly enriched in healthy ginseng soil (Li et al., 2019; Ji et al., 2021a). This was partly due to their ability to hydrolyze ginsenosides, one of the main components of GRP, via β-glucosidase and β-glucuronidase (Li et al., 2019). Clostridium and Rhodanobacter often increase with substrate soil amendment and improve soil suppressiveness (Liang et al., 2018; Poret-Peterson et al., 2019) via their toxic organic acids (Huang et al., 2015). In addition, Rhodanobacter degrades diisobutyl phthalate, a toxic allelopathic chemical that causes GRP (Dong et al., 2018). This suggests that the enrichment of such biomarkers in cow dung may have reduced obstacles to ginseng replanting (Ji et al., 2021a). In the fungal community, Leotiomycetes, which include diverse groups of plant pathogens and are often enriched in continuous ginseng cultivation (Bao et al., 2020), were found to be remarkably reduced by cow dung compared to control and canola. However, Chaetomium, a biomarker in healthy ginseng soil (Dong et al., 2022), was abundant in cow dung. Chaetomium is a beneficial fungus for controlling soil-borne diseases, including ginseng diseases (Grunewaldt-Stöcker and von Alten, 2003; Zhou et al., 2019; Li et al., 2020), and it also increases crop tolerance to abiotic stresses (Liu et al., 2021b). In canola treatment, the decline in the abundance of Gemmatimonadota, Armatimonadota, Desulfobacterota, Myxococcota, and Planctometota could be attributed to their sensitivity to ITCs released from soil biofumigants (Tagele et al., 2021).

Co-occurrence network analysis is a novel method that helps us to understand the complex association among microbial communities in soil ecosystems and highlights how such complex interaction is impacted by agricultural activities (Goberna and Verdú, 2022). The more clustered network and firmly connected microbial community in cow dung could potentially make the community highly stable (Sun et al., 2015) to soil sickness owing to continuous ginseng monocropping (He et al., 2021), pathogen colonization (Rybakova et al., 2017), and environmental stresses (He et al., 2021), thereby maintaining soil health (Liu et al., 2021a). In contrast, scattered niches in control and canola would harm the prompt defense against foreign pathogen invasion (Tao et al., 2018). Similar to our results, previous reports have documented larger modularity and a higher percentage of negative links in disease-conducive soil than in disease-suppressive soils, in which the latter has dense, high degree, and low modularity (Gao et al., 2021; Ji et al., 2021b). Furthermore, structural shifts in the microbiota are mostly associated with functional changes that drive the agricultural ecosystem (Dubey et al., 2015). Alterations in soil carbon pools can affect the metabolic activity of the soil bacterial and fungal communities. The high utilization of carbohydrate and polymer carbon sources and the predicted function of high fermentation, as seen in cow dung, increase the conversion of carbohydrates to organic acids (Yu et al., 2021), which can potentially reduce soil-borne pathogens, including those causing GRP (Poret-Peterson et al., 2019), although this requires further investigation. Furthermore, such high microbial metabolic activity coupled with plastic cover during BSD process can potentially enhance the soil temperature that may, in turn, contribute to a high decomposition rate of residual antibiotics (Cycon et al., 2019). The saprotroph trophic mode was the most dominant functional group in control, which agrees with previous reports that continuous ginseng cultivation leads to significantly enriched saprotrophs (Bao et al., 2020; Ji et al., 2021b). In addition, the reduced enrichment of predicted functions related to plant pathogens and fungal parasites in cow dung suggests that its application may have resulted in the enrichment of various ecological functions that contribute to reducing GRP.



5 Conclusions

Amending soil with cow dung improved soil nutritional content, increased ginseng survival, and showed a remarkable positive effect on ginseng shoot length and shoot. Microbial profiling by sequencing showed that cow dung modified the soil microbial composition, in which Acidobacteriota and Leotiomycetes were highly depleted, whereas Bacillota and Actinomycetota were enriched. Further microbial biomarker analysis revealed that Bacillus, Turicibacter, Streptomyces, Rhodanobacter, Paeniclostridium, and Chaetomium were the most highly stimulated genera in cow dung. The microbial communities in the cow dung soil had higher utilization rates of carbohydrates and polymer carbon sources, which were most highly associated with Bacillota. In contrast, in Pseudomonadota-dominated canola soil, there was a higher metabolic activity of carboxylic and acetic acids, mainly D-galactonic acid and D-galacturonic acid. After soil substrate amendment, soil nutritional changes, such as soil TN, total carbon, and CEC, were found to be determinant factors in microbial community composition. Furthermore, RMT analysis revealed that cow dung transformed the microbial co-occurrence network into a highly connected and complex network. In contrast, canola harmed the complexity of the microbial co-occurrence network. The predicted functional profiles of ginseng soil, based on FUNGuild trophic mode, showed that cow dung was less enriched with functions related to plant pathogens and fungal parasites compared to canola and control, signifying its potential to enhance soil suppressiveness.
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The impact of graphene oxide (GO) nanocarbon on soil properties is mixed, with both negative and positive effects. Although it decreases the viability of some microbes, there are few studies on how its single amendment to soil or in combination with nanosized sulfur benefits soil microorganisms and nutrient transformation. Therefore, an eight-week pot experiment was carried out under controlled conditions (growth chamber with artificial light) in soil seeded with lettuce (Lactuca sativa) and amended with GO or nano-sulfur on their own or their several combinations. The following variants were tested: (I) Control, (II) GO, (III) Low nano-S + GO, (IV) High nano-S + GO, (V) Low nano-S, (VI) High nano-S. Results revealed no significant differences in soil pH, dry plant aboveground, and root biomass among all five amended variants and the control group. The greatest positive effect on soil respiration was observed when GO was used alone, and this effect remained significant even when it was combined with high nano-S. Low nano-S plus a GO dose negatively affected some of the soil respiration types: NAG_SIR, Tre_SIR, Ala_SIR, and Arg_SIR. Single GO application was found to enhance arylsulfatase activity, while the combination of high nano-S and GO not only enhanced arylsulfatase but also urease and phosphatase activity in the soil. The elemental nano-S probably counteracted the GO-mediated effect on organic carbon oxidation. We partially proved the hypothesis that GO-enhanced nano-S oxidation increases phosphatase activity.




Keywords: soil amendments, agricultural production, microbial activity, nutrient cycling, sulfur nutrition




1 Introduction

In the last decade, 2D carbon-based nanomaterials, such as graphene, graphene oxide, and reduced graphene oxide have been widely applied in various experimental and technological fields, primarily to purify aquatic and soil environments from pollutants. (Teng et al., 2019). GO (42-62% wt carbon, 24-36% wt oxygen) can be prepared from graphite in the laboratory using the Hummers and Offemans method (Marcano et al., 2010; Yu et al., 2016), and further modified by reduction of C=O groups or their derivatization e.g., with metal atoms (Zn, Cu, Ag), which enables environmental adsorptive detoxication from metalloids (Zhang et al., 2020; Sengupta et al., 2022). GO is quite mobile in soil (Sangani et al., 2019; Xia et al., 2021); however, its leaching can be reduced by aggregation mediated by Ca2+ in concentration ≥ 0.5 mM (Qi et al., 2014). Amendment of GO to soil alters its hygroscopic and adsorptive capabilities and water content, and reduces the impact of drought stress (Zhao et al., 2020; Zhao et al., 2022); as a carrier, it increases the uptake of mineral micronutrients to plants via controlled release (Kabiri et al., 2017; Li et al., 2019; Carneiro et al., 2022; Mohammadi Alagoz et al., 2022). These effects on soil nutritional traits are positive for plant growth and physiology (Lahiani et al., 2015; Juarez-Maldonado et al., 2019) and GO may also benefit by protecting against other plant-harming factors (Arikan et al., 2022). However, the impact of GO on plants is dose-dependent, and high levels of application (up to 2000 mg/L) have been found to lead to increased reactive oxygen species in cabbage, necrotic lesions in tomatoes, and decreased photosystem II activity in peas. (Samadi et al., 2021).

GO has also been found to exhibit varying levels of toxicity towards bacteria, fungi, and algae, negatively impacting their growth and altering the structure of microbial communities in soil (Gurunathan et al., 2012; Chung et al., 2015; Du et al., 2015; Forstner et al., 2019). GOs are generally more toxic to gram-positive bacteria (Kulshrestha et al., 2017) but showed neutral to positive effects on other soil microbes (Wang et al., 2003; Ge et al., 2016). It was also reported that GOs contain soil biological properties (Ren et al., 2015). In some cases, GO has been found to increase bacterial community richness in a concentration-dependent manner (Luo et al., 2022). It has been acknowledged that the integration of GO and other nanomaterials may improve GO properties (Yap et al., 2019; Hammerschmiedt et al., 2022) and provide new specifically-featured materials (Gupta et al., 2015; Liu et al., 2017), which may ameliorate salinity stress on crops (Zahedi et al., 2023). In this context, one of the promising types of nanomaterials is nanosized elemental sulfur. It is highly beneficial in agriculture (Teng et al., 2019) because it is insoluble and thus, does not leach after being added to soil (Riley et al., 2002; Lee et al., 2011; Lucheta and Lambais, 2012; Samadi et al., 2021), and it promotes tolerance to abiotic and biotic stresses in plants (Fuentes-Lara et al., 2019). It should be noted that elemental sulfur needs to be oxidized by bacteria into sulfates ( ) in order to serve as a nutrient for soil organisms and plants (Degryse et al., 2021). Bacterial oxidation is carried out by several specific soil taxa, i.e., the genus Thiobacillus (Germida and Janzen, 1993) and Betaproteobacteria (Tourna et al., 2014). On the other hand, some other soil microorganisms, mainly fungi, are adversely affected by elemental sulfur (Williams and Cooper, 2004; Massalimov et al., 2012). Elemental sulfur oxidation is dependent on soil water potential, temperature, aeration (Germida and Janzen, 1993), hydrophobicity of its particles, and their size (Steudel, 2003). Oxidation rate depends indirectly on elemental sulfur particle size (Watkinson and Blair, 1993), therefore, fine-formulated (micronized, nanosized) elemental sulfur is used for accelerated conversion to sulfates and nutrient availability (Chapman 1989; Soltanaeva et al., 2018), improved plant nutrition efficiency (Matamwa et al., 2018; Soltanaeva et al., 2018), enhanced alleviation of metalloid toxicity (Dixit et al., 2015), soil pH modulation (Hu et al., 2007; Almutairi et al., 2017), and plant pests control (Gadino et al., 2011). Crushing, ball milling (Hegedüs et al., 2018; Lonkar et al., 2018), or sonication (Raghavan et al., 2018) are methods used to manufacture micro-/nanosized elemental sulfur, which is sometimes further combined with other types of nanomaterials.

Elemental sulfur combined with carbon nanomaterials (e.g. activated carbon, GO) brings benefits i.e., in environmental and forestry applications (Yang et al., 2019; Jeon et al., 2020; Huang et al., 2021). The stimulatory effect of GO and elemental sulfur on the specific elemental sulfur-oxidizing microbiome in amended soil and successive enhanced transformation to sulfates could be ascribed from the referred supportive impact of graphite plate on the biofilm development of Acidithiobacillus thiooxidans (Méndez Tovar et al., 2019). Studies describing similar effects of co-application of nano- or microsized elemental sulfur and GO on soil quality biological indicators, such as respiration (basal as well as substrate-induced) and soil extracellular enzymes activity, have remained largely overlooked. This work aims to better understand this issue and bridge the knowledge gap in order to evaluate the actual benefits of currently developing usage of nanotechnologies in agriculture (Behl et al., 2022). Furthermore, the novelty of this work lies in the original and previously untested combination of GO and elemental nano-sulfur in a composite product, which was designed as a carrier of sulfur for improved accessibility and liability to oxidation and accelerated transformation into plant available form. It is expected that the composite could provide a more quickly transformable form of elemental sulfur and concurrently would not disadvantageously increase its solubility and risk of losses from excessive solubilization and leaching.

Therefore, keeping in view the above background, a pot experiment was carried out to evaluate the combined effect of GO and elemental nano-sulfur (nano-S) on soil pH, biological properties, and dry plant biomass under controlled conditions (growth chamber with artificial light). We hypothesized that:

	GO application would enhance soil respiration due to its function as an oxidative agent.

	Nano-S as an oxidizable substrate would suppress soil respiration, moreover, it could counteract and mitigate the GO-derived effect on organic carbon oxidation.

	However, the effect of both amendments on plant biomass yield may depend on the dose and combination of GO and S.






2 Material and methods



2.1 Sources and preparation of materials

Nanoparticles of elemental sulfur in water dispersion were purchased from US Research Nanomaterials, Inc (Houston, TX, USA). The method of GO synthesis has been previously described by (Đurović et al., 2022). The nanocomposite of GO with nano-S was synthesized by the following procedure: 25 mL of GO (2 g·L−1) was mixed with 25 mL of nano-S (100 g·L−1) for high dose and 2.5 mL of nano-S (100 g·L−1) for low dose as described in (Hammerschmiedt et al., 2022).




2.2 Pot experiment settings

The present pot experiment was carried out under controlled conditions in a growth chamber Climacell EVO (BMT, Czech Republic). The experimental soil consisted of topsoil from a rural area near the town of Troubsko, Czech Republic (49°10’28” N, 16°29’32” E). The collected soil was sieved through a 2.0 mm sieve, and mixed with fine quartz sand (0.1-1.0 mm) in a ratio of 1:1, w/w. The properties of the used silty clay loam (Haplic Luvisol) are stated in (Table 1).


Table 1 | The properties of topsoil used for the pot substrate preparation.



Pots of 1 L volume (three replicates per variant) were filled with 1 kg of experimental soil. The control soil variant was not amended, the soil of other variants was mixed in the whole volume with GO and nano-S at various doses and combinations displayed in (Table 2). The doses of graphene oxide were estimated as a compromise between the dosing reported by Anjum et al. (2014) and Forstner et al. (2019).


Table 2 | The experimental variants used in this study.



The pot experiment with lettuce (Lactuca sativa L. var. capitata L.) cv. Smaragd was conducted over a period of 8 weeks, during which the following conditions were ensured: full-spectrum LED lighting, intensity 370 µmol·m−2·s−1; photoperiod 12 h; temperature 18/22°C night/day; and relative air humidity 70%, soil moisture 60% of water holding capacity. Lettuce seeds were germinated for two days on filter paper, then four seeds were sown in each pot to a depth of approximately 2 mm. After sowing, each pot was watered with 100 ml of demineralized water. The 10-day-old seedling was reduced to only one per pot. At the end of the experiment (56 days after sowing), the plants were harvested at ground level, and the roots were removed from the soil and washed with demineralized water. Aboveground biomass (AGB) and roots were air-dried at 60°C to constant weight in a laboratory oven to determine the dry biomass of AGB and roots (AGB_dry and Root_dry) by weighing on laboratory scales (n = 3). A mixed soil sample was also taken from each pot.




2.3 Methods for soil properties determination

The following soil properties were evaluated following standard methods, such as pH in CaCl2 (ISO_10390, 2005), n = 6; dehydrogenase activity (DHA) (Casida et al., 1964), n = 24; soil basal respiration (BR) and substrate-induced respiration (Campbell et al., 2003): Glc_SIR, Pro_SIR, Tre_SIR, NAG_SIR, Ala_SIR, Man_SIR, n = 12; enzyme activities (ISO_20130,  2018): arylsulfatase, urease, phosphatase, N-acetyl-β-D-glucosaminidase, β-glucosidase, n = 18.




2.4 Statistical analyses

Statistical analyses were carried out using program R, version 3.6.1. (R Core Team, 2020). PCA was performed to characterize the relationship between soil properties and dependence on the selected treatments. ANOVA type I (sequential) sum of squares was used to test the statistical effect of the selected treatment on the soil properties. For detecting the statistically significant difference after ANOVA, the Tukey’s honest significant difference (HSD) test at a significance level of 0.05 was employed. Factor level means were determined by using treatment contrast. Besides, the Shapiro-Wilk test for the verification of normality and Levene’s test for the verification of homogeneity of variances were also performed at a significance level of 0.05. Pearson correlation coefficient was used to determine the linear correlation among soil properties.





3 Results



3.1 Effect of graphene oxide, nano-sulfur, and their combination on soil respiration and enzymes

Determination of basal respiration (BR) and different types of substrate-induced soil respiration (SIR) provided the greatest variability among the tested experimental variants: inducing substrates D-glucose, protocatechuic acid, D-trehalose, N-acetyl-β-D-glucosamine, D-mannose, L-alanine, and L-arginine. Only the variant GO showed a significant increase in BR, Tre_SIR, and NAG_SIR, compared to the Control (Figures 1A, D, E). Glc_SIR, Man_SIR, Ala_SIR, and Arg_SIR (Figures 1B, F, G, H) were significantly increased in variants GO and S2GO compared to Control, whereas a single amended high dose of nano-S (variant S2) decreased Pro_SIR (Figure 1C).




Figure 1 | Basal respiration (A) and respiration induced by D-glucose (B), protocatechuic acid (C), D-trehalose (D), N-acetyl- β -D-glucosamine (E), D-mannose (F), L-alanine (G), and L-arginine (H) in the soil amended with GO, nano-S, and their combination. Mean values (n = 12) are displayed with error bars (standard deviation). Different letters indicate statistically significant differences between variants at p ≤ 0.05.



Apparent soil respiration types by added GO were found to be mitigated by the low dose of nano-S, albeit not by the high dose. Therefore, values of BR, Glc_SIR, Tre_SIR, Ala_SIR, and Arg_SIR were comparable between the Control and the variant S1GO (Figures 1A, B, D, G, H), whereas Man_SIR, Ala_SIR, and Arg_SIR were significantly increased in S2GO compared to both the Control and S1GO (Figures 1F, G, H). Further, a single application of a high dose of nano-S had a negative impact on sugar-induced respirations (Glc_SIR, Tre_SIR, and Man_SIR) as compared to the variants with a low nano-S dose. In general, a single application of GO was beneficial for all types of soil respiration, whereas amendment of GO combined with nano-S enhanced only Man_SIR, Ala_SIR, and Arg_SIR respiration at high nano-S dose. Nano-S amendment did not significantly affect respiration (except for increased Arg_SIR – both variants S1, S2 – and Man_SIR, variant S1), nor did it have a significant negative effect (Pro_SIR) and the benefit of the high nano-S dose was less beneficial.

Beneficial to partially (significantly) positive effect of single GO application was also detected via determination of soil enzyme activities; DHA, NAG, Ure, GLU, and Phos activities of variant GO were comparable to the Control and ARS was significantly increased (Figures 2A–F). Similarly, significant positive effects of High nano-S + GO on Phos and ARS (compared to Control) were revealed (Figure 2E, F), albeit DHA and N-acetyl-β-D-glucosaminidase NAG were affected significantly negatively by nano-S + GO at both doses (Figures 2A, B2). The benefit of low nano-S + GO was again weaker than high nano-S + GO, showing values of Ure, GLU, and ARS, comparable to the Control, the only significant increment (compared to the Control) was found for Phos (Figure 2C, F). Whereas a single amendment of the high nano-S dose was less beneficial to soil respiration (Glc_SIR, Tre_SIR, and Man_SIR), activities of NAG, GLU, Phos, and ARS, of this variant (S2) showed (compared to variant S1) significant increment, Figures 2B, D–F. In general, any variant amended with nano-S showed an adverse effect on DHA; moreover, single-applied nano-S at both doses mitigated Ure activity. While nano-S + GO (both S1GO and S2GO) enhanced the activity of Phos.




Figure 2 | Dehydrogenase (A) (n=24), N-acetyl- β -D-glucosaminidase (B), urease (C), β -glucosidase (D), phosphatase (E) arylsulfatase (F), and activities (n=18) and pH (G) (n=6) in the soil amended with GO, nano-S, and their combination. Mean values are displayed with error bars = standard deviation. Different letters indicate statistically significant differences between variants at p ≤ 0.05.






3.2 Effect of graphene oxide, nano-sulfur, and their combination on soil pH and plant biomass

The described values of soil respiration and enzyme activities in all experimental variants were likely negligibly influenced (Figure 2G). The response of soil parameters to the application of GO and Nano-S was not significantly related to the final values of aboveground dry matter (AGB) and root biomass of lettuce, which were comparable for all variants including the Control variant (Figures 3A, B). Some markable results of the determined biomass properties were the relatively highest average dry AGB value of variant S1 and the relatively lowest average root biomass weight in the Control. The outcome of these findings was the highest AGB_Root biomass ratio in the variant S1 (and in the Control as well – this indicates improved shoot growth), compared to the other variants, i.e., the variant S1GO, which in contrast stimulated the growth and biomass of roots, instead of shoots (Figure 3C).




Figure 3 | Dry aboveground (A), root (B) biomass, and their ratio AGB_Root (C) for lettuce grown in the soil amended with GO, nano-S, and their combination. Mean values (n = 3) are displayed with error bars = standard deviation. Different letters indicate statistically significant differences between variants at p ≤ 0.05.







4 Discussion



4.1 Effect of graphene oxide, nano-sulfur, and their combination on soil respiration and enzymes

It was referred that GO in soil may harm microorganisms by penetrating cell walls and extracting phospholipids (Tu et al., 2013), as well as by degreasing abundances of different functional microbial groups associated with the processes of nutrient transformation and respiration (Du et al., 2020). The most influenced soil properties in the experiment were basal and substrate-induced respiration, which (with the exception of Man_SIR and Ala_ SIR) were significantly higher in the soil enriched with GO compared to all other variants. These findings did not prove an adverse effect of GO but corroborated our hypothesis (i). GO can be reversibly reduced and oxidized because it enhances electron transfer (Pan et al., 2017). Apart from several studies which referred to the adverse effect of GO on soil microbiome (Gurunathan et al., 2012; Du et al., 2015; Xie et al., 2016), the positive effect on microbial growth and activity is assumed due to reported improved delivery of macro- and micronutrients via adsorption (Kabiri et al., 2017; Navarro et al., 2020). Nevertheless, few studies described the GO effect on microbial respiration, e.g. addition of GO (up to 60 mg·L-1) increased the oxygen uptake rate coefficient of municipal landfill leachate bacterial cultures (Jamialahmadi et al., 2018) and aerobic bacteria isolated from various environments, including soil, were able to increase GO reduction under respiration (Salas et al., 2010; Chouhan et al., 2016). However, our previous study (Hammerschmiedt et al., 2022) showed contrasting results of various types of microbial respiration in lettuce-planted soil under illumination with color (blue+red) light (20 klx), where the GO amended variant showed comparable or lower (Glc_SIR) values than the Control. Due to the relation between illumination (intensity and quality) and plant physiology (Gouinguene and Turlings, 2002; Hee-Sun Kook, 2013), both stimulation, and composition, as well as activity of the microbial community in the rhizosphere, were reported in several studies e.g., blue color light stimulation of multiplication of moldy fungi (Bonomi et al., 2012; Borowiak et al., 2019).

High nano-S + GO (variant S2GO) had a positive effect on these particular types of soil respiration (Glc_SIR, Man_SIR, Ala_SIR, and Arg_SIR) in comparison to the Control, whereas single soil application of high nano-S led only to the comparable values (as the Control) of the respective properties (except significantly increased Arg_SIR, Figures 1B, F–H). These findings partially corroborated our hypothesis (ii), confirming a negative impact of sole nano-S addition on respiration but a positive effect of a combination of both amendments. As compared to the GO variant or even the Control, it was ascribed that the impact of a low dose of nano-S (variant S1) on the soil respiration was neutral or negative, which was in line with the results of our previous study (Hammerschmiedt et al., 2022). Thus, elemental (nano)sulfur has been reported to attenuate soil aerobic microbial activity and the respiratory capacity of the soil microbiome, as described in a few studies (Kelleher et al., 2017; Zakari et al., 2020). Nevertheless, this study showed a less significant negative effect of nano-S on the GO-associated aerobic carbon mineralization benefits than in the previously conducted pot experiment (Hammerschmiedt et al., 2022), which showed a very strong negative effect of the nano-S + GO. In line with these results, Kelleher et al. (2017) referred to an initial surge in the production of CO2 through microbial respiration, which was followed by increased capture of carbon dioxide as elemental sulfur was oxidized to sulfate (Kelleher et al., 2017). The conditions set up in this experiment did not promote complete nano-S-mediated attenuation of GO stimulation. However, significant mitigation of most types of respiration in the variant S2GO and even more in the S1GO variant, compared to the values of variant GO, was evident. We corroborated our hypotheses (ii) and (iii) that nano-S would counteract the GO-mediated beneficial effect of organic carbon oxidation and weaken the stimulation of soil respiration, and that these effects would be dose-dependent. An even higher negative effect of nano-S + GO co-application (compared to both sole amended GO and sole low nano-S) was observed in the variant S1GO for the properties NAG_SIR, Tre_SIR, Ala_SIR, and Arg_SIR (Figures 1D, E, G, H), which values were significantly lowered compared to the single-treated variants (GO, S1). We presumed that this feature was caused by a generally decreased degradation activity of soil microbiome in this (S1GO) variant, which was ascribed the lowest value of dehydrogenase (DHA) in comparison to all other variants (Figure 2A). Even at the lower nano-S dose in this variant (S1GO), the highly oxygen-dependent aerobic catabolism of particular substrates (e.g., protocatechuic acid) putatively competed with the oxygen-demanding elemental sulfur utilization. These presumptions were supported by the results of the PCA analysis (synergy between dehydrogenase and respirations) and Pearson correlation analysis (Supplementary Figures 1, 2), showing a significant (p < 0.001) positive correlation of DHA and Pro_SIR (r = 0.62); further, BR and Tre_SIR, NAG_SIR, and Ala_SIR (r were 0.69, 0.7, 0.72) were also correlated.

As we mentioned in the previous paragraph, dehydrogenase activity (DHA), which indicates the ability of soil microbiome to degrade soil organic matter (SOM), was decreased by the application of nano-S at both doses as compared to the Control and GO variant, Figure 2A. N-acetyl-β-D-glucosaminidase (NAG), an enzyme involved in the degradation of main fungal cell wall polymer chitin, also exerted a decrease in most nano-S-treated variants (S1GO, S2GO, and S1 - except for S2) compared to Control (Figure 2B). These results again contrast with a previous study (Hammerschmiedt et al., 2022), in which the addition of a very high dose of Nano-S (1 g S. kg-1) stimulated both dehydrogenase and NAG activities (compared with the Control). The positive effect of high dose nano-S on the preservation of NAG activity (of variant S2, comparable to the Control) in this current experiment allowed us to presume that the efficient elemental sulfur stimulation of fungal biomass multiplication (due to the fungal involvement in elemental sulfur oxidation (Germida and Janzen, 1993)) occurs at higher application levels. This proved hypothesis (iii). The results of the respective previous study corresponded to the referred beneficial effect of waste elemental sulfur application on soil DHA in unsown arable soil (Tabak et al., 2020). On the other hand, a dose of 50 mg.kg-1 of elemental sulfur added to alkaline S-deficient soil did not affect DHA (Malik et al., 2021), similarly observed in this study. We further assumed that the activity of NAG could be enhanced in the first experiment due to the putative blue color light stimulation of moldy fungi growth (Borowiak et al., 2019), and subsequent higher access of residual fungal biomass in soil. Contrary to the effect of nano-S, GO amendment to soil helped to preserve values of DHA and NAG (as well as other enzymes – urease, β-glucosidase, phosphatase) comparable with the Control, which was in contrast with the referred detrimental effect of GO (Chung et al., 2015), but close to the opposite reports of a beneficial effect of graphene-based nanomaterials on soil enzymatic activities (Ren et al., 2015). The other study (Rong et al., 2017) showed that the positive or negative effect of either graphene or GO on microbial enzymes was vastly dependent on the composition of the soil microbial community. Arylsulfatase activity was enhanced by the single soil application of GO (compared to the Control) Arylsulfatase, as the only one from determined enzymes. had enhanced activity by the single soil application of GO (compared to the Control). We attributed this result to the reported positive role of GO in sulfur oxidation and mineralization, as it was referred (Rong et al., 2017), and to the beneficial general effect of GO on distinct soil microbiota and their activity (Rong et al., 2017). Nevertheless, GO-promoted ARS activity was again discordant to the previous study (Hammerschmiedt et al., 2022) and the role of different illumination in the soil microbial community composition (as reported by (Carvalho and Castillo, 2018)) and their related enzyme activities could be considered. As well as variant GO, high nano-S + GO increased the activity of ARS in comparison to the Control (Figure 2F); therefore, we deduced that GO mitigation of enzyme activity (Chung et al., 2015) did not overwhelm the positive effect of elemental sulfur on ARS (Malik et al., 2021).

The only variant with significantly increased Ure activity (compared to the Control) was high nano-S + GO (S2GO), while both doses of nano-S applied alone (S1, S2) to the soil showed significantly decrease Ure activity (as compared to the Control). We assumed that next to the oxidative mineralization of nano-S, the reductive transformation to sulfides and hydrogen sulfide could also occur in the soil. Considering the referred inhibition of nitrification activity by elevated sulfide levels (Joye and Hollibaugh, 1995) we ascribed that higher access of nano-S in soil (S1, S2) might have decreased the Ure activity.

No significant change in β-glucosidase activity was observed in any of the altered variants compared to the Control (Figure 2D). A significant decline in GLU activity was detected for the low-dose nano-S-amended variants (S1GO and S1) as compared to the sole high nano-S amended variant (S2). This feature was consistent with reports of increased GLU in soils receiving higher levels of elemental sulfur (Ye et al., 2011). The most significant enzyme response to the amendment of GO (in combination with a low or high dose of nano-S) showed Phos, both GO variants with nano-S (irrespective of dose) increased Phos as compared to the Control. We related these results to the effect of elemental sulfur – there was reported higher Phos activity promoted by sulfur fertilization at the background of NPK (Godlewska, 2018) – and to the putatively higher retention of soil phosphate content due to interaction with added GO. Absorption properties of GO were reported to be beneficial for phosphate loading on the surfaces of the nanoparticles (Kabiri et al., 2020), and we ascribed from this decreased leaching and losses of phosphorus (P) and thus, its higher P accessibility to transformation (enzyme-catalyzed). A general positive effect of GO on the increased availability of various nutrients to transformation processes may be ascribed from synergy (PCA biplot, Supplementary Figure 1) and significant (p < 0.001) positive correlation of Phos and Ure, ARS (r were 0.42 and 0.52, respectively), while enhanced SOM degradation could increase P losses as assumable from the negative correlation of Phos and DHA (r = -0.47) and antagonism (PCA biplot), Figures A1, A2. Further, we hypothesized (i.): if the sulfur transformation (locally in the rhizosphere) takes place under oxidative conditions, the soil would tend to slightly lower pH and improve phosphate dissolution, which would further increase its availability and, subsequently, Phos activity. A significant antagonism (PCA biplot, Supplementary Figure 1) and negative correlation between pH and Phos was detected (r = -0.53, p < 0.001) (Supplementary Figure 2).




4.2 Effect of graphene oxide, nano-sulfur, and their combination on soil pH and plant biomass

However, no significant differences in soil pH values were observed between the variants (Figure 2G). Neither the final values of lettuce dry aboveground and root biomass, which were comparable between all variants including the Control (Figures 3A, B), displayed any significant effect of presumed and detected differences in the soil biological properties, determined by the differing diversity of soil microbial community. Nevertheless, the relatively highest average dry AGB value of variant S1 and the relatively lowest average root biomass in the Control were coupled with the highest AGB_Root biomass ratio in variant S1 (and in the Control), compared to the other variants. These results indicated that the sulfur uptake preferentially contributed to the growth of aboveground parts of lettuce. It agreed with the research findings based on a greenhouse experiment, in which the application of elemental sulfur (570 mg.kg−1) significantly increased stem diameter, plant height, shoot weight, and sulfate uptake by maize plants (Pourbabaee et al., 2020). Another study reported that elemental sulfur amended to the soil at a rate of up to 50 mmol.kg-1 elemental sulfur also led to a higher concentration of sulfur in the shoots than in the roots (Cui and Wang, 2005).

On the contrary, the variant S1GO (low nano-S + GO) stimulated the growth and biomass of roots, instead of shoots (Figure 3C). It was referred that very high (> 400 mg.L−1 GO) amendment of GO to soil significantly increased root biomass and length (Anjum et al., 2014). However, our result seemed closer to the study of (Xiao et al., 2022), which reported little effect of GO exposure at doses 10 and 100 mg.L-1 on plant growth. Increased nutrient availability to lettuce plants, derived by GO and its physicochemical properties as reported (Lahiani et al., 2015; Kabiri et al., 2017; Juarez-Maldonado et al., 2019; Carneiro et al., 2022), could have been one of the possible reasons. Another mechanism of beneficial interaction of GO and elemental sulfur could have been a positive effect on soil water retention as referred to by (Zhao et al., 2020; Zhao et al., 2022). In the previously published study by (Hammerschmiedt et al., 2022), in which the lettuce plants were illuminated by color (blue+red) light instead of artificial white light, the plant biomass yield responded to GO and co-applied S0 + GO differently, showing the significantly higher AGB values than other amended soil variants. These significant differences could be ascribed to the presumed contrasting plant physiology and qualitative properties of plant biomass, which were not determined, and coupled with the significantly weaker positive impact of GO (applied solely or with S0) on soil microbial properties, namely basal and other types of soil respiration. Thus, concerning the findings of this research, as well as the previous one (Hammerschmiedt et al., 2022), it can be concluded that the different types of supplements exerted contradictory effects on soil biological properties and plant growth in a similar way, as found, for example, for GO in recent studies (Fattahi et al., 2022).





5 Conclusions

GO applied on its own exerted the most positive effect on soil respiration, which was still significant in the combination of high nano-S + GO. While low nano-S + GO negatively affected some types of soil respiration (NAG_SIR, Tre_SIR, Ala_SIR, and Arg_SIR). We verified our hypothesis that elemental nano-S would probably counteract the GO-mediated effect of organic carbon oxidation. The benefit of GO was detectable via the determination of soil enzyme activities: GO on its own enhanced ARS, and GO + high nano-S dose enhanced ARS, Ure, and Phos. Several contrasts were found between the results of this experiment and the previously carried-out pot trial, performed with nanosized (microsized) elemental sulfur and GO in soil sown with lettuce and illuminated by color (blue+red) light instead of artificial white light. This difference in the experimental conditions was the most noticeable in the contrasting effect of GO (applied on its own or with S0) on plant biomass quantity (and presumably also quality) and concurrently on plant growth-associated soil biological properties, namely respiration indicators.
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Introduction

The development of organic manure from livestock excreta is a useful source for sustainable crop production in environment-friendly agriculture. Organic manure increases soil microbial activity and organic matter (OM) supply. The excessive use of chemical fertilizers (CFs) leads to air and water pollution caused by toxic chemicals and gases, and soil quality degradation via nutrient imbalance due to supplying specific chemical components. Thus, the use of organic manure will serve as a long-term supply of various nutrients in soil via OM decomposition reaction as well as the maintenance of environment.





Methods

In this study, we aimed to analyze the diverse effects of Hanwoo manure (HM) on plant growth, feed quality, and soil bacterial communities in comparison with CFs, commercial poultry manure (CM), and the combined use of chemical fertilizer and Hanwoo manure (HM+CF). We analyzed the contents of crude matter (protein, fat, fiber, and ash), P, acid detergent fiber (ADF), and neutral detergent fiber (NDF) through feed quality analysis, and the contents or activities of total phenol, total flavonoid, ABTS, nitrite scavenging, and reducing power via the antioxidant assay. Furthermore, the soil microbial communities were determined using 16S rRNA sequencing. We compared the soil bacteria among different soil samples by using amplicon sequence variant (ASV) analysis.





Results and discussion

We observed increased OM in the soil of the HM group compared to that of the CF and non-treated groups over a period of two years. Moreover, HM+CF treatment enormously improved plant growth. Organic manure, especially HM, caused an increase in the content of crude ash and phosphorus in plants. There were no significant differences in total polyphenol, total flavonoid, ABTS, nitrite scavenging, and reducing power in plants between HM and CF groups. Finally, we detected 13 soil bacteria (Acidibacter, Algisphaera, Cystobacter, Microvirga, Ohtaekwangia, Panacagrimonas, Pseudarthrobacter, Reryanella, Rhodoligotrophos, Solirubrobacter, Stenotrophobacter, Tellurimicrobium, and Thermomarinilinea) that were considerably correlated with OM and available phosphorus, and three considerably correlated bacteria were specifically distributed in CF or organic manure. The results suggest that HM is a valuable source of organic manure that can replace CF for sustainable crop production.





Keywords: organic fertilizer, bacterial community, amplicon sequence variant, Hanwoo manure, maize




1 Introduction

Chemical fertilizers (CFs) are mainly used to improve crop production and plant growth because they are easily absorbed by plants (Savci, 2012; Han et al., 2016). Using these CFs leads to nutritional imbalances and acidification in the soil because of the high accumulation of several chemical components (Simpson et al., 2011; Bisht and Chauhan, 2020). Although organic manure has low nutrient contents and decomposes nutrients slowly, it has various benefits in the soil, such as a good balance of multiple nutrients and an improvement in microbial activity and physical soil structure (Han et al., 2016). In previous studies, long-term use of organic fertilizers increased crop yield and nutrient uptake rate compared to that of CFs (Lu et al., 2021; Nie et al., 2007). Furthermore, Ji et al. (2017) reported that liquid fertilizer from organic matter (OM) improved root development and soil microbial diversity in Chrysanthemum morifolium. Thus, organic liquid fertilizer can suitably decrease the use of CFs in agriculture owing to their positive effects on plant growth and soil improvement.

Many microorganisms exist in the soil, including fungi, viruses, and bacteria. Microbial communities in the soil are influenced by the growth of different plant species (Fierer, 2017). The microbial communities affected water and nutrient uptake from the environment, leading to plant growth promotion (Kim et al., 2012). The plant growth-promoting bacteria (PGPB) play a role in the nutrient fixation of nitrogen, iron, and phosphorus depending on soil composition; plant growth is influenced by providing the fixed nutrients (Kim et al., 2012). Moreover, these beneficial bacteria positively affected organic matter decomposition and soil structure maintenance (Mumtaz et al., 2017; Suman et al., 2022). The proper use of PGPB can reduce the application of chemical fertilizers in agriculture (Adesemoye et al., 2009). The physical and chemical properties and soil microbiome were improved by providing organic manure (Adekambi and Drancourt, 2004; Naik et al., 2019). In a multi-generation experiment, the soil microbial community influenced the flowering time of Arabidopsis thaliana (Panke-Buisse et al., 2015). Furthermore, the plant pathogens are suppressed by soil microbiomes, such as Pseudomonas and Bacillus bacteria, which can be subsequently transferred by soil transplantation (Wei et al., 2019). In a previous study, organic biofertilizer inoculated with Trichoderma improved the production and quality of tomatoes compared with CF (Ye et al., 2020). Thus, the proper use of organic manure may reduce CF usage for environmental conservation in agriculture.

Maize (Zea mays L.) is an important crop worldwide, with an abundance of nutritional benefits and fibrous matter as an edible crop for humans and livestock (Duvick, 2005; Zhang et al., 2022). Corn has high digestibility in livestock diets because of the different types and associations with corn starch (Loy and Lundy, 2019). The livestock’s rumen can digest corn with a soft texture. Corn is relatively high in sulfur-containing amino acids, such as methionine and cysteine, while it is low in essential amino acids, such as lysine and tryptophan (Loy and Lundy, 2019). However, corn has been shown to improve protein quality and oil and amylose contents, depending on human requirements (Darrah et al., 2019). Unlike white corn, the kernels of yellow corn have carotenoid pigments; thus, yellow corn silage can be a useful source of provitamin A (Watson, 1962). The high oil content of corn results in a high level of energy supply in poultry (Lee et al., 2001) and swine livestock (Adeola and Bajjalieh, 1997). Corn contains diverse types of B vitamins, such as niacin, biotin, thiamin, and pyridoxine, but not cobalamin and vitamin E (Ball and Ratcliff, 1978; Cort et al., 1983; Lynch et al., 1996; Loy and Lundy, 2019). Thus, corn provides high amounts of energy and nutrients to livestock. Therefore, the demand for maize has rapidly increased worldwide, especially in developing countries (Shiferaw et al., 2011).

Cattle manure contains relatively lower nitrogen (N) and phosphorus pentoxide than poultry, swine, and sheep (Cravotta, 1995). In particular, the N content is most deficient in cattle manure, whereas it is highest in poultry manure based on unit weight. However, manures from dairy cows and beef cattle have higher contents of dry materials as OM sources than those from hog and poultry. As the economy grows, human demand for meat increases and excessive supply has increased environmental and social problems (Tilman et al., 2011). The amount of livestock excretions in Hanwoo cattle in Korea is higher than that in swine and poultry (Choi, 2007). Although Hanwoo manure (HM) has a low N content, the use of HM must be encouraged in crop production, which will contribute to environmental conservation and environment-friendly agricultural development. In this study, we attempted to observe the diverse effects of HM on plant growth, antioxidants, and microbial communities in the cultivation of forage maize and compare its impact with CF and commercial poultry manure. Furthermore, the availability of HM was evaluated to reduce the use of chemical fertilizer in the forage maize production.




2 Materials and methods



2.1 Plant growth condition and survey

Maize (Z. mays L., Kwangpyeongok) was obtained from the Agricultural Technology Center (Hoengseong-gun, Gangwon-do, Republic of Korea), and its seeds were grown in a greenhouse for two weeks. The seedlings were transplanted into an experimental field (37° 22’ 16.2″ N, 127° 55’ 30.1″ E) at Sangji University (Wonju-si, Gangwon-do, Republic of Korea). The experiment for non-treatment (NT), CF, commercial manure (CM), HM, and a mixture of HM and CF was performed in the field using randomized complete block design. Thus, all treatments were randomly assigned to the experimental units within the blocks in the experimental field. Fertilizers were applied following the cultivation method used in a previous experiment by Byeon et al. (2022). Plant growth was observed with respect to plant length, leaf width, and leaf length in the different fertilizer-treated plant groups. The chlorophyll concentration of the leaves was measured using a SPAD-502plus chlorophyll meter (Konica Minolta Inc., Teban Gardens Crescent, Singapore). Fresh and dry weights were measured in the aboveground parts of the plants before and after dehydration, respectively. The plant tissues were dried at 60°C for 24 h.




2.2 Total nitrogen

A soil sample of 10 g was mixed with 50 mL of distilled water; then, the electrical conductivity (EC) and pH were detected using multiparameter analysis (Edge HI2020, HANNA instruments, Woonsocket, USA). The total nitrogen was measured using the Kjeldahl method (Barbano et al., 1990; Aoac, 1995), where a 5 g sample was mixed with a solution of 50 g potassium sulfate and 50 g copper (II) sulfate (9:1). The samples were heated for 4 h. Subsequently, 500 µL of phenolphthalein solution was added (0.04 g phenolphthalein, 50 mL 95% ethyl alcohol, and 50 mL distilled water). Sodium hydroxide (NaOH; 0.01 N) was added to the prepared sample until it turned red. To collect the distillate from the sample, 2% bromocresol green solution (0.5 g bromocresol green, 0.1 g methyl red, and 100 mL 95% ethyl alcohol) was used. Finally, the end-effect points of 0.01 N sulfuric acid (H2SO4) for changing color from blue to red were measured. The total nitrogen content was calculated for each treatment as follows:

	

	

where T represents the amounts of 0.01N H2SO4 for the end-effect point, B represents the blank, f represents the factor of 0.01N H2SO4, and Normality represents the concentration (N) of H2SO4.




2.3 Total phosphorus

Total phosphorus (P) and available phosphorus pentoxide (P2O5) were detected using the Lancaster soil testing method (Lancaster, 1980). A soil sample of 5 g was added into the 20 mL extracting solutions that comprised 400 mL acetic acid (CH3COOH), 300 mL 10N lactic acid (CH3CH[OH]COOH), 22.2 g ammonium bifluoride (NH4F), 133.3 g diazanium sulfate ([NH4]2SO4), and 170 g NaOH, and the mixture was boiled for 10 min. Standard P solutions (10, 100, and 1000 ppm) were used to evaluate the available P2O5 in the samples. A 6 mL ammonium paramolybdate solution (200 mL ammonium paramolybdate and 100 mL 0.8M boric acid [H3BO3]) was added for absorbance determination using an Ultraviolet-visible (UV-Vis) spectrophotometer (NEO–S2117, NEOGEN). The total P and available P2O5 were calculated for each treatment as follows:

	

	




2.4 Exchangeable cations

Exchangeable cations were detected using the ammonium acetate method. The four exchangeable cations (potassium [K], calcium [Ca], magnesium [Mg], and natrium [Na]) were determined in the 5 g samples and 50 mL of 1N-NH4OAc at pH 7 by inductively coupled plasma atomic emission spectrometry (ICP-OES; SPECTROBLUE, SPECTRO). The four exchangeable cations were calculated for each treatment as follows:

	

The electrochemical equivalent was 39.1 for K, 20.04 for Ca, 12.15 for Mg, and 22.99 for Na.




2.5 Organic matter

OM was determined using the Tyurin method (Schollenberger, 1927). The 5-g sample was added to 10 mL of 0.4 N potassium dichromate solution (40 g potassium dichromate [K2Cr2O7] per 1 L H2SO4). The solution was then boiled for 5 min on a hot plate (C-HP, CHANGSHIN SCIENCE), and 150 mL of distilled water was added. Five milliliters of 85% H3PO4 and 500 µL diphenylamine were added to the sample. To determine the end-effect point, 0.2N ammonium iron (II) sulfate hexahydrate solution (78.44 g [NH4]2SO4FeSO4 6H2O per 1 L H2SO4) was added to the reactants until it turned from orange to green. The OM was calculated for each treatment as follows:

	

where T represents the amounts of 0.2N ammonium iron (II) sulfate hexahydrate solution for the end-effect point, B represents the blank, 0.2 represents the normal concentration of ammonium iron (II) sulfate hexahydrate solution, 3 represents the chemical equivalent of 1 mg carbon, and 1.724 represents the carbon ratio for soil erosion.




2.6 Cation exchange capacity of fertilizers

The cation exchange capacity (CEC) of the fertilizer was determined using the ammonium acetate method (Thomas, 1982) with 5 g of sample and 100 mL of 1N NH4OAc. After 4 h of incubation, 100 mL of 80% ethyl alcohol (pH 7.0) was added. Then, 500 µL phenolphthalein solution (0.04 g Phenolphthalein, 50 mL ethyl alcohol, and 50 mL distilled water) and MgO were added until they turned red. Finally, 20 g of H3BO3 and 5 mL of 2% bromocresol green solution per liter (L) were added to the reactants, and the endpoint of 0.01N H2SO4 for changing color from blue to red was measured. The CEC was calculated for each treatment as follows:

	

where T represents the amounts of 0.01N H2SO4 at the end-effect point, B represents the blank, f represents the f of 0.01N H2SO4, and Normality represents the concentration (N) of H2SO4.




2.7 Crude protein content

The content of crude protein was extracted following the Kjeldahl method (Barbano et al., 1990; Aoac, 1995). Briefly, 0.5 g of a dried sample was mixed with 7 g of potassium sulfate solution (9 g potassium sulfate and 1 g copper sulfate) and 10 mL of H2SO4. Then, 100 µL liquid indicator was added to the prepared mix. The solution was then distilled after adding zinc and sodium hydroxide solution (sodium hydroxide 500 g, sodium thiosulfate 100 g, distilled water 1 L). The amount of 0.1 N hydrochloric acid was observed until the desired color (reddish brown) was obtained. The percentage of crude oil content was calculated using the following formula:

	

where T represents the amount of 0.01 N H2SO4 for the end effect point, F represents the amount of 0.1 N HCl for the blank, and W represents the weight of the sample.




2.8 Crude fat content

The crude fat content was extracted using the ether extract method (Padmore, 1990). In this method, after drying 2 g of the sample on a filter paper for 2 h at 100°C, ether was mixed and placed in the Soxhlet extractor (ANKOM XT15 Extractor, ANKOM Technology, USA) for boiling at 80°C for 8 h to extract the fat. The ether was extracted and dried in the solvent flask for 3 h at 100°C. Afterward, the sample was cooled in a desiccator for 40 min, and using the following formula, the crude fat content was calculated:

	

where a and b are the total mass of the solvent flask after and before extraction, respectively, and c is the total mass of the sample.




2.9 Crude fiber content

The content of crude fiber was extracted by following Henneberg and Stohmann’s method (Henneberg and Stohmann, 1859). In this method, a mix of 1 g of sample, 50 mL of 5% sulfuric acid solution (27 mL H2SO4, and 1 L distilled water), and 150 mL distilled water were placed in a 500 mL beaker, followed by the addition of 2 drops of an anti-foaming agent. After boiling the mix for 30 min, it was filtered, and the residue was washed with hot distilled water until the alkaline was eliminated with quantitative filter paper (2.5 µM). Then, 130 mL of the washed residue was added to 50 mL of 5% sodium hydroxide solution (50 g NaOH and 1 L distilled water) in a beaker, and distilled water was added until the total volume reached 200 mL. After boiling the mix again for 30 min and washing the residue with hot distilled water, the resultant residue was washed thrice with 95% ethyl alcohol and twice with ethyl-ether, followed by drying the residue for 2 h at 100°C and 2 h at 135°C. The dried mass was then cooled in a desiccator for 40 min, burned in a porcelain crucible, and cooled again. The crude fiber content was then calculated as follows;

	

where d represents the dry weight of the residue filtered after decomposition, a represents the residue after the last burning in the porcelain crucible, and s represents the weight of the sample.




2.10 Crude ash content

The crude ash content was determined following Liu’s method (Liu, 2019). In this method, the porcelain crucible was burnt in an electric furnace (Lindberg/Blue M, Thermo Fisher Scientific, USA) at 600°C for 1 h and cooled in a desiccator for 40 min. Then, 2 g of the sample was placed in an electric furnace at 600°C for 2 h, cooled in a desiccator for 40 min, and measured. The crude ash content was calculated for each treatment as follows:

	

where a represents the weight of the burnt sample and the porcelain crucible, b represents the weight of the porcelain crucible, and c represents the raw sample weight.




2.11 Phosphorus content

The P content was measured following Cavell’s method (Cavell, 1955). In this method, the P content of corn was determined by measuring its absorbance after adding a coloring agent. First, 1 mL of sample solution (filtrate of 2 g burned sample mixed with 10 mL of hydrochloric acid [1:1]) was taken in a 25 mL mass flask and mixed with 2.5 mL of ammonium molybdite solution (25 g ammonium molybdite with 400 mL distilled water). The absorbance was then measured at 470 nm wavelength. The P content was calculated for each treatment as follows:

	

where a is the absorbance of the sample, b is the standard absorbance (1 ppm), c is the dilution factor, and d is the sample weight.




2.12 Neutral detergent fiber

Neutral detergent fiber (NDF) was measured using 1 g of sample and 100 mL of neutral detergent solution (150 g of sodium lauryl sulfate, 93.05 g of EDTA disodium salt, 34.05 g of sodium borate, 22.8 g of sodium phosphate, 22.8 g of dibasic dodecahydrate, and 50 mL of ethylene glycol monoethyl ether). Then, 5 L of distilled water was added to 2 mL of decahydronaphthalene and 0.5 g sodium sulfite. The mix was boiled for 1 h in an automated fiber analyzer (ANKOM A2000, ANKOM Technology, USA) and then filtered through a glass filter. The residue was then washed with acetone and dried at 105°C for 4 h. NDF was calculated for each treatment as follows:

	

where a represents the sample weight after drying, b represents the residual weight, and c represents the sample weight.




2.13 Acid detergent fiber

For measurement of acid detergent fiber (ADF), 2 g of the sample was added to a 500 mL beaker along with 100 mL of acid detergent solution (melted mix of 20 g of cetyltrimethylammonium bromide [CTAB] and 1 N 1 L of H2SO4), and 2 mL of decalin. The mixture was then boiled for 1 h in an automated fiber analyzer and filtered using a glass filter. The residue was washed with acetone and dried at 105°C for 4 h. The ADF was calculated for each treatment as follows:

	

where a represents the sample weight after drying, b represents the residual weight, and c represents the sample weight.




2.14 Antioxidant analysis

The top part of forage maize was used to evaluate the antioxidant activities of plants in the different fertilizer-treated groups. The total phenol and flavonoid contents, nitrate-scavenging activities, reducing power, and ABTS were determined as described previously (Jo et al., 2022). All measurements were performed in triplicate. The plant extracts were collected using methanol, and standard curves were generated for quantitative analysis using standard materials (quercetin for total flavonoid and gallic acid for total phenol) (Figure S1). A high R-squared value (R2 > 99) was obtained in the regression line. The absorbance was measured using a spectrometer at 760, 510, 520, 734, and 700 nm for total phenol, total flavonoid, nitrate-scavenging activity, ABTS assay, and reducing power assay, respectively.




2.15 Soil microbiome 16s rRNA sequencing analysis

To compare the microbial diversity in the fertilizer-treated soils, an Illumina MiSeq microbiome analysis was conducted. The soil microbial DNA was isolated using DNeasy Power Soil Kit (Qiagen, Hilden, Germany) followed the manufacturer’s protocol, and a DNA library was generated using the Illumina 16S Metagenomic Sequencing Library (Amplicon et al., 2013). According to the manufacturer’s instructions, polymerase chain reaction (PCR) was performed using Herculase II Fusion DNA Polymerase (Agilent Technologies, Santa Clara, CA, USA). The first PCR process involved heat activation for 30 min at 95°C, followed by 25 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 55°C, extension for 30 s at 72°C, and a final extension for 10 min at 72°C. The sequences of the primer pairs used for the first amplification are as follows:

	V3-F: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′,

	V4-R: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′.



AMPure XP beads (Agencourt Bioscience, Beverly, MA, USA) were used to purify the first PCR products. The purified first PCR product was used for library construction using the NexteraXT Indexed Primer (Illumina Inc., CA, USA). The second PCR and purification were performed using the same method as the first PCR. Sequencing was performed using the MiSeq™ platform (Illumina, San Diego, CA, USA) with a paired-end method (2 × 300 bp).




2.16 Amplicon sequence variant and statistical analysis

Raw sequencing data (fastq) were used to remove adapter sequences using the Cutadapt program (Martin, 2011). We performed an error correction of filtered paired-end sequencing data using the R package DADA2 (Callahan et al., 2016) and identified the amplicon sequence variant (ASV). The ASVs obtained from different samples were normalized using QIME (Caporaso et al., 2010). The taxonomy of each ASV was identified from the NCBI 16S microbial database using BLAST+ with a query coverage of 85% (Camacho et al., 2009). Statistical analysis of bacterial diversity was performed using the R packages dplyr (Wickham et al., 2015), taxa (Foster et al., 2018), apes (Paradis et al., 2004), ggrepel (http://cran.nexr.com/web/packages/ggrepel/index.html), pyloseq (McmurdieHolmes, 2013), DESeq2 (Love et al., 2014), vegan (https://cran.r-project.org/web/packages/vegan/index.html), ggsignif (https://cran.r-project.org/web/packages/ggsignif/index.html), and ggplot2 (Wickham and Chang, 2016). Significant differences were evaluated using the R package Agricolae (https://cran.r-project.org/web/packages/agricolae/index.html) with Duncan’s test for comparisons between different treatment groups (p ≤ 0.05). To determine the significant correlation between soil chemical components and bacterial communities, the Mantel test was performed using the R package vegan (https://cran.r-project.org/web/packages/vegan/index.html) with 9,999 permutations, and canonical correspondence analysis (CCA) was performed using the R package CCA (https://cran.r-project.org/web/packages/CCA/index.html).





3 Results



3.1 Soil chemical components

We analyzed the chemical components of soil in each experimental field [NT, CF, CM, HM, and combined treatments of Hanwoo manure and chemical fertilizer (hereinafter named HM+CF)] after harvesting maize (Table 1). The pH was considerably lower in the CF group (5.51) than in the other groups (5.57 for NT, 6.21 for CM, 5.93 for HM, and 5.79 for HM+CF). The highest CEC was observed in CM (10.93 cmol+/kg). Total Nitrogen content was markedly higher in the CM (0.139%) and HM+CF (0.139%) groups; however, the HM group (0.131%) was not significantly different from the CM and HM+CF groups. The available P was increased in CM (301.70 mg/kg), CF (297.85 mg/kg), and HM+CF (285.86 mg/kg). Ca and Mg exchangeable cations were high in the CM (7.72 cmol+/kg for Ca, 1.37 cmol+/kg for Mg) and HM+CF (7.98 cmol+/kg for Ca, 1.38 cmol+/kg for Mg) groups, while exchangeable K and Na showed no considerable difference. Finally, a high OM was observed in HM (2.58%) and HM+CF (2.49%) groups. The EC and salinity showed no considerable differences among the different experimental soils. Overall, livestock manure showed high total nitrogen, available P, and OM contents in the soil, suggesting that the nitrogen and available P contents increased in the soil owing to increased OM.


Table 1 | Chemical components of fertilizers remaining in the soil.






3.2 Effect of different liquid fertilizers on plant growth

To analyze the effects of HM application on maize cultivation, the effects of different fertilizers on plant growth were observed (Figure 1). The length of maize plants was considerably higher in the HM+CF group (285.34 cm) after 93 days than in the other groups (Figure 1A). However, there were no considerable differences in plant length between the CF (79.54 cm) and HM+CF (79.61 cm) groups after 51 days. The highest measured stem diameter and leaf length were in the HM+CF and CF groups in 51–93 days. On day 51, the leaf widths in different groups were in the order of HM+CF (6.76 cm), CF (6.51 cm), and HM (6.37 cm), while the HM+CF group had the largest leaf width (7.78 cm) at 93 days. In particular, plant length and leaf width increased in the HM+CF group compared to those in the CF group as the day progressed, suggesting a positive effect of HM in the late stages of plant growth. A high SPAD unit was observed in the HM+CF and CF groups after 51 days. The SPAD units of HM+CF and CF increased until 65 days and then decreased until 93 days, suggesting that the phase changed from vegetative to reproductive (Figure 1B). The highest SPAD units of the HM+CF group were observed after 65 and 79 days; no marked difference was observed between the SPAD units of HM+CF and CF groups after 93 days. The corn emergence rate after 79 and 93 days was highest in the HM+CF group and insignificantly different among the different experimental groups, except NT. The HM+CF and CF groups, which showed a relatively significant decrease in SPAD units, showed a higher emergence rate of corn after 79 days. Furthermore, the fresh and dry weights of corn were highly increased by HM+CF treatment. HM+CF and CF treatments improved plant growth compared to other treatments; in particular, HM+CF treatment demonstrated strong effects on plant length, leaf width, initial emergence rate, and corn weight. Although HM had a lower impact on the promotion of plant growth than the HM+CF and CF groups, the possible utilization of HM in agriculture needs to be considered.




Figure 1 | Difference in the growth of corn (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). (A) Plant length, stem diameter, and the width and length of leaves 93 days after planting. (B) SPAD unit, corn emergence rate, and fresh and dry weight of plant 93 days after planting. The line colors represent the different fertilizer treatments. The values are the mean ± standard deviation (n = 18). The lowercase letters represent the significant differences (p < 0.05) between groups using the Duncan test.






3.3 Feed quality analysis and antioxidant activities

To analyze the feed value of maize after supplying different fertilizers, we analyzed the contents of crude matter (protein, fat, fiber, and ash), P, ADF, and NDF in the plants (Figure 2). The crude contents of protein, fat, fiber, ADF, and NDF were not considerably different between the HM and CF groups. The crude ash and P contents were relatively high in the HM and CM groups, indicating that inorganic matter, including crude ash and P, increased in plants treated with organic manure. However, crude ash and P contents were low in the CF and HM+CF groups, indicating that inorganic matter in plants with CF supply was low. The contents and activities of antioxidants were analyzed in maize plants in terms of total polyphenols and flavonoids, 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), nitrite, and reducing power (Figure 3). The CM group had a relatively high total flavonoid content, and the HM+CF group had a relatively weak ABTS activity. No considerable difference was observed in the antioxidant levels of the HM and CF groups. In summary, the feed qualities, except for crude ash, P, and antioxidants, had a similar effect between the HM and CF groups.




Figure 2 | Feed values differ after applying different fertilizers (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). The values are the mean ± standard deviation (n = 3). The lowercase letters represent the significant differences (p < 0.05) between groups using the Duncan test.






Figure 3 | Total polyphenol and flavonoid contents, ABTS radical and nitrite scavenging activities, and reducing power activities after different fertilizer supplies (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). The values are the mean ± standard deviation (n = 3). The lowercase letters represent the significant differences (p < 0.05) between groups using the Duncan test.






3.4 Soil microbial composition

To analyze the effects of different fertilizers on soil microbial communities, a 16s rRNA sequencing analysis was conducted (Figure 4). The HM group had a high alpha diversity (360 α-diversity) in the bacterial community. In comparison, the CF (327 α-diversity) and CM (312 α-diversity) groups had decreased alpha diversity compared to the NT (353 α-diversity) group (Figure 4A). However, there was no marked difference in the alpha diversity among the different soil samples. Soil microbial ASVs were clustered into 21 bacterial phyla (Figure 4B). Nine phyla (Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomycetes, Proteobacteria, and Verrucomicrobia) comprising over 1,000 ASVs were detected from soil bacteria in each sample. Notably, the ASVs of Actidobacteria and Proteobacteria constituted a large percentage of soil bacterial DNA (Figure 4B). The ASVs of Acidobacteria, Actinobacteria, and Chloroflexi were higher in the NT group than in the CM group (Figure S2). In contrast, ASVs of Bacteroidetes were high in the CM group and low in the NT group. Similarly, Proteobacteria and Verrucomicrobia were distinctly distributed between the HM and CF groups. High correlations of ASVs between soil samples were observed in two groups (CM and HM, and CF and HM+CF); in particular, HM+CF was closely correlated with CF (Figure 4C). This result suggests that the microbial community of the HM group was similar to that of the CF group, resulting in a change in the form of bacteria by supplying CF.




Figure 4 | Amplicon sequence variant (ASV) approach of bacteria in the soils after different fertilizer supplies (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). (A) Alpha diversity of the bacterial population in each sample using the inverse Simpson (InvSimpson) method. The lowercase letters represent the significant differences (p < 0.05) between groups by using Tukey’s HSD test. (B) Bacterial communities of each sample in the phylum level. The box colors represent the phylum of bacteria. (C) Hierarchical clustering of samples. The line colors represent the different levels of beta diversity using the Bray−Curtis dissimilarity. (D) The comparison of differentially distributed bacteria in the soils after different fertilizer supplies.






3.5 Associations between soil microbiome and fertilizer factors

To analyze differentially distributed bacteria, the ASVs of each soil sample were compared to those of the NT group at the phylum level (Figure 4D). In both soil samples, we obtained 158 considerable ASVs (65 increased and 93 decreased ASVs) divided into 21 phyla. The increased ASVs were 32 for the CM group, 36 for the HM group, 26 for the CF group, and 30 for the HM+CF group, whereas the decreased ASVs were 41, 35, 42, and 26 in the CM, HM, CF, and HM+CF groups, respectively. The highest number of significantly distributed bacteria was observed in the HM group for increased ASVs and in the CF group for decreased ASVs. This result suggests a positive effect of HM and a negative effect of CF on the bacterial community. Furthermore, many soil bacteria were commonly observed in CM, HM, CF, and HM+CF groups.

We attempted to determine significantly correlated factors between the 158 ASVs and 7 soil chemical compositions, which had a significant difference in chemical quantities in at least one experimental soil across all samples (Figure 5). We found a significant positive correlation between available P (R = 0.43; p < 0.01) and OM (R = 0.32; p < 0.05) and bacterial communities (Figure 5A). Furthermore, we determined the significantly correlated bacteria (p < 0.05) for available P and OM within the bacterial phylum of 158 ASVs and found 13 significant bacterial genera (Figure 5B). Algisphaera (R = 0.8) and Thermomarinilinea (R = 0.76) were significantly positively correlated with available P content among the soil samples. In contrast, 9 bacterial genera (Cystobacter, Microbirga, Panacagrimonas, Pseudarthrobacter, Reyranella, Rhodoligotrophos, Solirubrobacter, Stenotrophobacter, and Tellurimicrobium) were negatively correlated with available P. OM was positively correlated with Acidibacter and Ohtaekwangia and negatively correlated with Panacagrimonas, Reyranella, and Tellurimicrobium. Three bacterial genera (Panacagrimonas, Reyranella, and Tellurimicrobium), which had negative correlations, were commonly exhibited in both P and OM. In the CCA analysis between chemical components and significantly correlated bacteria, OM and available P were closely correlated with livestock manures, except for NT and CF (Figure 5C). Although all bacterial ASVs were correlated between CF and HM+CF groups, the HM+CF group, along with livestock manure (HM and CM), was located close to OM and available P, as well as the significant bacterial genus (Figure 5C). This result suggests a distinct form of 13 significant bacterial genera in the HM+CF group due to increased OM and available P contents compared to those in the NT and CF groups. We identified a high correlation of 13 significant bacterial genera between the HM and HM+CF groups in the heatmap analysis, indicating a high distribution of specific bacteria in HM (Figure 6A) and specifically distributed bacteria in each experimental soil compared to NT (Figure 6B). Ohtaekwangia was found to be decreased in the CF group, while Acidibacter was increased in the other groups (CM, HM, and HM+CF groups), except in the CF group. Algisphaera increased in the CM, CF, and HM+CF groups, except for the HM group. The HM+CF group showed a distinct form of 13 significant bacteria between the HM and CF groups.




Figure 5 | Correlation analysis between soil properties and bacterial community structures in the soils after different fertilizer supplies (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). (A) Mantel test between soil properties on bacterial community composition. Significant results are indicated by *P < 0.05 and **P < 0.01 (NS = no significance). (B) Significant correlation between two chemical components and soil bacteria. The significance was measured by using the n-2 degrees of freedom (*P < 0.05, **P < 0.01, and ***P < 0.001). (C) Canonical correspondence analysis of bacterial community composition and soil properties in soils after different fertilizer supplies.






Figure 6 | Taxonomic composition of significant bacteria analysis in the soils after different fertilizer supplies (NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM+CF, combined use of Hanwoo manure and chemical fertilizer). (A) Hierarchical clustering of samples with significant bacteria. The line colors represent the different levels of beta diversity by using Bray−Curtis dissimilarity. (B) The relative abundances of significantly correlated bacteria in NT, CM, HM, CF, and HM+CF groups compared to the NT group. Circle size represents the number of bacteria for ASV. The color indicates the log 2-fold change of ASV with p-adjust < 0.05. Arrow represents the specific bacteria in each treatment.







4 Discussion

In this study, we observed distinct phenotypic changes in plant growth for two years compared with the previous experiment by Byeon et al. (2022). There were no significant differences between the CF and HM+CF groups regarding OM content or plant growth. Notably, maize showed enhanced plant growth in the HM+CF group and increased OM content in the second year of the experiment, similar to the previous experiment. The combined supply of chemical and organic fertilizers positively improved crop production for long-term fertilization. The long-term use of organic fertilizers led to increased soil organic carbon (SOC) content compared to CFs (Wang et al., 2019). The combined supply of chicken manure and N increased the grain yield and dry matter content of spring maize compared with CF, suggesting that the appropriate proportion of organic substitution led to improved crop production (Geng et al., 2019). In a long-term fertilization experiment, Chand et al. (2006) demonstrated the beneficial effects of farmyard manure and CF in increasing dry matter and nutrient uptake for mint and mustard. In soil, nitrogen accumulation is stimulated in strongly acidic soils by organic manure application, along with swine manure and mushroom waste (Chen et al., 2001). Furthermore, Adekiya et al. (2020) reported that different sources of organic manure lead to increased amounts of OM, N, P, Ca, and Mg in the soil by enhancing the mineralization and steady supply of available nutrients. We identified relatively increased amounts of total N, exchangeable cations of Ca and Mg, and OM in the HM+CF group compared to the CF group, indicating soil nutrient changes caused by HM application. Thus, we suggest that the increased use of HM has additional effects on plant growth and soil nutrient changes.

Crude ash is related to the content of inorganic substances such as Ca, P, and Mg. In a previous study, the ash content in whole millet plants was increased by cattle manure and decreased by CF compared to NT; however, there were no significant differences in ash content among the different treatments (Raimundo et al., 2022). The crude ash content of onions was higher in the organic fertilizer-treated groups than in the control group without fertilization (Olle and Williams, 2014). Makinde et al. (2010) reported that organic material and its combination with CF caused a significant increase in crude ash content. Similarly, we identified increased contents of crude ash and P in the HM and CM groups, suggesting the positive effect of organic manures on the increase of inorganic matter in forage maize. Furthermore, there were no significant differences in antioxidant levels between the HM and CF groups. Thus, HM can replace CFs in the production of forage maize for livestock production.

We confirmed that 13 soil bacterial genera were significantly correlated with the OM and available P in the soil. The positively correlated bacteria were Algisphaera and Thermomarinilinea for available P and Acidibacter and Ohtaekwangia for OM. Acidibacter was a gram-negative bacterium isolated from a lake around a mine (Falagán and Johnson, 2014). The presence of Acidibacter is decreased by forest conversion because it prefers an acidic soil environment (Ezeokoli et al., 2020). In particular, Ohtaekwangia increased during the fermentation of sheep manure, and the presence of Ohtaekwangia and Planomicrobium could explain the suitability of sheep manure for using organic fertilizer (Yoon et al., 2011; Tortosa et al., 2017). We confirmed that Ohtaekwangia was significantly increased by organic manures, except for CF. Algisphaera had no significant differences in the HM group compared to the NT group, but it increased dramatically in the CM, CF, and HM+CF groups. Algisphaera is a gram-negative aerobic bacterium whose effects on plant growth remain unknown (Yoon et al., 2014). Furthermore, we found no significant difference in the presence of Acidibacter spp. in the CF group. Acidibacter was increased by organic manure application and correlated with SOC content (Guo et al., 2017; Jimenez-Castaneda et al., 2020; Zhang et al., 2021). Additionally, Acidibacter plays a role in the microbial reduction of Fe (III), and Fe (III) reduction by manure addition leads to an increase in pH (Falagán and Johnson, 2014; Jimenez-Castaneda et al., 2020). Thus, the enhanced microbial formation of Acidibacter by CM, HM, and HM+CF affected the pH of the soil.




5 Conclusions

The organic manure caused changes in soil nutrient compositions; in particular, the HM group showed increased amounts of total nitrogen, several exchangeable cations, and OMs compared to the CF group. The combined use of CF and HM led to improved plant growth compared with CF and organic manure. Although the HM+CF supply had substantial effects on plant growth, HM increased the inorganic matter content of crude ash, and P. ASV analysis revealed that increases in available P and OM drove 13 bacterial genera. We found specific bacteria, such as Ohtaekwangia and Acidibacter, in both organic manures, except for CF, and Algisphaera in others, except for HM. In particular, Ohtaekwangia and Acidibacter were considerably higher in organic manure. However, the beneficial interactions between significantly correlated bacteria and plants remain unknown. Further studies are needed to identify the functional roles of these soil bacteria in agriculture using organic manure. According to the results of this study, the use of HM as a useful organic source is suggested for environment-friendly agricultural practices, promoting sustainable crop production by replacing CFs.
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Revealing the complex relationships between management practices, crop growth, forage nutritive value and soil quality will facilitate the development of more sustainable agricultural and livestock production systems. Cyperus esculentus is known as the king of oil crops and high-quality forage. However, there is little information about the effects of different planting modes {continuous cropping (CC)/rotation cropping (RC)} and initial mowing time on the plant nutrient accumulation and forage nutritive value. Here, in a field experiment, we designed two planting patterns, C. esculentus CC and C. esculentus - wheat RC. The leaves, tubers, roots, and soil samples were collected at three mowing time (on the 78th, 101th, and 124th days after seed sowing). Results revealed that RC significantly increased the total nitrogen (TN) and potassium (TK) content of the tuber (p<0.05), while significantly decreased the TN, total phosphorus (TP), crude protein (CP), and acid detergent fiber (ADF) contents of the leaves. Under the CC pattern, the TN, TP, and TK content of roots increased significantly on the 78th days after seed sowing, and the TK content of tubers increased significantly. Under the RC pattern, the ether extract (EE) content of tubers increased significantly on the 124th days after seed sowing, while the CP and TN content of leaves decreased significantly. Correlation analysis showed that soil pH was negatively correlated with TN content in leaves, tubers, and roots. The structural equation model showed that the soil pH directly affected the plant nutrient accumulation and forage nutritive value (β=0.68) via regulating these properties by changing soil available nutrients, anions, cations, and total nutrients. Overall, we propose that RC for C. esculentus-wheat is should not be recommended to maximize tubers and forage yield.




Keywords: continuous/rotation cropping, mowing time, relative abundance, nutrient content, structural equation model




1 Introduction

Continuous cropping (CC) is the practice of growing the same crop on the same land for several years. This practice usually leads to the loss of soil nutrients and aggravation of pests and diseases, ultimately causing the decline in crop yield and quality (Xiong et al., 2015; Delang, 2018). In contrast, rotation cropping (RC), the scientific and orderly planting of different crops in the same field can improve the water use efficiency of crops (Zhou et al., 2011; Li et al., 2014; Peterson et al., 2020), balance soil nutrients, enhance soil functions, and increase crop yield (Larkin, 2003; Zhou et al., 2011; Moulin et al., 2015). However, the advantages of crop rotation are influenced by crop type, soil moisture and nutrient availability (Giacometti et al., 2021). For example, compared with non-leguminous crops, rotation with leguminous crops can effectively improve soil nitrogen (N) availability and system productivity (Ilyas et al., 2022). However, since different crops have different soil requirements (e.g. nutrient requirements), long-term rotation can accelerate soil nutrient loss and can intensify nutrient competition between crops and microorganisms, which adversely affects the yield of the two crops in rotation (Brankatschk and Finkbeiner, 2015). Therefore, accurate assessment of the response of specific crops to CC and RC is crucial for farmers to choose suitable cropping strategies in terms of soil fertility and nutrients of different organs.

Crude protein (CP), ether extract (EE), acid detergent fiber (ADF), and neutral detergent fiber (NDF) are important indexes for evaluating forage nutritive value (Richman et al., 2015). Some studies have shown that the soluble sugar (SS) content in the rotation was significantly higher than in CC (Yang et al., 2010; Hou et al., 2013). Meanwhile, the research found that the RC significantly increased the contents of CP and EE, reduced the content of SS, and improved the quality of tubers (Ma and Han, 2000; Wang et al., 2017). Mowing is a common practice to increase forage efficiency and yield for livestock (Zhao et al., 2021). The effects of initial mowing time on grassland productivity have been extensively studied under different climatic and soil conditions (Donaghy et al., 2008; Binnie et al., 2010). For example, medium initial mowing (15 July to 15 August) increased total dry matter yield and nutritional value of Leymus chinensis (Trin.) Tzvel. in Songnen grassland, China (Zhao et al., 2021). On the contrary, the early (April) and late (May) mowing reduced the total yield of the forage sugarcane in the Amami Region of Kagoshima Prefecture, Japan (Sakaigaichi et al., 2010). These inconsistencies in forage yield and forage nutritive value were mainly due to the interaction of initial mowing time, grass species and geographical location.

Animal husbandry is a mainstay of economic development in arid and semi-arid regions, however it is suffering from inadequate forage production and supply due to water constraints (Blum, 2009; Jia et al., 2022). Therefore, it is of great significance to select crops that are more suitable for both forage yield, grain and oil supply under water shortage conditions to improve livestock production and may alleviate food crisis in arid and semi-arid areas. Meanwhile, the Cyperus esculentus is a grass like plant widely distributed in many northern temperate regions and is gaining popularity in China, India, Egypt and the United States as an energy crop (Arafat et al., 2009; Bamishaiye et al., 2010; De Castro et al., 2015; Ayeni, 2022). Its aboveground parts (leaves) are used as forage, and its belowground parts are edible tubers with sweet taste with high levels of protein, fatty acids and starch, that make it a potential alternative to wheat and soybeans in many countries (Sánchez-Zapata et al., 2012; Ahmed and Hussein, 2014; Codina-Torrella et al., 2015; Ayeni, 2022). However, to our best knowledge, there is a little information on the nutritive value of the above- and under-ground parts of C. esculentus in respond to different planting modes (CC vs RC) and initial mowing time, even though it has been cultivated for many years in the desert oasis transition zone (Tan et al., 2022; Zhang et al., 2022).

Therefore, to research the understanding of response mechanisms to planting modes in C. esculentus is timely. Herein, we designed a field study containing two dependent treatments, two planting modes (CC vs RC) and three initial mowing time (on the 78th, 101th, and 124th days after seed sowing). Total nitrogen (TN), total phosphorus (TP), and total potassium (TK) contents in leaves, tubers, and roots were used to evaluate the nutrients of C. esculentus, CP, EE, and NDF contents in leaves, and EE, CP, and ADF in tubers were determined to characterize the above- and belowground nutritive value of C. esculentus, respectively. Our objectives were to (i) elucidate the influences of planting modes and initial mowing time on nutrient content and forage nutritive value of C. esculentus, and (ii) identify the factors affecting the nutrient content and forage nutritive value of C. esculentus. These attempts will provide a reference for the management of C. esculentus in the desert oasis transition zone.




2 Material and methods



2.1 Site description and experiment design

This experiment was carried out at Shache farm in Xinjiang (38.41° N, 77.24° E). The region has a warm temperate continental climate. The mean annual temperature, precipitation, and evaporation are 11.6°C, 53.3 mm, and 2246 mm, respectively. The frost-free period is 225 days and average temperature is above 10°C for the whole year (Arzigul and Xianmixinuer, 2017).

Our experiment was established on May 2018. The background of soil physicochemical properties in both CC and RC plots was similar, pH 8.87, soil organic matter (SOM) 2.527 g·kg-1, TN 0.093 g·kg-1, TP 0.325 g·kg-1, TK 16.133 g·kg-1, available nitrogen (AN) 18.677 mg·kg-1, the available phosphorus (AP) 4.260 mg·kg-1, the available potassium (AK) 50.867 mg·kg-1. After wheat harvest in May, the seeds of “fengchan No. 2”, a variety of C. esculentus, were sown simultaneously in the CC and RC treatments at the end of May by using a drop planter using 75 kg (seed)·hm-2 with the density of 20 × 35 cm (plant spacing × row spacing). The planting density was 142,860 plants·hm-2. The N, P, K fertilizer were dissolved in water and dripped to the root during the whole growth period every year. In each year, the first time of drip irrigation was carried out on the 30th day after the emergence of seedlings, and then six times at 15-day intervals. Before the final harvest (end of September) every year, the dosage of water and fertilizer was 6500 m3·hm-2 water, 335 kg·hm-2 N-fertilizer (urea, 46% N), 218 kg·hm-2 P-fertilizer (monoammonium phosphate, 10% N; 50% P2O5), and 68 kg·hm-2 K- fertilizer (potassium sulphate, 50% K2O).

Our sampling work was conducted on the 78th day after seed sowing. In each planting mode, three 10 × 5 m plots, 5 m apart, were set at each mowing time (on the 78th, 101th, and 124th days after seed sowing). In each plots, three 50 × 50 cm quadrats along the diagonal were set to collect plant (leaves, roots, and tubers) samples. Five topsoil (0~30 cm) samples along the diagonal in each plots were collected and mixed to prepare one sample to determine the soil physicochemical properties.




2.2 Measurement of plant nutrient content

The leaves, tubers, and roots were washed with running water and dried in an oven (65°C) until the constant weight was used to obtain biomass. These dry matters were powdered in a vibratory disc mill (RS200, Retsch GmbH Inc., Haan, Germany). To subsequent determination of nutrient content and quality of different organs after passing through a 0.42 mm sieve. The TN was measured using an elemental analyzer (2400 II CHN elemental analyzer; Perkin-Elmer, USA), TP was determined using the molybdenum-antimony anti-spectrophotometric method, and TK was determined by flame photometry (Bao, 2000). The EE was extracted by the Soxhlet extractor method, 2~5 g sample was weighed, adding anhydrous ether or petroleum ether was to 2/3 of the bottle content volume, heated in a water bath, so that ether or petroleum ether was continuously refluxed and extracted for 6~12 h. The CP content was determined by the Kjeldahl nitrogen determination method, 2~5g samples were weighed, and 0.5 g copper sulfate and 10 mL sulfuric acid were added. The content of ADF and NDF was determined by Fan’s detergent fiber analysis method (Li, 2000). 2g samples were accurately weighed and divided into two parts, one of which was added with 100 mL neutral detergent. Another 1 g sample was added with 100 mL acid detergent. Boil in 5~10 min, and keep boiling for 60 min. After boiling, remove the straight beaker, pour the solution in the beaker into the known weight glass heap installed on the filter bottle for filtration, remove all the residue in the beaker, and rinse the glass heap and residue with boiling water until the filtrate is neutral. Rinse twice with 20 mL acetone, and suction filtration. The glass pile was placed in a 105°C oven for 2 h and then cooled in a dryer for 30 min.




2.3 Measurement of soil physicochemical properties

Soil samples were air-dried after the removal of roots. TN, TP, TK, AN, AP, AK, and pH were determined after passing through a 2 mm sieve. The value of pH was evaluated by a PHS-3C digital pH meter in a 1:5 soil-water ratio suspension (IQ 150, IQ Scientific Instruments, CA, USA). The TN content was determined by using the CuSO4–Se powder diffusion method (Hooper and Vitousek, 1998). The Mo-Sb and Van-Mo-yellow colorimetry methods were applied to detect TP content (Lu et al., 2015). The TK content was determined by using molybdenum‐antimony colorimetry (Lu et al., 2015). Additionally, soil available N was tested using 2‐M KCl extracts by AA3‐automated flow injection analysis (Bran + Luebbe GmbH, Norderstedt, Germany); available P was extracted using 0.5 M NaHCO3, and available K was measured by the NH4OAc method (Neff et al., 2005; Warra et al., 2015). Soil organic matter (SOM) was determined by the wetoxidation technique. Total salt (TS) content and salt ion content were extracted with soil extract (soil and water ratio 5:1). The TS content was determined by using the conductivity method. The HCO3-, Cl-, SO42-, Ca2+, Mg2+, K+, and Na+ contents were measured according to the mothed of Bao (2000) and Lu (1999). Ca2+, Mg2+, K+, and Na+ were determined by plasma spectrometer with the test solution prepared by three acid mixture (1 mL 60% HClO4, 6 mL HNO3) digestion method (IRIS-ICP, TJA Ltd, USA). HCO3-, Cl-, and SO42- were determined by chemical titration.




2.4 Statistical analyses

All statistical analyses were conducted in the R v4.1.0 (R Core Team, 2018). Most of the results were visualized using the ‘ggplot2 package’. Two-way ANOVA was used to analyze the independent and interaction effects of CC/RC and mowing time on soil properties and nutrient content and forage nutritive value of C. esculentus. Duncan’s method was used for multiple comparisons (α=0.05), and the significance level was 0.05, expressed as mean ± standard error (SE, n = 3). T-test was used to analyze and compare the differences between different tillage patterns (CC and RC) at the same mowing time. Correlation analysis of soil properties, nutrient content, and forage nutritive value was computed and visualized by using the ‘psych package’ and ‘corrplot package’. The causal relationships between soil properties, nutrient content and forage nutritive value of C. esculentus were explored by the structural equation model using Amos-24 software.





3 Results



3.1 Soil physicochemical properties

The pH value, SOM, TK, and AP contents in soil were independently influenced by both planting pattern (CC/RC) and mowing time, while the AN and AK contents were independently influenced by mowing time and planting pattern, respectively (p<0.05, Table 1). The interaction of these factors significantly changed TK content (p<0.05). However, soil TN and TP contents were not significantly affected by planting mode and mowing time (p>0.05). The RC mode significantly increased soil pH, while significantly reduced SOM, TK, AP, and AK contents (p<0.05, Table 2). With the postponement of mowing time, soil pH gradually increased, while SOM and AP gradually decreased. The AN content showed a significant decline at the end of mowing time (Table 2). Except for Cl- and SO2-4 that reduced in RC mode (Table 3), the other parameters of soil salinity did not respond significantly to planting pattern and mowing time (Table 4).


Table 1 | Two-way ANOVA analysis of effects of the planting mode and mowing time on soil physicochemical properties.




Table 2 | Soil physical and nutrient content.




Table 3 | saltiness of soil.




Table 4 | Two-way ANOVA analysis of effects of the planting mode and mowing time on soil physicochemical properties.






3.2 The nutrient content and allocation of the leaves, tubers, and roots

Planting mode and mowing time independently and interactively impacted the TN and TP contents in leaves and tubers, that is, the response of these two elements in the specific organ to mowing times varied from CC and RC systems (p<0.05, Table 5). For example, RC significantly decreased foliar N and P content, while these two elements in tubers were improve in CC systems (p<0.05, Figure 1). No interaction between planting mode and mowing time on nutrient was observed in roots (Table 5; Figure 1).


Table 5 | Two-way ANOVA analysis of effects of the planting mode and mowing time on the physicochemical property of the leaves, tubers, and roots of C. esculentus.






Figure 1 | Effects of the continuous cropping (CC)/rotation cropping (RC) and mowing time on [A (total nitrogen (TN)], B [total phosphorus (TP)], and C [total potassium (TK)] of the leaves, [ D (total nitrogen (TN)], E [total phosphorus (TP)], and F [total potassium (TK)] of the tubers, and [ G (total nitrogen (TN)], H [total phosphorus (TP)], and I [total potassium (TK)] of the roots.






3.3 The forage nutritive value of the leaves, tubers, and roots

Planting mode interacted with mowing time significantly altered the foliar CP and NDF contents and the CP contents in tubers (p<0.05, Table 6). Foliar ADF content was significantly influenced by planting modes. Planting modes and mowing time independently affected EE content in tubers, while they did not exert significant effects on foliar EE content (p>0.05). Compared with CC system, RC had a significantly adverse effect on the accumulation of CP and ADF in leaves, and CP in tubers (Figures 2A, B, E). On the 124th day after seed sowing, more ADF and NDF accumulated in leaves, while the CP contents in leaves and tubers showed a lower level than those at other periods (Figure 2).


Table 6 | Two-way ANOVA analysis of effects of the planting mode and mowing time on the forage nutritive value of the leaves of C. esculentus.






Figure 2 | Effects of the continuous cropping (CC)/rotation cropping (RC) and mowing time on [A (crude protein (CP)], B [acid detergent fiber (ADF)], C [neutral detergent fiber (NDF)], and D [ether extract (EE)], contents of the leaves and E [crude protein (CP)] and F [ether extract (EE)], contents of the tubers.






3.4 The relationships between the nutrient content and forage nutritive value of leaves, tubers, roots, and soil factors

The Pearson’s correlation analysis showed that foliar forage nutritive value (i.e., CP, EE, ADF, and NDF) had a significant correlation with some soil factors, such as SOM, AN, AP, AK, and Ca2+ (p<0.05, Figure 3). The EE content of tubers was negatively influenced by AN, while positively affected by TK (p<0.05). Compared with other elements, plant TP was slightly affected by soil factors, only having a significant positive correlation with TN in the tuber and a significant negative correlation with AK in the root (p<0.05).




Figure 3 | Correlation analysis of leaves, tubers, roots, and soil factors. Here: SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, the available phosphorus; AK, the available potassium; TS, Total salt; EE, ether extract; CP, Crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber. *p < 0.05; **p < 0.01.



The structural equation model revealed an important role of soil pH in regulating the accumulation of nutrients and forage nutritive value of the leaves and tubers. Soil pH, base ions, cations, and available and total nutrients exhibited 26% of the variation in nutrient and nutritive value of the leaves and tubers (X2 =2.403, p=0.301, Figure 4). Among them, the nutrient and nutritive value of leaves and tubers were dominantly and directly affected by soil pH, with a standardized direct effect of 0.68 (Figure 4). Additionally, soil pH indirectly affected the nutrients and nutritive value of the leaves and tubers by changing the available nutrients, anions, cations, and total nutrients in soil.




Figure 4 | The structural equation model of effects of the continuous cropping (CC)/rotation cropping (RC) on nutrient content and forage nutritive value of leaves and tubers. Here: The principal component (soil available nutrients, soil anions and cations, soil total nutrients, and nutrient and forage nutritive value of the leaves and tubers) first axis data are reported in Table 7.




Table 7 | The principal component first axis data (soil available nutrients, soil anions and cations, soil total nutrients, and nutrient and forage nutritive value of the leaves and tubers).







4 Discussion

In this study, the nutrient and nutritional value of leaves and tubers, as well as the nutrient content of soil were determined and analyzed by selecting different planting patterns (RC and CC) and setting three mowing time. Finally, it was found that RC was not conducive to the growth and development of C. esculentus. On the 124th day after seed sowing, the EE content of tubers was increased, which indirectly increased its oil yield.



4.1 The effects of RC on plant nutrient accumulation and forage nutritive value

Crop rotation in present study exerted a negative effect of on foliar nutrient (e.g., TN, and TP) accumulation and forage nutritive value of C. esculentus (Figure 1A, B), inconsistent with the promoting effect of rotation found by previous studies (Sun et al., 2018; Ding et al., 2019; Lenssen et al., 2020). Two possible factors explain this inconsistency. On the one hand, the root distribution of C. esculentus and wheat highly overlapped in topsoil (~30 cm depth), which intensifies competition for soil nutrients (e.g., SOM, TK, AP, and AK contents, Table 2), although these two crops did not exist at the same time (Duan et al., 2019). On the other hand, the root exudates of the two species are inconsistent, and the microbial communities absorbed and enriched are also different, resulting in changes in soil physical and chemical properties and soil structure (Li et al., 2014). Therefore, it affects the seed germination and plant growth of the same or heterogeneous plants, especially for heterogeneous plants (Lendzemo et al., 2009).

N is a key element in the formation of nutrient value of forage. With mowing time, AN in soil decreased continuously, which hindered the formation of CP in leaves and reduced the forage quality (Table 2; Figure 1). First, wheat is an important allelopathic crop and some substances (such as benzoxazinoids and polyphenols) in its root exudates can inhibit the growth of its neighboring heterologous species (Lendzemo et al., 2009; Hussain et al., 2022). The accumulation of these allelopathic substances in the soil may inhibit the growth of C. esculentus. Second, during the growth and development of plants, root exudates can not only affect the absorption and transport of nutrient availability in the soil, but also adsorb some heavy metal elements around the root system to affect the crop rotation next year (Sun et al., 2018).

Indeed, C. esculentus has been treated as a weed in many countries (Devries, 1991; Werle et al., 2022). Conversely, the rotation showed a positive effect on C. esculentus by enhancing nutrient (e.g., TN and TK) accumulation in tubers (Figure 1D, F). Tubers are a key reproductive organ of C. esculentus and its nutrient content determines the initial conditions of germination (Ozcan et al., 2021). Nutrient allocation to reproductive organs is an important stress adaptation strategy to increase the survival of offspring (Coello and Martinez-Barajas, 2016). Based on the above discussion, on the one hand, wheat should be carefully introduced into the rotation system of C. esculentus, while leguminous crops (e.g., Alfalfa and soybeans) may be preferred due to better nitrogen fixation and soil improvement ability. On the other hand, the application of organic manure is also a more effective way to overcome the obstacles caused by RC in this study by improving soil quality (Alburquerque et al., 2012).




4.2 Relationship between plant nutrient content and forage nutritive value and soil properties

Our study uncovered that soil pH is the vital factor influencing plant nutrient content and forage nutritive value (Figure 4). Previous studies have proved that pH can not only change the decomposition process of SOM and nutrient availability, but also directly affect the reaction rates of enzymes associated with biochemical reactions and soil microbial activities, thus it can regulate crop growth by affecting soil properties (Dick et al., 2000; Guo et al., 2010). The soil AK and sodium ion content are less, resulting in a relative excess of soil H+, leading to soil acidification (Dick et al., 2000; Ozcan et al., 2021). However, RC changed the soil pH value, making the soil TN, soil TP, soil TK, and soil available nutrients variation significantly, which affected the accumulation of nutrients and nutritional quality of the leaf and tuber (Guo et al., 2010). Higher soil pH was observed in RC systems than in CC (Table 3), that may be due to much higher uptake of nitrate (NO- 3) and compensatory secretion of OH- by crops in the rotation system (Alvey et al., 2001). Higher level of Mg2+ may also contribute to the higher pH in RC system (Table 3). In our study, soil pH exerted a direct and indirect impact on plant nutrient accumulation and forage nutritive value by regulating the available nutrients, anions, cations, and total nutrients in soil (Figure 4). Therefore, a range of physical, chemical, and biological processes may be involved in the negative effects of rotations on nutrient accumulation and forage nutritive value. These processes will be explored by introducing key indicators such as plant physiology, microbial activity and soil enzyme activity in our future studies.





5 Conclusions

In conclusion, RC, irrespective of mowing time, exerted a positive effect on nutrient accumulation (e.g., total nitrogen, and potassium) in tubers, but a negative influence on nutrient accumulation (total nitrogen, phosphorus, and potassium) in leaves and roots, and their nutritive value (evaluated by CP, EE, ADF, and NDF). Soil properties, especially pH, may explain the variation of the performance of C. esculentus growing in CC and RC. The plant nutrient accumulation and forage nutritive value were directly affected by soil pH and were indirectly regulated by the variations in soil available nutrients, anions, cations, and total nutrients induced by soil pH. Therefore, RC for C. esculentus is not a good planting mode at any mowing time in terms of plant nutrient accumulation and forage nutritive value, likely due to degraded soil quality induced by nutrient competition between crops. For the intensive cultivation of C. esculentus, organic manure supplementation and rotation with legumes may overcome these adverse effects caused by rotation with wheat that will be explored in our future research.
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Abbreviati Name mendment and dose Replicates
- Control - 4
GO GO GO 10 mgkg" of soil 4
S1IGO Low nano-$ + GO nano-$ 0.05 gkg! + GO 10 mgkg" of soil 4
$2GO High nano-S + GO nano-$ 0.5 gkg ' + GO 10 mgkg ™ of soil 4
S1 Low nano-$ nano-$ 0.05 gkg ™" of soil 4

s2 High nano-S nano-$ 0.5 gkg! of soil 4
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Parameter Value Unit Value Unit
pH(CaCl,) 7.29 - CIN 877 -
TC 14.00 gkg! s 145 mgkg!
N 1.60 gkg! P 97 ‘ mgkg "
Npnineral 62.84 mgkg" K 231 mgkg’
N-NO; 56.80 mgkg" Ca 3259 mgkg"
N-NH, 6.04 mgkg” Mg 236 mgkg’

pH(CaCl,) was determined according to 1SO 10390:2005; TC and TN were determined using the Vario Macro Cube (Elementar Analysensysteme GmbH, Langenselbold, Germany); N-NO, N-NH,
were determined according to 1SO 15476:2009; Niyiperat is @ sum of N-NO, and N-NH, content; C/N was calculated from TC and TN; S, P, K, Ca, Mg were determined according to 1SO 15178:2000,

1SO 14869-3:2017, and 1SO 13196:2013.
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Vis Formula References
NDVI Normalized Difference VI NDVI=(NIR-R)/(NIR+R) (Rousel et al,, 1973)
RVI Red Ratio VI RVI=NIR/R (Jordan, 1969)

NIR-R
EVI Enhanced VI EVI =2.5( m) (Huete et al., 2002)
DVI Difference VI DVI=NIR-R (Richardson et al., 1977)
RDVI Renormalized Difference VI RDVI = (NIR-R)/ VNIR-R (Roujean and Breon, 1995)
SAVI Soil Adjusted VI SAVI=1.5(NIR-R)/(NIR+R+0.5) (Huete, 1988)
GNDVI Green Normalized Difference VI GNDVI=(NIR-G)/(NIR+G) (Gitelson et al., 1996)
NDRE Normalized Difference Red-edge VI NDRE=(NIR-RE)/(NIR+RE) (Gitelson et al., 1994)
OSAVI Optimization of Soil-Adjusted VI OSAVI=(NIR-R)/((NIR+R+0.16) (Rondeaux et al., 1996)
GRVI Green Ratio VI GRVI=NIR/G (Xue et al., 2004)
LCI Leaf Chlorophyll Index LCI=(NIR-RE)/(NIR-R) (Datt, 1999)
NDWI Normalized Difference Water Index NDWI=(G-NIR)/(G+NIR) (Gao, 1996)
BNDVI Blue Normalized Difference VI BNDVI=(NIR-B)/(NIR+B) (Peniuelas et al., 1995)
BVI Blue Ratio VI BVI=NIR/B (Jordan, 1969)
BRVI Simple Blue Ratio Index BRVI=R/B (Peniuelas et al., 1994)
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Group ry biomass (g/pot) phyll (mg/g) Carotenoid (mg/g) Leaf-to-stem ratio
CK 69.75 841 0.83 £0.15 0.19 £ 0.02 0.88 = 0.14

ND 39.39 + 525 0.54 £ 0.15% 0.14 £ 0.02* 0.51 £ 0.09*

NS 48.73 + 553*% 0.8 +0.18 0.18 £ 0.03 0.66 = 0.16%

PD 55.002  9.50** 091 +0.14 0.22 £ 0.03* 0.72 £ 0.05%

PS 57.26 + 4.97* 0.85 + 0.2 | 021 £0.03 071 +0.12

KD 59.75 + 11.09% » 092 +0.13 021 +0.03 042 + 0.06*

KS 6144 £ 10.51 0.85 £ 0.16 0.20 £ 0.03 0.52 £ 0.07*

* (P<0.05) and **(P<0.01) represent significant differences from the control group. Statistical methods used were Student’s t-test.






OPS/images/fpls.2022.1092610/table3.jpg
Processing time(day) K N PD\KD

precision recall ~ fl-score  precision recall f1-score  precision recall  f1-score
1 04834 0.46178 046028 037892 046428 04129 0.5881 051908  0.55046
8 031558 030658 03061 0.45906 0.5562 0.50048 0.57894 051332 0.54098
15 03868 04857 042704 0.7848 072878 0.7511 0.68514 063372 0.65652
22 066568 | 07395 069776 097772 0.98824 0.98284 0871 0.8208 0.8439
30 071898 0.82944 0.76458 0.98888 092174 0.9526 092354 0.86366  0.88972
38 091042 0.90094 090274 1 1 1 0.87308 0.8903 0.87636
45 0.89516 0.91098 090098 1 1 1 091516 0.87378  0.89086
52 091714 0.83096 0.8659 1 1 1 08254 09159 0.86614
58 07754 | 08472 0.80246 1 0.89642 0.93846 0.85016 081076  0.82456
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Soil amendment

Cow dung

Total nodes 1303 1203 307
Total links® 20568 35544 s
Total positive links (%) I sy  soss
Total negative links (%) 0.1 0.03 0.06
avWD" 3157 59.09 33.66
Graph density (GD) 0.024 0.049 0.11
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“Links: pairwise correlation of nodes.
®Average weighted degree (avWD): average number of links per treatment.
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Source of variation

Soil amendment 2 8.62 0.45% ‘ 19.66 0.69%

Sampling time 1 283 0.07 ‘ 1.80 o ‘
Soil amendment*Sampling time 2 298 0.16%+ ‘ 2.10 007 ‘
Residuals 12 032 | 021 ‘
Total 17 10 | 0o

PERMANOVA: Permutational multivariate analysis of variance. Sampling time includes 0DAT (immediately before ginseng transplanting) and 90DAT (90 days after ginseng transplanting).
df: degree of freedom. 16S: bacterial community based on the V4-V5 hypervariable region of the 165 rRNA gene. ITS: fungal community based on the internal transcribed spacer 1 (ITS1) region.

*p <0.05; **p <0.01; ***p <0.001.
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0.5 £ 0.02"

Electrical conductivity (EC), cation exchange capacity (CEC), total nitrogen (Total N), total carbon (Total C), total phosphate (Total P), nitrate nitrogen (NO3), ammonium nitrogen ( NH}),

available P,O5 (AP), and exchangeable potassium (K).
Mean values followed by different letters (s) in a row represent significant differences at P < 0.05, LSD test.
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Processing

Statistical analysis

Method
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MicroResp® device + inducers (sugars, amino acids)
Method

Multivariate analysis of variance (MANOVA), one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test, principal component analysis (PCA), Pearson’s correlation analysis
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Treatment Chemical fertilizer (F) Manure fertilizer (M) Total P applied

ID P (kg ha™") SSP (kg ha™) P (kg ha™") FYM (T ha™") P (kg ha™")
FoMo 0 0 0 0 0
FoM;5 0 0 15 10 15
Fi;My 17 220 0 0 17
Fi7Ms 17 220 15 10 32
FeMy 26 330 0 0 26
FaeMis 26 [ 330 15 10 ' 41
F3oM, 39 500 0 0 39
F3oM,5 39 500 15 10 54

The ID is derived from the rates of SSP fertilizer (F) at 0, 17, 26, or 39 kg P ha™ and manure (M) at 0 or 10 T FYM ha™" with 0 or 15 kg P ha™, respectively (FYM = 0.15% P).
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Incubation period (day)
Net
7 14 28 56 increase

Plant-available P (AB-DTPA extractable; mg P kg’1 soil)

FoM, 6.13+0.15g 6.54 +0.55 ¢ 638+ 091 e 5.95+0.19 d 648 057 g 6.56 £ 031 g 634024 h 0.43d
FoM;5 6.86 +0.14 7.73+£0.05d 8.17 £0.04d 8.84+0.13 ¢ 898 £022f 9.14 £0.17 f 828 +0.88¢g 2.28¢
Fi;Mo 9.30 £ 0.68 e 8.90 £0.27 ¢ 7.55+047d 9.85+0.24 ¢ 10.70 £ 0.52 e 1152+ 029 e 9.63 £ 139 f 2.22¢
Fi;Mis 10.99 +0.22d 9.25+032¢ 10.44 + 0.86 ¢ 13.40 +£0.47 b 14.18 £0.19d 14.48 £ 0.15d 121218 e 3.49bc
FeMy 12.10 £ 0.10 ¢ 11.02 £0.18 b 9.85+0.13 ¢ 13.17 £0.26 b 1531+ 0.26 ¢ 1623 £ 0.53 ¢ 1294 +2.46 d 4.13b
FaeMs 13.94 + 1.0 ab 1244 +10.08 a 13.60 £ 0.39 a 1589 £ 1.79 a 1787 £0.98 b 1843 +0.61 b 1536 + 243 b 449b
F3oMy 1521 £ 0.07 a 13.11 £0.01 a 1210 £0.10 b 1625 £0.04 a 20.22 £ 0.02 a 2340 £0.01 a 1671 £ 433 a 8.19a
F3oM;s 1327b£0.1b 1122 001 b 1238 £ 0.01 b 1544 £0.01 a 1844 +0.01 b 19.12 £ 0.01 b 1497 £326 ¢ 5.85b

Means within each column with different letters per column are significantly different at p< 0.05. In the treatment (Trts) column, the letters represent fertilizer (F) and FYM (M), while the numbers
represent the rate of P in kilograms per hectare. Data are shown as means + SD (n = 3).
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Weekly P turnover (mg P kg Mineralization pot season

FoMo 0.03 + 001 f 165+ 0.70 f
FoMis 019+ 001 e 9.12£052¢
FisMo 0.18 £ 0.07 e 885+3.59 ¢
FisMys 029 +0.09d 1373 £0.38 ¢
FagMo 034 +0.03d 1649 + 1.79 d
FagMis 040 + 003 ¢ 1950 + 1.82 ¢
F1M, 068 +0.06 a 3278 + 0266 a
FyoMys 046 + 003 b 2249 %157 b

Means with different letters in the columns are significantly different at p< 0.05. The treatments (Trts) with F0, F17, F26, and F39 are 0, 17, 26, or 39 kg ha™" of fertilizer P application, respectively, and
with MO or M15 are 0 and 10 t ha™ of farmyard manure (FYM), respectively (10 T FYM ha™" possesses 0.15% P or 15 kg ha™). Data are shown as means + SD (n = 3).
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NT ™ HM

CF

HM + CF

pHI[1:5] 5.57 (+ 0.17) ab 6.21 (+0.18) a 5.93 (+ 0.13) ab 551 (+0.14) b 5.79 (+ 0.22) ab
EC[1:5] (dS/m) 0.10 ( 0.006) a 0.11 (+ 0.008) a 0.10 (£ 0.05) a 0.10 (£ 0.008) a 0.12 (£ 0.006) a
C.E.C. (cmol+/kg) 9.02 (£0.17) b 10.63 (£ 0.17) a 9.45 (+ 0.15) b 924 (£0.17) b 9.58 (£ 0.13) b
Total N (%) 0.105 (+ 0.004) ¢ 0.139 (+ 0.002) a 0.131 (+ 0.003) ab 0.126 (+ 0.004) b 0.139 (+ 0.003) a
Available P (mg/kg) 201.63 (£ 7.72) ¢ 301.70 (+ 4.54) a 24532 (£ 661) b 297.85 (+ 5.56) a 285.86 (+ 3.52) a
Exchangeable K (cmol+/kg) 0.07 (£ 0.01) a 0.09 (£ 0.01) a 0.11 (£ 0.013) a 0.08 (£ 0.01) a 0.09 (£ 0.015) a
| Exchangeable Ca (cmol+/kg) 7.32 (+ 0.092) b 7.72 (+ 0.093) a 7.07 (+ 0.099) b 7.24 (+0.085) b 7.98 (+ 0.104) a
Exchangeable Mg (cmol+/kg) 1.20 (£ 0.02) b 1.37 (£ 0.03) a 1.26 (+ 0.02) b 1.20 (£ 0.02) b 1.38 (£ 0.02) a
Exchangeable Na (cmol+/kg) 0.08 (+0.01) a 0.07 (£ 0.01) a 0.09 (£ 0.01) a 0.08 (£ 0.005) a 0.09 (£ 0.01) a
Salinity (%) 0.005 (+ 0.0008) a 0.004 (+ 0.0005) a 0.005 (+ 0.0005) a 0.005 (+ 0.0005) a 0.005 (+ 0.0005) a
OM (%) 1.48 (£ 0.05) d 232(x003) b 2.58 (£ 0.04) a 1.95 (£ 0.03) ¢ 2.49 (£ 0.03) a

NT, non-treatment; CM, commercial manure; HM, Hanwoo manure; CF, chemical fertilizer; HM + CF, combined use of Hanwoo manure and chemical fertilizer.

Lowercase letters represent significant differences (p < 0.05) between groups as determined using Duncan’s test.
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(kg ha™"), GPU is grain P uptake(kg ha™), GKU is grain K uptake(kg ha™)and GY is grain yield (Mg ha™).
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Characters Number of grains/ear ~Grain weight/ear (g) 100-grain weight (g) Correlation with grain yield (Mg ha™)

Number of grains/ear -0.144 0.874 -0.094 0.636
Grain weight/ear (g) -0.093 1.359 -0.327 0.940
100-grain weight (g) -0.037 1.229 -0.361 0.830
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Foliar spraying GW/E 100-GW GY

F1 F2 E3 F4 F5 Mean F1 F2 F3 F4 F5 Mean F1 F2 F3 F4 F5 Mean
2019 season
™ 2060b 1226 11L0j 1099 150.0fh 1399  3791ab 2681tk 2465k 2358k 2870° 879  538gi  488h 483k S6deh  5.90°
HA 1850c  1759cd  156leg  1508Fh 1252  I58.6°  34cebd  3169cg  3Mldbe  3072dh 3108 69lcg  773bd  636dh  663dh 495h 651
AA 1335hi 213.6ab  1723ce  1827c  1395gi 1683 2486k  3523bc  3410be  32.72cf 3136 733%cg  93%b  757be  802bd  563fh 7597
HA+AA 1593df 22950 1705ce 1748cd  1699ce I8L0°  3l8dcg  403la  2803gj  3L30dh 383 7.00cg 0082 754bf  7.8cg  696cg 775
Mean 1709 1854% 1527 1545°  146.1¢ 23t st 302" 2058%C 751" 8158 659" 667" 5.80°
2020 season
™ 2126 1180k 1068k 1047k 1302§  1362'  405la  2274] 2249  2116)  2482hj 263 972b 520k 470k 460k 573 5,99
HA 1817de  183.0de 149.6gh 1456gi 1l4ljk IS4  3457bc  325lce  3009dg  2930eg  2244] 2980 7.98de B804de  657gh  6Algi 501jk 680
AA 1377hi 2259 1554fh  1697¢f 137.5hi 1652 2334 40431 2805fh  32llce  3L38cf  3L06°  605hi 993  6826h  7d6ef 6.05hi 7.26"
HA+AA 1554fh  206.1bc  189.4cd  190.0cd  1559fg  1793°  2956dg  3634b  3349bd  3258be  2701gi 3179 6826h  906bc  832cd  836cd 6.86fg 7.88°
Mean 1740%  1833%  1503%  1525°  1344€ 3200% 3300 28.55° 2879 2641° 7644 8068 660" 670" 591¢
TW, tap water, HA, humic acid, AA, amino acids, HA + AA, mixture of humic acid +amino acids, F1, 100% NPK, 2, 75% NPK + biofertilizers, F3, 50% NPK + biofertilizers, F4, 25% NPK + biofertlizers, ertilizers, GW/E is grain weight/ear (g), 100-

GW is 100- grain weight (g) and GY is grain yield (Mg ha™"). Means in italic refer to foliage applications, while none italic refer to fertilization treatments. Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).





OPS/images/fpls.2022.1069624/table3.jpg
Foliar spraying

2019 season
™

HA

AA
HA+AA
Mean

2020 season
™

HA

AA
HA+AA

Mean

TW, tap water, HA, humic acid, AA, amino acids, HA + A, mixture of humic acid + amino acids, F1, 100% NPK, F2,75% NPK + biofertilizers, F

F1

13.57de
17.63bc
11.20ef
13.10de
13.87°

12.00df
921fgh
16.96bc
19.33ab
1437%

F2

8.96Fi
14.72ed
16.83bc
20192
15074

SY

E3

9.64£h
9.12fi

9.686h
18.00be
11.61¢

1063e:g
10.15e:g
12.12de
1643bc
1233"

F4

9.43fi
7.06h:k
8.34gj
10.70e:g,

8887

8.48gi
842gi
8.85gi
9.88eg
890¢

F5

5.06k
6581k
593k
8.72f
657"

6:89hi
877gi
630i
914
7.77%

Mean

9.30°
11.23%
137
1399

939"
1025°
1221
14.99"

F1

10.47b
947¢
6.81gi
7.96d:f
867"

11402
9.44cd
7.00gh
7.86eg
8.92*

F2

6.16ij
897

10.89ab
11492
937*

596i]
9.28cd
1163
1042b
932%

EY

5.63)
7.86ef
8.80cd
871ce
7.75%

547)
7.63¢h
7.87eg
9.65be
7.65"

F5

5.84)

7.72f
9.26¢
8.90cd

7.93¢

Mean

7.61fg
6.44h;j
7.16fh
871ce
7.48%

676hj
5.89i)
7.096h
7.92¢f
691°

F1

7.14*
809
858"
9.15"

7.03*
7.95
842"
911

F2

24.04c
27.10b
18.0lef
21.06d
2255°

23.40d
18.65eg
23.96cd
27.19
2330%

14.95gi
24.72bc
326la
3091a
25.80*

14,9081
23.99cd
28.46ab

30,602

2449"

E3

BY

15.27fh
16.98e:g
18.48de
26.71bc
19.36°

16.10gk

17.78eh
19.99%

26.08bc
19.98"

F4 F5

15.26fh
14.77gi
17.60e:g
19.59de
16.81°

1404k
1581hd
1739
19.60¢f
16.71¢

12671
13.02hi
13.08hi
17.42eg

14.05"

13.65K
146511
13.391
17.06f
14.69°

Mean

1644
19.32°
19.96"
2314

1642
18.18°
2064
2410°

50% NPK + biofertilizers, F4, 25% NPK + biofertlizers, 5, biofertilizers, SY is stover yield (Mg ha™"), EY is car

yield (Mg ha) and BY is biological yield (Mg ha). Means in italic refer to foliage applications, while none italic refer to fertilization treatments. Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).
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pH ns Soil total nutrien Nutrients a ve value (leaves
0.59267 032803 154209 -0.98532 -0.54155
0.64265 0.72498 -0.46442 0.08915 -0.53676
-0.35805 -0.26739 -0.32869 -0.21075 053915
-0.59267 032803 1.54209 -0.98532 -0.54155
-0.64265 0.72498 -0.46442 0.08915 -0.53676
-0.35805 -0.26739 -0.32869 -0.21075 -0.53915
065725 -1.85517 -0.02982 -0.44283 040714
205449 -2.78137 1.5454 -0.81002 -0.82544
0.14463 -0.66433 -0.35341 0.01456 -0.47403
-0.12847 125424 0.54395 0.20505 -0.92046
020114 -1.06128 -0.28644 0.28048 -0.7682
-0.1228 -0.59817 168642 0.09066 -1.00025
082174 -0.46586 0.1924 0.61666 0.3564
033515 039419 -0.43289 021451 0.49894
0.18698 0.0634 -0.25048 0.20955 0.56515
02876 0.12956 -0.40453 0.48568 0.28125
028809 026187 -0.48191 0.72617 0.01618
002923 0.65882 -0.46377 0.66031 0.20052
0.16063 -0.66433 020819 0.04184 0.69623
0.0785 -0.46586 -0.02156 0.09273 0.84186
001452 1.18808 -0.46037 -0.11046 1.02772
-0.73504 151887 -0.44572 0.15485 0.46659
-0.05167 026187 -0.15553 -0.26716 053505
-0.46004 125424 04152 0.05126 05271
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Leaves Tubers

EE cp
(mg-g™) P (mg-g™)
planting mode (CC/RC) 101.34%* 3.79 137.91+ 4.84* 41,2 20.08**
Mowing time (M) Be.1yres 3.01 191 et 226 26340 132.80***
CC/RCxM 2557w 0.49 10.65** 3.63 2570 229

Here: CC, continuous cropping; RC, rotation cropping. M, Mowing times (T1, on the 78" day after seed sowing; T2, on the 101™ day after seed sowing; T3, on the 124™ day after seed sowing).

Values indicate results of F value.
*p < 0.05; **p < 0.01; ***p < 0.001.
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Roots

™ TK
(okg")  (gkg™)
planting mode (CC/RC) ‘ 100.93*** 175 BA52 691* 6.06* 147.99* 0.79 8.79* ‘ 21.49*
Mowing time (M) ‘ 68.89** 6.83* 47.18*** 54.07* 2.74 166.20*** SR 2POG: 10:33+ ‘ 188.38**
CC/RCxM ‘ 252008 0.01 97.49** 10.90** 2.03 31.99*** 0.59 3.74 ‘ 2.64

Here: CC, continuous cropping; RC, rotation cropping. M, Mowing times (T1, on the 78" day after seed sowing; T2, on the 101™ day after seed sowing; T3, on the 124™ day after seed sowing).
Values indicate results of F value.
*p < 0.05; **p < 0.01; ***p < 0.001.
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ca?t K+ Mg Na*

(mg-.g")  (mg:g") (mg:g’) (mgg’)

Factor

planting mode (CC/RC) 6.16* 6.17* 0.29 0.00 0.29 022 0.01 021

Mowing time (M) 0.93 1.57 2.78 193 2.15 121 0.69 246
0.10 0.07 0.03 053 0.09 0.11

CC/RCxM 0.01 0.17
Here: CC, continuous cropping; RC, rotation cropping. M, Mowing time (T1, on the 78" day after seed sowing; T2, on the 101" day after seed sowing; T3, on the 124™ day after seed sowing). TS.

Total salt; Values indicate results of F value *p < 0.05.
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Planting F . K* Mg>*

-1 -1
mode (mg-g) (mg-g™)
T1 0.08 +0.02 0.33 £ 0.07 0.64 + 041 0.12+0.10a 0.11 £ 0.07 a 0.14 £ 0.08 0.09 £0.01 a 1.94 £ 0.80
a a a a a
cc T2 0.08 +0.03 0.23 + 0.03 0.12 + 0.01 0.03 £0.001a = 0.02 + 0.003 0.07 + 0.02 0.10 + 0.002 0.76 +0.14
a a a a a a a
T3 0.11 +0.04 0.39 +0.14 0.20 + 0.05 0.03 £ 0.005a = 0.04 £0.01 a 0.10 + 0.03 0.09 + 0.008 111 £0.33
a a a a a a
T1 0.04 £ 0.01 0.16 + 0.04 0.46 + 0.16 £0.14a 0.08 + 0.07 a 0.36 + 0.32 0.09 £0.01 a 171 £ 1.00
a a 0.27a a a
RC T2 0.03 +0.01 0.13 + 0.01 0.11 + 0.01 0.01 +0.0005 0.02 + 0.001 0.05 + 0.10 + 0.003 0.52 +0.06
a a a a a 0.005a a a
13 0.06 = 0.02 0.22 +0.07 0.13 £ 0.03 0.02 £ 0.003a | 0.02 + 0.003 0.06 + 0.02 0.09 + 0.003 1.00 £ 0.07
a a a a a a a

Here: CC, continuous cropping; RC, rotation cropping. M, Mowing time (T1, on the 78" day after seed sowing; T2, on the 101™ day after seed sowing; T3, on the 124™ day after seed sowing).
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Planting SOM TN TP TK AN

mode P (gkg!)  (kg))  (gkg!)  (gkg")  (mgg?)

8.56 + 0.09 224 £0.14 0.10 + 0.11 0.35 + 0.006 1593 £ 0.15 61.07 + 24.86 9.72 + 0.81 94.70 + 23.05

T1
a a a a b a a a
8.83 £ 0.04 1.84 £ 0.15 0.29 + 0.008 15.20 £ 0.10 51.90 + 14.37 5.65 £ 2.58 94.43 + 3.
CcC T2 0.08 + 0.01a 2 A < o
a a a c a a a
.83 + 0. 1.85 £ 0. .08 + 0.002 .33 + 0.04 16.43 £ 0. .04 £ 0. .40 £ 6.
T3 8.83 + 0.09 85 +£0.04 0.08 + 0.00: 0.33 £ 0.0 6.43 +£0.09 1853+ 7.60 a 5.04 £ 096 89.40 £ 6.79
a a a a a a a
T1 8.81 £ 0.11 1.86 + 0.04 0.07 £ 0.004 0.36 + 0.01 1537 £0.29 45.17 £ 12.64 5.54 £0.59 65.03 £ 545
a a a a b ab a a
8.88 + 0.02 171 £0.09 0.07 + 0.006 0.33 +£0.02 14.33 £ 0.07 4.01 £0.23 60.33 £1.92
RC T2 82.57 +27.83a
a a a a c ab a
.98 + 0.0 1.81 +£0.09 0.09 + 0.01 0.31 +0.01 16.53 £ 0.03 3.59 + 0.68 7.10 + 7.81
T3 83 6 0 3 3 1323 +£351b 2 b o g
a a a a a a

Here: CC, continuous cropping; RC, rotation cropping. M, Mowing time (T1, on the 78 day after seed sowing; T2, on the 101™ day after seed sowing; T3, on the 124 day after seed sowing).
Different lowercase letters (a, b, and ¢) indicate that the same farming mode and different mowing time have significant differences (Duncan’s test, p<0.05). The same as below.
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TN AN AP AK
Factor

(mg-g) (mg-g")  (mg-g”)

planting mode (CC/RC) 6.09* 5.13% 2.74 045 1379* 0.05 5.83* 10.81%*
Mowing time (M) 4.86% 4.04% 0.93 3.50 68.61*%* 4.62* 4.20* 0.33
CC/RCxM 0.84 151 271 1.06 5.70* 0.98 0.77 0.16

Here: CC, continuous cropping; RC, rotation cropping. M, Mowing time (T1, on the 78™ day after seed sowing; T2, on the 101" day after seed sowing; T3, on the 124™ day after seed sowing).

SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, the available phosphorus; AK, the available potassium. Values indicate results
of F value *p < 0.05; **p < 001; ***p < 0.001. The same as below.
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=== Negative pathways
= Positive pathways

a, * P<0.05
4 ** p<0.01
#kk - P<(.001

R? = 0.26, X* = 2.403, df = 2, P = 0.301,
RMSEA = 0.094, GFI = 0.961, CFI = 0.990
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P phases gB ash gBM ash c¢BM ash cBS ash

AIPO, X
Whitlockite = CagM(PO4)7 X XX X XX
CaK,P,0; X X X X
Two undefined P phases X X

Ca(Na,K)PO, XX

Number of “X” indicates the amount of semi-quantified P phases. The placeholder “M” in whitlockite is commonly Ca, Fe, and/or Mg (Herzel et al., 2020). Two undefined P phases were
extractable in formic and/or citric acids. All crystalline P phases were soluble in 0.5 M HCI solution, while AIPO,4 was also soluble in 0.1 M NaOH.
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Elements Unit

c Wi%
N W%

3 Wi%

K W%

Ca W%

Mg wt%

Na wt%

Fe W%

Al W%

si Wi%
PHizs

Pca mgPg'
Kea mgKg'

cB ash

Comb.

5.05
0.1
0.38
121
1.26
0.46
0.1
5.38
3.86
14.62
7.1
1.86
6.05

gB ash
B
Gas.

53.7
0.05
0.41
1.04
0.99
0.57
0.04
3.32
2.98
0.56
9.9
3.97
3.64

gBM ash
B/M (80:20)
Gas.

40.5
0.08
1.66
2.41
5.15
1.14
0.19
2.46
272
0.72
11.5
15.6
14.46

c¢BM ash
B/M (80:20)
Comb.

107
0.03
2.05
3.15
9.12
101
0.24
1.44
114
0.04
12.8
17.34
16.7

cBS ash
B/S (80:20)
Comb.

0.21
0.02
3.02
0.64
3.99
0.67
0.11
3.86
4.18
0.01
27
9.02

TSP

19.48
0.04
13.74
0.23

0.28
023

26
183.09

The pH values were measured in 0.01 M CaCl, solution (1:2.5 w/v). Pcs and Ke, indicate the mass fractions of P and K from ash, TSP and K,SO, soluble in 2% citric acid. B, bagasse;
M, chicken manure; S, sewage sludge; Comb., combustion; Gas., gasification.
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Variables

Puzo

Pxpact

Praon

Puar

p-value
correlation
p-value
correlation
p-value
correlation
p-value

correlation

(A)

0.42
-0.48
<0.01

0.97

0.15
-0.74

0.14

0.76

0.39
-0.50
0.03
0.90
0.40
-0.49
0.09
0.82

Ca

0.22
-0.67
0.14
0.76
0.35
-0.53
0.06
0.86

Mg

0.12
-0.78
0.10
0.81
0.14
-0.76
<0.01
0.96

Fe

0.04
0.89
0.24
-0.64
0.04
0.89
0.03
-0.91

0.34
0.55
0.12
-0.78
0.08
0.83
0.21
-0.68

(B)
P uptake

0.05
-0.82
0.62
0.26
0.18
-0.63
0.03
0.86
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Componen PC1

Eigenvalue 924

Variability % 84.04 ‘ 1033

Cumulative % 84.04 94.37

Parameters Factor loadings
SOM 0.837" 0.505
pH ~0.756" ~0.601
Grain yield 0.755% 0.628
Straw yield 0.901° 0.397
Plant-available P (AB-DTPA) 0.968" 0.189
PU 0.835" 0.513
PUE 0.063 0.969"
PAE 0.676 0.728*
PB 0.937* 0.253 1
P Transf 0.949% 0.201
Week T 0.885" 0.175

*Traits for the suggested factor.
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AB-DTPA P (

FoM, 427 £0.04d 7.00 £ 02 f - 1.66 + 0.04
FoMy5 448 +0.04 od 19.30 £ 0.3 de 356+1.0a 431 0.08 cd
FisMo 467 +0.02 od 1870 + 1.4 de 289+37b 402 +0.29 cd
FisMys 5.06 + 0.71 be 1800+ 0.1 ¢ 146 +024d 363+0.52d
FagMo 529+0.12b 20.80 + 08 d 27+14c 394 +0.07 od
FagMis 6.19 + 0,004 a 3240 £12b 270+ 12b 524 +0.19 ab
FsoM, 6.11£0.18a 2810+ 12¢ 232+14c 461 +0.20 be
FsoM,s 635+0.61a 3550 £0.3a 228+02¢ 565+ 051a

Means within each column with different letters per column are significantly different at p< 0.05. In the treatment (Trts) column, the letters represent fertilizer (F) and FYM (M), while the numbers
represent the rate of P in kilograms per hectare. Data are shown as means + SD (n = 3).
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sov DF SOM pH G SY

PU PUE PAE PB

Fertilizer (F) 3 44" ‘ 54 23:5%% 133.7% 24 ‘ 348.7 1372 38.8" 4,408.2
Manure (M) 1 5.1 ‘ 35" 24.3* 90.8** 6.6% ‘ 2923 60.7** 59* 3,485.5**
FxM 3 0.3™ ‘ 0.8™ 3.3* 7.9 09" ‘ 45% 171.7%* 17.2% 45

SOV, source of variation; DE, degrees of freedom; SOM, soil organic matter; GY, grain yield; SY, straw yield; soil P, plant-available P as measured by AB-DTPA extractable soil P; PU, phosphorus
uptake; PUE, P use efficiency; PAE, P acquisition efficiency; PB, P balance. *p < 0.05; **p < 0.01; s, not significant.
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Amendment

1d
5d
9d
13d
17d

Control

3.94+0.01b
4.22+0.02a
4.24+0.04a
4.25+0.05a
4.30+0.10a

1%

4.67+0.07b
4.97+0.10a
4.73+0.05ab
4.83+0.08a
4.81+0.09a

2%

5.14+0.00b
5.39+0.09a
5.27+0.02a
5.140.06b
5.10£0.10b

3%

5.77+0.10a
5.89+0.01a
5.75+0.07ab
5.55+0.10bc
5.39+0.10c

4%

6.27+0.02a
5.96+0.02b
5.87+0.02b
5.61£0.03¢
5.63+0.07¢

5%

6.55+0.00a
6.36+0.00b
6.15+0.10c
5.89+0.01d
5.79+0.05¢

6%

6.87+0.02a
6.58+0.01b
6.32+0.00c
6.05+0.05d
5.87+0.03¢

The lowercase letters behind the values of the same indicator in each column are different, indicating a significant difference between them at P<0.05. Similar letters indicate no significant

difference.
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Amendment N (g/kg) P (g/kg) K (g/kg) Ca (g/kg) Mg (g/kg) Zn (mg/kg) Mn (mg/kg)

CK 22.82+0.07 1.12+0.03e 09.18+0.01e 22.96+0.06g 2.48+0.08c 39.49+0.67¢ 35.65+0.67¢
1.5%C 21.330.05h 1.62+0.01c 11.14+0.01c 25.55+0.04d 2.09+0.06d 39.00+0.80d 13.22+0.58e
3%C 22.07+0.08g 2.18+0.04a 10.47£0.02d 27.58+0.04c 2.88+0.07a 44.07£0.78b 11.33+0.30fg
4.5%C 21.08+0.04i 2.00+0.12b 11.56+0.02a 23.91+0.02f 2.06+0.03d 37.23+0.52d 10.47+0.38g
6%C 23.07+0.05¢ 2.01£0.04b 11.48+0.05a 27.98+0.03b 2.14£0.01d 37.14+0.04d 12.36+0.22ef
BF 27.81+0.08a 1.05+0.12¢ 08.63+0.03f 20.74+0.02h 2.8420.05a 43.05+0.43b 59.50+0.40a
BF+1.5%C 24.050.10d 1.30+0.01d 09.14£0.01e 27.53+0.01c 2.5b+0.07¢ 40.56+0.19¢ 51.23+0.24b
BF+3%C 20.22+0.03j 1.60+0.08¢ 08.11+0.08g 25.44+0.08e 2.460.05¢ 37.7240.27d 14.95+0.95d
BF+4.5%C 24.85£0.04c 1.55+0.03¢ 10.49+0.07d 28.1240.07a 2.15+0.00d 40.76+0.22¢ 10.55+0.20g
BF+6%C 25.98+0.13b 1.56+0.05¢ 11.32+0.02b 24.92+0.02f 2.66+0.02b 75.08+0.46a 13.06+0.70e

The lowercase letters behind the values of the same indicator in each column are different, indicating a significant difference between them at P<0.05. Similar letters indicate no significant
difference.
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Raw material Yield (%) Moisture (%) Ash (%) Carbon (%)

Biochar (citrus branch) 37.00+2.45 a 5.30+£0.10 a 13.0+2.0 ¢ 81.7£0.2 a
Biochar (grass) 39.00+1.50 a 5.07+0.07 a 20.3+0.3 ¢ 74.7£0.7 b
Plant ash (citrus branch) 33.10+0.10 b 4.50+0.15 b 85.0+3.0 a 09.7+0.6 d
Plant ash (grass) 41.70£1.70 a 1.40+0.00 ¢ 75.0+1.0 b 15.0£0.5 ¢

The lowercase letters behind the values of the same indicator in each column are different, indicating a significant difference between them at P<0.05. Similar letters indicate no significant
difference.
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Treatments

Control
C-1.2kg
C-2.4kg
C-3.6kg
C-4.8kg
C-6.0kg

de

74.57+0.07a
76.12+0.11a
75.55%0.97a
75.99+0.11a
75.78+0.52a
75.89+0.24a

dl-

33.48+0.13b
32.25+0.11c
33.89+0.09a
34.25+0.10a
32.42+0.13¢
34.09+0.09a

da+

27.85+0.07¢
28.88+0.20b
28.97+0.18b
28.88+0.08b
28.2240.17¢
29.86+0.18a

db+

60.18+0.08e

62.4610.11a

60.66+0.12d

61.12+0.13¢

62.06+0.10b
60.34+0.04de

e lower case letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).

da/b

0.46+0.02a
0.46+0.00a
0.48+0.02a
0.47+0.01a
0.46+0.01a
0.49+0.01a
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Treatments SSC/ TA/% SSC/ Vitamin C Total sugar Reducing sugar Edible Juice Moisture

% TA (mg/100g) content /% content /% rate/%  yield/%  content/%

Control 12.1 048 2522 21.430.03d 7.04£0.36¢ 434£0.04d 74.23+0.33¢  51.92+0.70d 82.5+0.50a
£0.00c  +00la  +0.53d

C-1.2kg 125 043 29.07 22.98+0.46¢ 8.43+0.11ab 4.86:0.06b 7517 50.190.10e  82.86:0.06a
+0.10ab  +£0.00bc  +0.23bc +0.10bc

C-2.4kg 127 040 3178 24.28+0.20b 7.84£0.25b 4.66:0.10bc 7643 5657:021b  82.93:0.58a
£0.10a  +0.01d  +1.04a +0.40ab

C-3.6kg 128 044 29.10 25.33+0.30a 7.97+0.07ab 5.31+0.00a 77.04£052a  54.96:0.40c  83.02+0.02a
£020a  +0.01b  +021b

C-4.8kg 12.1 044 27.50 23.74+0.20bc 8.43+0.03ab 4.75£0.05b 75.61 55.53 83.470.20a
£0.00c  +0.00b  +0.00c +0.60bc £0.18bc

C-6.0kg 122 041 29.77 20.59:0.12d 8.61£0.07a 456£0.05¢ 7628 5825:027a  83.11:0.10a
£0.00bc  +0.0lcd  £0.73b +032ab

de, the color of the peel; dl-, brightness of the peel; da+, redness of the peel; db+, yellowness of the peel; da/b, the ratio of Da and Db; SSC, soluble solids content; TA, Titratable acid. The
lower case letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).
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Biochar concentration

Days of Control(Mean 1%(Mean 2%(Mean 3%(Mean 4%(Mean 5%(Mean 6% (Mean
incubation +SE) +SE) +SE) +SE) +SE) +SE) +SE)

0d 4.65+0.00eA 5.13+0.19dA 5.440.04cE 5.87+0.02bE 5.86+0.04bE 6.26£0.01aC 630+0.00aD
3d 451£0.01C 5.1540.01eA 548+0.04dDE  578+0.00cG 6.09+0.09bD 6.2320.01bC 6.45+0.052C
10d 4.60+0.00gA 5.2+0.00fA 5.56+0.00eD 6.2740.01dC 6.09+0.01cD 6.79+0.09bB 7.15+0.00aA
17d 4.520.03gBC 521+001fA 5.65+0.00eC 6.22:0.02dD 6.33+0.03cBC 6.70+0.00bB 6.94+0.05aB
24d 4.58+0.00eAB 5.37+0.03dA 5.91:£0.01cA 6.68£0.01bA 6.69+0.01bA 7.16£0.01aA 7.16:0.01aA
31d 453+0.01eBC 5.33+0.03dA 5.92:£0.02cA 6.33+0.02bB 6.29+0.06bC 6.99+0.10aA 7.11£0.00aA
38d 4.50+0.03gC 5.21+0.02A 5.82:£0.02¢B 6.15+0.00dE 6.47+0.02cB 6.76+0.06bB 7.16+0.01aA

The lowercase letters behind the values indicating statistical significance of the values in a row, while uppercase values indicating statistical significance of the values in a column at P<0.05.
Similar letters indicate no significant difference.
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TW, tap water, HA, humic acid, AA, amino acids, HA + AA, mixture of humic acid + amino acids, F1, 100% NPK, F2,75% NPK + biofertilizers, F3, 50% NPK + biofertilizers, F4, 25% NPK + biofertilizers,
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¥5, biofertilizers, EL is ear length (cm), ED is ear
diameter (cm) and NG/E is number of grains/ear. Means in italic refer to foliage applications, while none italic refer to fertilization treatments. Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).
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Treatments N P K Ca Mg Zn B

Control 27.57£0.12a 1.30£0.01a 9.43+0.03a 26.14+0.04ab 2.80+0.33a 34.95+0.10d 59.20+0.09b
C-1.2kg 27.49+0.09a 1.23+0.02ab 8.95+0.05a 25.07+0.07¢ 2.45+0.01a 73.81+0.16b 44.87+0.09¢
C-2.4kg 25.86+0.05bc 1.14£0.01b 8.26+0.24b 23.08+0.08d 2.31+0.01b 74.08+0.08b 43.60+0.06f
C-3.6kg 25.84+0.09bc 1.18+0.01ab 7.42+0.37¢ 25.98+0.13b 2.5740.07a 75.86+0.06a 48.69+0.05d
C-4.8kg 25.51+0.20c 1.20+0.10ab 8.00+0.11bc 25.2140.10c 2.76+0.06a 74.12+0.02b 56.74+0.05¢
C-6.0kg 26.25+0.25b 1.21+0.03ab 8.03+0.03bc 26.38+0.13a 2.65+0.04a 72.41£0.10¢ 61.83+0.09a

for N, P, K ,Ca and Mg, g/kg; for Zn and B, mg/kg. The lower case letters behind the values of the same indicator in each column are different, indicating that there is a significant difference
between them(P<0.05).
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Treatments Moisture content (%) Field capacity (%) Bulk density(g.cm") Porosity (%)

CK 19.90+0.90d 30.00+0.10f 1.22+0.02a 3.65+0.03d
C-1.2kg 22.44+0.32¢ 35.18+0.01e 1.13+0.06a 3.97+0.08¢
C-2.4kg 25.04+0.52b 38.43+0.16d 1.06+0.01a 4.01+0.01bc
C-3.6kg 26.28+0.33b 41.75%0.39¢ 1.00+0.30a 4.16+0.05b
C-4.8kg 28.05£0.21a 46.18+0.09b 0.94+0.04a 4.36+0.03a
C-6.0kg 29.31£0.35a 50.13+0.02a 0.90+0.09a 4.51+0.04a

The lower case letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).
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Treatments

CK

C-1.2kg
C-2.4kg
C-3.6kg
C-4.8kg
C-6.0kg

pH

4.80+0.02d
6.54+0.03¢
6.86+0.12b
7.13+0.08a
7.27+0.02a
7.31+0.01a

OMC

21.40+0.09f
41.62+0.04e
54.13+0.03d
64.77+0.07¢
76.08+0.08b
121.410.05a

CEC

08.04+0.04d
09.85+0.04b
10.08+0.03a
09.37£0.04¢
09.28+0.04¢
09.32+0.02¢

110.52+1.16e
120.60+1.19d
124.60+0.95¢
130.43+0.79b
132.53+0.91ab
134.17+0.66a

22.7140.10f
39.81+0.06e
47.09+0.04d
53.65+0.08¢
55.73+0.05b
58.61+0.01a

K

153.00+3.00c
373.17+3.81b
399.61+9.23a
401.23x1.11a
366.69+3.91b
360.76+2.20b

E-Ca

889.45+9.21d
1694.72+88.87¢
2821.31£17.17a
2811.50+11.30a
2753.18+17.48ab
2659.76+49.24b

E-Mg

49.90+0.40f
94.40+0.40e
135.56+0.56a
131.64+0.54b
125.27+0.17¢
114.10+0.21d

Zn

3.88+0.04e
6.14+0.04b
6.73+0.12a
6.67+0.16a
5.68+0.14c
5.10+0.10d

OMC, Organic matter content; CEC, cation exchange capacity; A, Available; E, Exchangeable; for exchangeable Ca, Mg and Mn, g/kg; for available N, P, K, Zn and B, mg/kg,
letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).

B

0.86+0.01c
1.000.10bc
1.00+0.00bc
1.46+0.03a
1.15+0.04b
0.96+0.05¢

. The lower case
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Treatments Single fruitweight

Control
C-1.2kg
C-2.4kg
C-3.6kg
C-4.8kg
C-6.0kg

The lower case letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).

(8

40.44+0.18b
39.83+0.25bc
40.80+0.80b
38.77+0.65¢d
42.89+0.31a
37.44+0.10d

Proportion of middlefruits

weight%

52.62+0.10e
79.9740.19a
69.49+0.16d
69.69+0.00d
71.68+0.33¢
73.07+0.07b

Proportion of middlefruits

number%

55.00+1.00e
81.67+0.34a
71.67£0.00c
68.33+1.00d
75.00+0.50b
70.000.00cd

Fruit
shapeindex

0.78+0.01b
0.82+0.00a
0.80a+0.01b
0.80+0.01ab
0.79+0.01ab
0.80+0.01ab

Peel thick
(mm)

2.06+0.01a
1.96+0.01bc
1.75+0.01e
1.81+0.01d
1.94+0.02¢
2.00+0.02b
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Amendment

CK

1.5%C

3%C

4.5%C

69%C

BF

BF+1.5%C

BF+3%C

BF+4.5%C

BF+6%C

pH

4.43
+0.02¢

5.57
+0.02¢
5.57
+0.03¢
5.94
+0.03b
6.35
+0.03a
3.92
+0.07f
4.45
+0.05¢
4.91
+0.03d
5.71
+0.06¢

5.88
+0.10b

OMC

15.1740.12j

46.47
+047f
50.58
+0.62e
75.56
+0.76b
88.07
+0.27a
17.00
+0.10i
31.93
+0.70h
42.47
+0.40g
58.40
+0.27d

73.00
+1.00c

72.57+1.07g

7443
+3.63fg

76.53
+2.73fg

78.63
+2.73fg

81.43+1.00f

156.57
+3.58¢e

166.13
+0.66d

173.83
+l4lc

191.8£1.55b

206.03
+2.51a

15.23
+0.73e

36.84
+0.66¢

3537
+0.37¢

53.06
+0.84b

67.79
+7.44a

25.05
+0.48d

30.46+0.99

30.95+0.85

56.99
+1.00b

55.51
+3.00b

369.93
+49.54bc

373.17
+27.97bc

42876
+13.36ab

374.79

+29.62bc

465.461+23.86a

267.39+31.49%¢

299.23+8.92de

348.34+8.02cd

420.12+8.62bc

416.88+6.08bc

1.82
£0.02g
441
£0.06e
498
+0.14d
621
+0.16¢
7.94
+0.29b
3.08
+0.07f
445
£0.06e
485
£0.27¢
592
£0.18¢

8.02
+0.02a

E-Mg
0.15£0.01f
0.38£0.03¢

0.45
+0.03de

0.46
+0.06de

0.56
+0.06cd

0.75+0.03b

0.67
+0.09bc

0.62
+0.05bc

0.64+0.02b

0.96+0.06a

A-Zn
1.88+0.09F
2.69+0.09¢
2.80+0.09¢
3.97+0.11b
4.74+0.01a

268+

+0.06¢
211£0.01d
239+0.04d

1.41£0.05g

2.24+0.04d

1.17+0.10cd

1.28+0.03bc

1.41£0.01ab

1.07£0.02de

1.20

+0.016bc

0.98+0.07e

1.08+0.04de

1.09+0.05de

1.17£0.06cd

1.44£0.02a

A-Cu
0.54:0.04f
0.99
+0.05bed
0.89+0.02d
1.06+0.01ab
1.11£0.01a
0.91+0.04d
1.03
+0.02abc
0.90+0.05d

0.93+0.03cd

0.62+0.02e

BE: base fertilizer; OMC: Organic matter content; A: Available; E: Exchangeable; for OMC, exchangeable Ca, Mg and Mn, g/kg; for available N, P, K, Zn, B and Cu, mg/kg
letters behind the values of the same indicator in each column are different, indicating that there is a significant difference between them(P<0.05).

E-Mn

18.57£0.07e

18.49+0.09

18.22+0.22¢

17.38+0.39f

22.57+0.07a

20.13

+0.11cd

18.5+0.09¢

20.4+0.04c

19.78+0.03d

21.84+0.04b

. The lower case





