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Introduction

Phosphorus recovery from waste streams is a global concern due to open nutrient cycles. However, the reliability and efficiency of recycled P fertilizers are often low. Biostimulants (BS), as a potential enhancer of P availability in soil, could help to overcome current barriers using recycled P fertilizers. For this, a deeper understanding of the influence of BSs on soil P turnover and the interaction of BSs with plants is needed. 





Methods

We conducted an incubation and a pot trial with maize in which we testednon-microbial (humic acids and plant extracts) and microbial BSs (microbial consortia) in combination with two recycled fertilizers for their impact on soil P turnover, plant available P, and plant growth.





Results and discussion

BSs could not stimulate P turnover processes (phosphatase activity, microbial biomass P) and had a minor impact on calcium acetate-lactate extractable P (CAL-P) in the incubation trial. Even though stimulation of microbial P turnover by the microbial consortium and humic acids in combination with the sewage sludge ash could be identified in the plant trial with maize, this was not reflected in the plant performance and soil P turnover processes. Concerning the recycled P fertilizers, the CAL-P content in soil was not a reliable predictor of plant performance with both products resulting in competitive plant growth and P uptake. While this study questions the reliability of BSs, it also highlights the necessity toimprove our understanding and distinguish the mechanisms of P mobilization in soil and the stimulation of plant P acquisition to optimize future usage.
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1 Introduction

Innovative solutions are needed to close the global gap between the intensive use of finite P fertilizers, and open P cycles on the other hand resulting in environmental damage (Carpenter and Bennett, 2011; Müller and Zhang, 2019; Jasinski, 2020; Panagos et al., 2022). So far, the usage of P from recycling streams has not yet reached its full potential, but the full recovery of P from streams will be critical for the environment and for fertilizer production in the future. In Austria, for example, it was estimated that 70% of the currently applied fertilizers could be substituted by P from alternative sources, while at the moment only 27% of the P from wastewater is being recycled (Egle et al., 2014). However, many recycled P fertilizers, particularly incineration products, are characterized by a lower P availability for plants leading to a lower P use efficiency compared to conventional synthetic P fertilizers such as triple super phosphate (Roberts and Johnston, 2015; Kratz et al, 2019). Even though a thermo-chemical treatment of sewage sludge ashes with alkaline additives was able to increase the P availability in soil and improved P related plant responses (Severin et al., 2014) the gap of the effectiveness of these products compared to readily available P of conventional synthetic fertilizers is still pronounced (Nanzer et al., 2014). Precipitation products such as struvite-based fertilizers can keep up with conventional synthetic fertilizers in terms of P bioavailability, but have shown a considerably variable performance in pot and field experiments (Römer and Steingrobe, 2018) which makes them unattractive for farmers (Utai et al., 2022). Therefore, strategies on how to increase the performance, reliability and finally the acceptance of these recycled P products need to be explored.

The combination with biostimulants (BS), also known as bioeffector, could serve as one such promising approach. Over the past decade, BSs have attracted attention as a potential way to improve the sustainability of current food production through the reduction of the demand of inputs like fertilizers (Povero et al., 2016; Rouphael and Colla, 2020). The application of BSs targets to increase plant growth by enhancing nutrient acquisition, increasing stress tolerance, or crop quality without the need for additional nutrients or pesticides to the system (Du Jardin, 2015). The potential positive impact on yield and nutrient uptake of BSs was demonstrated in several meta-studies (Schütz et al., 2017; Herrmann et al., 2022; Li et al., 2022). The combination of recycled P fertilizers and BSs increased the reliability and effectiveness of new, alternative P fertilizer products (sewage sludge ashes and struvites), as studies have found positive effects of this approach on yield and P uptake (Thonar et al., 2017). However, reliability remains a crucial factor since other studies could not confirm the impact on P use efficiency (Wollmann et al., 2018; Jastrzębska et al., 2019). In order to optimize the functionality of BS products in combination with recycled fertilizers, a deeper understanding of the mechanisms behind the BS application in the interface of soil and plants is necessary. There is limited knowledge regarding the key drivers of P dynamics and the specific processes involved– the direct P mobilization from the soil, and the stimulation of native soil microorganisms, or the modification of plant responses for P uptake.

BSs can be grouped into two categories: microorganisms - single strains or mixtures of several strains-, and natural-active compounds, which alter soil characteristics, shape soil microbial community, and P availability in different manners. BS products based on microorganisms may directly mobilize P in the soil or stimulate the plant’s mechanisms for P acquisition. An enormous diversity of microorganisms exists in natural soil populations which are capable of solubilizing P from less plant accessible sources, such as P bound to clay particles (Kalayu, 2019). By the exudation of organic anions (carboxylates) and other complexing/chelating compounds, extra-cellular enzymes, and the reduction of the pH, P solubilizing microorganisms can degrade organic P compounds and enable the release of P from less bioavailable P pools (Rawat et al., 2021).

Regarding the stimulation of plant’s nutrient uptake, many plant growth-promoting microorganisms interfere with root morphology by shifting the hormone balance in plants. Several plant growth-promoting microorganisms produce phytohormones such as auxin. Others release compounds that interfere with hormone production in the plant which may lead to a higher root growth and increased root branching (Vacheron et al., 2013) and thereby, ameliorate the plant’s nutrient acquisition potential.

The pairing of microorganisms based on their mode of action was proposed as a promising possibility to exploit synergies (Santoyo et al., 2021). One prominent example is mycorrhiza helper bacteria, which support the symbiosis between arbuscular mycorrhizal fungi (AMF) and the plant, while simultaneously promoting the nutrient uptake of the plant by mobilizing P from the soils and/or stimulating root proliferation which is also advantageous for the colonization of AMF (Frey-Klett et al., 2007; Hameeda et al., 2007; Sangwan and Prasanna, 2022).

In addition to microbial products, a wide variety of naturally active compounds are used and sold as BSs such as extracts from seaweed and other plants, as well as humic and fulvic acids. These BSs may also have an impact on the nutrient uptake by plants and plant performance under nutrient limiting conditions. Humic acids could possibly increase the amount of plant available P forms in the soil by complexing iron (Gerke, 1993). Extracts often contain phytohormones which, similar to plant growth promoting microorganisms, can stimulate root growth (Mukherjee and patel, 2020). Additionally, these non-microbial BSs can serve as a carbon source for microbes in the soil. Previous studies have shown an increase in respiration and soil microorganism diversity when extracts were applied (Alam et al., 2013; Hussain et al., 2021; Prisa, 2021). Shukla and Prithiviraj (2020) also demonstrated an influence on gene expression related to P starvation response which could result in higher P uptake by the plant when seaweed extracts were applied to maize under P limiting conditions.

However, there is insufficient evidence regarding which of the above-mentioned mechanisms are decisive for the observed impact on plant performance. Furthermore, it is not clear, whether BSs only increase the plant performance by an interaction with the plant or, as often suggested, change the P turnover in soil and thereby, increase the P availability in the soil. In particular, non-microbial products are often neglected in studies about potential impacts on soil and soil microbial activity by BS products and direct comparisons of non-microbial and microbial BSs are lacking. For example, Li et al. (2022) claim the impact of the soil is a major determinant for the improvement of plant performance. Higher responses were observed when these products were applied to the soil compared to a foliar application (Li et al., 2022). In addition, little is known if BSs not only can improve P availability in soil, but if they can increase the P fertilizer use efficiency of recycled P fertilizers by the same mechanisms.

The purpose of our study was to address the impact of BSs on soil P mobilization, the comparison of different BSs on their effectiveness to alter soil P processes, and their potential benefits in the utilization of recycled fertilizers. We applied BSs directly to the soil in combination with recycled fertilizers to assess their impact on P turnover and plant growth. To distinguish between pure soil-based effects and effects related to growing maize, corresponding incubation, and greenhouse pot experiments were performed. Our hypotheses are as follows: (1) BSs increase the P availability in soil in a system without plants. Thereby, microbial BSs directly act in the soil by stimulation taking advantage of their own P mobilization pathways in soil. Non-microbial BSs can induce similar changes in the soil by stimulating soil P turnover processes by native soil microorganisms. (2) Through the addition of P by the application of recycled fertilizers, mobilization pathways of soil microorganisms are stimulated, and a positive interaction of BSs and recycled fertilizers is anticipated. (3) In the greenhouse trial, BSs increase plant growth and the P acquisition of plants under P limited conditions. The stimulatory impact of BSs on the P cycling in soil amplifies as products are designed to interact with the plants and additionally, root growth is promoted. (4) In terms of the application of recycled fertilizers, BSs can improve the P fertilizer use efficiency. Synergies of a combination of recycled fertilizers and BSs are more pronounced in an environment with plants than without.




2 Materials and methods



2.1 Treatments

In this experiment, two recycled fertilizers were chosen due to promising results in earlier studies: one was a struvite containing P fertilizer (0.66% N, 6.98% total-P of which< 1% is water soluble, 0.24% K, STR) produced from biogas digestate with a new procedure called NuTriSep, the second one was a thermic-chemically treated sewage sludge-ash (7.97% total-P, 5.9% Fe, 5.1% Al, SSA) from the ASH -DEC procedure (Hermann and Schaaf, 2016). The NuTriSep procedure separates P, N, and K from the digestate to enable the application of individual nutrients orientated on actual crop demand. We tested in this trial the P recyclate. Both soils received the same amount of P (50 mg P kg-1 dry substrate). The recycled fertilizers did not apply a considerable amount of N or K, that is why the fertilizer amount of N and K was not adopted.

Regarding the BSs, we used commercial products or products that will soon be released to the local market to increase the chance of a successful inoculation of the microbial BSs and an effective action in the soil. We have chosen to include non-microbial and microbial biostimulants to be able to directly compare their effectiveness. For the microbial biostimulants, we only included microbial consortia as they were shown to be more effective than single strains (Herrmann et al., 2022). Therefore, we included two different plant extracts, one humic acid, and two microbial consortia. The available details of the products as well as the applied dosages can be found in Table 1. The microbial products contained microorganisms with known P solubilization ability (Elhaissoufi et al., 2022). To ensure an effective and visible action of these products, we used a higher dosage than the recommendation of the manufacturers, which may have influenced the results of the trial. For the microbial consortia inoculation, the application rate of both BSs was adopted to reach the same colony-forming unit per gram soil which was set to 108 colony-forming units (cfu) g-1 soil as successfully implemented in earlier experiments (Nkebiwe et al., 2016). This corresponded to a 100 times higher dosage compared to the recommendation of the manufacturer. To make the results comparable between non-microbial and microbial products, we also chose for the incubation trial without plants for the non-microbial products a 100 times higher dosage than the recommendation of the manufacturer. However, because the plant extracts may become phytotoxic (manufacturers advice) if the applied concentrations are too high, we reduced the application amount of the non-microbial BSs to a 10 times higher dosage compared to the recommendation of the manufacturer in the pot trial which included plants. Nutrient additions due to the low application amount are negligible for the BSs.


Table 1 | Biostimulants (BS) used in this experiment and dosages applied.



In the incubation trial, we tested two soils with different P contents, while in the pot trial we only used the soil with the lower P content. Relevant information of the soils can be found in Table 2. Both soils were retrieved from the topsoil (0-20 cm) and were sieved with a ø5 mm-sieve after airdrying.


Table 2 | Soil characteristics.



Summarizing the above-mentioned treatments, the incubation trial consisted of 36 treatments (2 soils x 6 BSs including one control x 3 fertilizer treatments including one unfertilized control), and the pot trial included 12 treatments (1 soil x 4 BSs including one control x 3 fertilizer treatment including one unfertilized control). In both cases, a randomized complete block design was used with 5 and 4 blocks for the incubation and pot trial, respectively.




2.2 Incubation trial

The incubation trial was set up for 8 weeks in incubation cabinets with a temperature of 20°C. 750 g dry soil was each filled in 1 L glasses and watered with distilled water 1 week before the start of the experiment to reach a water holding capacity of 50% which corresponds to 34% (soil 1) and 28% (soil 2) water content. BSs and fertilizers were given at the same time by applying the necessary amounts and thoroughly mixing the soil. The liquid amount given to each of the treatments was balanced by giving distilled water to treatments receiving a lower amount of liquids. The glasses were covered with a thin plastic layer to avoid water loss but to guarantee aerobic conditions in the glasses at the same time. The water content was checked gravimetrically once per week and water was added accordingly.

Soil samples were collected 5 times during the experiment: 2 days, 1 week, 2 weeks, 4 weeks, and 8 weeks after fertilization. For this, soil was watered and mixed again, and a representative sample was taken. Afterwards, when watering, the weight loss due to the sampling was accounted for. For the analysis of microbial biomass P and phosphatase activity, fresh samples were taken 1 week and 4 weeks after fertilization and were stored at 4°C until further analysis.




2.3 Greenhouse trial

The greenhouse trial was set up for 6 weeks in the greenhouse facilities at University of Hohenheim from May 2022 to July 2022. Temperature and relative humidity in the greenhouse were recorded automatically several times during the day and night. The average temperature during the growing period was 26.6°C, and the relative humidity was on average 48.3%. The substrate used for this experiment consisted of 70% of dry low P soil (P-Class A) and 30% of quartz sand (ø 0.6-1.2 mm) on a weight basis. Besides P fertilizers, the substrate was fertilized with 150 mg N (kg dry substrate)-1 in the form of Ca(NO3)2, 200 mg K (kg dry substrate)-1 in the form of K2SO4, and 100 mg Mg (kg dry substrate)-1 in the form of MgSO4. All these fertilizers were homogeneously mixed with the soil and 6 kg of the substrate (dry matter) was filled in Mitscherlich-pots.

We used the maize (Zea mays L.) cultivar Stabil (KWS SAAT SE & Co. KG, Einbeck, Germany). Three seeds were sown and then thinned to one after emergence. BS were applied to the soil close to the seeds. The initial plan was to apply the BS amount once after sowing (in the seed hole) and again after germination (close to the plant after thinning). Since germination of the first set failed and we had to re-sow the seeds, we decided to double the BS application upon the germination of the second planting. This was to make up for any BS concentration lost when taking out seeds/plants. Throughout the experiment, moisture was kept at 70% water holding capacity, and pots were gravimetrically watered 2 to 3 times per week depending on the weather.

Soil samples were taken 1 day after fertilization, post-emergence (6 days after sowing), at the 3-leaf stage (12 days after sowing), at the 6-8 leaf stage (32 days after sowing), and at final harvest at the 9-leaf stage (48 days after sowing), respectively. During the growing period of maize, soil was taken from the first 10 cm of the pots close to the plants and mixed thoroughly. Fresh soil samples were taken for the analysis of microbial biomass P and phosphatase activity at final harvest, which were stored at 4°C until further analysis.




2.4 Measurements



2.4.1 Soil analysis

Microbial Biomass P was estimated by the chloroform fumigation extraction method (Brookes et al., 1982) according to the protocol described by Joergensen et al. (1995). Briefly, three sets of soil samples were analyzed for their Olsen-P concentration. One set was fumigated with chloroform for 24 h at 20°C, the other two sets were not fumigated and one of the two were spiked with a P containing Olsen solution to measure the absorption of released P to the soil. and P concentrations in the extracts were measured photometrically according to Murphy and Riley (1962). Microbial Biomass was calculated based on the following equation:

	

where f is the P concentration of the fumigated soil, n is the P concentration of the non-spiked, non-fumigated soil, s is the P concentration of the non-fumigated but spiked soil, a is the amount of P which is added as a spike to the soil, k is the constant derived from Brookes et al. (1982) and FW/DW is the conversion from fresh soil to dry soil.

For the incubation trial, microbial biomass P was determined in the samples taken 1 week and 4 weeks after fertilization for the highly P deficient soil, whereas for the pot trial samples retrieved at final harvest were measured for microbial biomass P.

Acidic and alkaline phosphatase activity were determined by the p-nitrophenyl phosphate method of Tabatabai and Bremner (1969) with modifications adapted from Rubio et al. (1990) and Redel et al. (2008). Briefly, 2 ml of 0.115 M nitrophenolphosphate was added to 2 g of fresh soil samples together with the buffer solution setting the pH value (5.5. for acid phosphatase, 8.2 for alkaline phosphatase). Additionally, blanks were included which only received water before the water bath, and omega blanks which received nitrophenol (500 µg ml-1). Samples were then placed in a water bath for 1 h. Afterwards, 0.5 M CaCl2 was added to stop the enzyme reaction and 2 ml of water was given to the samples to equalize the volume between samples and blanks/omega blanks. The blanks and omega blanks received 2 ml of nitrophenolphosphat. Afterwards, the samples were filtered immediately. 1.2 ml of the supernatant was added into a falcon tube with 13.4 ml water and 0.4 ml 0.5 M NaOH and centrifuged. The nitrophenol content was measured photometrically at a wavelength of 420 nm. Phosphatase activity was then calculated with the following equation:

	

with S being the with nitrophenylphosphat for 1 h incubated sample, B being the blank, in which nitrophenylphosphat was added after the incubation, O being the omega Blank, for which 500 µg nitrophenol was added to the sample during the 1 h incubation and FW/DW being the conversion factor from fresh soil to dry soil.

Additionally, blanks without soil were added to test any interference with the organic matter content in the soil. This was not the case in both soils.

For the incubation trial, phosphatase activity was analyzed for samples retrieved 1 week after fertilization and in the pot trial, samples from the final harvest were analyzed.

Plant available P was determined via the Calcium-acetate-lactate extraction (CAL-P) according to the protocol of the VDLUFA (Schüller, 1969; VDLUFA, 1991). For this, 5 g of soil were mixed with 100 ml CAL solution and shaken for 1.5 h. Afterward, the samples were filtered, and P concentrations were measured photometrically in the filtrate. Prior to the analysis, the soil samples were air dried and sieved with a ø 2 mm-sieve. CAL-P was determined at all sampling times. In the samples from the final harvest, soil pH was measured in a 0.01 M CaCl2 solution.




2.4.2 Plant analysis

Throughout the growing period, plant height, leaf area, and stem diameter were measured every other week. After harvest, plants were dried at 60°C, weighed, and milled for nutrient content analysis. P content in the whole plant material was analyzed with the microwave digestion method (VDLUFA, 2011). Roots were carefully washed and stored in a 70% ethanol solution at 4°C. Total root length and fine root length were measured by the WinRhizo Pro V. 2009c (Regent Instruments Inc., Canada) software.





2.5 Statistical analysis and illustration

Statistical analysis was implemented with SAS Software (Version 9.4. SAS Institute Inc., Cary, NC, USA). To correct for potential variations within one soil analysis method due to different measuring time points, a control soil was always analyzed together with the soil samples. In the statistical model, the control soil was, then, added as a covariate, and blocks were included as a random effect in order to eliminate that error. Our full linear mixed model for the unrepeated case was as follows:

	

where µ is the intercept, b is the random effect of the ith block, s is the linear correction factor based on the control soil, α, β, γ are the effects of jth soil, the kth BS and the lth fertilizer. yijkl is the mean with a homogeneous and normal distributed residual error eijkl. Because in the pot trial only one soil was used, the parameter vectors for soil and all respective interaction terms were excluded.

The final model was then chosen based on the results of the ANOVA by removing factors with non-significant effects from the model.

In the case of repeated measurements, a time effect was included in the model. To consider the correlation among the observation time points, the best fitting variance-covariance matrix was chosen based on the AIC criterion (Wolfinger, 1993). For CAL-P measurements in the pot, leaf area, and stem diameter, time was considered as a metric variable since a simple polynomial model could be fit which was able to explain the data sufficiently. In any other case, time was included as a categorical variable.

Illustrations of the graphs were implemented with the R package ggplot2 (Wickham, 2016). Fisher’s LSD test of pairwise differences (Fisher, 1936) were performed based on the final reduced model and are displayed with letters in the graphs.





3 Results



3.1 Soil P turnover processes are irresponsive to biostimulant’s application without plants

In the current incubation test, CAL-P was strongly dependent on soil, fertilizer, BSs, and the sampling time (Supplementary Table 1). CAL-P showed a decreasing trend for the fertilizer treatments till the fourth sampling time, 28 days after fertilizer application while the unfertilized control maintained its CAL-P content over time (Figure 1A). Thereby, the STR treatment declined faster in the beginning than the SSA leading to a convergence at the end of the experiment of both fertilizer treatments’ CAL-P content in soil. In the case of the moderate P-deficient soil (Class B), the difference between the two fertilizers was no longer significant at the end of the experiment with a content of 42.5 mg (kg dry soil)-1 for the SSA treatment and 46.3 mg (kg dry soil)-1 for the STR treatment.




Figure 1 | CAL-P in dry soil (A) CAL-P in dependence on fertilization, soil and time (n=896). Illustrated are medians of the time points of the measurement with their confidence limits (α=0.05). Statistical differences are not shown for a better visualization. (B) CAL-P in dependence on biostimulants and fertilization. Medians with their confidence limits (α=0.05) are depicted (n=896). The letters show the results of the pairwise comparisons of biostimulants within the fertilization (α=0.05). Same letters mean no significant difference between treatments. C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer; Class A, soil with high P-deficiency; Class B, soil with moderate P-deficiency; AE1 + 2, plant extract; HA, humic acids; M1 + 2, microbial consortia.



The addition of humic acids to the soil resulted in a slightly higher CAL-P content for the unfertilized control in the moderately P deficient soil (Class B), and for the fertilized treatments in the highly P-deficient soil (Figure 1B). All other BSs did not vary substantially from the untreated control and the fertilization effect was overall predominant.

While the microbial biomass P was not significantly affected by any treatment (Supplementary Table 1, data shown in Supplementary Figure 1), the acidic and alkaline phosphatase activity were influenced by the fertilizers and the soil (Supplementary Table 1). The acidic phosphatase activity expressed as p-nitrophenol development in dry soil over time was increased by 13.4 µg g-1 h-1 by the struvite containing P fertilizer compared to the unfertilized control independent of the soil (Figure 2A). The alkaline phosphatase activity showed a significantly higher activity (by 6.5 µg g-1 h-1) when fertilized with P (Figure 2B). Both enzymes were more stimulated in the soil with the lower P content (Figures 2A, B).




Figure 2 | (A) Acid Phosphatase activity (n=180) and (B) alkaline Phosphatase activity (n=180) in dependence on fertilization and soil. Medians with their confidence limits (α=0.05) are depicted. Same capital letters indicate no significant difference between the fertilization (α=0.05). Letters above the line display the comparison of the soils (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer; Class A, highly P-deficient soil; Class B, moderately P-deficient soil.



The soil pH did not reflect any relevant changes by a BS application or by the fertilizer application which could result in a higher plant P availability (Supplementary Table 3).




3.2 Biostimulants cannot promote plant growth in P limiting conditions

BSs had no significant effect on the growing speed of the plants (Supplementary Table 2). All plants started growing at the same rate, but by the second measurement time, the STR and SSA treatments were significantly higher than the unfertilized control (Figure 3B). Likewise, BSs had no significant effect on leaf area and stem diameter. Differences among fertilizer treatments were minuscule at the start, while the SSA and STR started to diverge from the unfertilized control treatment by the second measurement time. At harvest, the SSA and STR treatments did not vary significantly from one another regarding any plant trait (Figures 3A–D).




Figure 3 | Plant growth traits. (A) Leaf area and (C) stem diameter as a function of time for the fertilization (n=192). Points represent the estimate from the statistical model at the respective measuring time point while the more transparent dots are raw measurements. (B) Plant height in dependence on fertilization and time (n=192). In (B), medians are displayed by dots with their respective confidence limits (α=0.05). (D) Dry mass at harvest in dependence on fertilization (n=48). Means are displayed by bars with their confidence limits (α=0.05). Same letters indicate no significant difference at final harvest (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer.



Fertilizing the plants increased the P content and concentration of the plants, while the fertilizers did not differ significantly from each other (Figures 4A, B). BSs did not affect root growth significantly, and only the fertilization effect was visible. Consistently, the two fertilizers increased root growth compared to the control but did not differ from each other (Figures 5A, B).




Figure 4 | (A) P concentration and (B) P content in dependence on the fertilization (n=48). Means are displayed by bars with their confidence limits (α=0.05). In (a), the red dotted line depicts the critical P concentration threshold underneath plants face P limitation. Same letters indicate no significant difference at final harvest (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer.






Figure 5 | (A) Total root length and (B) fine root length in dependence on the fertilization (n=48). Means are displayed by bars with their confidence limits (α=0.05). Same letters indicate no significant difference at final harvest (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer.



Concerning the soil analysis, CAL-P was not affected by the BS application, but by time and fertilization (Supplementary Table 2). At the beginning of the trial, all fertilization treatments varied significantly from each other with the STR treatment leading to the highest CAL-P content of 38.6 mg (kg dry soil)-1 followed by the SSA treatment with 24.1 mg (kg dry soil)-1 (Figure 6). The slopes of the two fertilizers are not significantly different from each other leading to a parallel decrease over time for the fertilizer treatments while the control stayed stable at the same level of around 7 mg (kg dry soil)-1.




Figure 6 | CAL-P content in dry soil as a function of time for the fertilization (n=240). Points represent the estimate from the model at the respective measuring time point while the lighter dots are raw measurements. Same letters indicate no significant difference between the fertilizers at the respective time point (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer. P-values of the slopes are shown in the upper right corner, which are significant for SSA and STR.



The BSs had a statistically significant effect on microbial biomass P (Supplementary Table 2). The application of the SSA resulted in a considerable drop of the microbial biomass P in the control and extracts, which could not be observed with humic acids and microbial consortium (Figure 7). When the soil was inoculated with the BS “M2” the application of SSA led to an increase in microbial biomass P (15.3 mg P (kg dry soil)-1) compared to the other fertilization treatments (10.5 mg P (kg dry soil)-1 for the unfertilized control and 10.1 mg P (kg dry soil)-1 for the STR) (Figure 7). Regarding the enzyme activity, BSs and fertilization had no significant effect on the acidic or alkaline phosphatase activity (Supplementary Table 2).




Figure 7 | Microbial Biomass P in dry soil in dependence on biostimulants and fertilization (n=48). Means are displayed by bars with their confidence limits (α=0.05). Same capital letters indicate no significant difference of the fertilization within the BS treatment (α=0.05). Same small letters indicate no significant difference of the biostimulants within the fertilization (α=0.05). C, Control; SSA, treated sewage sludge ash; STR, struvite containing P fertilizer; AE1, plant extract; HA, humic acid; M2, microbial consortia.



The pH was significantly affected by BS application (p = 0.0157) and fertilizer treatment (p<0.0001). While the fertilizers slightly increased the pH by 0.2 from 4.9 to 5.1, the plant extract and the humic acid decreased the pH by 0.1 compared to the control (5.0), respectively (Supplementary Table 4).





4 Discussion



4.1 Fertilization and biostimulants impact on plant growth and nutrient uptake

BSs failed to ensure a promotion of plant growth under P limiting conditions with and without the supply of recycled fertilizer products. The reliability of BS product is limited due to their nature of indirectly influencing the soil which is also highlighted by existing studies in which BSs improved P fertilizer use efficiency of recycled fertilizers (Mpanga et al., 2018; Wollmann and Möller, 2018) and others in which they did not (Lekfeldt et al., 2016; Wollmann et al., 2018; Jastrzębska et al., 2019). The soil had a strong P limitation. Previous studies confirmed that a starter fertilization of P under strongly P-limiting conditions is needed to ensure or improve the action of various beneficial microorganisms such as AMF and P-solubilizing microorganisms (Treseder and Allen, 2002; Schütz et al., 2017) but also for active natural compounds such as humic acids and seaweed extracts (Li et al., 2022). However, the fertilization of P led to a significant increase in soil P turnover activity, P availability, and plant performance. The recycled P fertilizers nourished the plants sufficiently with P as P concentrations in shoots are above the critical threshold (Bergmann and Neubert, 1976) which may also explain the lack of action by the applied BSs.

Even though in the pot and incubation trial the two fertilizers differed clearly concerning their increase in the CAL-P content in soil, both can be considered equivalently effective regarding their impact on the plant growth parameters as well as nutrient uptake. Similar results were also obtained by previous studies (Nanzer et al., 2014; Severin et al., 2014; Wollmann et al., 2018) and it is widely recognized that CAL-P is not a direct predictor of plant growth and plant P uptake, especially when using alternative P sources (Duboc et al., 2017).




4.2 The impact of biostimulants and recycled fertilizers on soil P availability, P fertilizer availability, and soil P turnover

One main result regarding BS application to the soil is the higher CAL-P content in the case of the application of humic acids while other BSs did not influence the CAL-P content. Previous studies underlined this result by achieving a higher P availability when humic acids are applied together with fertilizers (Wang et al., 1995; Du et al., 2013). Humic acids can directly act against P adsorption onto minerals to the soil by competing with P for binding sites, by the dissolution of bound P, and by the inhibition of P precipitation (Du et al., 2013; Perassi and Borgnino, 2014; Gerke, 2021). Thus, these mechanisms can explain the correlation of the applied humic acid amount and the P availability in soil (Yuan et al., 2022). The application of humic acids may be more reliable than the inoculation of microorganisms which may not establish in soil or colonize the rhizosphere (Podile et al., 2014) or by an insufficient P solubilizing capability to deliver nutrients to the plants (Raymond et al., 2021). 2021). However, the impact of humic acids was not consistent in both soils in our study. This soil-dependent behavior was also observed in previous studies (Maluf et al., 2018) and could be related to soil pH (Gerke, 2021), clay contents (Maluf et al., 2018), and possibly other edaphic factors. Nevertheless, the effect of humic acids on CAL-P was possibly overshadowed in the pot trial by the effect of the plant and fertilizers. With higher amounts of applied humic substances, the impact on P mobilization could be further enforced and possibly be also relevant in plant trials like implemented in previous studies (Hua et al., 2008).

The microbial biomass P was not significantly altered without the plant in the incubation trial while a significant BS and SSA interaction was detected in the pot trial. This is an indicator of the necessity of a plant for the BSs to establish or interact with soil nutrients, especially for the microorganisms which need a carbon-rich environment to grow. In the pot trial, a sharp drop of microbial biomass P was observed when pots were fertilized with SSA. Previous studies have also detected a similar response when plants were fertilized with P (Clarholm, 1993) while in other studies microbial biomass P was positively affected by a P fertilization (Shi et al., 2020). However, it seems that humic acids and the microbial consortia have the capability to prevent such a decrease. Other studies revealed that seaweed extracts and humic acids shaped microbial community structure in soil but also on plant roots (Renaut et al., 2019; Yuan et al., 2022) and plant extracts could stimulate microbial degradation of organic material (Chen et al., 2002). Thus, also plant extracts can potentially alter the microbial community. Increasing the application frequency and the dosage of plant extracts may be a strategy to induce effects in microbial communities (Alam et al., 2013). The combination of the microbial consortia 2 and the SSA treatment even appeared to favor an establishment of the microbes while this was not the case for other fertilizers and microbe combinations. Despite this significant impact on the microbial biomass P, plant traits were not affected by the BS application.

Phosphatase activity in soil was not affected by BS application. In the contrary, previous studies have shown a reduction of phosphatase activity in soil by humic acids (Malcolm and Vaughan, 1979; Yuan et al., 2022) and a stimulation of phosphatase activity by mycorrhization of plants (Tarafdar and Marschner, 1994; Joner et al., 2000), by phosphate solubilizing bacteria (Kim et al., 1997) and by the addition of seaweed extracts (Chen et al., 2023). However, in none of the cases, the phosphatase activity was measured without plants. In our trial with plants, the influence on BSs may have been masked by a stronger influence of plants at harvest stage due to dense rooting of the pots. However, other studies also concluded that mobilization of P turnover processes in soil could not be identified as an important mechanism contributing to improved P availability by biostimulants, but rather the promotion of root growth (Raymond et al., 2021; Nkebiwe et al., 2024). In the incubation trial, we detected a fertilization effect on acid and alkaline phosphatase activity, while this was not recognizable in the pot trial. In the literature, consistency for fertilization effects on phosphatase activity and the correlation of soil P content is not given. For example, Garg and bahl (2008) found an increase in acid phosphatase activity with increasing soil P content, while Spiers and McGill (1979) concluded the opposite or could not find an impact of fertilization on phosphatase activity. In our case, it can be assumed that a lower P-availability in the soil itself increases the phosphatase activity potential in soil as plants and microorganisms require a higher mobilization capability with a lower P-availability. A short-term fertilization, however, can stimulate phosphatase activity in soil. Another decisive factor whether phosphatase activity is stimulated or not by P addition, is the P source provided via fertilization. Highly soluble P fertilizers decreased phosphatase activity while non-soluble P fertilizers did not affect or slightly increased the phosphatase activity (Redel et al., 2019). Both used recycled fertilizers are characterized by a low immediate solubility in soil, which could explain the stimulation of phosphatase activity by both fertilizers. As above mentioned, plants densely rooted the pots at the end of the trial, potentially masking an impact of the treatments, in the pot trial. Nevertheless, it can also be argued that available P content in soil is not a good predictor of phosphatase activity in soil. Margalef et al. (2017) could demonstrate that a correlation of acid phosphatase activity and available P content is not given, and that the enzyme activity is more connected to the available organic P content in soil.





5 Conclusion

Although BSs were able to influence P availability and microbial biomass P in the soil, the impact on plant growth was negligible in this trial. The outcomes of the analyses of the soil without plants and with plants did not correlate concerning the BSs highlighting the importance to prove BSs effect not only in in-vitro trials but in the actual system in which it shall be used in later stages. The fertilization increased plant growth, soil P turnover and available P content in soil in a higher magnitude than any BS effect. The treated sewage sludge ash resulted in an equivalent plant growth than the struvite containing P fertilizer even though the CAL-P was significantly lower. Thus, the assessment of new recycled fertilizers based on current extractive analyses for plant available P such as CAL-P extraction does not seem to be suitable, and plant trials are recommended to evaluate the replaceability of conventional synthetic fertilizers by these new products.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

MH: Writing – review & editing, Writing – original draft, Visualization, Software, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. LG: Writing – review & editing, Investigation, Data curation. RJ: Writing – review & editing, Investigation, Data curation. SM-R: Writing – review & editing, Investigation, Data curation. PN: Writing – review & editing, Supervision, Conceptualization. XC: Writing – review & editing, Supervision. HY: Writing – review & editing, Supervision. TM: Writing – review & editing, Supervision, Project administration, Funding acquisition, Conceptualization.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was financially supported by the Scientific Research Startup Foundation of Southwest University to HY (SWU019012) and by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – 328017493/GRK 2366 (Sino-German International Research Training Group AMAIZE-P).




Acknowledgments

We are very grateful for the support of Helene Ochott, Daniel Wanke, Nafiseh Ramezanzadehrostami, Isaac Vallabhapurapu, Shruti Singla and Tobias Pauli Caldas in conducting the lab analyses.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1465537/full#supplementary-material



Abbreviations

STR, struvite containing P fertilizer; SSA, thermo-chemically treated sewage sludge ash; AE, plant extract; HA, humic acid; M,– microbial consortia; CAL-P, calcium-acetate-lactate-extractable P.




References

 Alam, M. Z., Braun, G., Norrie, J., and Hodges, D. M. (2013). Effect of Ascophyllum extract application on plant growth, fruit yield and soil microbial communities of strawberry. Can. J. Plant Sci. 93, 23–36. doi: 10.4141/cjps2011-260

 Bergmann, W., and Neubert, P. (1976). Pflanzendiagnose und Pflanzenanalyse, Tabelle zur Pflanzenanalys (Jena: VEB Gustav Fischer Verlag).

 Brookes, P. C., Powlson, D. S., and Jenkinson, D. S. (1982). Measurement of microbial biomass phosphorus in soil. Soil Biol. Biochem. 14, 319–329. doi: 10.1016/0038-0717(82)90001-3

 Carpenter, S. R., and Bennett, E. M. (2011). Reconsideration of the planetary boundary for phosphorus. Environ. Res. Lett. 6, 14009. doi: 10.1088/1748-9326/6/1/014009

 Chen, D., Li, Z., Yang, J., Zhou, W., Wu, Q., Shen, H., et al. (2023). Seaweed extract enhances drought resistance in sugarcane via modulating root configuration and soil physicochemical properties. Ind. Crops Products 194, 116321. doi: 10.1016/j.indcrop.2023.116321

 Chen, S.-K., Subler, S., and Edwards, C. A. (2002). Effects of agricultural biostimulants on soil microbial activity and nitrogen dynamics. Appl. Soil Ecol. 19, 249–259. doi: 10.1016/S0929-1393(02)00002-1

 Clarholm, M. (1993). Microbial biomass P, labile P, and acid phosphatase activity in the humus layer of a spruce forest, after repeated additions of fertilizers. Biol. Fertil Soils 16, 287–292. doi: 10.1007/BF00369306

 Du Jardin, P. (2015). Plant biostimulants: Definition, concept, main categories and regulation. Scientia Hortic. 196, 3–14. doi: 10.1016/j.scienta.2015.09.021

 Du, Z.-Y., Wang, Q.-H., Liu, F.-C., Ma, H.-L., Ma, B.-Y., and Malhi, S. S. (2013). Movement of phosphorus in a calcareous soil as affected by humic acid. Pedosphere 23, 229–235. doi: 10.1016/S1002-0160(13)60011-9

 Duboc, O., Santner, J., Golestani Fard, A., Zehetner, F., Tacconi, J., and Wenzel, W. W. (2017). Predicting phosphorus availability from chemically diverse conventional and recycling fertilizers. Sci. Total Environ. 599-600, 1160–1170. doi: 10.1016/j.scitotenv.2017.05.054

 Egle, L., Zoboli, O., Thaler, S., Rechberger, H., and Zessner, M. (2014). The Austrian P budget as a basis for resource optimization. Resources Conserv. Recycling 83, 152–162. doi: 10.1016/j.resconrec.2013.09.009

 Elhaissoufi, W., Ghoulam, C., Barakat, A., Zeroual, Y., and Bargaz, A. (2022). Phosphate bacterial solubilization: A key rhizosphere driving force enabling higher P use efficiency and crop productivity. J. Adv. Res. 38, 13–28. doi: 10.1016/j.jare.2021.08.014

 Fisher, R. A. (1936). The design of experiments (Edinburgh: Oliver & Boyd).

 Frey-Klett, P., Garbaye, J., and Tarkka, M. (2007). The mycorrhiza helper bacteria revisited. New Phytol. 176, 22–36. doi: 10.1111/j.1469-8137.2007.02191.x

 Garg, S., and bahl, G. S. (2008). Phosphorus availability to maize as influenced by organic manures and fertilizer P associated phosphatase activity in soils. Bioresour Technol. 99, 5773–5777. doi: 10.1016/j.biortech.2007.10.063

 Gerke, J. (1993). Phosphate adsorption by humic/Fe-oxide mixtures aged at pH 4 and 7 and by poorly ordered Fe-oxide. Geoderma 59, 279–288. doi: 10.1016/0016-7061(93)90074-U

 Gerke, J. (2021). Review Article: The effect of humic substances on phosphate and iron acquisition by higher plants: Qualitative and quantitative aspects. J. Plant Nutr. Soil Sci. 184, 329–338. doi: 10.1002/jpln.202000525

 Hameeda, B., Srijana, M., Rupela, O. P., and Reddy, G. (2007). Effect of bacteria isolated from composts and macrofauna on sorghum growth and mycorrhizal colonization. World J. Microbiol. Biotechnol. 23, 883–887. doi: 10.1007/s11274-006-9301-7

 Hermann, L., and Schaaf, T. (2016).Outotec: Verfahren zur Düngemittelherstellung aus Klärschlammaschen –ASH DEC Prozess. In: Ressourcenschutz in Hessen Auf dem Weg zur Phosphorrückgewinnung aus Klärschlamm. Available online at: https://www.hlnug.de/fileadmin/dokumente/abfall/ressourcenschutz/phosphor/10_Impulsvortrag_ASH_DEC_Verfahren.pdf (Accessed September 30, 2023).

 Herrmann, M. N., Wang, Y., Hartung, J., Hartmann, T., Zhang, W., Nkebiwe, P. M., et al. (2022). A global network meta-analysis of the promotion of crop growth, yield, and quality by bioeffectors. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.816438

 Hua, Q.-X., Li, J.-Y., Zhou, J.-M., Wang, H.-Y., Du, C.-W., and Chen, X.-Q. (2008). Enhancement of phosphorus solubility by humic substances in ferrosols. Pedosphere 18, 533–538. doi: 10.1016/S1002-0160(08)60044-2

 Hussain, H. I., Kasinadhuni, N., and Arioli, T. (2021). The effect of seaweed extract on tomato plant growth, productivity and soil. J. Appl. Phycol 33, 1305–1314. doi: 10.1007/s10811-021-02387-2

 Jasinski, S. M. (2020). “Phosphate Rock. U.S,” in GeologicaL survey minerals Yearbook, U.S. Geological Survey, USA 56.1–56.12.

 Jastrzębska, M., Kostrzewska, M. K., and Saeid, A. (2019). Can phosphorus from recycled fertilisers replace conventional sources? An agronomic evaluation in field-scale experiments on temperate luvisols. Appl. Sci. 9, 2086. doi: 10.3390/app9102086

 Joergensen, R. G., Kbler, H., Meyer, B., and Wolters, V. (1995). Microbial biomass phosphorus in soils of beech (Fagus sylvatica L.) forests. Biol. Fertil Soils 19, 215–219. doi: 10.1007/BF00336162

 Joner, E. J., van Aarle, I. M., and Vosatka, M. (2000). Phosphatase activity of extra-radical arbuscular mycorrhizal hyphae: A review. Plant Soil 226, 199–210. doi: 10.1023/A:1026582207192

 Kalayu, G. (2019). Phosphate solubilizing microorganisms: promising approach as biofertilizers. Int. J. Agron. 2019, 1–7. doi: 10.1155/2019/4917256

 Kim, K. Y., Jordan, D., and McDonald, G. A. (1997). Effect of phosphate-solubilizing bacteria and vesicular-arbuscular mycorrhizae on tomato growth and soil microbial activity. Biol. Fertil Soils 26, 79–87. doi: 10.1007/s003740050347

 Kratz, S., Vogel, C., and Adam, C. (2019). Agronomic performance of P recycling fertilizers and methods to predict it: a review. Nutr. Cycl Agroecosyst 115, 1–39. doi: 10.1007/s10705-019-10010-7

 Lekfeldt, J. D. S., Rex, M., Mercl, F., Kulhánek, M., Tlustoš, P., Magid, J., et al. (2016). Effect of bioeffectors and recycled P-fertiliser products on the growth of spring wheat. Chem. Biol. Technol. Agric. 3, 1–18. doi: 10.1186/s40538-016-0074-4

 Li, J., van Gerrewey, T., and Geelen, D. (2022). A meta-analysis of biostimulant yield effectiveness in field trials. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.836702

 Malcolm, R. E., and Vaughan, D. (1979). Humic substances and phosphatase activities in plant tissues. Soil Biol. Biochem. 11, 253–259. doi: 10.1016/0038-0717(79)90070-1

 Maluf, H. J. G. M., Silva, C. A., Curi, N., Norton, L. D., and Rosa, S. D. (2018). Adsorption and availability of phosphorus in response to humic acid rates in soils limed with CaCO3 or MgCO3. Ciênc. agrotec. 42, 7–20. doi: 10.1590/1413-70542018421014518

 Margalef, O., Sardans, J., Fernández-Martínez, M., Molowny-Horas, R., Janssens, I. A., Ciais, P., et al. (2017). Global patterns of phosphatase activity in natural soils. Sci. Rep. 7, 1337. doi: 10.1038/s41598-017-01418-8

 Mpanga, I., Dapaah, H., Geistlinger, J., Ludewig, U., and Neumann, G. (2018). Soil type-dependent interactions of P-solubilizing microorganisms with organic and inorganic fertilizers mediate plant growth promotion in tomato. Agronomy 8, 213. doi: 10.3390/agronomy8100213

 Mukherjee, A., and patel, J. S. (2020). Seaweed extract: biostimulator of plant defense and plant productivity. Int. J. Environ. Sci. Technol. 17, 553–558. doi: 10.1007/s13762-019-02442-z

 Müller, T., and Zhang, F. (2019). Adaptation of Chinese and German maize-based food-feed-energy systems to limited phosphate resources—a new Sino-German international research training group. Front. Agr. Sci. Eng. 6, 313. doi: 10.15302/J-FASE-2019282

 Murphy, J., and Riley, J. P. (1962). A modified single solution method for the determination of phosphate in natural waters. Analytica Chimica Acta 27, 31–36. doi: 10.1016/S0003-2670(00)88444-5

 Nanzer, S., Oberson, A., Berger, L., Berset, E., Hermann, L., and Frossard, E. (2014). The plant availability of phosphorus from thermo-chemically treated sewage sludge ashes as studied by 33P labeling techniques. Plant Soil 377, 439–456. doi: 10.1007/s11104-013-1968-6

 Nkebiwe, P. M., Stevens Lekfeldt, J. D., Symanczik, S., Thonar, C., Mäder, P., Bar-Tal, A., et al. (2024). Effectiveness of bio-effectors on maize, wheat and tomato performance and phosphorus acquisition from greenhouse to field scales in Europe and Israel: a meta-analysis. Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1333249

 Nkebiwe, P. M., Weinmann, M., and Müller, T. (2016). Improving fertilizer-depot exploitation and maize growth by inoculation with plant growth-promoting bacteria: from lab to field. Chem. Biol. Technol. Agric. 3. doi: 10.1186/s40538-016-0065-5

 Panagos, P., Köningner, J., Ballabio, C., Liakos, L., Muntwyler, A., Borrelli, P., et al. (2022). Improving the phosphorus budget of European agricultural soils. Sci. Total Environ. 853, 158706. doi: 10.1016/j.scitotenv.2022.158706

 Perassi, I., and Borgnino, L. (2014). Adsorption and surface precipitation of phosphate onto CaCO3–montmorillonite: effect of pH, ionic strength and competition with humic acid. Geoderma 232-234, 600–608. doi: 10.1016/j.geoderma.2014.06.017

 Podile, A. R., Vukanti, R. V. N. R., Sravani, A., Kalam, S., Dutta, S., Durgeshwar, P., et al. (2014). Root colonization and quorum sensing are the driving forces of plant growth promoting rhizobacteria (pgpr) for growth promotion. Proc. Indian Natl. Sci. Acad. 80, 407. doi: 10.16943/ptinsa/2014/v80i2/55117

 Povero, G., Mejia, J. F., Di Tommaso, D., Piaggesi, A., and Warrior, P. (2016). A systematic approach to discover and characterize natural plant biostimulants. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00435

 Prisa, D. (2021). Biological mixture of brown algae extracts influences the microbial community of Lobivia arachnacantha, Lobivia aurea, Lobivia jojoiana and Lobivia grandiflora in pot cultivation. GSC Adv. Res. Rev. 8, 43–53. doi: 10.30574/gscarr.2021.8.3.0190

 Rawat, P., Das, S., Shankhdhar, D., and Shankhdhar, S. C. (2021). Phosphate-solubilizing microorganisms: mechanism and their role in phosphate solubilization and uptake. J. Soil Sci. Plant Nutr. 21, 49–68. doi: 10.1007/s42729-020-00342-7

 Raymond, N. S., Gómez-Muñoz, B., van der Bom, F. J. T., Nybroe, O., Jensen, L. S., Müller-Stöver, D. S., et al. (2021). Phosphate-solubilising microorganisms for improved crop productivity: a critical assessment. New Phytol. 229, 1268–1277. doi: 10.1111/nph.16924

 Redel, Y. D., Nkebiwe, P. M., Schulz, R., and Müller, T. (2019). Phosphate amendments to compost for improving P bio-availability. Compost Sci. Utilization 27, 88–96. doi: 10.1080/1065657X.2019.1571461

 Redel, Y., Rubio, R., Godoy, R., and Borie, F. (2008). Phosphorus fractions and phosphatase activity in an Andisol under different forest ecosystems. Geoderma 145, 216–221. doi: 10.1016/j.geoderma.2008.03.007

 Renaut, S., Masse, J., Norrie, J. P., Blal, B., and Hijri, M. (2019). A commercial seaweed extract structured microbial communities associated with tomato and pepper roots and significantly increased crop yield. Microb. Biotechnol. 12, 1346–1358. doi: 10.1111/1751-7915.13473

 Roberts, T. L., and Johnston, A. E. (2015). Phosphorus use efficiency and management in agriculture. Resources Conserv. Recycling 105, 275–281. doi: 10.1016/j.resconrec.2015.09.013

 Römer, W., and Steingrobe, B. (2018). Fertilizer effect of phosphorus recycling products. Sustainability 10, 1166. doi: 10.3390/su10041166

 Rouphael, Y., and Colla, G. (2020). Toward a sustainable agriculture through plant biostimulants: from experimental data to practical applications. Agronomy 10, 1461. doi: 10.3390/agronomy10101461

 Rubio, R., Moraga, E., and Borie, F. (1990). Acid phosphatase activity and vesicular-arbuscular mycorrhizal infection associated with roots of four wheat cultivars. J. Plant Nutr. 13, 585–598. doi: 10.1080/01904169009364102

 Sangwan, S., and Prasanna, R. (2022). Mycorrhizae helper bacteria: unlocking their potential as bioenhancers of plant-arbuscular mycorrhizal fungal associations. Microb. Ecol. 84, 1–10. doi: 10.1007/s00248-021-01831-7

 Santoyo, G., Guzmán-Guzmán, P., Parra-Cota, F. I., Santos-Villalobos, S., Del Orozco-Mosqueda, M. C., and Glick, B. R. (2021). Plant growth stimulation by microbial consortia. Agronomy 11, 219. doi: 10.3390/agronomy11020219

 Schüller, H. (1969). Die CAL-Methode, eine neue Methode zur Bestimmung des pflanzenverfügbaren Phosphates in Böden. J. Plant Nutr. Soil 123, 48–63. doi: 10.1002/jpln.19691230106

 Schütz, L., Gattinger, A., Meier, M., Müller, A., Boller, T., Mäder, P., et al. (2017). Improving crop yield and nutrient use efficiency via biofertilization-A global meta-analysis. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.02204

 Severin, M., Breuer, J., Rex, M., Stemann, J., Adam, C., van den Weghe, H., et al. (2014). Phosphate fertilizer value of heat treated sewage sludge ash. Plant Soil Environ. 60, 555–561. doi: 10.17221/548/2014-PSE

 Shi, Y., Ziadi, N., Hamel, C., Bélanger, G., Abdi, D., Lajeunesse, J., et al. (2020). Soil microbial biomass, activity and community structure as affected by mineral phosphorus fertilization in grasslands. Appl. Soil Ecol. 146, 103391. doi: 10.1016/j.apsoil.2019.103391

 Shukla, P. S., and Prithiviraj, B. (2020). Ascophyllum nodosum Biostimulant Improves the Growth of Zea mays Grown Under Phosphorus Impoverished Conditions. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.601843

 Spiers, G. A., and McGill, W. B. (1979). Effects of phosphorus addition and energy supply on acid phosphatase production and activity in soils. Soil Biol. Biochem. 11, 3–8. doi: 10.1016/0038-0717(79)90110-X

 Tabatabai, M. A., and Bremner, J. M. (1969). Use of p-nitrophenyl phosphate for assay of soil phosphatase activity. Soil Biol. Biochem. 1, 301–307. doi: 10.1016/0038-0717(69)90012-1

 Tarafdar, J. C., and Marschner, H. (1994). Phosphatase activity in the rhizosphere and hyphosphere of VA mycorrhizal wheat supplied with inorganic and organic phosphorus. Soil Biol. Biochem. 26, 387–395. doi: 10.1016/0038-0717(94)90288-7

 Thonar, C., Lekfeldt, J. D. S., Cozzolino, V., Kundel, D., Kulhánek, M., Mosimann, C., et al. (2017). ). Potential of three microbial bio-effectors to promote maize growth and nutrient acquisition from alternative phosphorous fertilizers in contrasting soils. Chem. Biol. Technol. Agric. 4. doi: 10.1186/s40538-017-0088-6

 Treseder, K. K., and Allen, M. F. (2002). Direct nitrogen and phosphorus limitation of arbuscular mycorrhizal fungi: a model and field test. New Phytol. 155, 507–515. doi: 10.1046/j.1469-8137.2002.00470.x

 Utai, K., Narjes, M., Krimly, T., and Lippert, C. (2022). Farmers’ Preferences for fertilizers derived from domestic sewage and kitchen waste – A discrete choice experiment in Germany. German J. Agric. Economics 71, 169–183. doi: 10.30430/gjae.2022.0235

 Vacheron, J., Desbrosses, G., Bouffaud, M.-L., Touraine, B., Moënne-Loccoz, Y., Muller, D., et al. (2013). Plant growth-promoting rhizobacteria and root system functioning. Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00356

 VDLUFA. 2011 Nassaufschluss unter druck 2.1.1 (speyer: Methodenbuch Band VII).

 VDLUFA (1991). Die untersuchung von böden (Darmstadt: VDLUFA-Verlag).

 Wang, X. J., Wang, Z. Q., and li, S. G. (1995). The effect of humic acids on the availability of phosphorus fertilizers in alkaline soils. Soil Use Manage. 11, 99–102. doi: 10.1111/j.1475-2743.1995.tb00504.x

 Wickham, H. (2016). ggplot2 (Cham: Springer International Publishing).

 Wiesler, F., Appel, T., Dittert, K., Ebertseder, T., Müller, T., Nätscher, L., et al. (2018). “Phosphordüngung nach Bodenuntersuchung und Pflanzenbedarf: Standpunkt,” in Verband deutscher landwirtschaftlicher Untersuchungs- und Forschungsanstalten (VDLUFA). VDLUFA, Speyer

 Wolfinger, R. (1993). Covariance structure selection in general mixed models. Commun. Stat - Simulation Comput. 22, 1079–1106. doi: 10.1080/03610919308813143

 Wollmann, I., Gauro, A., Müller, T., and Möller, K. (2018). Phosphorus bioavailability of sewage sludge-based recycled fertilizers. J. Plant Nutr. Soil Sci. 181, 158–166. doi: 10.1002/jpln.201700111

 Wollmann, I., and Möller, K. (2018). Phosphorus bioavailability of sewage sludge-based recycled fertilizers in an organically managed field experiment. J. Plant Nutr. Soil Sci. 181, 760–767. doi: 10.1002/jpln.201700346

 Yuan, Y., Gai, S., Tang, C., Jin, Y., Cheng, K., Antonietti, M., et al. (2022). Artificial humic acid improves maize growth and soil phosphorus utilization efficiency. Appl. Soil Ecol. 179, 104587. doi: 10.1016/j.apsoil.2022.104587




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Herrmann, Griffin, John, Mosquera-Rodríguez, Nkebiwe, Chen, Yang and Müller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1465537-g002.jpg
500

(A)

o
o

,-U ,-(j1os Aip B) (dN-d 6r)

00

-
o
—

400

ul asejeydsoyd ploy

Class B

Class A

B

P Fertilizer

o - o
5 0 5

-U ,_(llos Aup B) (dN-d br)

ul asejeydsoyd auljey|y

Class B

Class A





OEBPS/Images/M2.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Limitations of soil-applied non-microbial and microbial biostimulants in enhancing soil P turnover and recycled P fertilizer utilization - a study with and without plants

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Treatments

          



          		

            2.2 Incubation trial

          



          		

            2.3 Greenhouse trial

          



          		

            2.4 Measurements

          

            		

              2.4.1 Soil analysis

            



            		

              2.4.2 Plant analysis

            



          



          



          		

            2.5 Statistical analysis and illustration

          



        



        



        		

          3 Results

        

          		

            3.1 Soil P turnover processes are irresponsive to biostimulant’s application without plants

          



          		

            3.2 Biostimulants cannot promote plant growth in P limiting conditions

          



        



        



        		

          4 Discussion

        

          		

            4.1 Fertilization and biostimulants impact on plant growth and nutrient uptake

          



          		

            4.2 The impact of biostimulants and recycled fertilizers on soil P availability, P fertilizer availability, and soil P turnover

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1465537-g003.jpg
(A)

P fertilizer

1000

c

o o o
o) o O
N O (Q\|

WO Ul eale |eoT]

40

0

2
Days after sowing

Days after sowing

B) 120

(9]

=
6 ul sse\ AiQ

o o o
» © ™

wo ul ybiay jue|d

STR

SSA

40

20
Days after sowing





OEBPS/Images/table2.jpg
Soil 1 (Class A oil 2 (Class B!

Location

pH (measured in 0.01 M CaCl,)

CAL-P (mg CAL-P kg" soil) (Calcium-acetate-lactate-solution)

VDLUFA-P classes (Wiesler et al., 2018) (Verband Deutscher Landwirtschaftlicher
Untersuchungs- und Forschungsanstalten e. V.)

Oberer Lindenhof -Research station,
University of Hohenheim, Germany
48°47°44.4°°N, 9°30'49.9"E

49
9.81

Class A - strong P-deficiency

Hirrlingen, Germany
48°24'25.0"N 8°5344.1°E
57

2209

Class B - medium P-deficiency

Corg 2.2% 12%
Texture silty clay loam Silty clay loam
Clay content 32.6% 38.6%

1 Class A refers to a strong P-deficiency and Class B to a medium P-deficiency according to Wiesler et al,, 2018





OEBPS/Images/fpls-15-1465537-g007.jpg
P fertilizer

va_ d Bbw ul 4 ssewolig |eigqo.oi|\

M2

HA

1

AE





OEBPS/Images/fpls-15-1465537-g005.jpg
5
m WO ul Yybus| 1004 aul

“—’

AN <~
< WO ul yibusj ool |elo|





OEBPS/Images/fpls-15-1465537-g001.jpg
| -
)
N
=
()
L
o

Fertilizer

<M
0 0
D D
T ®
0o
o0

Class B

Days after fertilization

Class A

0
20
60 -

0

0

0

o o

< AN
B d bw ur v





OEBPS/Images/M3.jpg
it =W +by + 573+ 05+ e+ o + (o + (o) + (B
+ (oY) + et





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2024.1465537_cover.jpg
& frontiers | Frontiers in Plant Science

Limitations of soil-applied non-microbial and

microbial biostimulants in enhancing soil P

turnover and recycled P fertilizer utilization -
a study with and without plants





OEBPS/Images/M1.jpg





OEBPS/Images/table1.jpg
Product Company
Plant extract BioAtlantis
1 (AE1) Ltd,, Ireland
Plant extract BioAtlantis
2 (AE2) Ltd., Ireland
Humic Humintech
acid (HA)

Microbial Sourcon
Consortia Padena
(M1)

Microbial Bactiva
Consortia

(M2)

Ingredi

Seaweed-based blends with addition of botanical extracts

Seaweed-based blends with addition of botanical extracts

14% Humic acid
4% Fulvic acid

Pseudomonas brassicacearum: 2x10' cfu/g
Bacillus amyloliquefaciens: 2x10"° cfu/g
Trichoderma harzianum: 1x10° cfu/g

Glomus intraradices 132 spores/g; Azospirillum brasilense, Azotobacter
chroococcum, Bacillus megaterium, Pseudomonas fluorescens: 4x10° cfu/g

Incubation/
pot trial

Incubation
trial

Incubation/
pot trial

Incubation

trial

Incubation/
pot trial

0.21 ml kg™ soil: 100x producer’s
recommendation (incubation)
0.02 ml kg™ soil:

10x producer’s

recommendation (pot)

100x producer’s recommendation

5 ml kg™ soil: 100x producer’s
recommendation (incubation)
0.5 ml kg soil:

10x producer’s
recommendation (pot)

0,01 g kg'* soil:
100x producer’s recommendation

0,10 g kg'" soil: 100x
producer’s recommendation





OEBPS/Images/fpls-15-1465537-g004.jpg
< B Bw urouoo 4





OEBPS/Images/fpls-15-1465537-g006.jpg
CAL-PinmgP kg~

o
=

40

N
o

p-value of slope
C =n.s.

SSA =0.000
STR =0.000

Days after application

P fertilizer

¢ cC





