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Abstract

:

Co-application of sewage sludge (SS) with biochar in landscape/forestry soil is a common strategy for enhancing soil fertility and reducing the bioavailability of potential toxic elements (PTEs) derived from SS, such as Cd, Pb, Cu, Zn, and Ni. However, due to variability of biochar quality and uncertainties in responses of different plant species, whether the co-application benefits the landscape/forestry plant system remains elusive. Here, we tested the effectiveness of three types of biochar (SS-derived biochar (SB), rice straw-derived biochar (RB), and litter-derived biochar (LB)), which were added to soil amended with SS at 50% (w/w) at rates of 1.5%, 3%, and 4.5% as growth media for the landscape plant Aglaonema modestum (A. modestum). We analyzed the substrate’s physicochemical properties and assessed the alleviation of phytotoxicity by biochar application. A significant increase in the fertility index of substrate was observed in all the treatments with biochar addition. The addition of biochar reduced the potential mobility of PTEs while increasing their residual fraction in media. Nonetheless, it has been found that the addition of biochar has ineffective or even negative effects on A. modestum growth (height, biomass, root length) and nutrient absorption. Importantly, the reduction in root biomass and the increased activity of root antioxidant enzymes (SOD, POD, CAT, and MDA) indicate contamination stress of biochar on the roots of A. modestum. Toxic elements of concern—namely Cu, Cd, and Pb—were not significantly higher in tissues of A. modestum saplings planted in biochar-SS-amended soil. However, elevated levels of other elements that may pose toxicity concerns, such as Ni and Zn, increased in tissues at high biochar dosages. Based on the Entropy–Weight TOPSIS method, it was further confirmed that compared to the treatment without biochar, all treatments except for 3.0% LB application resulted in poorer A. modestum comprehensive growth. Our results emphasize the need for detailed research on the response of specific plants to biochar in specific environments, including plant adaptability and the unexplored toxicity of biochar, to understand the large variations and mechanisms behind these ineffective or negative effects before the large-scale co-utilization of SS and biochar in landscape/forestry soils.
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1. Introduction


The significant production of sewage sludge (SS) and the increasingly stringent disposal regulations have led to a global search for safer sludge treatment methods. Extensive practice has shown that it is possible to partially replace organic or inorganic fertilizers with SS compost for cultivating landscape/forestry plants [1,2,3]. This method allows for effective recovery of nutrients in sludge, reducing reliance on non-renewable resources and promoting sustainable forestry [4,5,6]. Moreover, it provides a spacious disposal location for SS while acting as a protective barrier against the transmission of specific contaminants found in SS, such as potential toxic elements (PTEs), microplastics, and antibiotic resistance genes, thus preventing their entry into the human food chain. While there are numerous benefits, it is important to note that using SS as a cultivation substrate for landscape/forestry plants may result in the introduction of PTEs into the cultivation system. Our previous research has observed a significant increase in the PTE content in soil that has been amended with SS, even when the SS composting process meets national standards, which would lead to higher accumulation of PTEs in landscape/forestry plants (such as Alocasia macrorrhiza (L.) G. Don, Dianella ensifolia (L.) DC and Mangifera persiciforma C.Y. Wu et T.L. Ming, etc.) grown on SS-amended soil [1,7]. Although certain PTEs like Zn and Cu are necessary for plant growth in small amounts, excessive levels of these PTEs can be toxic to plants, leading to inhibited growth [8]. Hence, it is crucial to find innovative ways to harness the benefits of SS as a substrate for potted plants while also minimizing the environmental risks linked to its usage.



Reducing the migration rate of PTEs in polluted soil by adding strong adsorbents with PTEs is a new trend. Some alkaline materials, clay minerals, and organic materials are widely used for soil remediation. The use of these adsorbents has been found to be effective in reducing the mobility of PTEs in soil and phytoxicity [9]. This provides a new land use method for SS, which involves combining efficient and low-cost adsorbents with fertilization characteristics with SS [10,11,12,13]. Biochar, as an efficient adsorbent, is the preferred choice due to its affordability, availability from various sources, and minimal negative effects [2,12]. Application of biochar to SS-amended soil has been found to impact the physical, chemical, and biological characteristics of the soil [2]. It has also been observed that adding appropriate biochars in suitable doses to SS-amended soil leads to the redistribution of PTEs from the soil to the biochar itself. This redistribution reduces the mobility and bioavailability of PTEs [10,11]. Notably, the bioavailable fraction of PTEs accumulates in plants and organisms, contributing to the toxicity of specific pollutants [2,12]. However, while previous research has demonstrated the effective immobilization of PTEs in SS-amended soil using biochar, limited literature is available on whether these advantages extend to plants grown in SS-amended soil.



In previous studies, the use of biochar to improve soil conditions and reduce phytotoxicity of PTEs has been considered a viable method for promoting plant growth [14]. Several reviews on the effects of biochar on plant growth have reported overall positive responses [15,16]. However, it is important to further evaluate the generalizability of these conclusions, as many studies have used skewed biochar feedstock, application rates, and plant selection preferences [17]. The application of biochar may encounter certain uncertainties in terms of its impact on plant growth. Firstly, the diversity of biochar feedstock leads to an extremely complex structure and content of endogenous pollutants in biochar [18]. Some feedstocks, such as SS, may have a high PTE content [19]. Polyphenol compounds are toxic compounds that are abundant in some organic waste materials, such as pruning waste and litter [20]. Many volatile and bioactive compounds, such as ethylene, butyric acid, benzoic acid, quinones, and 2-phenoxyethanol, are present in some non-woody biochar materials. However, their presence in biochar has not been seriously addressed. By introducing biochar improvers into soil, these compounds may promote growth or produce toxic effects depending on their concentration. Secondly, the variability of plant response to biochar [21,22] is usually related to the amount of biochar applied. High nutrient biochar that exceeds the recommended fertilization rate may cause an imbalance in soil nutrient levels, with little improvement in soil nutrient retention and increased nutrient leaching potential. At the same time, small agglomerated particles may form at high biochar doses, leading to a decrease in effective adsorption surface area [18]. In this case, plant growth may exhibit negative effects. Thirdly, toxicity-sensitive plants may exhibit negative growth reactions to the specific plant toxicity reactions of certain chemicals in biochar [23]. For example, in our previous study, it was found that under the same type and application rate of biochar, the alleviation effect of adding biochar on plant toxicity in SS-amended soil depends on plant adaptability [2]. The above phenomena make us believe that due to the differences in biochar types, application rate, and plant types, the impact of adding biochar to sludge-amended soil on landscape plants may be elusive. Before large-scale biochar applications (as a conditioner applied to sludge-amended soil cultivation systems), it is necessary to evaluate the adaptability of specific landscape plants to biochar (which should include different types and application rate).



Aglaonema modestum Schott ex Engl. (A. modestum) is a perennial evergreen herb of the genus Aglaonema in the family Araceae and a common landscape plant in the south subtropical region of China [24], with a high market demand. One of the goals of nursery proprietors was to use SS to partially replace the traditional substrate to cultivate A. modestum in order to save costs. However, the possible negative impact of SS-derived PTEs is a problem they need to solve. In this study, we added three kinds of biochar (SS-derived biochar, forest litter-derived biochar, and rice straw-derived biochar) to SS-amended landscape soil at different rates and observed the growth of A. modestum in the substrate. Our specific objectives are as follows: (1) to quantify the changes in the physical and chemical properties of SS-amended soil, especially the bioavailability of PTEs, after the addition of biochar of different feedstock sources at different rates; (2) to assess the impact of combined application of SS and different biochar on the growth of A. modestum and the accumulation and migration of PTEs in A. modestum. We assume that A. modestum exhibits different growth patterns when different types of biochar are added at different rates. This study is expected to open up new directions for the resource utilization of SS and provide some theoretical guidance and data support for large-scale application in landscape/forestry plant cultivation.




2. Materials and Methods


2.1. Experimental Materials


The soil used for the pot experiment was collected from a 0–20 cm layer of soil at Foshan Botanical Garden, Foshan City, Guangdong Province, China (23°6′19.0584″ N, 113°0′5.3532″ E). According to the International Union of Soil Sciences (IUSS) Working Group World Reference Base for Soil Resources (IUSS Working Group WRB, 2015), the soil is classified as an Ultisol. Stones and other debris were removed, then the soil was naturally dried and sieved (2 mm).



The SS was collected from the Lvyou Sludge Treatment Plant in Qingyuan City, Guangdong Province, China (28°14′16.0332″ N, 118°33′42.7896″ E). They were air-dried at 25–30 °C for two months, ground, and sieved (2 mm).



Three types of biochar were used in the experiment, namely sludge-derived biochar (SB), rice straw biochar (RB), and litter biochar (LB). Among them, SB and RB were purchased from Taishan Sanshun Environmental Protection Technology Co., Ltd., Taishan city, Guangdong Province, China, and Zhenjiang Huafeng Agricultural Bioengineering Co., Ltd., Zhenjiang city, Jiangsu Province, China, respectively. Both biochars were prepared by pyrolysis at 500 °C. Litter biochar (LB) was prepared from the leaf litter of Ficus altissima. The litter was air-dried and pyrolyzed at 500 °C (BCP-05, Liaoning Institute of Energy Research Co., Ltd., Yingkou City, Liaoning Province, China). All biochar was screened through a 2 mm sieve before use. The basic physical and chemical properties of soil, SS, and biochar are listed in Table S1 and Figure S1.



The landscape plant of A. modernum, as an experimental plant, was purchased from Fangcun Flower Production Company in Guangzhou, Guangdong Province, China, with a mean height of 15.0 cm and a mean ground diameter of 4.98 mm. Plastic pots (20 cm in height and 22 cm in diameter) were used for plant cultivation.




2.2. Pot Experiment Design


Before the experiment, the screened sludge and soil were uniformly mixed in a 1:1 (w/w) ratio, which is referred to as sludge-amended soil. Subsequently, the following experimental treatments were set up according to the dry weight ratio: sludge-amended soil without biochar (CK); sludge-amended soil mixed with 1.5% of SB (SB1.5), 1.5% of RB (RB1.5), and 1.5% of LB (LB1.5); sludge-amended soil mixed with 3.0% of SB (SB3.0), 3.0% of RB (RB3.0), and 3.0% of LB (LB3.0); sludge-amended soil mixed with 4.5% of SB (SB4.5), 4.5% of RB (RB4.5), and 4.5% of LB (LB4.5). Each treatment had 5 replicates, with a total of 50 pots in this experiment. An additional 30 pots, including 3 replicates for each treatment, were set for measuring the physicochemical properties of the growing substrates. Thus, there were 80 pots in total. The matrix mass in each pot is 3 kg (dry mass). The pots were filled and left for equilibration for two weeks.



Two weeks later (March 2020), A. modenum seedlings were transplanted to the pots (one seedling in each pot) and watered with tap water to about 80% of field capacity (dynamic monitored by MiniTrase Kit). The pots were placed randomly in a greenhouse with a temperature set at around 25–30 °C, a 14 h light/10 h dark light cycle. Weeds in each pot were removed by hand. No extra fertilizer was used during the experiment.




2.3. Plant Harvesting and Sample Collection and Analysis


After eight months’ growth (in November 2020), the seedlings were harvested. Immediately before harvesting, the plant height was measured with a ruler. Subsequently, the entire plant was uprooted, and the roots and stems (aboveground parts) of each plant were isolated in the laboratory. The plant samples were rinsed with tap water and 0.1 mol/L hydrochloric acid (HCl), then were further rinsed with deionized water 3 times. WinRHIZO Pro 2017 (Regent Instrument Inc., Quebec, QC, Canada) is used to determine root morphological characteristics, including total root length, surface area, and volume. Then, all the roots and stems of the plants were dried (105 °C for 30 min and then at 65 °C to a constant weight) and weighed for dry biomass. Then, the samples were ground and sieved (0.25 mm) for later use.



Root activity was measured by triphenylte-trazolium chloride reduction. Root soluble protein was analyzed using Coomassie brilliant blue staining, superoxide dismutase (SOD) activity was measured by the nitrogen blue tetrazolium photochemical reduction method, and peroxidase (POD) activity was recorded by guaiacol. Similarly, malondialdehyde (MDA) concentration was determined by thiobarbituric acid color development, and catalase (CAT) activity was observed by direct ultraviolet spectrophotometry [14].



Plant samples were digested with concentrated H2SO4-H2O2 to obtain the test solution, and the concentrations of nitrogen (N), phosphorus (P), and potassium (K) were determined using the alkali hydrolysis diffusion method, the molybdenum antimony inverse colorimetry method, and flame spectrophotometry, respectively. The concentration of copper (Cu), zinc (Zn), lead (Pb), cadmium (Cd), and nickel (Ni) was determined using the dry ashing-inductively coupled plasma mass spectrometry method [1].




2.4. Matrix Sample Collection and Testing


After two weeks of equilibrium, the matrix was sampled using a circular sampler to determine the stacking density and porosity for each treatment. Simultaneously samples for chemical analysis (0.5 kg per pot) were collected, air dried, and sieved (0.25 mm). After harvesting the plants, 0.5 kg of matrix samples were collected from each pot for chemical analysis. The chemical properties of the substrate before and after planting were analyzed. The pH of the substrate was measured in deionized water (1:2.5 w/v) using a glass electrode pH meter. After digestion with K2CL2O7-H2SO4 solution, the organic matter in the matrix was determined by titration. Total nitrogen was determined by the improved Kjeldahl method. Available nitrogen was determined by the alkaline hydrolysis diffusion method. After digestion with H2SO4-HClO4 and extraction with a diacid solution (0.05 mol · L−1 HCl+0.0125 mol · L−1 H2SO4), total phosphorus and available phosphorus were determined using the molybdenum blue method at a wavelength of 700 nm. The total K was determined by flame photometry, and the available K was measured by 1 mol · L−1 NH4OAc extraction flame photometry [25].



The fractionation of PTEs in the substrate before seedling planting was extracted using an improved three-stage BCR sequential extraction program. BCR fractionation includes exchangeable (F1), reducible (F2), oxidizable (F3), and residual (F4) and was determined using ICP-MS. The content of PTEs in the matrix after plant harvesting was determined by the tri-acid (HF-HClO4-HNO3) test method using atomic absorption spectroscopy [25].




2.5. Comprehensive Evaluation of Soil Fertility


Comprehensive evaluation of soil fertility was conducted using a full dataset. The fertility indicators tested in this study were treated as equally important for membership function analysis and weight value allocation. Then, principal component analysis was performed on the indicators to obtain the weight value of each indicator. The soil fertility quality index (IFI) was calculated using the following formula:


  I F I =   ∑  i = 1   n      q   i     w   i      



(1)




where qi is the membership value of the i soil fertility evaluation index and wi is the weight value of the i soil fertility evaluation index. The IFI ranges from 0 to 1, and the higher the value, the higher the soil fertility.




2.6. Comprehensive Evaluation of the Impact of Biochar on A. modestum Growth


Referring to the method of Qu et al. [26], the TOPSIS integrated analysis method was used to comprehensively evaluate the suitability of the fertilization treatment for A. modestum (see Table S2 for the meaning of the symbols in the following formulas). The specific steps are as follows:
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2.7. Calculations and Statistical Analysis


Analysis of variance (ANOVA) using IBM SPSS Statistics 23.0 (SPSS Inc., New York, NY, USA) and correlation tests were conducted at a 5% confidence level to examine differences in soil physicochemical properties and plant growth across various treatments. Tukey’s Honestly Significant Difference (HSD) test was performed at a significance level of p < 0.05 to compare the mean values of each treated pot. The data were presented as mean ± standard error (SE). Column figures were generated using Origin 2023, and Mantel test analysis maps were created using R 4.2.3.





3. Results


3.1. Soil Properties


3.1.1. Soil Physicochemical Properties


The addition of LB and RB significantly increased AK content but did not significantly alter substrate pH and AN content. The introduction of SB did not have a significant influence on the physicochemical characteristics of the substrate, except for TN, TP, and AP in the SB4.5 treatment, as well as AP and AK in the SB1.5 treatment (Table S3). Nevertheless, the analysis results of soil fertility quality indexes (IFIs) showed that under the application of LB and RB, the fertility indexes were significantly improved. The application of SB at low rates (1.5% and 3.0%) did not significantly improve soil fertility (Figure 1). At the same application rate, LB had a significantly better improvement effect on the IFI of the substrate than SB and RB.




3.1.2. Potential Toxic Element Content and Fractionation


Compared to CK, SB addition had no significant effect on the total content of five PTEs in the substrate, but LB and RB reduced the content of Cu and Zn, respectively (Figure 2C,D). In addition, significant reductions in total Pb and Zn contents were observed in treatments of LB3.0 and LB4.5, as well as in Pb content in RB1.5. For different fractionations, the addition of three types of biochar significantly reduced the exchangeable (F1) content of Cu, and SB reduced the content of F1-Zn and F1-Ni (excluding Ni in SB1.5). SB and RB addition reduced the content of F2-Cu and F2-Zn, respectively. SB and LB increased the content of F3-Cu and F3-Ni; SB and LB reduced the F4-Cu content; and LB reduced the F4-Zn content.





3.2. Growth and Survival Responses of A. modestum


3.2.1. Plant Height and Biomass


Overall seedling survival at the end of the pot experiment was 100% pooled across treatments. The addition of the three types of biochar showed a detrimental effect on the plant height of A. modestum, with most treatments having significantly lower plant height than CK. However, there was no significant difference between biochar types under the same application rate (Figure 3A). The addition of SB and RB resulted in a neutral or negative root length response for A. modestum, but addition of LB at 3.0% or 4.5% significantly increased root length (Figure 3B). In LB1.5 and RB3.0 treatments, the root dry weight significantly increased over CK, but in other cases, regardless of the type and application rate of biochar, the shoot and root dry weight of A. modestum responded neutrally or negatively (Figure 3C).




3.2.2. Nutrient Contents in A. modestum


Both N and P content in A. modestum shoot showed no significant changes between treatments apart from P in LB1.5, but addition of three types of biochar significantly increased the K content in root (excluding SB1.5). SB had no significant effect on the absorption of N and K by A. modestum roots (except for K in SB3.0), but SB1.5 and SB3.0 significantly inhibited and promoted the absorption of P by A. modestum roots, respectively (Figure 4). LB had no significant effect on the absorption of P by the roots of A. modestum but significantly promoted absorption of K, while the absorption of N showed a dose effect (inhibition at 1.5% and promotion at 3.0% and 4.5%). RB addition significantly promoted the absorption of K by A. modestum roots; RB1.5 and RB4.5 promoted the absorption of P; and RB1.5 led to a significant increase in N content in root.




3.2.3. Root Morphology and Physiological Index


Neutral or negative responses of root activity (Figure 5A), soluble protein (Figure 5B), and MDA (Figure 5F) to biochar have been observed at any dosage. It is worth mentioning that LB1.5 and LB3.0 significantly inhibited the root activity of A. modestum. Treatments of SB1.5, LB1.5, and LB3.0 significantly increased the activity of antioxidant enzymes SOD (Figure 5C) and POD (Figure 5D) in the roots of A. modestum, while RB4.5 significantly increased SOD activity. However, the addition of different types of biochar resulted in a significant decrease in CAT activity in the roots of A. modestum (Figure 5E).





3.3. Plant Absorption and Accumulation of PTEs


3.3.1. PTEs Content in A. modestum Different Tissues


No significant reductions were observed for the Cd content in the treatments with SB and RB applied, whereas an increase was detected for Cd content in the shoots of LB1.5 and LB3.0. Adding different types of biochar at different rates did not significantly affect the content of Pb and Cu in roots (Figure 6). However, for the shoots, SB1.5, LB1.5, LB3.0, and RB4.5 treatments resulted in a significant increase in Pb content, while SB1.5, LB4.5, and RB1.5 caused a significant increase in Cu content. SB1.5 and RB1.5 significantly reduced the shoots’ Zn content. However, when the application rate of SB and RB increased to 3.0% and 4.5%, it led to a significant increase in shoot Zn content. High application rate (4.5%) of biochar significantly increased the Zn content in the roots, but the Zn content in the roots in SB1.5 and SB3.0 was significantly lower than in CK. The application of SB resulted in a significant decrease in Ni content in the shoots of A. modestum but had an unsignificant effect on the roots (except for SB3.0). LB4.5 had a significant effect on the absorption of Ni by A. modestum. RB1.5 significantly reduced Ni content in shoots but significantly increased the root Ni content. In addition, RB4.5 significantly increased the root Ni content.




3.3.2. Accumulation of PTEs


Compared to CK, biochar addition showed zero or negative effects on the accumulation of PTEs in A. modestum, except for Cd in SB4.5, Zn in SB1.5 and LB3.0, and Ni in SB treatment (Figure 7). It is worth mentioning that SB4.5, LB1.5, RB3.0, and RB4.5 significantly increased the accumulation of Zn in A. modestum.





3.4. Comprehensive Evaluation of A. modestum Growth Based on TOPSIS


To investigate the comprehensive impact of adding different biochar on the growth of A. modestum, a comprehensive evaluation system was established for 25 sub-factor indicators (Table S4) characterizing the comprehensive growth of A. modestum. The entropy weight method was used to perform weighted analysis on individual indicators. The weight of each indicator and the target weight were shown in Table S4. Table 1 shows the comprehensive scores and ranking of different treatments. Overall, except for LB4.5, which showed a positive effect on A. modestum, all treatments with the addition of biochar showed a negative effect.




3.5. Factors Affecting the Growth of A. modestum


Mantel test analysis revealed the linkages between A. modestum growth and soil chemical properties. (Figure 8). The results showed that TK and F2-Zn had a significant impact on the biomass of A. modestum, while F1 Pb, F1 Cu, and F2-Zn had a significant impact on the plant height of A. modestum. (Figure 8). The Zn fraction of the soil was the main factor affecting the concentration in A. modestum. Among all variables, N contributed the most to the biomass.





4. Discussion


4.1. Physicochemical Properties of Sludge-Amended Soil Improved with Biochar Addition


The positive effects of biochar on soil have been quantified in previous studies through various methods, including soil biota response, metal toxicity mitigation, and soil hydraulic characteristics. Consistent with theoretical expectation, this study found that biochar significantly increased the fertility index of SS-amended landscape soil by improving (although not significant in most cases) the abiotic characteristics of the soil (such as increasing pH value, reducing soil bulk density, and increasing water holding capacity) (Table S3) and increasing certain macronutrient and micronutrient availability of SS-amended landscape soil (Table S3). Early reviews on biochar included a summary of the positive effects of adding biochar to soil physicochemical properties [27] and pointed out that these benefits mainly stem from its rich carbon content, well-developed pore structure, large specific surface area, abundant oxygen-containing functional groups, and high aromatization [28,29,30]. In addition, biochar is a rich source of potassium, phosphorus, and nitrogen, demonstrating the potential to meet the immediate nutrient supply of soil [30], which can explain the observation in this study that adding biochar has higher macronutrient and micronutrient availability in soil (Table S3). The observed changes in soil fertility index are related to the application rate and type of biochar (Figure 1), which can be expected, as previous reports have shown that biochar from different raw material sources has different densities, total pore volumes, average pore sizes, etc. [27,31,32], which are considered the main factors that alter soil properties. In this study, RB had a higher total pore volume and average pore size than SB (Figure S1). Therefore, the higher the application rate of RB, the more significant the change in bulk density or soil porosity (Table S3).



Biochar, characterized by its large surface area and porous structure, provides ample binding sites for the adsorption of PTEs and reduces their mobilization [33,34]. The addition of biochar significantly reduced the effective content of Cu in sludge amended soil (Figure 2), as observed in previous studies [10]. However, it is worth noting that this immobilization varies between different biochar types and addition rates. Specifically, SB has a more significant fixation effect on Cd, Zn, Cu, and Ni than RB, which is mainly attributed to the larger specific surface area and total pore volume of SB used in the experiment, as well as more PTE adsorption sites (Figure S1). In addition, there is evidence to suggest that the smaller the pore size of biochar, the more difficult it is for PTE ions entering the pore size to dissolve [35]. SB exhibits a smaller average pore size compared to RB and LB, but it has a larger specific surface area and total pore capacity than LB and RB, making it more favorable for the adsorption and fixation of PTEs (Figure S1).




4.2. Biochar Application to SS-Amended Soil Affects A. modestum Growth and Nutrient Element Absorption


Regardless of the type and application rate of biochar, it was observed in this study that biochar had ineffective or even negative effects on A. modestum growth (significant reduction in plant height and biomass and reduction in root biomass, root length, surface area, and volume), which contradicts the average plant growth trends described in recent meta-analyses [15,16,36]. However, these results are similar to those of Biederman & Harpole [15] and Zou et al. [37], who reported in a meta-analysis of 20 studies on plant responses to biochar. Nearly half of the plants showed negative (but not significant) biomass and root responses to biochar addition. This indicates that plant growth and the effectiveness of nutrients in soil physical properties induced by biochar are not the only mechanisms of biochar interactions. In general, perennial plant species benefit less from biochar addition than annuals [15], which is the same in the current experiment where the perennial A. modestum even showed reduced growth after addition of biota from biochar plots. An unexplored explanation for the ineffective or negative reactions of plants to biochar may be related to the exposure of plants to volatile compounds produced during pyrolysis, which are either recondensed in liquid form on the surface of biochar or trapped in pores in gas form [17,38]. Previous studies have shown that immobilizing SS-derived PTEs can greatly reduce their toxicity. However, if the immobilization effect of biochar is less effective than its inherent pollution, it may have negative consequences [2]. SB, LB, and RB all contain different pollutants, which explains the strong species-specific response pattern of plants to biochar modifiers in short-term experiments [23]. The Mantel test analysis further confirms that PTEs in biochar-SS-amended soil have a negative impact on A. modestum growth, despite a decrease in F1 of PTEs (Figure 8). In addition, the health and productivity of plants depend on the ecosystem services provided by local soil and plant-related microbial communities [39,40]. Positive effects via changing abiotic conditions in the soil may favor plant growth, while at the same time biochar-mediated changes in soil microbiota may cause negative effects [41]. The benefits of biochar application via abiotic changes may not be comparable to the negative effects on plant growth mediated by soil biota. When biochar addition stimulates plant pathogen pressure, negative plant–soil feedback is to be expected. However, since the pollutants and microbial mutualists were not quantified in this study, this remains speculative.



Currently, there are few studies reporting the returning and direct nutrient supply properties of biochar. A study reported that biochar addition increased nutrients (P and K) availability in soil [42]. The opposite trend was observed in the absorption of nutrients by A. modestum, which contradicts the result regarding the promotion of nutrient absorption by plants through biochar. Contradictory reports on changes in magnitude of plant nutrient element absorption following biochar amendment have been explained through multiple mechanisms. Biochar alters the root structure of plants and reduces nutrient acquisition [43].




4.3. Effect of Adding Biochar in SS-Amended Soil on the Absorption and Accumulation of PTEs in A. modestum


Contrary to previous studies [44,45,46], which highlighted the positive effects of biochar on soil conditions, plant growth characteristics, and defense mechanisms against PTE stress, our research findings presented contrasting results. In the majority of cases, we did not observe a significant decrease in PTE content following the addition of biochar. Notably, despite the reduced supply, there were no significant changes in Cu levels in plant tissues. In addition, in some treatments, the content of some PTEs significantly increased and PTEs accumulated in the plant. In our study, we found that the activity of antioxidant enzymes in plants with biochar application increased compared to those without biochar. That is to say, plants growing in substrate with biochar addition may show significant signs of PTEs (which may also contain other toxic elements) stress compared to plants in CK. The elevation of these enzymes was previously believed to combat free radicals, reduce cell membrane lipid peroxidation, and protect the plant body from harm [47].



The potential negative effects of biochar on plant uptake of PTEs in soil may not be consistent across all plant species. Previous studies have shown that the addition of biochar made from tea tree branches and leaves can increase the absorption of Cu, Mn, and Zn by tea trees [48]. There are several mechanisms that could explain this phenomenon. Firstly, the presence of high levels of PTEs in the biochar matrix will result in an increase in PTE content in plant tissues. Secondly, if the introduction of biochar enhances the pressure on plant pathogens, it leads to negative feedback between plants and soil as well as increased absorption of PTEs. Hence, it is crucial to meticulously choose the raw materials utilized in biochar production, considering the trade-off between achieving optimal adsorption performance and minimizing potential plant toxicity.




4.4. Challenges and Research Needs in the Application of Biochar Combined with Sludge in Urban Landscaping/Forestry


Clear evidence has been presented that the combination of biochar and SS may address several soil constraints to plant growth [13,49]. Our comprehensive results indicate that benefits may not necessarily extend to plant systems, as adding biochar to SS-amended soil showed overall negative effects on the growth of A. modestum (Table 1). This indicates that addressing these limitations with biochar varies depending on the type and amount of biochar, soil, and landscaping plants, and further clarification is needed.



	(i)

	
Attention should be given to different plant types when considering the alleviation of phytotoxicity in SS-amended landscape soil through biochar addition. The response of plants to biochar addition may vary significantly depending on their adaptability. For instance, a study conducted by Gale et al. [23] observed contrasting growth responses in two different landscape plants in the SS-amended soil with the same biochar addition. Therefore, future research should explore the generalizability of the effects of biochar on plant growth.




	(ii)

	
Attention needs to be paid to factors other than abiotic conditions. This study found that plant growth and the effectiveness of nutrients in soil physical properties induced by biochar are not the only mechanisms of biochar interactions. A reasonable assumption is that the changes in biological conditions induced by biochar may have a greater impact on plant growth compared to the changes in abiotic conditions, as previous reports indicated that biochar-initiated changes in microbial communities could continue beyond the short-lived abiotic changes due to density-dependent processes [50,51]. Therefore, it is imperative to study the effects of the effects of biochar amendments on soil physicochemical properties, pollutants, and microorganisms, as well as their interactions with multiple environmental factors prior to their widespread application.




	(iii)

	
It is important to extend the test cycle. Similar to this study, most research on the effects of biochar on plant and soil characteristics has been conducted in the short term, while long-term studies are limited. Previous studies have shown that the increase in production caused by biochar becomes more complex due to occasional delayed reactions, initially producing negative or no effects in the first year but increasing production to varying degrees in subsequent years [52,53]. Another connected hypothesis is that as biochar ages or factors that hinder plant growth diminish, new patterns of plant growth may emerge. For instance, the decomposition of OM previously added in SS could lead to significant changes in the chemical forms of PTEs once the addition of SS ceases. This is because PTEs may precipitate as inorganic compounds as unstable substances degrade rapidly, subsequently forming stable compounds with inorganic salts [54], which could reduce the phytotoxicity of PTEs in SS. However, these patterns need to be verified through long-term experiments.









5. Conclusions


This study investigates the effects of sewage sludge (SS) biochar (SB), rice straw biochar (RB), and litter biochar (LB) on soil fertility, PTE fixation, and landscape plant growth of A. modestum in SS-amended soil in order to determine the feasibility of combining biochar and sludge utilization in landscape soil. As expected, the addition of biochar significantly increased soil fertility index and effectively reduced the availability of PTEs, although no significant changes were observed in some treatments. Unfortunately, these benefits did not extend to the landscape plant system, as the growth of A. modestum was inhibited to varying degrees in terms of indicators such as plant height, diameter, biomass, and root development. The concentration of PTEs in different tissues of A. modestum has increased to varying degrees. In addition, the significant increase in root physiological activities such as SOD, POD, CAT, and MDA confirms the toxic effects of pollutants on the plant. The TOPSIS result indicates that biochar has an overall negative effect on A. modestum growth except for 3.0% LB application. Overall, biochar application in the SS-amended soil might be an effective strategy for improving landscape soil properties, but the response of plants varied with landscape plant types and biochar feedstocks, which needs in-depth investigations at different levels, including plant adaptability, biochar toxicity, and the impact of biochar on soil microorganisms before final recommendations.
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Figure 1. The effects of biochar addition on soil fertility index. Note: The value is the mean ± SE (n = 3). Different capital letters indicate significant differences between different application rates under the same biochar type conditions. Different lowercase letters indicate significant differences between different types of biochar under the same biochar application conditions (α = 0.05 by Tukey’s HSD test). 
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Figure 2. The effects of biochar addition on soil PTE content and fractionation. (A), conten of Cd. (B), conten of Pb. (C), conten of Cu. (D), conten of Zn. (E), conten of Ni. Note: The value is the mean ± SE (n = 3). Different capital letters indicate significant differences between different application rates under the same biochar type conditions. F1: exchangeable; F2: reducible; F3: oxidizable; F4: residual. Different lowercase letters indicate significant differences between different types of biochar under the same biochar application conditions (α = 0.05 by Tukey’s HSD test). F1: blue lower-case letters; F2: purple lower-case letters; F3: white lower-case letters; F4: red lower-case letters. 
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Figure 3. Plant height, root length, and biomass. (A), Plant height. (B), Total root height. (C), Dry weight. Note: The value is the mean ± SE (n = 3). Different capital letters indicate significant differences between different application rates under the same biochar type conditions. Different lowercase letters indicate significant differences between different types of biochar under the same biochar application conditions (α = 0.05 by Tukey’s HSD test). Root: green letter; Shoot: red letters; Total plant: black letters. The means with different upper-case letters are significantly different between treatments for the fresh/dry weight of the whole plant. 
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Figure 4. Nutrient element absorption. (A–C), Shoot nutrient of N, P and K content. (D–F), Root nutrient of N, P and K content. Note: Values are mean ± SE (n = 3). In the same type of biochar, different capital letters indicate significant differences between different application rates. At the same biochar application rate, different lowercase letters indicate significant differences between different types of biochar (α = 0.05 by Tukey’s HSD test). 
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Figure 5. The effects of biochar addition on root morphology. (A), Root activity. (B), Soluble protein. (C), SOD. (D), POD. (E), CAT. (F), MDA. Note: Values are mean ± SE (n = 3). In the same type of biochar, different capital letters indicate significant differences between different application rates. At the same biochar application rate, different lowercase letters indicate significant differences between different types of biochar (α = 0.05 by Tukey’s HSD test). 
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Figure 6. The effects of biochar addition on plant PTE content. (A), Shoot Cd content. (B), Root Cd content. (C), Shoot Pb content. (D), Root Pb content. (E), Shoot Cu content. (F), Root Cu content. (G), Shoot Zn content. (H), Root Zn content. (I), Shoot Ni content. (J), Root Ni content. Note: Values are mean ± SE (n = 3). In the same type of biochar, different capital letters indicate significant differences between different application rates. At the same biochar application rate, different lowercase letters indicate significant differences between different types of biochar (α = 0.05 by Tukey’s HSD test). 
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Figure 7. The effects of biochar addition on plant PTE accumulation. (A), Accumulation of Cd. (B), Accumulation of Pb. (C), Accumulation of Cu. (D), Accumulation of Zn. (E), Accumulation of Ni. Note: Values are mean ± SE (n = 3). In the same type of biochar, different capital letters indicate significant differences between different application rates. At the same biochar application rate, different lowercase letters indicate significant differences between different types of biochar (α = 0.05 by Tukey’s HSD test). Root: green letter; Shoot: red letters; Total plant: black letters. 
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Figure 8. Mantel test analysis revealing the linkages between plant growth and soil chemical properties. Note: The * indicate the significant differences at p < 0.05, ** indicate the significant differences at p < 0.01, and *** indicate the significant differences at p < 0.001. 
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Table 1. Ranking of A. modestum growth based on TOPSIS comprehensive evaluation.
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	Treatment
	      D   i   +      
	      D   i   −      
	Ci
	Ranking Number





	CK
	43.13
	66.80
	0.61
	2



	SB1.5
	74.42
	22.41
	0.23
	7



	SB3.0
	64.99
	35.39
	0.35
	4



	SB4.5
	67.88
	28.46
	0.30
	6



	LB1.5
	85.21
	8.80
	0.09
	10



	LB3.0
	66.98
	35.65
	0.35
	5



	LB4.5
	33.31
	71.41
	0.68
	1



	RB1.5
	80.00
	16.41
	0.17
	8



	RB3.0
	49.46
	41.63
	0.46
	3



	RB4.5
	85.31
	9.96
	0.10
	9







Note:     D   i   +     and     D   i   −     represent the positive and negative distances between each target value and the ideal value for each scheme, and the queuing indicator value Ci was calculated for each production area. The closer the value of Ci is to 1, the better the comprehensive evaluation.
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