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A B S T R A C T   

Phosphorus (P) is one of the most common limited nutrients in terrestrial ecosystems. Animal bones, with 
abundant bioapatite, are considerable P sources in terrestrial ecosystems. Heating significantly promotes P 
release from bone bioapatite, which may alleviate P limitation in soil. This study aimed to explore P release from 
charred bone (CB) under heating at various temperatures (based on common natural heating). It showed that 
heating at ~300 ◦C significantly increased the P release (up to ~30 mg/kg) from CB compared with other 
heating temperatures. Then, the subsequent changes of available P and pH induced evident alternation of soil 
microbial community composition. For instance, CB heated at ~300 ◦C caused elevation of phosphate- 
solubilizing fungi (PSF) abundance. This further stimulated P mobility in the soil. Meanwhile, the fungal com
munity assembly process was shifted from stochastic to deterministic, whereas the bacterial community was 
relatively stable. This indicated that the bacterial community showed fewer sensitive responses to the CB 
addition. This study hence elucidated the significant contribution of heated bone materials on P supply. More
over, functional fungi might assist CB treated by natural heating (e.g., fire) to construct P “Hot Spots”.   

Introduction 

Phosphorus (P) is an essential element for all living organisms 
(Butler et al., 2018). It is a critical element in nucleic acids, enzymes, 
phosphoproteins, phospholipids, etc. (Tamburini et al., 2012; Kamerlin 
et al., 2013; Li et al., 2023a). However, it has been predicted that current 
global reserves of phosphate rocks may be depleted within 50–100 years 
due to the increasing demands and dwindling stocks (Cordell et al., 
2009; Gilbert, 2009). A better understanding of P biogeochemistry 
would hence help us to improve P utilization (Childers et al., 2011; 
Tonini et al., 2019; Walton et al., 2023). 

Apatite is the most common P-bearing mineral and hence is the 
dominant P source in soils (Li et al., 2023b). Bioapatite (BAp) is a sub
group of hydroxylapatite (Cazalbou et al., 2004; Li et al., 2013), which 
has also been accepted as the main inorganic component of animal teeth 
and bones (Liu et al., 2013). Many substitutions in BAp, e.g., PO4

3− by 

CO3
2− , significantly enhance its solubility (Legeros et al., 1995). There

fore, bone materials might act as P “Hot Spots” in the ecosystem (Tang 
et al., 2019). However, the impact of bone minerals on the P dynamic in 
soil ecosystems has still not been fully understood. 

Terrestrial ecosystem fires occur frequently, especially during the 
intensifying global warming (Alonso-Canas and Chuvieco, 2015). The 
fire-heating animal carcasses in the ecosystem promoted P release from 
their bones via disorganization of minerals (Ansley et al., 1998; Zwet
sloot et al., 2015; Tang et al., 2019). Meanwhile, the different heating 
temperatures and durations of fires may cause variable P release from 
charred bone (CB) (Chen et al., 2017). Therefore, the role of the tem
perature in altering efficiency of P release should be addressed. 

It has been observed that phosphate-solubilizing microorganisms 
(PSM) can significantly promote P release from apatite (up to ~1000 
times) (Wu et al., 2013; Mendes Gde et al., 2015; Li et al., 2016). In 
addition, as one of the major limiting elements for production of 
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biomass, P input increases soil microbial biomass (Turner and Wright, 
2014). Meanwhile, it could alter soil microbial community composition 
(Ducousso-Détrez et al., 2022) and diversity (Yao et al., 2018). It has 
been reported that P fertilization decreased Chao richness of soil bac
terial community (Ling et al., 2017; Yao et al., 2018). Furthermore, P 
accumulation might indirectly impact various ecological services by 
changing the microbial community (Beauregard et al., 2010). For 
example, inorganic P addition reduced microbial secretion of phospha
tase, which weakens the ability of soil microorganisms to solubilizing 
organic P (Olander and Vitousek, 2000; Sinsabaugh et al., 2008; Mar
klein and Houlton, 2012). Considering the important role of soil mi
croorganisms and their sensitivity to P, it is essential to evaluate the 
responses of soil microorganisms to P utilization. 

This study investigated the changes in soil available phosphorus (AP) 
and pH caused by the addition of CB heated at 0–300 ◦C, together with 
the responses of soil microbial community (including community 
composition, diversity, assembly processes, and functions). The heating 
temperature of 0–300 ◦C was referred to the typical heating temperature 
in 0–10 cm depth soil under nature fire (Dayamba et al., 2010). 

Materials and methods 

Preparation of CB 

The bone samples were collected from the femur of an adult male pig 
(Wang et al., 2017). Elemental compositions of the bone samples were 
shown in Table S1 (Chen et al., 2017). Approximately, 10 g blocks bone 
samples (analog to natural bone debris) were heated at 100, 200, and 
300 ◦C for 12 h in a B180 muffle furnace (Nabertherm Industrial Inc.) 
with air isolation. Three replicates were conducted for the bone samples 
heated under each temperature. The temperature range (up to 300 ◦C) 
was selected based on typical nature fire heating on top soil. The effi
ciencies of P release from different CB in solution were shown in 
Table S2 (Tang et al., 2019). 

Field experiment 

The field experiment was conducted at Nanjing Zhongshan Botanical 
Garden (N 32◦ 3′ 15′’, E 118◦ 49′ 52′’) in Nanjing, Jiangsu Province, 
China. The local climate is north subtropical monsoon with a mean 
annual temperature of 14.7 ◦C and means annual precipitation of 
~1100 mm. 

Four treatments were performed in this study, i.e., Control (without 
CB), T-100 (addition of CB heated at 100 ◦C), T-200 (adding CB heated 
at 200 ◦C), and T-300 (adding CB heated at 300 ◦C). Each treatment had 
three replicates. For CB addition treatments, CBs were buried at a depth 
of 3 cm (each replicate was performed in a 0.5 × 1 m region). The soils 
around CB were collected from the top layer soils after one year. Each 
soil sample was homogenized with sterile tools and then split into two 
parts. One part was air-dried at room temperature. Then, it was ground 
and sieved with 10 mesh (2 mm) for soil characterization analysis 
(including measuring soil AP concentrations and pH). Another part was 
used for soil microbial DNA extraction. 

Instrumentation 

The concentrations of soluble P in water were analyzed by ICP-OES 
(Agilent 710, Agilent Technology). The pH values were measured by 
SG98 InLab pH meter (Mettler Toledo Int. Inc.) with an Expert Pro-ISM- 
IP67 probe (soil/water weight ratio of 2/5). The soil AP concentration 
was measured by using a UV spectrophotometer (Shimadzu UV mini- 
1240) at the wavelength of 880 nm, based on the ascorbic acid 
method. Soil total carbon (TC) and nitrogen (TN) content were analyzed 
using a CN analyzer (Elementar Vario Micro cube, Germany). 

DNA extraction and high-throughput sequencing 

Microbial DNA was extracted from 10 g fresh soil samples using the 
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.). The V4-V5 
region of the bacteria 16S ribosomal RNA gene were amplified by PCR 
using primers 515F 5′-barcode- GTGCCAGCMGCCGCGG)− 3′ and 907R 
5′-CCGTCAATTCMTTTRAGTTT-3′. Fungi were amplified using primers 
ITS1F 5′- CTTGGTCATTTAGGAAGTAA-3′ and ITS2 5′- 
GCTGCGTTCTTCATCGATGC-3′. These primers provide reliable classi
fication accuracy and coverage for bacterial and fungal sequences 
(Mello et al., 2011; Sun et al., 2013). PCR reactions were performed in 
triplicate 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 
mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, 
and 1 μL of template DNA. Amplicons were extracted from 2 % agarose 
gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, Union City, CA, U.S.). Purified PCR products were quanti
fied by Qubit®3.0 (Life Invitrogen) and every twenty-four amplicons 
whose barcodes were different were mixed equally, and at last served as 
DNA samples to be sequenced on the Illumina MiSeq System platform 
(Shanghai BIOZERON Co., Ltd) according to the manufacturer’s 
procedures. 

Bioinformatical analyses 

Raw fastq files were demultiplexed and quality-filtered using QIIME 
(version 1.17). The 250 bp reads were truncated at any site receiving an 
average quality score of < 20 over a 10 bp sliding window. Truncated 
reads that were shorter than 50 bp were discarded. Any cases of exact 
barcode matching, 2 nucleotide mismatch in primer matching, and reads 
containing ambiguous characters, were all removed. Usearch (version 
10 http://drive5.com/uparse/) was used to pick the operational taxo
nomic units (OTUs) to obtain an OTU table at a 97 % identity threshold. 
The Shannon–Wiener curves tended to be flat, indicating that the 
amount of sequencing data is large enough to reflect the vast majority of 
microbial information in the samples (Fig. S1A and B). 

Statistical analysis 

Rarefaction curves and other OTU-based analyses such as the 
abundance-based coverage estimators (ACE), Chao 1, Shannon-Wiener 
index (H0), and Simpson’s index (D) were applied to represent the di
versity of fungi and bacteria. To examine the effects of different treat
ments on fungi/bacteria species, one-way permutational analysis of 
variance (PERMANOVA) were conducted. Additionally, nonmetric 
multidimensional scaling (NMDS) analysis was used based on the same 
data. The results were plotted in a two-dimensional space to illustrate 
the differences in fungal or bacterial species composition among plots 
and treatments. Redundancy analysis (RDA) was used to explore the 
effects of environmental factors (soil pH, AP, TC, and TN) on the com
munity compositions of bacteria and fungi under different treatments. 

Non-parametric factorial Kruskal–Wallis (KW) sum-rank test detec
tion showed the differences of top 10 genus abundance in all treatments. 
Community assembly processes of bacteria and fungi under different 
treatments were estimated by applying a null model. Briefly, the null 
model-based β-nearest taxon index (βNTI) was employed to determine 
the divergences in taxonomic and phylogenetic diversity. 

The FUNGuild annotation platform (http://www.stbates.org/guilds/ 
app.php) was used to analyze the ecological function categories of fungi 
(Nguyen et al., 2016). The FAPROTAX database was used to analyze the 
function categories of bacteria (Louca et al., 2016). 

All analyses were conducted in R (version 3.6.1) (R Core Team, 
2019). One-way ANOVAs were used to test the effects of different 
treatments on soil pH value, AP, TC, and TN. 
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Geochemical modeling 

The BAp has a similar stoichiometry with hydroxylapatite. There
fore, this study used hydroxylapatite to simulated the dissolution of BAp 
by Geochemist’s® Workbench (GWB Version 12, USA) software. This 
study simulated the dissolution of hydroxylapatite after 2000 days 
under 0.1, 0.5, 1, and 5 mm/month flow rates of soil runoff, respec
tively. The rate constant of hydroxylapatite is 2.52e− 16 (Manecki et al., 
2000). 

Results 

Soil properties after addition of CB 

The AP concentrations in the Control, T-100, T-200, and T-300 
treatments were 47.99 mg/kg, 55.31 mg/kg, 51.33 mg/kg, and 78.74 
mg/kg, respectively (Fig. 1A). The soil pH values of Control, T-100, T- 
200, and T-300 treatments were 6.86, 6.41, 6.61 and 6.27, respectively 
(Fig. 1B). In all the treatments, only T-300 treatment showed significant 
changes in both AP concentrations and pH values. Meanwhile, the TC 
and TN values showed no significant difference across all the treatments 
(Table S3). In addition, the SE (standard error) values of TC and TN data 
were ≤ 0.02 which has high reliability. 

The residual hydroxylapatite simulated by GWB modeling of soil 
runoff scouring of 0.1, 0.5, 1, and 5 mm/month was 4.97 g, 4.93 g, 4.88 
g, and 4.79 g, respectively (Fig. S2A). In addtion, the concentration of 
H2PO4

− dissolved from hydroxylapatite (after soil runoff scouring of 0.1, 
0.5, 1, and 5 mm/month) was 0.57 mg/kg, 1.07 mg/kg, 1.65 mg/kg, and 
4.78 mg/kg, respectively (Fig. S2B). Such slow dissolution confirmed 
the low P release rate from the apatite. 

Soil microbial α diversity 

The high query coverages of all the treatments (> 95.0 %) suggested 
that the dominant OTUs of microbiota were successfully captured 
(Table 1). The numbers of bacterial OTUs in the Control, T-100, T-200, 
and T-300 treatments were 44,750, 40,934, 41,644, and 44,323, 
respectively. For fungal OTUs, the maximum number (54,475) of OTUs 
was observed in the T-100 treatment. Meanwhile, the minimum number 
(35,771) of OTUs was recorded in the T-200 treatment. There was a 
significant difference between them (p < 0.05). In the Control and T-300 
treatments, the numbers of OTUs were 45,603 and 46,512. Additionally, 
bacterial and fungal alpha diversity indices (i.e., Shannon-Wiener index, 
Simpson, ACE, and Chao1) have no significant change in all the treat
ments (Table 1). 

Soil microbial community composition 

All effective bacterial and fungal sequences were assigned to phylum 
level (Fig. 2). Bacterial OTUs detected in all treatments were belonged to 
thirteen phylas (i.e., Actinobacteriota, Proteobacteria, Acidobacteriota, 

Chloroflexi, Myxococcota, Bacteroidota, Gemmatimonadota, Verrucomi
crobiota, Cyanobacteria, Firmicutes, Deinococcota, Patescibacteria, and 
Planctomycetota) (Fig. 2A). Actinobacteriota and Proteobacteria were the 
two most abundant bacterial phyla. The sum of their abundance ac
counts for > 50 % of the total number of OTUs. In addition, fungal OTUs 
observed in all the treatments were classified to three phylas (Ascomy
cota, Basidiomycota, Mucoromycota). The phyla Ascomycota was the 
predominant fungal phyla under all the treatments (~75 % of total 
OTUs) (Fig. 2B). 

The NMDS figures showed that the bacterial and fungal community 
compositions were significantly different across all the treatments (p <
0.05) (Fig. 3). The addition of CB caused evident changes in fungal and 
bacterial community composition. 

Differences in the abundance of the top 10 genera among different 
treatments were shown in Fig. 4 and Table S4. For bacteria, the Acid
obacteriales and Vicinamibacteraceae have significant differences (p <
0.05) and Gaiellales have a marginally significant difference (0.05 < p <
0.1) under all the treatments (Fig. 4A). For fungi, Neonectria, Con
iochaeta, Trichocladium, Atractium, Ceratobasidium, Humicola, and Fusa
rium have significant difference (p < 0.05). Meanwhile, the Mortierella 
and Plectosphaerella have marginally significant differences (0.05 < p <
0.1) in all the treatments (Fig. 4B). 

Microbial community assembly processes and functional composition 

In the bacterial community, βNTI values under all the treatments 
were within the range of − 2 and 2. This suggested that stochastic pro
cesses were dominant during the assembly of bacterial community 
(Fig. 5A). For the fungal community, the βNTI values of the Control, T- 
100, and T-200 treatments were also between − 2 and 2 (Fig. 5B). 
However, βNTI values of the fungal community under the T-300 treat
ment were over 2, which indicated that deterministic processes deter
mined the assembly of fungal community (Fig. 5B). 

According to redundant analysis, four environmental variables (i.e., 
pH, AP concentration, TC, and TN) all showed different influences on 
bacterial and fungal community compositions (Fig. 6). Either for the 
bacterial or fungal community, soil pH was significantly correlated with 
the community compositions (p = 0.001 and 0.007). Moreover, soil AP 
concentration (p = 0.063 and 0.098) was marginally correlated with the 
community compositions (Fig. 6). However, soil TC and TN contents did 
not show significant correlation with the community compositions, 
whether in fungal or bacterial communities (Fig. 6). 

For the bacterial species involved in N cycle, the abundance of 
bacteria with denitrification function (nitrous oxide denitrification, ni
trate denitrification, and nitrite denitrification) was increased in the T- 
100 treatment (Fig. 7A). In contrast, the abundance of bacteria with 
denitrification function were decreased in both the T-200 and T-300 
treatments. Meanwhile, the abundance of bacteria with nitrate respira
tion, nitrate reduction, and nitrogen respiration function was signifi
cantly increased in the T-300 treatment (Fig. 7A). Moreover, the 
abundance of bacteria with N fixation and nitrate ammonification 

Fig. 1. Soil available P concentrations (A) and soil pH (B) in different treatments.  
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function decreased in all the treatments after CB addition (Fig. 7A). 
The genera and abundance of phosphate-solubilizing bacteria (PSB) 

were significantly declined in the T-100 treatment (Fig. 7B). In the T-300 
treatment, the abundance of phosphate-solubilizing fungi (PSF) signifi
cantly increased (Fig. 7B). For the fungi with different trophic mode, the 
abundance of saprotroph increased in T-300 treatment (decreased in the 
T-100 treatment). This was reversed to the abundance of pathotroph 
fungi (see Fig. 7C). The abundance of symbiotroph fungi increased in T- 
100 treatment (decreased in the T-200 treatment). For mycorrhizal 
fungi, the abundance of arbuscular mycorrhizal fungi (AMF) declined in 
the T-100, T-200, and T-300 treatments. Meanwhile, ectomycorrhizal 
fungi (ECM) increased in the T-200 treatment and endophyte fungi 
decreased in Control treatment (Fig. 7D). 

Discussion 

BAp mineral in CB is relatively stable below 200 oC. Decrystallization 
is emerging when the heating temperature raised to ~300 ◦C (Amin, 
2023). Simultaneously, heating increased BET (Brunauer, Emmett, and 
Teller) surface area of CB, together with abundant pores with enlarged 
diameters (Tang et al., 2019). These could provide abundant sites for 
microbial occupation (Saquing et al., 2016; Liao et al., 2021). In addi
tion, the organic P compounds in bone could be cleft into inorganic P 
after ~300 ◦C heating. This would provide additional nutrition for PSM 
adhered to CB surface/pore system (Ahmed et al., 2021). Therefore, the 
P release from bone heated at ~300 ◦C was significantly increased by 
~60 % (Fig. 1A). 

In many ecosystems with low primary productivity, the fires usually 
cannot maintain heating for long-term, due to a shortage of flammable 
sources (Korfmacher et al., 2003). This would lead to a decrease in the P 

Table 1 
Responses of microbial alpha diversity indexes to different treatments.      

Diversity Richness 

Microbe Treatment Coverage% OTUs Shannon Simpson Chao1 Ace 

Bacteria Control 95.38 ± 0.32 a 44,750 ± 3595 a 7.39 ± 0.01 a 1.00 ± 0.00 a 5414.46 ± 226.03 a 5457.97 ± 236.82 a 
T-100 95.29 ± 0.04 a 40,934 ± 3106 a 7.38 ± 0.03 a 1.00 ± 0.00 a 5474.17 ± 83.96 a 5502.41 ± 31.64 a 
T-200 95.13 ± 0.21 a 41,644 ± 2331 a 7.31 ± 0.14 a 1.00 ± 0.00 a 5552.29 ± 226.57 a 5624.78 ± 240.69 a 
T-300 95.14 ± 0.14 a 44,323 ± 8008 a 7.34 ± 0.07 a 1.00 ± 0.00 a 5533.05 ± 145.91 a 5619.52 ± 150.87 a 

Fungi Control 99.57 ± 0.13 a 45,603 ± 5101 ab 4.81 ± 0.05 a 0.98 ± 0.00 a 762.07 ± 106.74 a 751.27 ± 110.30 a 
T-100 99.60 ± 0.10 a 54,475 ± 3863 a 4.49 ± 0.20 a 0.97 ± 0.01 a 655.16 ± 74.56 a 664.15 ± 85.64 a 
T-200 99.53 ± 0.12 a 35,771 ± 3070 b 4.66 ± 0.17 a 0.98 ± 0.00 a 798.56 ± 56.81 a 800.65 ± 65.45 a 
T-300 99.52 ± 0.13 a 46,512 ± 2070 ab 4.51 ± 0.09 a 0.97 ± 0.00 a 788.08 ± 110.78 a 778.63 ± 106.25 a 

Values are means of three replicates ± SE. 

Fig. 2. Average relative abundance of dominant (A) bacterial and (B) fungal phyla (>1.0 %) in different treatments. Note: “Others” refer to those identified phyla 
with lower than 1.0 % relative abundance under each treatment. 

Fig. 3. The dissimilarities of bacterial (A) and fungal (B) community composition among different treatments, which were visualized by non-metric multidimen
sional scaling (NMDS) analysis. 
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release of from bone materials. Simultaneously, this study observed that 
insufficient heating resulted in a decline of the richness and abundance 
of PSB (Fig. 7B), which will further reducing P release from CB. In 
addition, after addition of the CB heated at 100 ◦C, the abundance of 
pathotroph fungi was elevated (Fig. 7D), which intensified the risk of 
transmitting pathogens. When the ecosystem has high primary produc
tivity (e.g., grasslands and shrubland), the fire could fully heat the debris 
and thus promote P release from CB (Bowman et al., 2014; Zwetsloot 
et al., 2016). Therefore, CB may act as a natural P “Hot Spot”, but 
possibly only in high primary productivity ecosystems. 

The low availability of P is usually the major constraint on microbial 
biomass (Turner et al., 2007; Meng et al., 2022). In addition, P avail
ability was also closely tied to soil microbial community composition 
(Fig. 3) (Yang et al., 2022). In this study, redundant analyses (based on 
CB heated at ~300 ◦C, Fig. 6) suggested that these changes in the 

microbial community were both tightly correlated with AP concentra
tion and pH. These results were consistent with previous studies based 
on P addition (not CB) to soils (Li et al., 2015; Nielsen et al., 2015; Ling 
et al., 2017). Additionally, the changes in microbial community 
composition may seriously affect ecological functions and services. For 
example, the abundance of denitrifiers is positively related to N2O 
emission, which would promote global warming (Wang et al., 2023). 
Previous studies proposed that the utilization of P could stimulate the 
growth of most denitrifiers (Sun et al., 2015; Tang et al., 2016). In 
contrast, this study showed that CB heated at ~300 ◦C decreased the 
abundance of soil microbes involved in denitrification. This is due to 
that CB induced the decline of soil pH and then inhibited the growth of 
denitrifiers. This inhibitory effect overpassed CB’s positive role of alle
viating phosphorus limitation (Mehnaz and Dijkstra, 2016). 

The assembly of microbial community could affect the soil P cycling 

Fig. 4. The abundance of the top 10 bacterial (A) and fungal (B) genera in different treatments. (“ * ” : p 〈 0.05, “ ⋅ ” : 0.05 < p < 0.1, “ ” : p 〉 0.1).  

Fig. 5. The null model-based β-nearest taxon index (βNTI) of bacterial (A) and fungal (B) in different treatments.  

Fig. 6. Redundancy analysis showing effects of environmental variables on the community composition of bacterial (A) and fungal (B) among different treatments. (“ 
*** ” : p < 0.001, “ ** ” : 0.001< p < 0.01, “ * ” : 0.01< p < 0.05, “ ⋅ ” : 0.05 < p < 0.1). 
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capacity and stability of ecosystems (Wei et al., 2019). In this study, 
fungi and bacteria showed different responses to CB addition. Specif
ically, community assembly process shifted from stochastic to deter
ministic for the fungal community, while the bacterial community 
showed no significant change (Fig. 5). Stochastic and deterministic 
processes are two opposite ecological forces in shaping microbial com
munity composition (Zhou and Ning, 2017). The shift in the assembly 
process of the fungal community indicated that CB exerted an environ
mental filtering force (Xiong et al., 2010; Luan et al., 2020). Addition
ally, the significant abundance of the top ten fungal genera confirmed 
that the fungal community composition was more sensitive to P avail
ability than the bacterial community (Li et al., 2015). This is consistent 
with that P addition would stimulate fungal growth (Hagerberg et al., 
2003; Li et al., 2015). The relatively high stimulation for fungi 
(compared with bacteria) can be attributed to that fungi require more 
nutrients to support their high biomass (Gulis and Suberkropp, 2003). 

The addition of CB heated at ~300 ◦C also increased the abundance 
of PSF (Fig. 7B). PSF are critical in bridging P release and biosphere 
(Tian et al., 2021). The abiotic weathering rate of P-minerals is usually 
slow (Fig. S2) (Xu et al., 2020). The phosphate-solubilizing ability of PSF 
is primarily attributed to their secretion of a variety of low molecular 
weight organic acids, e.g., gluconic acid, citric acid, oxalic acid, etc. 
(Zhu et al., 2018). These organic acids can increase the solubility of CB 
by reducing soil pH. In addition, organic acids also can chelate the 
cations from phosphates, then converting phosphates into soluble P 
species (Kpomblekoua and Tabatabai, 1994). Subsequently, as a positive 
feedback, the P released from CB into the environment is also beneficial 
to the growth of PSF (Zhang et al., 2019). This, again, promotes the 
production of organic acids. Furthermore, although P release after such 
moderate promotion is still not comparable to that due to typical 
chemical fertilizers, it would promise long-term sustainable usage of P 
source. 

Conclusions 

Charred bone materials changed the composition of soil microbial 
communities, and the fungal community was more sensitive than bac
teria. Moreover, this study further observed that CB heated at ~100 ◦C 
bring negative influences to the microbial community, thus increasing 
the risk of plants and the environments. CB heated at ~300 ◦C, as P “Hot 
Spots”, caused the fungal community assembly process changed from 
stochastic to detSerministic. Furthermore, it increased the available P 
and abundance of PSF, which initiated positive feedback between P 
release and PSF in soil system. Future studies should be encouraged to 
test the above conclusions in other soil types, particularly based on long- 

term field experiments. 
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