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Abstract
The vision of this study is to find a way for increasing phosphorus release from bone char. An incubation experiment was 
conducted to study the effect of co-applying different nitrogen fertilizer types with bone char (BC) on the availability and 
distribution of phosphorus in calcium carbonate-rich soil. The experiment contains the following treatments: soil without 
any nitrogen fertilizer (BC only), soil + ammonium sulfate (BC + AS), soil + ammonium nitrate (BC + AN), and soil + urea 
(BC + U). Bone char was added to all treatments at a dose of 4 g kg−1 soil. Co-applying bone char with all nitrogen fertilizers 
caused a significant decrease in pH and increased significantly phosphorus availability in the soil. The concentrations of soil 
available phosphorus increased from 8.05 mg kg−1 soil for BC treatment to 8.99, 8.90, and 10.16 mg kg−1 soil for BC + AS, 
BC + AN, and BC + U treatments, respectively, at the end of incubation. Significant increases in soil available phosphorus 
were observed with increasing incubation periods in all treatments. The effectiveness of the treatments on the soil available 
phosphorus increase was in the order of BC + U > BC + AS > BC + AN > BC. Nitrogen fertilization treatments significantly 
increased the NaHCO3-Pi concentrations compared to the BC treatment. Urea application to the soil increased significantly 
the NaOH-Pi fraction compared to other treatments at day 10 of incubation. Changes in HCl-Pi and Res-P fractions were 
non-significant in all treatments under nitrogen fertilization. According to the findings, co-applying bone char with nitrogen 
fertilizers is an agronomic practice that improves phosphorus availability in calcium carbonate-rich soil, thence it is preferable 
to add urea rather than other nitrogen fertilizers. This study explores a sustainable management strategy to find cost-effective 
and environmentally friendly alternatives to phosphate fertilizers.
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1  Introduction

Calcareous soils contain high content of calcium carbon-
ate more than 10% (El Mashad and Ahmed 2016) and are 
widespread around the world; they represent about 30% of 
the earth’s land surface (Chevallier et al. 2016). The lack of 
precipitation in arid and semi-arid regions led to a decrease 
in the leaching rate which in turn caused calcareous soils to 
be common in these regions (Hopkins and Ellsworth 2005). 
These soils in Egypt occupy approximately 25–30% of the 
total area according to the Ministry of Agriculture and Land 

Reclamation estimation (Taalab et al. 2019). Moreover, these 
soils suffer from a lack of nutrient availability in particular 
phosphorus because of forming insoluble calcium phosphate 
minerals and its fixation on surfaces of calcium carbonate 
(Hopkins and Ellsworth 2005). Phosphorus is an essential 
macronutrient for plant growth, and the application of phos-
phate fertilizers is also important to provide the global food 
supply (Torri et al. 2017). More than 40% of the world’s 
arable land suffers from phosphorus deficiency, which 
affects crop productivity (Balemi and Negisho 2012; Zhu 
et al. 2018). Moreover, phosphate fertilizers are considered 
a non-renewable resource. The continuous excessive use and 
unsustainable agricultural practices of phosphate fertiliz-
ers, to meet the increasing demand for food due to the large 
population increase, led to soil phosphorus accumulation 
becoming an economic and environmental problem (Gupta 
et al. 2014). Predominantly, about 85–90% of the inorganic 
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phosphorus applied via fertilization converted to unavailable 
form to plants during the year of the addition, this is might 
be attributed to adsorption and precipitation mechanisms in 
the soils (Brady and Weil 1999).

It is beneficial to use waste as a source of nutrients; addi-
tionally, recycling waste has many benefits such as reducing 
environmental pollution; at the same time, it is considered 
to be a rational use of natural resources (Zhan et al. 2020). 
Globally, the strategies of recycling nutrients in agricul-
ture are promising ways to face the depletion challenges 
of non-renewable resources as well as to reduce the levels 
of environmental pollution resulting from their mining and 
manufacturing processes (Robles et al. 2020). Recycling 
phosphorus in slaughterhouse wastes such as bone, which 
is typically rich in phosphorus content, is necessary for 
sustainable agriculture and global food security (Sun et al. 
2018). Transforming animal bones to bone char through the 
pyrolysis process has many environmental and economic 
benefits because it is cheap and free of heavy metals in light 
of environmental pollution and high international prices of 
phosphate fertilizers (Vassilev et al. 2013). Bone char appli-
cations into the soil led to enhancing wheat and potato tuber 
yield higher than some phosphate fertilizers such as diam-
monium phosphate and triple superphosphate (Siebers et al. 
2014) as well as adding bone char as a phosphate fertilizer 
in a Pb-contaminated soil improved the shoot of Chinese 
cabbage and decreased Pb concentrations in the shoot (Chen 
et al. 2006). The application of bone char to contaminated 
smelter soil increased the fresh and dry weight of maize 
plants and decreased the concentrations of Zn and Cd in the 
roots and shoots of maize (Azeem et al. 2021).

The availability of phosphorus in the soil is greatly 
affected by different agricultural practices; applications of 
nitrogen fertilizer, crop residues, manure, biochar, and water 
(Jiang et al. 2021), as well as types of nitrogen fertilizer 
(Chien et al. 2011). The frequent use of chemical fertiliz-
ers is responsible for the noticeable change in the soil pH, 
especially nitrogen fertilizers with an acidic effect such as 
ammonium sulfate, urea, and ammonium nitrate, their addi-
tion to the soils in high quantities leads to an increase of 
soil acidification (Chien et al. 2011; Zhou et al. 2014). The 
decrease in soil pH is attributed to the production of protons 
through the nitrification process caused by adding ammo-
nium nitrogen fertilizers (Wang et al. 2020). Soil pH plays 
a vital role in soil chemistry because it greatly influences 
numerous reactions in the soil, particularly the solubility of 
phosphorus, which is greatly affected by pH that controls the 
bioavailability and mobility of phosphorus in soils (Penn and 
Camberato 2019). Many important mechanisms that exist 
in the soil control the availability, fractions, and mobility of 
phosphorus such as dissolving, leaching, sorption, desorp-
tion, mineralization, immobilization, and precipitation (Zhu 
et al. 2018). Generally, the soluble phosphorus in bone char 

has low water solubility. So, this study hypothesizes that the 
application of nitrogen fertilizers into the soil can contribute 
to increasing soil acidification which in turn improves the 
dissolving phosphorus from bone char in calcareous soils. 
The main insight in this study is how to increase phosphorus 
release from bone char. Our study is designed to evaluate the 
effects of the co-application of different nitrogen fertilizer 
types with bone char on the availability and distribution of 
phosphorus in calcareous sandy soil.

2 � Materials and Methods

2.1 � Design of the Incubation Study

Soil samples of the cultivated layer (0 − 30 cm) were col-
lected from the Arab El-Awamer, Assiut, Egypt. The soil 
samples were air-dried and ground to pass through a 2-mm 
sieve. The physicochemical soil characteristics are pre-
sented in Table 1. The classification of the soil under study 
is Entisols; Typic Torripsamments according to U.S. Soil 
Taxonomy. For incubation, each treatment consisted of 80 g 
of air-dried soil placed in airtight plastic jars (330 mL) 
with the application of bone char amendment at a level of 
0.32 g for each jar and mixed thoroughly with the soil in all 
treatments. The bone char used in this study was produced 
from bovine bone and pyrolyzed at 500 °C for 2 h. The 
main properties of bone char are shown in Table 2 cited 
from Amin (2023). This experiment contains the follow-
ing four treatments with three replicates: (1) soil without 
any nitrogen fertilizer (BC only) (2) soil + ammonium sul-
fate (BC + AS) (3) soil + ammonium nitrate (BC + AN) 
(4) soil + urea (BC + U), where the nitrogen fertilizers 
were added in a solution form at a level of 100  mg N 
kg−1 soil (equivalent to 240 kg N ha−1) according to the 

Table 1   Some physical and chemical properties of the soil under 
study. Each value ± standard deviation (SD) is the mean of three rep-
licates

FC field capacity; OC organic carbon; EC electrical conductivity

Property Unit Value ± SD

Sand (g kg−1) 926.0 ± 2.83
Silt (g kg−1) 38.0 ± 2.83
Clay (g kg−1) 36.0 ± 0.00
Texture Sand
FC (g kg−1) 99.38 ± 2.39
OM (g kg−1) 5.48 ± 0.89
CaCO3 (g kg−1) 329.75 ± 2.90
pH 8.41 ± 0.01
EC (dS m‒1) 0.17 + 0.00
Olsen-P (mg kg−1) 5.17 + 0.30
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recommended doses of the Egyptian Ministry of Agricul-
ture and Land Reclamation. All treatments were moistened 
until the field capacity is maintained by distilled water and 
incubated for 3, 10, 22, and 46 days at 23 °C in the dark as 
well as placed in a completely randomized design. Usually, 
the lids of the jars are opened to keep the aerobic conditions 
and moisture content by weighing the jars; and compensat-
ing for the moisture loss using distilled water. After each 
incubation period, soil samples of all treatments were air-
dried, crushed, and prepared for the analysis of the soil’s 
chemical properties. This incubation experiment and all 
physicochemical analyses of the soil were established in 
the Soils and Water Department, Faculty of Agriculture, 
Assiut University, Assiut, Egypt.

2.2 � Soil Chemical Properties

Soil pH was measured in suspension (1:1) and electrical 
conductivity (EC) was measured in the soil extracts (1:2). 
Soluble Ca and Mg in the soil extracts (1:2) were determined 
by titration using Na2EDTA solution (disodium ethylene 
diamine tetra-acetic acid). The available phosphorus (Olsen-P) 
within the soil samples was extracted by 0.5 M NaHCO3 at 
pH 8.5 according to Olsen et al. (1954). Inorganic phosphorus 
fractions within the soil were extracted by the Hedley sequential 
fractionation method (Hedley et al. 1982) and modified by Sui 
et al. (1999). The soil in every tube was extracted by distilled 
water (H2O-Pi), 0.5 M NaHCO3 at pH 8.5. The extract included 
inorganic P (NaHCO3-Pi), 0.1 M NaOH; this extract represents 
the NaOH-Pi, 1 M HCl; this extract represents the HCl-Pi. 
Each extraction was carried out using a 1:20 soil-solution ratio 
with shaking for 16 h and centrifuged for 7 min (4000 rpm). 
The soil residue from the last fraction was digested with 
concentrated H2SO4, HNO3, and HClO4, this extract represents 
the residual P. Phosphorus in all extracts was measured by 
colorimetric analysis using chlorostannous phosphomolybdic 
acid method in the sulphuric acid system (Jackson 1973).

2.3 � Statistical Analysis

Data were statistically analyzed by two-way analysis of vari-
ance (ANOVA) and Tukey’s honestly significant difference 
test (Tukey’s HSD) was used to examine the differences 
between treatments at p ≤ 0.01, where it was conducted using 
the MSTAT-C program (version 2.10).

3 � Results

3.1 � Impacts of Nitrogen Fertilization on Soil 
Chemical Properties

Our study found that the co-application of nitrogen fertiliz-
ers with bone char in calcareous sandy soil has significantly 
decreased (p ≤ 0.01) soil pH compared to the BC treatment 
(Fig. 1). But, urea addition led to a significant increase in 
the pH of calcareous sandy soil on day 3 of incubation com-
pared to other treatments (Fig. 1). After 3 days of incuba-
tion, soil pH decreased from 8.31 for the BC treatment to 
8.15 and 8.16 for ammonium sulfate and ammonium nitrate 
treatments, respectively. However, applying urea increased 
soil pH from 8.31 for the BC treatment to 8.58. The lowest 
values of soil pH were observed when adding ammonium 
sulfate fertilizer to the soil under study. The highest soil pH 
was found using urea fertilizer on day 3. The decrease in 
soil pH was significant with the application of nitrogen fer-
tilizers and increasing incubation periods. The pH gradually 
decreased with time. All used nitrogen fertilizers sources 
have an eventual acidifying effect on the soil. The interac-
tion effect of treatments and incubation periods on changes 
in soil pH was statistically significant (Fig. 1). In the current 
study, soil acidity produced from the application of N ferti-
lizers in calcareous sandy soil was in the order of ammonium 
sulfate > ammonium nitrate > urea (Fig. 1).

Electrical conductivity increased significantly with the 
co-application of nitrogen fertilizers with bone char in 
calcareous sandy soil compared to the BC treatment (soil 
without any nitrogen fertilizer). The values of electrical con-
ductivity increased significantly with increasing incubation 
time in all treatments. The interaction effect of treatments 
and incubation periods on electrical conductivity was sta-
tistically significant (Fig. 2). The applications of nitrogen 
fertilizers in calcareous sandy soil increased the electrical 
conductivity from 0.19 dS m−1 for control treatment to 0.55, 
0.41, and 0.27 dS m−1 for ammonium sulfate, ammonium 
nitrate, and urea, respectively, after 3 days of the incubation. 
At the end of the incubation period, the lowest values of EC 
were obtained in the BC treatment at all incubation periods, 
while the highest values of EC were found in ammonium 
sulfate treatment (Fig. 2).

Table 2   Chemical characteristics of bone char produced at 500  °C 
temperature. Each value ± standard deviation (SD) is the mean of 
three replicates (Amin 2023)

EC electrical conductivity

Property Unit Value ± SD

pH (1:5) - 8.36 ± 0.04
EC (1:5) dS m‒1 1.83 ± 0.02
Available phosphorus 

(Olsen-P)
mg kg−1 951.97 ± 13.04

Total carbonate g kg−1 61.22 ± 2.92
Total calcium g kg−1 287.98 ± 2.38
Total phosphorus g kg−1 120.09 ± 2.63
Total sodium g kg−1 7.81 ± 00
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Compared to the BC treatment, the concentrations of solu-
ble calcium and magnesium in the soil solution increased sig-
nificantly under co-applying nitrogen fertilizers with bone char 
(Fig. 3 and Table 3). The concentrations of soluble calcium and 
magnesium increased significantly with increasing incubation 
time in nitrogen fertilizers treatments. The interaction effects of 
treatments and incubation periods on the soluble calcium and 
magnesium were significant (Fig. 3). Adding nitrogen fertilizers 
in the presence of bone char increased the soluble calcium in 

the order of BC + AS > BC + AN > BC + U > BC (Fig. 3). The 
highest concentrations of soluble calcium were recorded in the 
ammonium sulfate treatment. After 3 days of incubation, the 
soluble calcium increased from 1.99 mmol kg−1 soil for the BC 
to 3.28, 2.79, and 2.05 mmol kg−1 soil for BC + AS, BC + AN, 
and BC + U, respectively. At the end of day 46 of incubation, 
the soluble calcium increased from 2.17 mmol kg−1 soil at the 
control to 6.26, 4.59, and 4.37 mmol kg−1 soil for BC + AS, 
BC + AN, and BC + U, respectively (Fig. 3).

Fig. 1   Dynamics of soil pH 
in calcium carbonate-rich soil 
as a function of the nitrogen 
fertilizers application in the 
presence of bone char during 
different incubation periods. 
The vertical bars represent the 
standard error of the means 
(n = 3). BC only or control: soil 
without any nitrogen fertilizer 
in the presence of bone char; 
BC + AS: soil + ammonium 
sulfate in the presence of bone 
char; BC + AN: soil + ammo-
nium nitrate in the presence of 
bone char; BC + U soil + urea 
in the presence of bone char. 
Different letters within the same 
column indicate that the mean 
significantly differs according 
to Tukey’s honestly significant 
difference test (Tukey’s HSD) 
at p < 0.01. **significant at 
p < 0.01 (F-test)

7.0

7.5

8.0

8.5

9.0

3 10 22 46

HplioS

Incubation period (day)

BC only BC+AS BC+AN BC+U

fgh

b b b
b

gh

c

ef efg e

c

a

d

h

e ef

Treatments (T)      **
Incubation periods (IP) **

T * IP **

Fig. 2   Electrical conductivity 
variability in calcium carbonate-
rich soil as a function of the 
nitrogen fertilizers application 
in the presence of bone char 
during different incubation peri-
ods. The vertical bars represent 
the standard error of the means 
(n = 3). BC only or control: soil 
without any nitrogen fertilizer 
in the presence of bone char; 
BC + AS: soil + ammonium 
sulfate in the presence of bone 
char; BC + AN: soil + ammo-
nium nitrate in the presence of 
bone char; BC + U soil + urea 
in the presence of bone char. 
Different letters within the same 
column indicates that the mean 
significantly differs according 
to Tukey’s honestly significant 
difference test (Tukey’s HSD) 
at p < 0.01. **significant at 
p < 0.01 (F-test)
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Fig. 3   Soluble calcium vari-
ability in calcium carbonate-
rich soil fertilized with different 
nitrogen fertilizers in the 
presence of bone char during 
different incubation periods. 
The vertical bars represent the 
standard error of the means 
(n = 3). BC only or control: soil 
without any nitrogen fertilizer 
in the presence of bone char; 
BC + AS: soil + ammonium 
sulfate in the presence of bone 
char; BC + AN: soil + ammo-
nium nitrate in the presence of 
bone char; BC + U soil + urea 
in the presence of bone char. 
Different letters within the same 
column indicates that the mean 
significantly differs according 
to Tukey’s honestly significant 
difference test (Tukey’s HSD) 
at p < 0.01. **significant at 
p < 0.01 (F-test) 0
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Table 3   Effects of nitrogen fertilizer type and incubation period on soluble magnesium and phosphorus fractions in calcium carbonate-rich soil 
with bone char applications. Each value ± standard deviation (SD) is the mean of three replicates

Different letters within the same column indicates that the mean significantly differs according to Tukey’s honestly significant difference test 
(Tukey’s HSD) at p < 0.01. BC only (control): soil without any nitrogen fertilizer in the presence of bone char; BC + AS: soil + ammonium sul-
fate in the presence of bone char; BC + AN: soil + ammonium nitrate in the presence of bone char; BC + U soil + urea in the presence of bone 
char. **significant at p < 0.01; *significant at p < 0.05; ns, non-significant at p ˃ 0.05 (F-test)

Treatment Incuba-
tion 
period

Soluble Mg 
(mmol kg−1)

Phosphorus fractions (mg kg−1)

Labile Moderately labile Moderately stable Non-labile

H2O-Pi NaHCO3-Pi NaOH-Pi HCl-Pi Residual P

BC only 3 0.81 bcd 4.59 ± 0.07 bc 20.66 ± 0.42 d 8.51 ± 0.05 b 742.08 ± 46.90 a 94.82 ± 8.44 a
10 0.68 bcd 4.30 ± 0.08 cd 22.80 ± 0.59 bc 8.40 ± 0.16 b 739.53 ± 51.20 a 95.36 ± 7.76 a
22 0.40 d 4.78 ± 0.15 bc 22.25 ± 0.37 c 8.56 ± 0.38 b 737.03 ± 34.39 a 97.52 ± 6.72 a
46 0.34 d 5.46 ± 0.58 b 20.47 ± 0.23 d 8.42 ± 0.19 b 744.67 ± 42.57 a 89.82 ± 3.91 a

BC + AS 3 0.43 d 3.59 ± 0.11 def 22.93 ± 0.04 bc 8.42 ± 0.05 b 741.73 ± 20.72 a 92.97 ± 2.77 a
10 1.52 ab 1.75 ± 0.16 i 22.21 ± 0.41 c 8.50 ± 0.02 b 743.09 ± 19.38 a 91.48 ± 6.27 a
22 2.20 a 1.94 ± 0.07 hi 22.72 ± 0.08 bc 8.92 ± 0.24 ab 738.53 ± 21.50 a 92.39 ± 2.95 a
46 2.11 a 2.48 ± 0.33 ghi 28.04 ± 0.05 a 8.77 ± 0.04 b 733.67 ± 28.70 a 93.90 ± 3.20 a

BC + AN 3 0.37 d 4.14 ± 0.17 cde 23.10 ± 0.13 bc 8.47 ± 0.05 b 738.64 ± 52.26 a 96.12 ± 1.43 a
10 1.36 abc 2.91 ± 0.15 fg 22.30 ± 0.42 c 8.70 ± 0.05 b 735.07 ± 30.12 a 96.48 ± 1.80 a
22 0.62 cd 2.86 ± 0.18 fgh 22.30 ± 0.17 c 8.40 ± 0.14 b 737.33 ± 53.53 a 96.12 ± 1.43 a
46 0.71 bcd 3.24 ± 0.34 efg 27.47 ± 0.20 a 8.84 ± 0.25 ab 733.94 ± 49.85 a 95.64 ± 1.65 a

BC + U 3 0.93 bcd 7.16 ± 0.54 a 22.01 ± 0.20 c 8.47 ± 0.05 b 732.18 ± 23.40 a 96.78 ± 4.85 a
10 0.56 cd 3.06 ± 0.09 fg 27.21 ± 0.46 a 9.39 ± 0.14 a 732.18 ± 23.40 a 96.78 ± 4.85 a
22 1.05 bcd 3.26 ± 0.25 efg 22.21 ± 0.17 c 8.66 ± 0.23 b 739.46 ± 50.82 a 93.47 ± 9.18 a
46 1.21 bcd 3.16 ± 0.24 fg 23.58 ± 0.53 b 8.75 ± 0.11 b 738.97 ± 20.65 a 93.89 ± 8.54 a

Treatments (T) ** ** ** ** ns ns
Incubation periods (IP) ** ** ** ** ns ns
T * IP ** ** ** ** ns ns
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3.2 � Impacts of Nitrogen Fertilization 
on Phosphorus Availability

Co-applying nitrogen fertilizers with bone char increased 
significantly the phosphorus availability in calcareous 
sandy soil compared to the BC treatment (soil with-
out any nitrogen fertilizer). The available phosphorus 
increased significantly with increasing incubation time 
in all treatments (Fig. 4). The interaction effect of (treat-
ments X incubation periods) on phosphorus availability 
was statistically significant (Fig. 4). The lowest concen-
tration of available phosphorus was observed in the BC 
treatment at 3 days of incubation. The highest increase in 
soil’s available phosphorus was in the soil treated with 
urea fertilizer in the presence of bone char at the end of 
incubation. The concentrations of available phosphorus 
in this study were 6.78, 6.79, 7.06, and 7.02 mg kg−1 
soil for BC, BC + AS, BC + AN, and BC + U treat-
ments, respectively, at the beginning of incubation. 
Whereas, these values increased to 8.05, 8.99, 8.90, 
and 10.16 mg kg−1 soil for BC, BC + AS, BC + AN, and 
BC + U treatments, respectively, at the end of incuba-
tion (Fig. 4). The effectiveness of the treatments in this 
incubation study on the available phosphorus increase 
was in the order of BC + U > BC + AS > BC + AN > BC 
(Fig. 4).

3.3 � Impacts of Nitrogen Fertilization on Inorganic 
Phosphorus Fractions

The fraction of soluble phosphorus (H2O-P) in water 
decreased significantly with the application of nitrogen 
fertilizers in the existence of bone char compared to the 
BC at all incubation periods, except for the application of 
urea at 3 days of incubation caused a significant increase in 
H2O-P fraction (Table 3). The application of urea increased 
the H2O-P fraction from 4.59 mg kg−1 soil for the BC to 
7.16 mg kg−1 soil after 3 days of incubation, while, at the end 
of the incubation, the nitrogen fertilizer addition decreased 
the concentration of soluble phosphorus from 5.46 mg kg−1 
soil for the BC treatment to 2.48, 3.24, and 3.16 mg kg−1 
soil for BC + AS, BC + AN, and BC + U, respectively. The 
interaction effect of (treatments × incubation periods) on the 
H2O-P fraction was significant (Table 3). Fertilizing treat-
ments increased the concentrations of NaHCO3-Pi signifi-
cantly compared to the BC treatment. The incubation peri-
ods caused a significant effect on the NaHCO3-Pi fraction in 
all treatments. After 3 days of incubation, the concentrations 
of NaHCO3-Pi increased with fertilizing treatments from 
20.66 mg kg−1 soil (BC) to 22.93, 23.10, and 22.01 mg kg−1 
soil for BC + AS, BC + AN, and BC + U, respectively. At 
the end of incubation, the addition of nitrogen fertilizers to 
alkaline soils increased the content of NaHCO3-Pi fraction 

Fig. 4   Dynamics of phospho-
rus availability in calcium 
carbonate-rich soil as affected 
by different nitrogen fertilizers 
in the presence of bone char 
during different incubation peri-
ods. The vertical bars represent 
the standard error of the means 
(n = 3). BC only or control: soil 
without any nitrogen fertilizer 
in the presence of bone char; 
BC + AS: soil + ammonium 
sulfate in the presence of bone 
char; BC + AN: soil + ammo-
nium nitrate in the presence of 
bone char; BC + U soil + urea 
in the presence of bone char. 
Different letters within the same 
column indicates that the mean 
significantly differs according 
to Tukey’s honestly significant 
difference test (Tukey’s HSD) 
at p < 0.01. **significant at 
p < 0.01 (F-test) 4
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from 20.47 mg kg−1 soil (BC treatment) to 28.04, 27.47, and 
23.58 mg kg−1 soil for BC + AS, BC + AN, and BC + U treat-
ments, respectively (Table 3). The interaction effect of treat-
ments with the incubation periods on the NaHCO3-Pi frac-
tion was statistically significant. After 10 days of incubation, 
the application of urea into calcareous sandy soil in the pres-
ence of bone char lead to a significant increase in the NaOH-
Pi fraction compared to the other treatments. As for the rest 
of the treatments, the effect was not significant. Compared to 
the BC treatment, fertilization by urea increased the content 
of soil moderately NaOH-Pi from 8.40 to 9.39 mg kg−1 soil. 
The interaction effect of treatments and incubation periods 
on the NaOH-Pi fraction was significant. The concentrations 
of HCl-Pi and Res-P fractions varied among all the treat-
ments under nitrogen fertilization in the existence of bone 
char but these differences were not significant. Interaction 
effects of (treatments × incubation periods) on HCl-Pi and 
Res-P fractions were non-significant (Table 3).

4 � Discussion

Nitrogen fertilization plays a vital role in affecting soil 
chemical properties, where adding nitrogen fertilizers 
promotes the activity of microorganisms and enzymes. 
Furthermore, the activity of microorganisms and enzymes 
in the soil is highly related to the availability of nutrients 
(Sun et al. 2020). Our results revealed that the effects of 
applying different nitrogen fertilizers on the soil pH varied 
with the type of nitrogen fertilizer in the presence of bone 
char were consistent with numerous researchers who found 
that the applications of several nitrogen fertilizers in different 
soils lead to a decrease in soil pH (Malhi et al. 2000; Zhang 
et al. 2021a, b). Actually, in the beginning, soil pH decreased 
after the application of ammonium sulfate, at the same time 
soil pH increased with urea application compared to the 
control treatment, then it decreased (Zhou et al. 2014). In the 
present study, the decrease in soil pH is attributed to applying 
ammoniacal nitrogen fertilizers such as ammonium sulfate 
and ammonium nitrate which causes soil acidification as a 
result of the transformation of ammonium to nitrate during 
the nitrification process, which in turn releases acidifying 
hydrogen ions (Chien et al. 2008, 2011), while the increases 
in soil pH, in the beginning, are because of hydrolyzing 
urea where two hydrogen ions are consumed for each urea 
molecule, and this tends to increase soil pH. Then, two 
ammonium molecules are produced and the nitrification 
process occurs to them by producing four hydrogen ions 
into the soil solution causing eventual acidification of the 
soil (Sposito 2008). Our study demonstrated that all sources 
of nitrogen fertilizers used to have an ultimately acidic 
effect on the soil, these results were in agreement with 
Apthorp et al. (1987) who reported that the effectiveness of 

nitrogen fertilizers in decreasing soil pH was in the order 
of ammonium sulfate > ammonium nitrate > urea > control. 
Moreover, the rate of soil pH decrease mainly relies on the 
physical, chemical, and biological soil properties (Wang 
et al. 2021; Zhou et al. 2014) as well as the level and type of 
fertilizer added to the soils (Schroder et al. 2011). The results 
obtained from this study were compatible with (Chien et al. 
2011) who found that the soluble calcium in the soil solution 
increased with applying nitrogen fertilizers because soil 
acidification accelerates the dissolution of calcium carbonate, 
which in turn increases the electrical conductivity.

The chemical composition of animal bone char is similar 
to phosphate rock in that both of them contain mainly apa-
tite (Vassilev et al. 2013). Recently, many studies suggested 
utilizing bone char as a renewable substitutional phosphate 
fertilizer (Amin 2020, 2021; Glæsner et al. 2019). This is 
attributed to its high content of available and total phospho-
rus in comparison with rock phosphate (Warren et al. 2009). 
Many factors controlling the concentrations of dissolving 
phosphorus from bone char depend on some soluble ions in 
the soil solution such as hydrogen, calcium, and orthophos-
phate (Warren et al. 2009) as well as sulfate ions (Amin 
2020; Jaggi et al. 2005). In the present study, the incorpora-
tion of bone char with nitrogen fertilizers enhanced phos-
phorus availability in the calcareous sandy soil because of 
increasing soil acidity resulting from the addition of nitrogen 
fertilizers, which in turn leads to increasing the solubility of 
insoluble phosphate compounds which existed in bone char. 
Also, several studies found that the co-application of nitro-
gen fertilizers with insoluble phosphate fertilizers increases 
phosphorus release in different soils which is attributed 
to acidifying soil caused by nitrogen fertilizers (Agyarko 
et al. 2017; Apthorp et al. 1987; McDowell et al. 2002). 
The availability of phosphorus in the present study tends 
to increase with increasing incubation period for all treat-
ments. These results were compatible with previous studies 
which found that amending soil with bone char caused a 
gradual increase of the phosphorus availability in calcare-
ous sandy soil with an increasing incubation period (Amin 
2023; Amin and Mihoub 2021). Our results showed that the 
treatments efficiency of nitrogen fertilizers on the phospho-
rus availability increase was in the order of urea > ammo-
nium sulfate > ammonium nitrate. On the other hand, the 
efficacy of ammonium sulfate to increase rock phosphate 
dissolution was higher than any other type of nitrogen fer-
tilizers such as ammonium nitrate and urea, respectively. 
Although urea has less effect than ammonium sulfate in 
improving phosphate rock dissolution, it has the privilege 
of being the cheapest and the most available among N ferti-
lizers (Apthorp et al. 1987). Applying ammoniacal nitrogen 
fertilizers such as ammonium nitrate and ammonium sul-
fate incremented initially the dissolution of rock phosphate 
after that it declined quietly. Furthermore, urea fertilization 
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reduced the dissolution of rock phosphate and then increased 
it. All changes in phosphorus release are attributed to the 
differences in acidification time (He et al. 1999). It is also 
possible that phosphorus anions are desorbed to the soil 
solution by sulfate anions which take their place on the 
binding sites (Jaggi et al. 2005). The application of nitrogen 
fertilizers into the soils enhances the activity of microorgan-
isms which increases excreting of organic acids leading to 
improve the dissolution of insoluble phosphate compounds 
(Jing et al. 2021) as well as the production of phosphatase 
enzyme which in turn increases phosphorus release resulting 
from phosphorus mineralization (Horner 2008). The quan-
tity of phosphorus solubility in the presence of ammoniacal 
nitrogen fertilizers is high in comparison with nitrate nitro-
gen fertilizers (Sharan et al. 2008). Also, the high activity 
of calcium ions in calcareous soils plays an important role 
in the mobility and availability of phosphorus, due to the 
increased chances of forming low-soluble calcium phosphate 
(Jalali and Jalali 2016; Pizzeghello et al. 2014). The poten-
tiality for insoluble calcium phosphate formation increases 
with increasing the concentrations of orthophosphate and 
calcium ions in the soil solution in the presence of high 
pH values. The sources of soluble calcium in the soil are 
numerous and include many minerals, the most important of 
them is calcium carbonate (Penn and Camberato 2019). The 
phosphorus availability for plants is closely related to the 
concentrations of various P fractions in soils especially the 
concentration of soluble phosphorus (Zhang et al. 2021a, b).

Some important processes control the dynamics of phos-
phorous in the soil such as dissolution, sorption, desorp-
tion, precipitation, and transformation of organic and inor-
ganic phosphorus fractions (Rawat et al. 2021). Inorganic 
phosphorus existing in the soil is the result of weathering 
primary minerals or through the use of mineral phosphate 
fertilizers and organic manure (Johan et al. 2021). The dis-
tribution of inorganic phosphorus forms is greatly affected 
by several physical and chemical properties of the soil such 
as pH, texture, organic matter, calcium carbonate, compet-
ing ions, moisture content, and redox potential (Shao et al. 
2019). Nitrogen applications can have a considerable impact 
on the transformations and turnover of phosphorus in the 
soils (Chen et al. 2018; Jing et al. 2021). The application of 
nitrogen fertilizer had a greater effect on phosphorus frac-
tions in soil than tillage practices (Zhang et al. 2021a, b). 
The concentrations of H2O-P and NaHCO3-P fractions were 
mainly affected by fertilizer application and land use (Tian 
et al. 2020). The results obtained from this study showed 
that there were obvious changes in the inorganic phospho-
rus fractions noticed when co-applying nitrogen fertiliz-
ers with bone char compared to without nitrogen fertilizer 
treatment. Our results revealed that the concentrations of 

H2O-P fraction decreased with increasing incubation period 
because of increasing soluble calcium in the soil solution. 
In addition, many previous studies have illustrated that 
increasing soluble calcium and phosphorus in soil solution 
led to decreasing soluble phosphorus because of forming 
insoluble Ca-phosphates (Penn and Camberato 2019; Tunesi 
et al. 1999). In this work, treatments of nitrogen fertiliz-
ers increased the NaHCO3-Pi content significantly as well 
as decreased HCl-Pi and Res-P fractions in this soil with 
increasing incubation period, which may be caused by the 
dissolution of insoluble phosphate minerals which existed 
in bone char. These results were in line with Zhang et al. 
(2021a, b) who demonstrated that the application of nitro-
gen fertilizer caused a significant increase in the inorganic 
P fraction extracted by NaHCO3 (NaHCO3-Pi) and declined 
HCl-Pi fraction; this may be attributed to the dissolution 
of calcium phosphate minerals because of soil acidification 
produced from the added nitrogen fertilizer. Moreover, bone 
char addition leads to non-significant differences in NaOH-
Pi, while the addition of bone char with sulfur leads to a 
significant increase in NaOH-Pi compared to unamended 
soil because of the dissolving insoluble calcium phosphate 
in bone char (Morshedizad et al. 2018). However, ammo-
nium nitrate applications to the soil decreased the content 
of NaHCO3-Pi fraction significantly, as well as causing a 
significant increment of NaOH-Pi fraction because of chang-
ing soil pH, while non-significant changes were observed 
in the concentrations of H2O-Pi, HCl-Pi, and residual-P 
fractions (Yang et al. 2015). This study revealed that the 
addition of nitrogen fertilizers did not cause any significant 
effects on HCl-Pi and Res-P fractions; these results agree 
with Chen et al. (2018) who suggested that the non-labile P 
fractions were non-significantly affected by adding nitrogen 
fertilizer into the soil. The concentrations of labile and mod-
erately labile P fractions in the soils are mainly dependent 
on the source and amount of the applied phosphate fertilizer 
(Frazão et al. 2019). In this study, the highest concentrations 
of phosphorus were found in the form of HCl-Pi fraction, 
this is consistent with many researchers who found that HCl-
Pi is the largest P fraction in some calcareous sandy soils 
in Egypt, and the proportion of HCl-Pi always represents 
about 70–83% of the total inorganic phosphorus (Amin and 
Mihoub 2021). The phosphorus availability for uptake by 
plants depends on the concentrations of phosphorus frac-
tions in the soils, where the phosphorus present in inorganic 
fractions such as H2O-Pi and NaHCO3-Pi were largely avail-
able for plants (Tian et al. 2020; Zhang et al. 2021a, b). 
NaOH-Pi plays an important role in biological transforma-
tions, on the other hand, HCl-Pi has more stability and it 
is difficult for microorganisms to utilize it compared to all 
other fractions (Tian et al. 2020).
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5 � Conclusion

Agronomic practices especially nitrogen fertilization affect the 
transformations of phosphorus in the soil. Hence the main insight 
in this study is how to increase phosphorus release from bone 
char. In this study, nitrogen fertilization in every form led to an 
increase in the acidity of the soil, which in turn plays a vital role 
in influencing many chemical properties of soil as well as many 
processes in the soil. One of the most important results obtained 
from this study is that the addition of nitrogen fertilizers with 
bone char led to the improvement of phosphorus release in cal-
cium carbonate-rich soil. The addition of nitrogen fertilizers in 
the presence of bone char had the main effect on the distribution 
of phosphorus fractions in the soil. Our results suggest that the 
majority of phosphorus in this soil exists as an HCl-Pi fraction. 
Based on the results obtained from this study, bone char can be 
used as a promising alternative to chemical phosphate fertiliz-
ers. Moreover, some agronomic practices may affect phosphorus 
transformations in the soils, such as adding nitrogen fertilizers 
which is one of the essential strategies to increase releasing phos-
phorus from bone char. Thence, it is preferable to add urea to 
other fertilizers in calcareous sandy soil.
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