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Abstract
Purpose Soil amendment is an important method to improve soil ecology and crop quality. Field experiments of soil amend-
ments were conducted to find a suitable solution to slow down soil acidification and to decrease the effect of heavy metal 
pollution in tea plantations.
Methods A 2-year field experiment was conducted in a tea garden contamination with Pb (lead), Cd (cadmium), and soil 
pH below 4.5. It included five treatments with various amendments: CK (no amendment), bentonite, calcium magnesium 
phosphate fertilizer, biochar, and lime.
Results Four soil amendments increased soil pH by 0.38–0.60, nutrient contents (available nitrogen, phosphorus, and potas-
sium), as well as soil organic matter content. The contents of soil available Pb, Cd, and Cr (chromium) also decreased sig-
nificantly (p < 0.05). Tea yield increased significantly by 15.13–40.89%, as tea polyphenols, free amino acids, caffeine, and 
water extract increased by 2.06–11.68%, 2.48–46.51%, 6.97–22.40%, and 5.46–33.76%, respectively. In addition, Pb in tea 
treated with biochar was decreased significantly by 61.28%. The Cd and Cr in tea treated with bentonite, calcium magnesium 
phosphate fertilizer, and lime decreased significantly by 15.93–41.15%, 25.27–31.87%, while As (arsenic) decreased by 
9.82–18.05% (p > 0.05), respectively.
Conclusion Four soil amendments could promote the rebalancing of soil nutrients and raise the soil pH in the acidified tea 
plantations. The accumulation of heavy metals in tea was reduced, and the yield of tea increased. Biochar has a better effect 
on improving the soil of acidified tea plantations, while its molecular mechanism of promoting tea tree growth should be 
focused on research.
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1 Introduction

Tea (Camellia sinensis L.) is a traditional economic crop in 
China. In 2020, China’s tea plantation area had reached up 
to 3.217 million  hm2, with a total output of 2.932 million 

tons. Its plantation area is ranked the first in the world, with 
a total output value of 262.66 billion yuan (Wu et al. 2020). 
Tea industry plays an extremely important role in China’s 
agricultural production and national economy. However, in 
recent years, soil acidification in tea plantations has been 
severe due to continuous crop cultivation and heavy fertilizer 
application, which has exacerbated soil nutrient imbalance, 
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increased soil heavy metal content, and tea safety risk (Le 
et al. 2022a). Soil pH of 4.5–5.5 is favorable for tea plant 
growth. However, in China, the average pH in tea plantation 
is 4.68, whereas 46.0% of tea planting areas is lower than 
4.5, seriously affecting the yield and quality of tea (Yan et al. 
2020). If the soil pH is lower than 4.0, the root tip of tea 
plant shrinks, the growth is inhibited, and the absorption of 
N (nitrogen), P (phosphorus), and K (potassium) decreases 
sharply, affecting the yield and quality of tea (Morita et al. 
2011). In addition, acidification also causes the harm to the 
physical and chemical properties of tea plantation soil (Le 
et al. 2022b). The presence of a large amount of exchange-
able  H+ in acidified soil will make it difficult to form a 
granular structure, resulting in a decrease in soil porosity 
(Raza et al. 2020). At the same time, with the decrease of 
pH, the availability of N, P, K, Ca (calcium), Mg (magne-
sium), S (sulfur), and other nutrients decreased, which, in 
turn, affect the absorption and utilization efficiency of tea 
plants (Yadav et al. 2020). On the other hand, acidification 
will reduce the adsorption capacity of soil to heavy metal 
ions and increase its solubility, mobility, and effectiveness 
(Liu et al. 2023). A previous report (Zhang and Fang 2007) 
found that the decrease of soil pH increased the contents of 
Cd, Cr, Cu (cuprum), Fe (ferrum), Ni (nickel), Mn (manga-
nese), Pb, and Zn (zinc) in tea, the effect of which was more 
significant when the soil pH was lower than 4.4. Zhang et al. 
(2021) analyzed the spatial heterogeneity of soil pH and Cd 
in tea gardens in the mountainous area of Guizhou Plateau 
in China. They found that when the soil pH was ≤ 5.5, the 
effect on Cd content was the greatest. It has been reported 
that more than 75% of soil in Anhui tea plantations of China 
have excessive Cd, Hg (hydrargyrum), Pb, and Zn, the Cd 
of which are the highest carcinogenic risk for tea security 
(Tao et al. 2021), because acidification will increase the bio-
availability of heavy metals in soil, while heavy metals in 
tea mainly come from soil (Zhang et al. 2018). Thus, we 
urgently need to find suitable solutions to alleviate soil acidi-
fication and repair heavy metal pollution in tea plantations.

Adding soil amendments can alleviate soil acidification 
and decrease the bioavailability of heavy metals. At pre-
sent, the commonly used amendments are calcium, mineral 
soil amendments, and organic amendments such as biochar. 
Lime and calcium magnesium phosphate fertilizer as cal-
cium-containing materials can increase soil pH and provide 
a large amount of hydroxyl ion  OH− to have the effect of 
co-precipitation with  Cd2+, reducing the availability of Cd in 
soil and the absorption of Cd by crops (Wu et al. 2016). The 
mineral amendments represented by bentonite can stabilize 
Cu, Zn, and Cd through cation exchange (Yu et al. 2017). In 
recent years, biochar as a new type of soil amendment has 
attracted the attention of global scholars. Previous studies 
have reported that the application of straw biochar can well 
fix soil Cd and Pb (Shen et al. 2016), and the application of 

biochar and compost together will reduce the availability of 
Cd and Zn (Tang et al. 2020). Yet the repeated application of 
biochar will not increase the concentration of heavy metals 
in soil (Lucchini et al. 2014), and biochar showed a good 
effect on the remediation of soil organic pollution. Liang 
et al. (2020) showed that the application of biochar/compost 
amendment in sulfamethoxazole-contaminated wetland soil 
could increase the activity of soil dehydrogenase and ure-
ase and improve the degradation efficiency of pollutants. At 
the same time, the adsorption amount of sulfamethoxazole 
was positively correlated with the amount of modifier (Tang 
et al. 2021). There are many kinds of soil amendments, but 
their effects in tea plantation are still limited. Thus, we need 
to find suitable amendments to alleviate soil acidification 
and repair heavy metal pollution in tea plantations.

In this study, a 2-year field experiment was conducted 
with commonly used amendments (biochar, lime, calcium 
magnesium phosphate fertilizer, and bentonite) in a tea plan-
tation with soil pH of 4.28 and Pb and Cd pollution. We 
aimed to assess the effects of the application of amendments 
on the physical and chemical properties of soil, the yield 
and quality of tea, and the contents of Pb, Cd, Cr, and As 
in soil and tea, providing scientific basis and references for 
the application of amendments in acidified tea plantations. 
We proposed the following hypothesis: (i) the application 
of amendments could improve tea yield and quality; (ii) the 
amendments increase soil pH to promote the growth of tea 
plants; and (iii) the amendments reduce the content of heavy 
metals in soil and tea.

2  Materials and methods

2.1  Experiment area and soil properties

The experimental site is located in a tea plantation in Beilun 
District, Ningbo City, Zhejiang Province, China (121° 52′ 
51.59′′ E, 29° 48′ 16.37′′ N). The experiment area is a sub-
tropical monsoon climate, facing the East China Sea. The 
climate is mild and humid with the annual average tempera-
ture of 16.5 ℃ and the annual average rainfall of 1316.8 mm. 
Its four seasons are distinct, and the frost-free period is 
long. Tea variety is ‘Longjing 4’, the plant age of which was 
6 years with double row planting, line spacing 1.5 m, and 
management methods for hand picking tea. The soil type 
was Inceptisols, the physical–chemical properties of which 
were soil pH of 4.28, available N of 150 mg/kg, available P 
of 81.26 mg/kg, available K of 97.45 mg/kg, organic matter 
of 32.17 g/kg, available Pb of 20.45 mg/kg, available Cd of 
0.07 mg/kg, available Cr of 0.41 mg/kg, and available As of 
0.06 mg/kg. The experiment site was selected for the reason 
that total soil Pb and Cd levels of 150 mg/kg and 0.53 mg/
kg, respectively. It exceeded the Chinese Soil Environmental 
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Quality Risk Control Standard for Soil Contamination of 
Agricultural Land (GB 15618–2018) (Cd < 0.3 mg/kg and 
Pb < 70 mg/kg). Meanwhile, the Pb content of some tea sam-
ples in the area exceeded the Chinese national food safety 
standard (GB 2762–2017) (Pb < 5 mg/kg).

2.2  Experiment material

We selected the biochar, calcium magnesium phosphate 
fertilizer, bentonite, and lime as experiment amendments. 
Biochar was purchased from Biochar Environmental Mate-
rial Co., Ltd. (Pingdingshan, Henan, China). The raw mate-
rial was rice straw, which was prepared by pyrolysis at 550 
℃ for 2 h. Its basic properties were as follows: pH of 9.84, 
C of 54.21%, H of 2.34%, N of 0.95%, P of 0.24%, S of 
0.41%, and organic carbon of 364 g/kg. Calcium magne-
sium phosphate fertilizer was purchased from Gaoyuan 
Phosphate Fertilizer Co., Ltd. (Jingmen, Hubei, China), and 
its basic properties were pH of 9.46,  P2O5 of 13.41%, CaO 
of 26.31%, MgO of 3.26%, and  SiO2 of 11.43%. Bentonite 
was purchased from Zhongsen Perlite Application Co., Ltd. 
(Xinyang, Henan, China), and its basic properties were pH 
of 9.61,  SiO2 of 69.32%,  Al2O3 of 14.27%, MgO of 2.69%, 
and  K2O of 1.04%. Lime was purchased from Shunfa Lime 
Production Co., Ltd. (Wuhu, Anhui, China). The basic prop-
erties were pH of 10.24,  SiO2 of 8.65%,  Al2O3 of 2.5%, CaO 
of 55.64%, and MgO of 2.14%. The heavy metal contents in 
the experiment materials (Table 1) were all lower than the 
“Requirements for the Limits of Toxic and Hazardous Sub-
stances in Fertilizers” (GB 38400–2019) in China.

2.3  Experimental design

There were 5 treatments: no soil amendment (CK), bentonite 
(P1), calcium magnesium phosphate fertilizer (P2), biochar 
(P3), and lime (P4). A randomized block design was used 
in the experiment. Each treatment was repeated three times. 
The plot area was 60  m2 (30 m in length and 2 m in width), 
and its protective rows with an interval of 1.5 m were set-
tled in different plots. The application of soil amendments 
was carried out in November 2019 and 2020. The dosage 
of each treatment is shown in Table 2, and the amount of 

material was determined from our previous studies. The 
amount of tea chemical fertilizer was 400 N kg/hm2, 160 
 P2O5 kg /hm2, and 420  K2O kg/hm2, respectively. In Novem-
ber (before spring tea), 70% of N fertilizer and 100% of P 
and K fertilizer were applied. In February of the second year, 
30% of N fertilizer was applied. The fertilizer was applied in 
strips along tea plant row in the plot, from the rhizosphere 
of the tea plant to the 2/3 edge of the canopy (about 0.3 m 
away from the tea plant), while a 20-cm-wide and 15-cm-
deep fertilization ditch was opened. Other field management 
measures (weeding, watering, spraying pesticides, pruning, 
etc.) were consistent with the local practices.

2.4  Sampling

In April 2022, sampling was conducted during the spring 
tea picking season. The picking standard was one bud and 
two leaves of fresh tea. Immediately after picking, the har-
vested material was taken back to the laboratory and placed 
in a preheated oven at 105 ℃ for 10–15 min. After drying 
at 80 ℃, the dry samples were stored in a refrigerator (4 ℃) 
until tested.

The surface soil (0–20 cm) was collected from the root 
system of tea plant (10 cm) using wood shovel with 5-point 
sampling method. After removing debris, all samples (1 kg) 
were fully mixed, each sample mass of which was naturally 
dried and then grinded through 2 mm and 0.149 mm sieves 
to determine soil physical and chemical properties and soil 
heavy metals.

2.5  Determination of soil physical and chemical 
properties

Soil pH was measured using a pH meter (Orion 3 Star, 
Thermo Ltd., Waltham MA, USA) (soil:water = 1 g:2.5 mL). 
Available N was determined by alkaline hydrolysis dif-
fusion method (Kwon et al. 2009). Soil available P was 
extracted with HCl-NH4F and then determined by molyb-
denum blue method (Bray and Kurtz 1945). Available K 
was analyzed by with ammonium acetate-flame photometer 
method (Leaf 1958), while organic carbon was determined 

Table 1  Heavy metal content of experimental materials in milligrams 
per kilogram

Experimental material Pb Cd Cr As

Biochar 0.17 0.02 4.51 0.77
Calcium magnesium phos-

phate fertilizer
0.13 0.08 15.26 3.24

Bentonite 0.23 0.04 10.18 0.13
Lime 0.16 0.08 6.75 0.86

Table 2  Dosage of soil amendment for each treatment

Treatment Abbreviation Application 
amount (kg/hm2)

No soil amendment CK 0
Bentonite P1 1500
Calcium magnesium 

phosphate fertilizer
P2 750

Biochar P3 2250
Lime P4 1050
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by potassium dichromate oxidation capacity method-exter-
nal heating method and soil organic matter = soil organic 
carbon × 1.724 (Schollenberger 1945). Total Pb and Cd in 
soil were extracted by  HNO3-HF-HClO4 method and avail-
able Cd, Pb, and Cr in soil were extracted with 0.1 M HCl 
(soil/liquid = 1 g:5 mL, extracted for 2 h) and determined by 
atomic absorption spectrophotometry (AA-7000, Shimadzu, 
Japan), and available As was determined by atomic fluores-
cence spectrophotometry using 0.05 M  NH4H2PO4 extrac-
tion (soil/solution = 1 g:25 mL, extraction 16 h) (AFS-230E, 
Haiguang, Beijing, China) (Zeng et al. 2011). The analytical 
quality control was carried out with Chinese national stand-
ard substance GBW07442 (GSF-2), and the blank samples 
and parallel samples were determined. The results showed 
that the contents of Cd, Pb, Cr and As met the allowable 
error values.

2.6  Determination of tea yield, quality, and heavy 
metals

We followed the previous method (Yang et al. 2021) for 
budding density by 0.1  m2 sample frame 5-point sampling 
survey method (33 cm × 33 cm), from top to bottom pick-
ing box one bud and two leaves, while each plot repeated 
6 times. For determination of 100-bud weight (fresh tea) 
by picking sufficient new shoots (one bud and two leaves) 
in each plot, 100 new shoots were randomly and quickly 
selected and weighed, being repeated 6 times (Yang et al. 
2021). Tea yield was measured by recording the yield of 
the whole plot (excluding the protection line), and the yield 
per hectare (kg/hm2) was calculated by conversion (Yang 
et al. 2021). Tea polyphenols were determined by Folin-
Ciocalteu colorimetric method; total free amino acids were 
determined by ninhydrin colorimetric method; water extract 
content was determined by water bath extraction drying 
method; and caffeine content was determined by ultravio-
let spectrophotometry (Du et al. 2012). Determination of 
heavy metals in tea was followed by  HNO3-H2O2 microwave 
digestion (ETHOS UP, Milestone, Sorisole, Italy). Pb, Cr, 
Cd, and As were determined by inductively coupled plasma 

mass spectrometry (iCAP-Q ICP-MS, Thermo Scientific, 
Waltham, MA, USA) (Rashid et al. 2016).

2.7  Statistical analysis

Non-parametric statistics and one-way analysis of variance 
(one-way ANOVA) were performed using IBM SPSS Sta-
tistics 23 software. The Duncan method was used to make 
multiple comparisons within the experimental data. The 
significance level for the differences was p < 0.05. The fig-
ures production was used by Origin 2021. The test data are 
expressed as mean ± standard deviation (SD).

3  Results

3.1  Soil physical and chemical properties

Two years of the field trial proved that all four soil amend-
ments raised soil pH compared to the CK treatment 
(Table 3). Among them, P1 treatment had the most obvi-
ous improvement effect, increasing by 0.60 units (p < 0.05), 
while P2, P3, and P4 treatments increased by 0.42, 0.38, 
and 0.48 units, respectively. Compared with CK treatment, 
the soil available N content of the treatments increased by 
4.56–21.13 mg/kg, of which P1, P2, P3, and P4 treatments 
increased by 10.47%, 12.32%, 9.47%, and 2.66%, respec-
tively (p > 0.05). The content of soil available K in P1 treat-
ment was 130.66 mg/kg, which was the highest among 
all treatments. Compared with CK treatment, it increased 
by 20.61% (p < 0.05). Soil organic matter content of four 
amendments treatment was 32.30–38.57 g/kg and increased 
by 2.28–22.13% (p > 0.05) compared with CK treatment, 
while this increase was the most in P3 treatment with the 
content of 6.99 g/kg.

3.2  Soil available heavy metals

Figure 1a shows that the application of amendments sig-
nificantly reduced the content of soil available Pb. The 

Table 3  Effects of different amendments on soil physical and chemical properties (pH, available N, P, K, and OM)

Data represents means ± standard deviation. Different lowercase letters in the table indicate significant differences between different amendments 
treatments (p < 0.05). CK no soil amendment, P1 bentonite, P2 calcium magnesium phosphate fertilizer, P3 biochar, P4 lime

Treatment pH Available nitrogen (mg/kg) Available phosphorus 
(mg/kg)

Available potassium  
(mg/kg)

Organic matter (g/kg)

CK 4.22 ± 0.38b 171.50 ± 5.29a 83.81 ± 5.44c 108.33 ± 7.09b 31.58 ± 3.68a
P1 4.82 ± 0.11a 189.45 ± 15.36a 103.34 ± 8.91ab 130.66 ± 11.01a 35.41 ± 5.34a
P2 4.64 ± 0.54ab 192.63 ± 10.3a 116.21 ± 8.05a 122.33 ± 11.06ab 34.05 ± 3.11a
P3 4.60 ± 0.16ab 187.74 ± 15.79a 95.35 ± 6.78bc 120.33 ± 14.74ab 38.57 ± 4.36a
P4 4.70 ± 0.33ab 176.06 ± 9.62a 92.14 ± 8.18bc 112.66 ± 7.77ab 32.30 ± 3.82a
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lowest content of available Pb was 8.75 mg/kg in P2 treat-
ment, which decreased by 57.07% compared with CK treat-
ment. P1, P3, and P4 treatments significantly decreased by 
44.06%, 30.42%, and 23.95%, respectively (p < 0.05). The 
content of available Cd in soils decreased significantly by 
73.03–84.18% (p < 0.05), with the lowest level of 0.01 mg/
kg in the P1 treatment (Fig. 1b). P2, P3, and P4 amendment 
decreased significantly by 73.22%, 73.03%, and 74.08%, 
respectively. The available Cr content in the soil was sig-
nificantly reduced as seen in Fig. 1c, compared to the CK 
treatment and P4 treatment was the lowest (0.078 mg/kg) 
with a decrease of 80.80% (p < 0.05), yet P1 and P2 treat-
ments were similar, which decreased by 66.04% and 67.51%, 
respectively (p < 0.05), while the soil available As content 
of P3 treatment was the lowest, which decreased by 80.65% 
(p < 0.05) (Fig. 1d).

3.3  Tea yield

It can be seen from Table 4 that compared with CK treat-
ment, the 100-bud weight of tea treated with amendments 

significantly increased by 26.35–51.38%, and the maximum 
of P3 treatment was 27.40 g. The tea budding density of P3 
treatment was the highest (238.67 ind./m2), which increased 
significantly by 26.95% (p < 0.05). The tea budding den-
sity of P1, P2, and P3 treatments increased significantly 
by 12.41%, 24.11%, and 26.95%, respectively (p < 0.05). 
The fresh leaf yield of P3 treatment was the highest with 
591.87 kg/hm2, which was significantly increased by 40.89% 
compared with CK treatment (p < 0.05). P1, P2, and P4 
treatments significantly increased by 15.13%, 29.92%, and 
31.98%, respectively (p < 0.05).

3.4  Tea quality

In Table 5, the tea polyphenol content of P3 treatment was 
the highest, which was 197.63 mg/g, followed by P2 treat-
ment with 93.59 mg/g. There was no significant difference 
in tea polyphenol content between all amendments and CK 
treatment (p > 0.05). Compared with CK treatment, the con-
tent of free amino acids in P3 and P4 treatments increased 
significantly to 47.91  mg/g and 38.25  mg/g (p < 0.05), 

Fig. 1  Effects of soil amendments on soil available Pb (a), Cd (b), Cr (c), and As (d) contents. Error bars are means ± standard deviation. Differ-
ent lowercase letters in the figure indicate significant differences between different treatments (p < 0.05)
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respectively. The ratio between tea polyphenols and free 
amino acids in P3 was the smallest with 4.13, while it was 
the largest with 5.52 in the P2 treatment. The caffeine con-
tent of P2 and P3 treatments was similar, which was sig-
nificantly increased by 22.40% and 20.74% compared with 
CK treatment (p < 0.05), respectively. Compared with CK 
treatment, the water extract content of the four amendments 
treatments increased by 20.42–126.16 mg/g, while the high-
est water extract content in P3 treatment was 499.90 mg/g.

3.5  Tea heavy metals

Figure 2a shows that the Pb content in tea treated with either 
of amendments (P1, P2, P3, and P4) decreased significantly 
(p < 0.05) compared with CK treatment, with a decrease of 
52.31–61.28%. Among them, P3 treatment had the largest 
decrease with 1.78 mg/kg, and P1, P2, and P4 treatments 
decreased by 52.31%, 53.31%, and 57.00%, respectively. In 
Fig. 2b, tea Cd content with P1, P3 and P4 was similar. Com-
pared with CK treatment, tea Cd content decreased signifi-
cantly (p < 0.05), with a decrease by 38.37%, 37.01%, and 
41.45%, respectively. In Fig. 2c, compared with CK treat-
ment, the Cr content in tea of P1 treatment decreased by 
31.87%; P2, P3, and P4 treatments decreased significantly 
by 26.37%, 28.57%, and 25.27% respectively (p < 0.05). Fig-
ure 2d shows that the As content in tea of each treatment 
was not significantly different (p > 0.05), and the content 

of P4 treatment was the lowest, which decreased by 18.05% 
compared with CK treatment.

4  Discussion

Soil pH decreases severely with increasing years of cul-
tivation tea plant (Chen et al. 2021). Our results showed 
that after 2 years of amendment application, the soil pH 
increased and promoted tea plant growth (4.60–4.82), 
compared with to 4.28 prior to the experiment. Since four 
amendments are alkaline substances, they can increase soil 
pH. Among them, biochar, calcium magnesium phosphate 
fertilizer, bentonite, and lime, as common soil amendments, 
have been widely used in paddy fields and have proved to 
have a beneficial effect on increasing soil pH (Lwin et al. 
2018). Compared with CK, the application of amendments 
also increased soil organic matter content. The reason is 
mainly because of its special cultivation mode of prun-
ing; the pruned tea branches, leaves, and other substances 
are used to cover the surface of the soil (Liu et al. 2022). 
These plant residues are decomposed into organic matter 
into soil under the decomposition of microorganisms (Bora 
et al. 2022). Most bacteria and actinomycetes related to the 
decomposition of plant residues had the most suitable pH 
of 6.5–7.5 (Krishna and Mohan 2017). The application of 
amendments increased the pH of acidified soil, which would 
accelerate the decomposition of plant residues (Wu et al. 

Table 4  Effects of amendments 
on tea yield (100-bud weight, 
budding density, and fresh 
leaves yield)

Data represents means ± standard deviation. Different lowercase letters in the table indicate significant dif-
ferences between different amendment treatments (p < 0.05). CK no soil amendment, P1 bentonite, P2 cal-
cium magnesium phosphate fertilizer, P3 biochar, P4 lime

Treatment 100-bud weight (g) Budding density  (m2) Fresh leaves yield (kg/hm2)

CK 18.10 ± 0.70d 188.00 ± 9.17c 420.09 ± 18.21c
P1 22.87 ± 1.48c 211.33 ± 4.16b 483.66 ± 41.11b
P2 25.37 ± 1.17ab 233.33 ± 5.03a 545.79 ± 21.47ab
P3 27.40 ± 0.53a 238.67 ± 14.64a 591.87 ± 29.52a
P4 23.97 ± 0.53bc 227.67 ± 2.52a 554.45 ± 52.29a

Table 5  Effects of amendments on tea quality (tea polyphenols, free amino acids, tea polyphenols to free amino acids ratio, caffeine, and water 
extracts)

Data represents means ± standard deviation. Different lowercase letters in the table indicate significant differences between different amendments 
treatments (p < 0.05). CK no soil amendment, P1 bentonite, P2 calcium magnesium phosphate fertilizer, P3 biochar, P4 lime

Treatment Tea polyphenols (mg/g) Free amino acids (mg/g) Tea polyphenols to free 
amino acids ratio

Caffeine (mg/g) Water extracts (mg/g)

CK 176.96 ± 8.00a 32.70 ± 1.80c 5.42 ± 0.20ab 31.43 ± 0.93b 373.74 ± 17.93a
P1 180.60 ± 21.04a 33.51 ± 3.76bc 5.39 ± 0.07ab 33.62 ± 4.32ab 444.21 ± 71.83a
P2 193.59 ± 5.12a 35.13 ± 1.94bc 5.52 ± 0.20a 38.47 ± 2.30a 408.06 ± 45.77a
P3 197.63 ± 12.04a 47.91 ± 1.62a 4.13 ± 0.30c 37.95 ± 2.73a 499.90 ± 48.73a
P4 188.54 ± 9.42a 38.25 ± 2.91b 4.95 ± 0.48b 35.15 ± 0.28ab 394.16 ± 89.93a
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2021). The results showed that the soil organic matter con-
tent of biochar was the highest among the four amendments. 
The reason for this result is mainly due to the protection 
matrix generated by the passivation of the aromatic structure 
on the surface of biochar in acidic soil, which improves the 
stability of organic matter (Joseph et al. 2020). At the same 
time, biochar can also improve the activity of soil microor-
ganisms and promote the decomposition of soil humus and 
ultimately increase the content of soil organic matter (Weng 
et al. 2022). These wastes can be decomposed under the 
action of microorganisms, whereas biochar with the alkaline 
carbon substances accelerates the decomposition of litter 
(Minamino et al. 2019), improving the soil organic matter 
content. Our results showed that the application of calcium 
magnesium phosphate fertilizer, bentonite, and biochar 
amendment also increased soil nutrient content. Calcium 
magnesium phosphate fertilizer is a common P fertilizer; 
the content of  P2O5 in the tested materials is 13.41%, so its 
application can increase the content of available P in soil. 
Most tea plants grow in warm and rainy subtropical regions, 
where soil N is easily leached. However, adding biochar can 

increase soil N retention and also improve its availability 
(Zheng et al. 2013). Since, montmorillonite, the main com-
ponent of bentonite, has a crystal structure in which high-
valent Si (silicon) and Al (aluminum) ions can be replaced 
unequally by other low-valent cations;  K+ is adsorbed in the 
interlayer structure in the form of electrostatic attraction; and 
this exchangeable state increases the amount of available K 
in the soil (Mi et al. 2021).

The contents of Pb and Cd in the soil of our experiment 
site exceeded the relevant standards of China. The contents 
of available Pb, Cd, and Cr in the soil decreased signifi-
cantly after the application of amendments (Fig. 1). Pre-
vious reported that the addition of the bentonite, biochar, 
and chitosan (all three at 1%) has been shown to reduce 
available Cd by 22–36% and available Pb by 6–87% in soil, 
it being consistent with our results (Shaheen and Rinklebe 
2015). Lime and calcium magnesium phosphate fertilizer, 
as calcium-containing soil amendments, can increase soil 
pH, promote the formation of carbonate and hydroxide 
precipitation of Cd, and reduce its bioavailability to inhibit 
the absorption of Cd by plants (Sharma and Nagpal 2018). 

Fig. 2  Effects of amendments on the contents of Pb (a), Cd (b), Cr (c), and As (d) in tea. Error bars are means ± standard deviation. Different 
lowercase letters in the figure indicate significant differences between different treatments (p < 0.05)
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Since the main component of bentonite is montmorillonite, 
previous reports have indicated that montmorillonite may 
release some dissolved Si to precipitate Cd, forming stable 
Cd particles, thereby reducing its availability. Biochar can 
adsorb heavy metals because of its rich pore space (Chen 
et al. 2022). In addition, it is also capable of ion exchange 
or redox reactions with heavy metal ions to produce stable 
heavy metal precipitates (Duan et al. 2019) or convert toxic 
elements in the high valence state to the low valence state 
(Zama et al. 2018). It was shown that biochar in sheep and 
earthworm manure reduces Pb activity in soil by increasing 
Pb content in the residual state (Boostani et al. 2019), which 
was consistent with our experimental results.

Tea yield and quality are important indicators of the eco-
nomic value of tea. The application of soil amendments sig-
nificantly increased the weight of tea buds, budding density, 
and fresh leaf yield (Table 4). Biochar treatment has the most 
obvious effect on the increase of tea yield, for the reason that 
its more developed pore structure, which can adsorb N, P, K, 
and other nutrients, reducing the leaching and fixed loss of 
soil nutrients, improving the adsorption capacity of soil to 
mineral nutrients, and prolonging the release time of mineral 
nutrients (Kim et al. 2014). On the other hand, plants can 
absorb P from biochar carried into the soil and increase crop 
yields (Farrell et al. 2014). Kätterer et al. (2019) found that 
soil fertility and yield increased for 10 consecutive years in 
maize-soybean rotation after just one application of biochar 
in silty and clay soil. Uzoma et al. (2011) also found that 
the yield of maize in sandy soils increased by 150% and 
98% (p < 0.05) when the amount of biochar was 15 and 20 
tons/hm2, respectively, in agreement with our results. Bio-
char increased the content of tea polyphenols, free amino 
acids, and aqueous extracts in tea leaves, and the ratio of 
phenols to ammonia was reduced, which closely related to 
the aroma and taste of tea soup. N is an important com-
ponent of substances such as amino acids and caffeine in 
tea (Bittner 2006). The increase of soil P and K content 
is beneficial to increase tea polyphenols and water extracts 
(Tang et al. 2023). This study shows that the application of 
biochar can increase the content of available N, P, and K in 
the soil, thereby improving the quality of tea. This is mainly 
due to that biochar reduces the leaching of mineral nutrients 
by enhancing the nutrient adsorption, and the rebalancing of 
soil nutrients improved the nutrient utilization efficiency of 
tea in the later stages (Ding et al. 2016).

Obviously, with the acidification of tea plantation soil, 
the safety risk of tea gradually increases as the soil heavy 
metal activity increases, increasing the risk of human 
consumption. Our study showed that the application of 
biochar, lime, and bentonite can significantly reduce the 
content of Pb, Cd, and Cr in tea. Because the negative 
charge on the surface of biochar combines with heavy 
metal cations, its application reduce the activity of heavy 

metals in the soil, and as a result, the accumulation of 
heavy metals in tea is reduced (Mohamed et al. 2017). It 
has been shown that biochar produced at 700 ℃ can reduce 
the available state of Pb by 88.1% (Ahmad et al. 2016). 
Lime reduces the heavy metals in tea, which is mainly due 
to the increase of soil pH, which increases the amount of 
negative charge on the surface of colloids, improves the 
adsorption capacity of soil for heavy metal ions, and facili-
tates the formation of precipitates such as carbonates (Guo 
et al. 2006). However, long-term use of lime decreases soil 
pH and increases the concentration of heavy metal ions in 
the soil (Goulding 2016). As a clay mineral, bentonite has 
a relatively large specific surface area. It mainly reduces 
the concentration and activity of heavy metal ions in soil 
solution by adsorption, coprecipitation, coordination, and 
ion exchange, thus reducing the content of heavy metals 
in plants (Sun et al. 2015). However, effectiveness of ben-
tonite on the treatment of heavy metals in soil depends on 
factors, such as the type of contaminated soil, remediation 
of soil environment, the degree of complex pollution, and 
the type of clay mineral. Yet bentonite is more often used 
in wastewater treatment projects. In comparison, biochar 
is increasingly used as an effective material for reducing 
heavy metals in tea and has a positive impact on the physi-
cal and chemical properties of the soil.

5  Conclusions

Our results showed that four soil amendments (biochar, lime, 
calcium-magnesium phosphate fertilizer, and bentonite) 
could promote the rebalancing of soil nutrients and raise 
the soil pH in acidified tea plantations. As the effective state 
of soil heavy metals was limited, the accumulation in tea was 
reduced, and the quality of tea was ensured. The yield of tea 
also increased which greatly improved the economic value 
of tea. Biochar has a better effect on improving the soil of 
acidified tea plantations. Further efforts need to be made to 
reveal the molecular mechanism of biochar for promoting 
tea tree growth.
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