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ABSTRACT
Background: Biochar, an alkaline material derived from agricultural and forestry
waste, can ameliorate soil quality by adjusting soil pH. However, various types of
biochar have distinct effects on soil pH due to diversity in feedstock type, pyrolysis
temperature, and application rate.
Method: Therefore, a meta-analysis was conducted with 598 paired comparisons
obtained from 104 published studies (January 2010–July 2022) to comprehensively
depict the response of soil pH to biochar in farmland systems across China.
Result: The results showed that adding biochar significantly increased the acid soils’
pH. Still, its effects on neutral and alkaline soils varied depending on the biochar’s pH
and the soil’s initial pH. The pH of acid and neutral soils was raised by 5–10% straw
biochar (600–800 �C and 400–600 �C, respectively). In alkaline soils, 5–10% other
biochar (200–400 �C) raised pH, while 1–5% straw biochar (200–400 �C) reduced it.
The findings underscore the importance of biochar pH and initial soil pH in the
divergent consequences of biochar application in farmland systems, and both factors
should be considered to choose the optimal biochar type for acid, neutral, and
alkaline soils.

Subjects Agricultural Science, Environmental Sciences, Soil Science, Environmental Impacts
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INTRODUCTION
Soil pH is a key index to evaluate the quality of soil fertility and plays an important role in
biogeochemical cycle. It is closely related to the level of soil fertility, the activity of
microorganisms and fauna, and the formation of humus, and has a direct impact on the
form and effectiveness of soil nutrients (Zeng et al., 2011; Chen et al., 2019; Li et al., 2019).
To tackle soil acidification or alkalisation problems and boost crop productivity, increasing
effort has been directed toward ameliorating soil pH in farmland systems.

Biochar is a carbon-rich material prepared by high-temperature pyrolysis of biomass
under fully or partially anoxic conditions. Common feedstocks include agricultural waste
(e.g., crop straw, woody peat) (Demirbas, 2006), livestock manure, and domestic waste
(e.g., sewage sludge, municipal solid waste) (Gunarathne et al., 2019). Biochar is generally
alkaline, with weak acidity in a small proportion. It is characterized by rich pore structure,
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large specific surface area, small specific gravity, stable physicochemical properties, and
abundant surface functional groups (Hossain et al., 2020; Liang et al., 2021). Owing to
these characteristics, the addition of biochar confers benefits to soil structure and fertility.
However, the effects of biochar on soil quality are variable depending on the feedstock,
temperature, and method used for biochar preparation (Zhang, Voroney & Price, 2015;
Zhao, Ta & Wang, 2017).

For instance, the application of woody biochar at different pyrolysis temperatures
(450 �C and 550 �C) and application rates (0%, 3%, 6%, and 10%) to acidified sandy soil
(pH = 3.8) in central Portugal significantly increased soil pH to a range of 5.0–7.0 (Morim
et al., 2023). Similarly, biochar prepared from a mixture of sludge and rice husk applied to
Central European silty loam (pH = 5.6) increased soil pH by 0.4–0.9 units (Hematimatin
et al., 2024). In the Czech Republic, biochar application to acidic (pH = 4.3) and neutral
(pH = 6.8) loam soils resulted in significant pH increases, with neutral soils showing a pH
increase of 1.2–1.3 units (Száková et al., 2024; Mikajlo et al., 2024).

Irrespective of the type of biochar applied, it has the potential to raise the pH level of
acid soils. The pH-adjusting capability of biochar in acid soils has been reported for sludge
biochar (Zong et al., 2018; Malik et al., 2018), straw biochar (Yu et al., 2017; Wu et al.,
2018), and woody biochar (Pan et al., 2021; Yan et al., 2021). However, different types of
biochar exhibit divergent effects on soil alkalinity (Qiang et al., 2020; Hu et al., 2021; Liu,
Xie & Zhang, 2017; Elkhlifi et al., 2021). Specifically, biochar application can lead to three
different outcomes in alkaline soils, i.e., no noticeable change in soil pH (Song et al., 2019,
2020), decrease in soil pH (Zhao et al., 2020), and increase in soil pH (Cui et al., 2022).
Despite a plethora of research highlighting the effects of biochar on soil pH, uncertainties
remain on the influence of distinct feedstocks, temperatures, supplements, and their
interactions. Consequently, it is imperative to devise guidelines for biochar application that
account for varying soil pH.

Previous meta-analysis has elucidate the effects of biochar on greenhouse gas emissions
(Cayuela et al., 2014; Jeffery et al., 2016;He et al., 2017), plant root traits (Xiang et al., 2017;
Zou et al., 2021), heavy metal bioavailability (Tian et al., 2021; Yuan et al., 2021), and crop
yield (Jeffery et al., 2011; Crane-Droesch et al., 2013). Despite some meta-analyses revealing
biochar-induced changes in soil physicochemical properties (Sun et al., 2022), there is still
a paucity of research deciphering the responses of soil pH to various types of biochar in
farmland systems across large spatial scales. To fill this knowledge gap, we compared the
effects of biochar with different feedstock types, pyrolysis temperatures, and application
rates on the pH of acid, neutral, alkaline soils in through a meta-analysis of published
articles. Results of this study could provide mechanistic insights into the divergent role of
biochar in improving soil quality from a pH perspective.

MATERIALS AND METHODS
Data sources
The Web of Science (https://www.webofscience.com/) and CNKI (https://www.cnki.net/)
databases were systematically searched for relevant studies published from January 2010 to
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July 2022. The keywords used for the search were (biochar OR black carbon OR charcoal)
AND (soil pH). Jia Yao and Shixiang Zhao evaluated the title and abstract of each study to
determine whether it contained original data on the response variable used in the present
study. In case of disagreement, seek the help of other co-authors to determine the primary
referee by vote. The selection criteria were as follows: (1) the object of the study was
farmland soil in China; (2) the design of the study was field experiment, plot
experiment, or pot experiment; (3) the experiment consisted of at least one treatment with
biochar and one treatment without biochar (control), and other field conditions were
consistent; (4) the basic physicochemical properties of soil and biochar samples were
reported; and (5) each treatment was replicated at least three times. Exclusion criteria:
(1) The research object does not match: excluding the study of non-farmland soil (such as
forest soil, grassland soil, etc.); (2) Research design does not match: excluding laboratory
simulation tests, model simulation studies or the lack of control group studies;
(3) Incomplete data: Excluding studies that did not report the basic physical and chemical
properties of soil or biochar, or studies with incomplete data that could not be effectively
analyzed; (4) Insufficient repetition: studies with less than three repetitions per treatment
were excluded.

A total of 104 valid research articles were retrieved and 598 sets of data were collected.
The flow chart of literature removal is shown in Fig. 1. The province and latitude and
longitude of the soil sampling points for each test are listed in File S2. We recorded the
observed data of the response variable—soil pH—in each article, including the mean and
standard deviation (SD) or standard error (SE) of control and biochar treatments. In
addition to directly extracting tabular data, we digitized figure data using GetData
version 2.25 (Getdata Pty Ltd, Manhattan Beach, CA, USA). Moreover, the data of the
original soil pH and biochar characteristics (feedstock, pyrolysis temperature,
application rate, pH) were recorded. All data were standardized appropriately before
further analysis. The biochar application rate was converted into a unified unit (%). If SEs
were reported in a selected article, they was converted to SDs using Eq. (1). For articles
that did not report SDs or SEs, SDs were estimated to be 10% of the means (Luo, Hui &
Zhang, 2006).

SD ¼ SE
ffiffiffi
n

p
: (1)

The data were categorized by soil pH level and biochar characteristics as follows. Based
on their original pH, soils were divided into three groups: acid (pH < 6.5), neutral (pH
6.5 = 7.5), and alkaline (pH > 7.5). Biochar feedstocks were also classified into three types:
crop straw (e.g., wheat husk, rice straw, corn cob), woody matter (e.g., timbers, leaves,
branches), and others (e.g., sewage sludge, livestock and poultry manure, municipal solid
waste). Li & Chen (2018) found that the physical and chemical properties of high
temperature biochar ≥600 �C and ≤400 �C biochar are different, so according the biomass
pyrolysis temperatures were ranked into three levels: low (200–400 �C), medium
(400–600 �C), and high (600–800 �C). Biochar application rates were grouped into four
levels: low (<1%), medium (1–5%), high (5–10%), and extremely high (10–20%).
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Data analysis
In the meta-analysis, the treatments with and without biochar addition were defined as the
treatment and control groups, respectively. We computed effect sizes as natural
log-transformed response ratios (lnR):

lnR ¼ ln
Xt

Xc

� �
¼ lnXt � lnXc (2)

Figure 1 PRISMA flow diagram. Full-size DOI: 10.7717/peerj.19400/fig-1
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where Xt and Xc are the mean responses of soil pH in the treatment and control groups,
respectively. The variance (v) of response ratio was estimated as follows:

v ¼ S2t
ntX2

t
þ S2c
ncX2

c
(3)

where nt and nc are the sample sizes for the treatment and control groups, respectively; St
and Sc are the SD values for the treatment and control groups, respectively.

We conducted weighted meta-analysis, where the mean effect size of each categorical
variable was calculated using a fixed effects model. Groups with less than two treatments
were omitted from the analysis. Metawin version 2.0 (Rosenberg, Adams & Gurevitch,
2000) was adopted to calculate the overall mean effect size and 95% confidence interval
(CI) for each categorical variable. If the 95% CI did not overlap with zero, the mean effect
size was considered significant; Xt and Xc were considered significantly different if the 95%
CI did not overlap from one another. One-way analysis of variance with Tukey’s test was
used to determine whether there were significant differences in soil pH among different
groups or levels of categorical variables. Publication bias is one of the most concerned and
studied bias in Meta-analysis. In order to test the publication bias of the collected literature
and ensure the accuracy of the evaluation results and conclusions of meta-analysis, this
study uses Eggar’s method to quantify. When the bias test value P > 0.05, it is considered
that there is no publication bias in the collected literature, and vice versa (Egger et al.,
1997). Statistical analyses were conducted using OriginPro version 2022 (OriginLab Corp.,
Northampton, MA, USA).

RESULTS
Total effect of biochar on soil pH
Averaged across the entire dataset, biochar addition significantly increased soil pH in the
samples, with an effect value of 0.0450 (Fig. 2). When separating the samples into acidic,
neutral, and alkaline soils, biochar exhibited a positive effect on the pH of acidic soils
(0.0662), and this effect was greater than that for neutral (0.0136) and alkaline soils
(0.0054).

Effect of biochar from different feedstocks on soil pH
The addition of biochar derived from various feedstocks displayed a positive effect on soil
pH (Fig. 3). The response of soil pH to straw biochar was greater in acid soils (0.0801) than
in neutral and alkaline soils (0.0135 and 0.0033, respectively). Woody biochar exhibited a
similar effect to straw biochar in both acid and alkaline soils. However, other biochar
displayed a greater effect in neutral soils, with no significant difference between acid and
alkaline soils. Among the three feedstock types, woody biochar and straw biochar had
prominent effects on acid soils (0.0820 and 0.0801, respectively), which accounted for a
significant increase in soil pH. On the contrary, other biochar had the greatest effect on
neutral (0.0498) and alkaline (0.0441) soils.
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Figure 2 The total effect of biochar on soil pH in farmland systems. The effect size was considered
statistically significant if the 95% bootstrap confidence interval (CI) did not include zero. The numbers
next to the bars are sample sizes for each variable (n). Full-size DOI: 10.7717/peerj.19400/fig-2

Figure 3 Effect of biochar from different feedstocks on soil pH in farmland systems. The effect size
was considered statistically significant if the 95% bootstrap confidence interval (CI) did not include zero.
The numbers next to the bars are sample sizes for each variable (n).

Full-size DOI: 10.7717/peerj.19400/fig-3
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Effect of biochar with different pyrolysis temperatures on soil pH
Upon addition of biochar prepared at 200–400 �C, the pH of both acid and alkaline soils
responded positively, and the effect on acid soils was greater than that on alkaline soils
(Fig. 4). The addition of biochar prepared at 400–600 �C exhibited a positive effect on soil
pH in all three groups, and the greatest effect emerged in acid soils. Notably, adding the
biochar prepared at 600–800 �C exerted a negative effect on the pH of alkaline soils
(−0.0238), which contrasted with its positive effect on the pH of neutral and acid soils.
Among the three temperature levels, the positive effect of high-temperature biochar was
the most remarkable on acid (0.1008) and neutral (0.0517) soils. However, for alkaline
soils, the greatest negative effect was attributed to high-temperature biochar (–0.014),
whereas the most evident positive effect was posed by low-temperature biochar (0.0270).

Effect of biochar applied at different rates on soil pH
The effects of different biochar application rates on soil pH were divergent (Fig. 5). Biochar
addition at low rates <1% mainly positively affected the pH of acid (0.0319) and neutral
(0.0223) soils, with a minimal negative effect on alkaline soils (–0.0017). The addition of
1–5% and 5–10% biochar had an exclusively positive effect on soil pH over a range of
acidity, neutrality, and alkalinity. The positive effect of biochar was generally enhanced
with increasing application rate, and adding 10–20% biochar specifically affected the pH of
acid and neutral soils. Among the three levels of application rate, 5–10% biochar exhibited

Figure 4 Effect of biochar with different pyrolysis temperatures on soil pH in farmland systems. The
effect size was considered statistically significant if the 95% bootstrap confidence interval (CI) did not
include zero. The numbers next to the bars are sample sizes for each variable (n).

Full-size DOI: 10.7717/peerj.19400/fig-4
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the greatest positive effect on acid soils (0.1568), whereas 10–20% and 1–5% biochar
respectively showed the most prominent effect on neutral (0.0643) and alkaline (0.0167)
soils.

Interaction effects of biochar feedstock and pyrolysis temperature on
soil pH
Biochar feedstock and pyrolysis temperature showed varied interaction effects on soil pH
(Fig. 6). The responses of pH in acid and neutral soils to straw biochar with different
pyrolysis temperatures (Fig. 6A) were consistent with the response patterns to all biochar
(Fig. 4). In the case of alkaline soils, straw biochar prepared at 200–400 �C and 400–600 �C
had a slight positive effect on soil pH (0.0003 and 0.0075, respectively), whereas a negative
effect was observed for straw biochar prepared at 600–800 �C (–0.0250).

The positive effect of woody biochar on the pH of acid soils was heightened with
increasing pyrolysis temperature. In alkaline soils, woody biochar showed contrasting
effects on soil pH depending on pyrolysis temperature, as indicated by a positive effect
value at 400–600 �C (0.0210) and a negative effect value at 600–800 �C (–0.0238; Fig. 6B).
The effects of other biochar prepared at different temperatures were positive across all soil
groups (Fig. 6C).

Interaction effect of biochar feedstock and application rate on soil pH
There were distinct interaction effects of biochar feedstock and application rate on soil pH
(Fig. 7). Specifically, different straw biochar rates had a positive effect on the pH of acid
and neutral soils (Fig. 7A), and the response of pH in acid soils was consistent with the

Figure 5 Effect of different biochar application rates on soil pH in farmland systems. The effect size
was considered statistically significant if the 95% bootstrap confidence interval (CI) did not include zero.
The numbers next to the bars are sample sizes for each variable (n).

Full-size DOI: 10.7717/peerj.19400/fig-5
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pattern observed for all biochar (Fig. 5). In the case of alkaline soils, adding 1–5% straw
biochar had a small positive effect (0.0105) on soil pH, whereas lower and higher straw
biochar rates had a minor negative effect on soil pH (–0.0022 and –0.0019, respectively;
Fig. 7A).

The response of pH in acid soils to different woody biochar rates was also consistent
with the pattern observed for all biochar (Fig. 5). In alkaline soils, the effect of woody
biochar rate on soil pH resembled that of straw biochar rate. When woody biochar was
added at rates of 1–5%, there was a positive effect on soil pH (0.0263). Conversely, a
negative effect emerged with woody biochar addition at lower and higher rates (–0.0001
and –0.0259, respectively; Fig. 7B).

The addition of other biochar at different rates had consistent positive effects on the pH
of acid, neutral, and alkaline soils (Fig. 7C). Together, the results indicate that greatest
positive effect on soil pH was observed in acid and neutral soils upon straw biochar addition
at high (5–10%) and extremely high (10–20%) rates, respectively. The greatest negative
effect observed in alkaline soils was attributed to woody biochar addition at high rates.

Figure 6 Interaction effects of biochar feedstock and pyrolysis temperature on soil pH in farmland systems. The effect size was considered
statistically significant if the 95% bootstrap confidence interval (CI) did not include zero. The numbers next to the bars are sample sizes for each
variable (n). Full-size DOI: 10.7717/peerj.19400/fig-6

Figure 7 Interaction effects of biochar feedstock and application rate on soil pH in farmland systems. The effect size was considered statistically
significant if the 95% bootstrap confidence interval (CI) did not include zero. The numbers next to the bars are sample sizes for each variable (n).

Full-size DOI: 10.7717/peerj.19400/fig-7
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Interaction effect of biochar feedstock, pyrolysis temperature, and
application rate on soil pH
Regardless of the application rate, the addition of straw biochar prepared at 200–400 �C
exhibited a positive effect on the pH of acid soils (0.0767). However, when this biochar was
applied between rates of 1–5%, a negative effect on soil pH emerged in alkaline soils
(–0.0178). The effect of straw biochar prepared at 600–800 �C was positive across all soils,
being the strongest in acid soils at the application rate of 5–10%. Woody biochar prepared
at 400–600 �C also positively affected the pH of both acid and alkaline soils, and this effect
was strengthened in acid soils with increasing application rate. The addition of other
biochar with different pyrolysis temperatures had a positive effect on the pH of acid,
neutral, and alkaline soils, and there was an upward trend in this effect with increasing
application rate (Fig. 8C).

Among the different treatments, the pH of acid soils was positively affected the most by
addition of 5–10% straw biochar with high temperatures (600–800 �C; 0.2062). The same
application rate of medium-temperature straw biochar (400–600 �C) was most effective in
increasing the pH of neutral soils (0.0713). In alkaline soils, however, the greatest positive
response of pH was observed upon addition of 5–10% other biochar prepared at
200–400 �C (0.0742), whereas the addition of 1–5% straw biochar prepared at 200–400 �C
had a negative effect on alkaline soils (−0.0178).

DISCUSSION
Large-scale application of biochar, a promising soil amendment, is plagued by divergent
consequences in different soils. In this meta-analysis, we demonstrated the benefits of
biochar addition in ameliorating the pH of acid, neutral, and alkaline soils in farmland
systems across China based on experimental data published over the past 12 years (Fig. 2).
More importantly, we linked biochar-induced changes in soil pH to feedstock type,
pyrolysis temperature, and application rate (Figs. 3–5). The findings present a holistic
picture of how soil pH responds to various types of biochar in farmland systems, which has
practical implications for the development of guidelines on biochar application.

Figure 8 Interaction effects of biochar feedstock, pyrolysis temperature, and application rate on soil pH in farmland systems. The effect size
was considered statistically significant if the 95% bootstrap confidence interval (CI) did not include zero. The numbers next to the bars are sample
sizes for each variable (n). Full-size DOI: 10.7717/peerj.19400/fig-8
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The addition of biochar with various feedstocks, pyrolysis temperatures, and application
rates notably increased the pH of acid farmland soils (Shi et al., 2019) (Figs. 3–8). This
positive effect on soil pH is attributable to the alkaline nature of biochar. During pyrolysis,
the acid functional groups and cations present in the feedstock are incorporated to form
alkaline substances, such as –COO–, –O–, carbonates, and oxides. After biochar
application, these alkaline substances play a role in alleviating soil acidity by neutralizing
H+ ions and reacting with Al3+ ions in the soil (Dai et al., 2017). Fuertes et al. (2010)
showed that 1 ton of hydrochar could have a limiting effect of 39.6 kg CaCO3. In addition
to H+ and Al3+ ion exchange, biochar can elevate soil pH through the input of cations, such
as Ca2+, K+, and Mg2+ (Glaser, Lehmann & Zech, 2002). Therefore, it is not surprising that
the pH of acidic soils increases in response to biochar addition.

Our analysis revealed feedstock-dependent variations in pH modulation efficiency. In
acid soils, woody biochar exhibited a greater effect than straw biochar and other biochar,
whereas in neutral and alkaline soils, other biochar exerted the greatest effect on soil pH
(Fig. 3). According to Wijitkosum (2022) and Schmidt & Wilson (2012), biochar made
from woody matter has low pH as a result of low ash content. As such, woody biochar may
not be as effective in increasing the pH of acid soils as biochar derived from crop straw and
other materials. This contradicts our conclusion based on the meta-analysis. One possible
reason for this contradiction is that in our dataset, the pH ranges of straw biochar
(6.48–11.32) and other biochar (7.97–8.80) collected from acid soils are lower than that of
woody biochar (7.90–11.30). Therefore, woody biochar has the best performance in
increasing the pH of acid soils. In alkaline soils, the pH of other biochar is generally higher
than soil pH, whereas woody biochar and straw biochar sometimes have lower pH values
lower than the soil. This explains why other biochar has an overall stronger positive effect
on the pH of alkaline soils. The situation of neutral soils is similar to that of alkaline soils.

Furthermore, pyrolysis temperature emerged as a critical determinant of biochar’s
pH-modifying capacity. High-temperature biochar was more effective in improving the
pH of acid soils compared with low-temperature biochar (Fig. 3), consistent with the
findings of Sani et al. (2020). Carbonization at higher temperatures can enhance the
dehydration and decomposition of organic acids, generating more alkaline substances in
biochar (Geng et al., 2022).Wan et al. (2014) applied biochar with three different pyrolysis
temperatures (300 �C, 500 �C, 700 �C) to improve the pH of acid soil. They observed a
greater increase in soil pH under the application of biochar produced at 700 �C, which had
a higher alkalinity, as compared with biochar produced at lower temperatures. Guo &
Rockstraw (2007) indicated that the number of acid functional groups in activated carbon
decreased with increasing pyrolysis temperature. The greatest decrease in acid functional
groups emerged at 300–400 �C, and the loss rate of these functional groups slowed down at
>400 �C.

Our results showed that high-temperature biochar was more effective in increasing the
pH of acid and neutral soils in farmland, whereas low-temperature biochar had a greater
effect on alkaline soils (Fig. 4). Liu & Zhang (2012) reported that alkaline biochar did not
increase the pH of five types of alkaline soils, but instead produced a decreasing pH trend.
The increase in the carboxylic and phenol functional groups due to natural oxidation of
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biochar added in soil may be the possible reason for the decline in the pH (Yadav et al.,
2019). Furthermore, during the oxidation on biochar surface, oxygen may be chemisorbed
to unsaturated ring point of biochar carbon, leading to a subsequent formation of
oxygenated functional groups (Wang, Xiong & Kuzyakov, 2016). This pattern was
consistent with regard to feedstock type, such as straw, wood, or other materials (Fig. 6). It
is noteworthy that the data collected in our dataset were mainly related to the effects of
different application rates of straw biochar on soil pH, with limited data available for
woody biochar and other biochar (Fig. 8). Iyobe et al. (2004) have suggested that the
decomposition of lignin and cellulose within the temperature range of 400–500 �C is
responsible for the decrease in biochar pH. Our data also indicate that the pH of biochar
produced at 600–800 �C (7.25–11.32) is generally lower, albeit not significantly, compared
with that of biochar produced at 400–600 �C (7.10–11.30). However, soils treated with
biochar produced at 600–800 �C generally showed higher initial pH values (4.31–8.97)
than soils treated with biochar produced at other temperatures (3.78–8.59). Consequently,
low-temperature biochar exhibited a stronger effect in elevating soil pH, and the effect of
biochar pH being lower than the initial soil pH was diminished.

As the application rate of biochar increased, the pH in farmland soils responded
positively (Figs. 5, 7, 8), in agreement with previous studies (Molnár et al., 2016; Laird
et al., 2017). Zhou et al. (2019) showed that the pH values of acid soil were elevated with
increasing rate of biochar application in the range of 1–4%, and the pH value of 4%
biochar-treated soils was 0.11 units higher than that of the control. Liang et al. (2014) also
showed that soil pH value increased with increasing biochar addition from 30 to 90 t·hm–2,
despite the effect was indistinct. Biochar has the ability to neutralize soil acidity, partially
because it contains Ca2+, Mg2+, K+, and Na+ ions in the form of oxides and soluble
carbonates, which can dissolve in water and form alkalies (Tan et al., 2017).

The results reported in this study showed that the addition of biochar with different
feedstocks and pyrolysis temperatures had similar effects on the pH of acid and neutral
soils, which contrasted with the response of pH in alkaline soils (Figs. 4, 6). In principle,
the higher the pyrolysis temperature, the higher the biochar pH (Geng et al., 2022).
However, the pH of alkaline soils responded differently to woody biochar and straw
biochar, with higher pyrolysis temperatures contributing less to soil pH. This is because
based on our data, the soils treated with biochar prepared at higher temperatures had
higher initial pH values. The responses of soil pH to different application rates of woody
biochar and other biochar were inconsistent with the response patterns to the application
rates of total biochar in alkaline soils. This was also due to the minimal difference between
biochar pH and soil pH in our dataset.

Limitations
SE to SD depends on the accuracy of the sample size n. If the original study does not report
n or there is a selective report, it may lead to SD being overestimated or underestimated,
thus distorting the calculation of effect size. Assume that SD = 10% mean will be divorced
from reality. SD reflects the inherent dispersion of data and has no fixed proportional
relationship with the mean (Fig. 9). Therefore, using these two methods to estimate SD
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may cause errors in the results. In the future research, the original data should be obtained
first, and the advanced statistical methods such as maximum likelihood estimation should
be used to deal with the missing SD, and the influence direction of different SD
assumptions on the results should be tested in the sensitivity analysis.

The data of this study focused on short-term experiments (<3 years), which could not
reflect the long-term effect of biochar aging (such as oxidation, microbial degradation) on
pH (Lehmann et al., 2021); the regulation of soil microbial communities (acid-producing
bacteria and nitrifying bacteria) on biochar effect was not quantified. The sample size in
some areas (alkaline soil in the arid region of Northwest China) was insufficient (File S2),
which may affect the universality of the conclusion. It is suggested that future research
should combine long-term positioning experiments and metagenomic techniques to reveal
the interaction mechanism of biochar-microorganism-soil chemistry.

CONCLUSIONS
Based on the meta-analysis, this study systematically depicted the divergent responses of
soil pH to various types of biochar in farmland systems, using Chinese farmland soil as a
case in point. The results indicated that biochar addition generally increased the pH of
farmland soils, despite the effects varying with feedstock type, pyrolysis temperature, and
application rate. In both acid and neutral soils, the addition of woody biochar, other
biochar, and high-temperature pyrolysis (600–800 �C) notably increased soil pH. In the
case of straw biochar, an extremely high application rate (10–20%) was effective in
elevating the pH of neutral soils, whereas a high rate (5–10%) was optimal for acid soils.

Figure 9 The effect value visualization of different standard deviation processing methods.
Assuming that SD = 10% Mean, the difference of acid soil effect value is less than 20%, but the differ-
ence of neutral and alkaline soil is 56.61% and 29.76%, respectively, indicating that neutral and alkaline
soil results are more sensitive to SD hypothesis Full-size DOI: 10.7717/peerj.19400/fig-9
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Furthermore, the pH of alkaline soils was mainly increased upon addition of
low-temperature other biochar (200–400 �C), medium-temperature woody biochar
(400–600 �C), and high-rate woody biochar (5–10%), which contrasted with the effect of
high-temperature biochar. When ameliorating acid, neutral, and alkaline soils, it is crucial
to select the optimal biochar type by taking into account the biochar pH and initial soil pH.
Therefore, it is recommended to apply 5–10% straw biochar at 600–800 �C and
400–600 �C in acidic and neutral soils, respectively, to maximize soil pH, and to apply
1–5% straw biochar in alkaline soils to reduce soil pH.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was funded by the National Key R&D program (2022YFD1500901-03) and the
National Natural Science Foundation of China (41907082). The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Key R&D program: 2022YFD1500901-03.
National Natural Science Foundation of China: 41907082.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
. Jia Yao conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.

. Xueren Wang analyzed the data, prepared figures and/or tables, and approved the final
draft.

. Mei Hong conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

. Hui Gao conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

. Shixiang Zhao conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.19400#supplemental-information.

Yao et al. (2025), PeerJ, DOI 10.7717/peerj.19400 14/18

http://dx.doi.org/10.7717/peerj.19400#supplemental-information
http://dx.doi.org/10.7717/peerj.19400#supplemental-information
http://dx.doi.org/10.7717/peerj.19400#supplemental-information
http://dx.doi.org/10.7717/peerj.19400
https://peerj.com/


REFERENCES
Cayuela ML, Van Zwieten L, Singh BP, Jeffery S, Roig A, Sánchez-Monedero MA. 2014.

Biochar’s role in mitigating soil nitrous oxide emissions: a review and meta-analysis. Agriculture,
Ecosystems & Environment 191:5–16 DOI 10.1016/j.agee.2013.10.009.

Chen S, Liang Z, Webster R, Zhang G, Zhou Y, Teng H, Hu B, Arrouays D, Shi Z. 2019. A
high-resolution map of soil pH in China made by hybrid modelling of sparse soil data and
environmental covariates and its implications for pollution. Science of the Total Environment
655(1–2):273–283 DOI 10.1016/j.scitotenv.2018.11.230.

Crane-Droesch A, Abiven S, Jeffery S, Torn MS. 2013. Heterogeneous global crop yield response
to biochar: a meta-regression analysis. Environmental Research Letters 8(4):044049
DOI 10.1088/1748-9326/8/4/044049.

Cui L, Liu Y, Yan J, Hina K, Hussain Q, Qiu T, Zhu J. 2022. Revitalizing coastal saline-alkali soil
with biochar application for improved crop growth. Ecological Engineering 179(11):106594
DOI 10.1016/j.ecoleng.2022.106594.

Dai Z, Zhang X, Tang C, Muhammad N,Wu J, Brookes PC, Xu J. 2017. Potential role of biochars
in decreasing soil acidification—a critical review. Science of the Total Environment
581–582(36101):601–611 DOI 10.1016/j.scitotenv.2016.12.169.

Demirbas A. 2006. Production and characterization of biochar from biomass via pyrolysis. Energy
Sources, Part A: Recovery, Utilization, and Environmental Effects 28(5):413–422
DOI 10.1080/009083190927895.

Egger M, Smith GD, Schneider M, Minder C. 1997. Bias in meta-analysis detected by a simple,
graphical test. BMJ 315(7109):629–634 DOI 10.1136/bmj.315.7109.629.

Elkhlifi Z, Kamran M, Maqbool A, El-Naggar A, Ifthikar J, Parveen A, Bashir S, Rizwan M,
Mustafa A, Irshad S, Ali S, Chen Z. 2021. Phosphate-lanthanum-coated sewage sludge biochar
improved the soil properties and growth of ryegrass in alkaline soil. Ecotoxicology and
Environmental Safety 216:112173 DOI 10.1016/j.ecoenv.2021.112173.

Fuertes AB, Arbestain MC, Sevilla M, Macia-Agullo JA, Fiol S, Lopez R, Smernik RJ,
Aitkenhead WP, Arce F, Macias F. 2010. Chemical and structural properties of carbonaceous
products obtained by pyrolysis and hydrothermal carbonization of corn stover. Australian
Journal of Soil Research 48(7):618–626 DOI 10.1071/SR10010.

Geng N, Kang X, Yan X, Yin N, Wang H, Pan H, Yang Q, Lou Y, Zhuge Y. 2022. Biochar
mitigation of soil acidification and carbon sequestration is influenced by materials and
temperature. Ecotoxicology and Environmental Safety 232:113241
DOI 10.1016/j.ecoenv.2022.113241.

Glaser B, Lehmann J, Zech W. 2002. Ameliorating physical and chemical properties of highly
weathered soils in the tropics with charcoal—a review. Biology and Fertility of Soils
35(4):219–230 DOI 10.1007/s00374-002-0466-4.

Gunarathne V, Ashiq A, Ramanayaka S, Wijekoon P, Vithanage M. 2019. Biochar from
municipal solid waste for resource recovery and pollution remediation. Environmental
Chemistry Letters 17(3):1225–1235 DOI 10.1007/s10311-019-00866-0.

Guo Y, Rockstraw DA. 2007. Activated carbons prepared from rice hull by one-step phosphoric
acid activation. Microporous and Mesoporous Materials 100(1–3):12–19
DOI 10.1016/j.micromeso.2006.10.006.

He Y, Zhou X, Jiang L, Li M, Du Z, Zhou G, Shao J, Wang X, Xu Z, Bai S, Wallace H, Xu C.
2017. Effects of biochar application on soil greenhouse gas fluxes: a meta-analysis. GCB
Bioenergy 9(4):743–755 DOI 10.1111/gcbb.12376.

Yao et al. (2025), PeerJ, DOI 10.7717/peerj.19400 15/18

http://dx.doi.org/10.1016/j.agee.2013.10.009
http://dx.doi.org/10.1016/j.scitotenv.2018.11.230
http://dx.doi.org/10.1088/1748-9326/8/4/044049
http://dx.doi.org/10.1016/j.ecoleng.2022.106594
http://dx.doi.org/10.1016/j.scitotenv.2016.12.169
http://dx.doi.org/10.1080/009083190927895
http://dx.doi.org/10.1136/bmj.315.7109.629
http://dx.doi.org/10.1016/j.ecoenv.2021.112173
http://dx.doi.org/10.1071/SR10010
http://dx.doi.org/10.1016/j.ecoenv.2022.113241
http://dx.doi.org/10.1007/s00374-002-0466-4
http://dx.doi.org/10.1007/s10311-019-00866-0
http://dx.doi.org/10.1016/j.micromeso.2006.10.006
http://dx.doi.org/10.1111/gcbb.12376
http://dx.doi.org/10.7717/peerj.19400
https://peerj.com/


Hematimatin N, Igaz D, Aydın E, Horák J. 2024. Biochar application regulating soil inorganic
nitrogen and organic carbon content in cropland in the Central Europe: a seven-year field study.
Biochar 6(1):14 DOI 10.1007/s42773-024-00307-4.

Hossain MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palansooriya KN, Kirkham MB,
Chowdhury S, Bolan N. 2020. Biochar and its importance on nutrient dynamics in soil and
plant. Biochar 2(4):379–420 DOI 10.1007/s42773-020-00065-z.

Hu F, Xu C, Ma R, Tu K, Yang J, Zhao S, Yang M, Zhang F. 2021. Biochar application driven
change in soil internal forces improves aggregate stability: based on a two-year field study.
Geoderma 403:115276 DOI 10.1016/j.geoderma.2021.115276.

Iyobe T, Asada T, Kawata K, Oikawa K. 2004. Comparison of removal efficiencies for ammonia
and amine gases between woody charcoal and activated carbon. Journal of Health Science
50(2):148–153 DOI 10.1248/jhs.50.148.

Jeffery S, Verheijen FG, Kammann C, Abalos D. 2016. Biochar effects on methane emissions
from soils: a meta-analysis. Soil Biology and Biochemistry 101(4):251–258
DOI 10.1016/j.soilbio.2016.07.021.

Jeffery S, Verheijen FG, van der Velde M, Bastos AC. 2011. A quantitative review of the effects of
biochar application to soils on crop productivity using meta-analysis. Agriculture, Ecosystems &
Environment 144(1):175–187 DOI 10.1016/j.agee.2011.08.015.

Laird DA, Novak JM, Collins HP, Ippolito JA, Karlen DL, Lentz RD, Sistani KR, Spokas K,
Van Pelt RS. 2017.Multi-year and multi-location soil quality and crop biomass yield responses
to hardwood fast pyrolysis biochar. Geoderma 289:46–53 DOI 10.1016/j.geoderma.2016.11.025.

Lehmann J, Cowie A, Masiello CA, Kammann C, Woolf D, Amonette JE, Cayuela ML, Camps-
Arbestain M, Whitman T. 2021. Biochar in climate change mitigation. Nature Geoscience
14(12):883–892 DOI 10.1038/s41561-021-00852-8.

Li Q, Li S, Xiao Y, Zhao B, Wang C, Li B, Gao X, Li X, Bai G, Wang Y, Yuan D. 2019. Soil
acidification and its influencing factors in the purple hilly area of southwest China from 1981 to
2012. Catena 175(3):278–285 DOI 10.1016/j.catena.2018.12.025.

Liang F, Li GT, Lin Q, Zhao X. 2014. Crop yield and soil properties in the first 3 years after biochar
application to a calcareous soil. Journal of Integrative Agriculture 13(3):525–532
DOI 10.1016/S2095-3119(13)60708-X.

Liang L, Xi F, Tan W, Meng X, Hu B, Wang X. 2021. Review of organic and inorganic pollutants
removal by biochar and biochar-based composites. Biochar 3(3):255–281
DOI 10.1007/s42773-021-00101-6.

Liu G, Xie M, Zhang S. 2017. Effect of organic fraction of municipal solid waste (OFMSW)-based
biochar on organic carbon mineralization in a dry land soil. Journal of Material Cycles and
Waste Management 19(1):473–482 DOI 10.1007/s10163-015-0447-y.

Li S, Chen G. 2018. Thermogravimetric, thermochemical, and infrared spectral characterization of
feedstocks and biochar derived at different pyrolysis temperatures. Waste Management
78:198–207 DOI 10.1016/j.wasman.2018.05.048.

Liu X, Zhang X. 2012. Effect of biochar on pH of alkaline soils in the Loess Plateau: results from
incubation experiments. International Journal of Agriculture and Biology 4:745–750.

Luo Y, Hui D, Zhang D. 2006. Elevated CO2 stimulates net accumulations of carbon and nitrogen
in land ecosystems: a meta-analysis. Ecology 87(1):53–63 DOI 10.1890/04-1724.

Malik Z, Yutong Z, ShengGao L, Abassi GH, Ali S, Imran Khan M, Kamran M, Jamil M,
Al-Wabel MI, Rizwan M. 2018. Effect of biochar and quicklime on growth of wheat and
physicochemical properties of Ultisols. Arabian Journal of Geosciences 11:1–12
DOI 10.1007/s12517-018-3863-1.

Yao et al. (2025), PeerJ, DOI 10.7717/peerj.19400 16/18

http://dx.doi.org/10.1007/s42773-024-00307-4
http://dx.doi.org/10.1007/s42773-020-00065-z
http://dx.doi.org/10.1016/j.geoderma.2021.115276
http://dx.doi.org/10.1248/jhs.50.148
http://dx.doi.org/10.1016/j.soilbio.2016.07.021
http://dx.doi.org/10.1016/j.agee.2011.08.015
http://dx.doi.org/10.1016/j.geoderma.2016.11.025
http://dx.doi.org/10.1038/s41561-021-00852-8
http://dx.doi.org/10.1016/j.catena.2018.12.025
http://dx.doi.org/10.1016/S2095-3119(13)60708-X
http://dx.doi.org/10.1007/s42773-021-00101-6
http://dx.doi.org/10.1007/s10163-015-0447-y
http://dx.doi.org/10.1016/j.wasman.2018.05.048
http://dx.doi.org/10.1890/04-1724
http://dx.doi.org/10.1007/s12517-018-3863-1
http://dx.doi.org/10.7717/peerj.19400
https://peerj.com/


Mikajlo I, Lerch TZ, Louvel B, Hynšt J, Záhora J, Pourrut B. 2024. Composted biochar versus
compost with biochar: effects on soil properties and plant growth. Biochar 6(1):85
DOI 10.1007/s42773-024-00379-2.

Molnár M, Vaszita E, Farkas É, Ujaczki É, Fekete-Kertész I, Tolner M, Klebercz O,
Kirchkeszner C, Gruiz K, Uzinger N, Feigl V. 2016. Acidic sandy soil improvement with
biochar—a microcosm study. Science of the Total Environment 563(1–2):855–865
DOI 10.1016/j.scitotenv.2016.01.091.

Morim C, Santos M, Mendoza P, Tarelho L, Silva F. 2023. Agronomic benefits of biochar
application in sandy soils. In: International Conference onWater Energy Food and Sustainability.
Cham: Springer Nature Switzerland, 91–102.

Pan L, Xu F, Mo H, Corlett RT, Sha L. 2021. The potential for biochar application in rubber
plantations in Xishuangbanna, Southwest China: a pot trial. Biochar 3:65–76
DOI 10.1007/s42773-020-00072-0.

Qiang M, Gao JE, Han JQ, Zhang HC, Lin T, Long SB. 2020. How adding biochar improves
loessal soil fertility and sunflower yield on consolidation project land on the Chinese Loess
Plateau. Polish Journal of Environmental Studies 29(5):3759–3769 DOI 10.15244/pjoes/118204.

Rosenberg MS, Adams DC, Gurevitch J. 2000. MetaWin: statistical software for meta-analysis
version 2.0. Sunderland, Massachusetts: Sinauer Associates Inc.

Sani MNH, Hasan M, Uddain J, Subramaniam S. 2020. Impact of application of Trichoderma
and biochar on growth, productivity and nutritional quality of tomato under reduced NPK
fertilization. Annals of Agricultural Sciences 65(1):107–115 DOI 10.1016/j.aoas.2020.06.003.

Schmidt HP, Wilson K. 2012. 55 uses of biochar. Ithaka Journal 1(2012):286–289.

Shi RY, Ni N, Nkoh JN, Li JY, Xu RK, Qian W. 2019. Beneficial dual role of biochars in inhibiting
soil acidification resulting from nitrification. Chemosphere 234(1):43–51
DOI 10.1016/j.chemosphere.2019.06.030.

Song D, Chen L, Zhang S, Zheng Q, Ullah S, Zhou W, Wang X. 2020. Combined biochar and
nitrogen fertilizer change soil enzyme and microbial activities in a 2-year field trial. European
Journal of Soil Biology 99:103212 DOI 10.1016/j.ejsobi.2020.103212.

Song D, Xi X, Zheng Q, Liang G, Zhou W, Wang X. 2019. Soil nutrient and microbial activity
responses to two years after maize straw biochar application in a calcareous soil. Ecotoxicology
and Environmental Safety 180:348–356 DOI 10.1016/j.ecoenv.2019.04.073.

Sun Z, Hu Y, Shi L, Li G, Han J, Pang Z, Liu S, Chen Y, Jia B. 2022. Effects of biochar on soil
chemical properties: a global meta-analysis of agricultural soil. Plant, Soil and Environment
68(6):272–289 DOI 10.17221/522/2021-PSE.

Száková J, Stiborová H, Mercl F, Hailegnaw NS, Lhotka M, Derevyankina T, Paul CS,
Taisheva A, Brabec M, Tlustoš P. 2024. Woodchips biochar versus bone char in a one-year
model soil incubation experiment: the importance of soil/char pH alteration on nutrient
availability in soil. Journal of Chemical Technology & Biotechnology 99(10):2186–2197
DOI 10.1002/jctb.7421.

Tan Z, Lin CS, Ji X, Rainey TJ. 2017. Returning biochar to fields: a review. Applied Soil Ecology
116:1–11 DOI 10.1016/j.apsoil.2017.03.017.

Tian X, Wang D, Chai G, Zhang J, Zhao X. 2021. Does biochar inhibit the bioavailability and
bioaccumulation of As and Cd in co-contaminated soils? A meta-analysis. Science of the Total
Environment 762:143117 DOI 10.1016/j.scitotenv.2020.143117.

Wan Q, Yuan JH, Xu RK, Li XH. 2014. Pyrolysis temperature influences ameliorating effects of
biochars on acidic soil. Environmental Science and Pollution Research 21(4):2486–2495
DOI 10.1007/s11356-013-2183-y.

Yao et al. (2025), PeerJ, DOI 10.7717/peerj.19400 17/18

http://dx.doi.org/10.1007/s42773-024-00379-2
http://dx.doi.org/10.1016/j.scitotenv.2016.01.091
http://dx.doi.org/10.1007/s42773-020-00072-0
http://dx.doi.org/10.15244/pjoes/118204
http://dx.doi.org/10.1016/j.aoas.2020.06.003
http://dx.doi.org/10.1016/j.chemosphere.2019.06.030
http://dx.doi.org/10.1016/j.ejsobi.2020.103212
http://dx.doi.org/10.1016/j.ecoenv.2019.04.073
http://dx.doi.org/10.17221/522/2021-PSE
http://dx.doi.org/10.1002/jctb.7421
http://dx.doi.org/10.1016/j.apsoil.2017.03.017
http://dx.doi.org/10.1016/j.scitotenv.2020.143117
http://dx.doi.org/10.1007/s11356-013-2183-y
http://dx.doi.org/10.7717/peerj.19400
https://peerj.com/


Wang J, Xiong Z, Kuzyakov Y. 2016. Biochar stability in soil: meta-analysis of decomposition and
priming effects. GCB Bioenergy 8(3):512–523 DOI 10.1111/gcbb.12266.

Wijitkosum S. 2022. Biochar derived from agricultural wastes and wood residues for sustainable
agricultural and environmental applications. International Soil and Water Conservation
Research 10(2):335–341 DOI 10.1016/j.iswcr.2021.09.006.

Wu Z, Zhang X, Dong Y, Xu X, Xiong Z. 2018. Microbial explanations for field-aged biochar
mitigating greenhouse gas emissions during a rice-growing season. Environmental Science and
Pollution Research 25(31):31307–31317 DOI 10.1007/s11356-018-3112-x.

Xiang Y, Deng Q, Duan H, Guo Y. 2017. Effects of biochar application on root traits: a meta-
analysis. GCB Bioenergy 9(10):1563–1572 DOI 10.1111/gcbb.12449.

Yadav V, Jain S, Mishra P, Khare P, Shukla AK, Karak T, Singh AK. 2019. Amelioration in
nutrient mineralization and microbial activities of sandy loam soil by short term field aged
biochar. Applied Soil Ecology 138(2):144–155 DOI 10.1016/j.apsoil.2019.01.012.

Yan P, Shen C, Zou Z, Fu J, Li X, Zhang L, Zhang L, Han W, Fan L. 2021. Biochar stimulates tea
growth by improving nutrients in acidic soil. Scientia Horticulturae 283(7):110078
DOI 10.1016/j.scienta.2021.110078.

Yuan C, Gao B, Peng Y, Gao X, Fan B, Chen Q. 2021. A meta-analysis of heavy metal
bioavailability response to biochar aging: importance of soil and biochar properties. Science of
the Total Environment 756(5):144058 DOI 10.1016/j.scitotenv.2020.144058.

Yu L, Lu X, He Y, Brookes PC, Liao H, Xu J. 2017. Combined biochar and nitrogen fertilizer
reduces soil acidity and promotes nutrient use efficiency by soybean crop. Journal of Soils and
Sediments 17:599–610 DOI 10.1007/s11368-016-1447-9.

Zeng F, Ali S, Zhang H, Ouyang Y, Qiu B, Wu F, Zhang G. 2011. The influence of pH and
organic matter content in paddy soil on heavy metal availability and their uptake by rice plants.
Environmental Pollution 159(1):84–91 DOI 10.1016/j.envpol.2010.09.019.

Zhang H, Voroney RP, Price GW. 2015. Effects of temperature and processing conditions on
biochar chemical properties and their influence on soil C and N transformations. Soil Biology
and Biochemistry 83(1):19–28 DOI 10.1016/j.soilbio.2015.01.006.

Zhao SX, Ta N, Wang XD. 2017. Effect of temperature on the structural and physicochemical
properties of biochar with apple tree branches as feedstock material. Energies 10(9):1293
DOI 10.3390/en10091293.

Zhao W, Zhou Q, Tian Z, Cui Y, Liang Y, Wang H. 2020. Apply biochar to ameliorate soda
saline-alkali land, improve soil function and increase corn nutrient availability in the Songnen
Plain. Science of the Total Environment 722:137428 DOI 10.1016/j.scitotenv.2020.137428.

Zong Y, Wang Y, Sheng Y, Wu C, Lu S. 2018. Ameliorating soil acidity and physical properties of
two contrasting texture Ultisols with wastewater sludge biochar. Environmental Science and
Pollution Research 25(26):25726–25733 DOI 10.1007/s11356-017-9509-0.

Zou Z, Fan L, Li X, Dong C, Zhang L, Zhang L, Fu J, HanW, Yan P. 2021. Response of plant root
growth to biochar amendment: a meta-analysis. Agronomy 11(12):2442
DOI 10.3390/agronomy11122442.

Zhou Z, Yan T, Zhu Q, Bu X, Chen B, Xue J, Wu Y. 2019. Bacterial community structure shifts
induced by biochar amendment to karst calcareous soil in southwestern areas of China. Journal
of Soils and Sediments 19(1):356–365 DOI 10.1007/s11368-018-2035-y.

Yao et al. (2025), PeerJ, DOI 10.7717/peerj.19400 18/18

http://dx.doi.org/10.1111/gcbb.12266
http://dx.doi.org/10.1016/j.iswcr.2021.09.006
http://dx.doi.org/10.1007/s11356-018-3112-x
http://dx.doi.org/10.1111/gcbb.12449
http://dx.doi.org/10.1016/j.apsoil.2019.01.012
http://dx.doi.org/10.1016/j.scienta.2021.110078
http://dx.doi.org/10.1016/j.scitotenv.2020.144058
http://dx.doi.org/10.1007/s11368-016-1447-9
http://dx.doi.org/10.1016/j.envpol.2010.09.019
http://dx.doi.org/10.1016/j.soilbio.2015.01.006
http://dx.doi.org/10.3390/en10091293
http://dx.doi.org/10.1016/j.scitotenv.2020.137428
http://dx.doi.org/10.1007/s11356-017-9509-0
http://dx.doi.org/10.3390/agronomy11122442
http://dx.doi.org/10.1007/s11368-018-2035-y
http://dx.doi.org/10.7717/peerj.19400
https://peerj.com/

	Response of soil pH to biochar application in farmland across China: a meta-analysis
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


