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Abstract: Biochar application to soil has the potential to sequester carbon in the long term because
of its high stability and large-scale production potential. However, biochar technologies are still
relatively new, and the global factors affecting the long-term fate of biochar in the environment are
still poorly understood. To fill this important research gap, a global meta-analysis was conducted in-
cluding 64 studies with 736 individual treatments. Field experiments covered experimental durations
between 1 and 10 years with biochar application amounts between 1 and 100 Mg ha−1. They showed
a mean increase in soil organic carbon (SOC) stocks by 13.0 Mg ha−1 on average, corresponding
to 29%. Pot and incubation experiments ranged between 1 and 1278 days and biochar amounts
between 5 g kg−1 and 200 g kg−1. They raised SOC by 6.3 g kg−1 on average, corresponding to
75%. More SOC was accumulated in long experimental durations of >500 days in pot and incubation
experiments and 6–10 years in field experiments than in shorter experimental durations. Organic
fertilizer co-applications significantly further increased SOC. Biochar from plant material showed
higher C sequestration potential than biochar from fecal matter, due to higher C/N ratio. SOC
increases after biochar application were higher in medium to fine grain textured soils than in soils
with coarse grain sizes. Our study clearly demonstrated the high C sequestration potential of biochar
application to agricultural soils of varying site and soil characteristics.

Keywords: organic soil amendments; climate change mitigation; C sequestration; charcoal; pyro-
genic C

1. Introduction

Many international governmental efforts aim to reduce large amounts of greenhouse
gases (GHG) to comply with the “Paris agreement” by mitigating the global mean air
temperature below 2 ◦C, compared to the pre-industrial level, with efforts to even reach
the 1.5 ◦C mark.

Being part of the “Paris agreement”, the European Union (EU) is pursuing CO2
neutrality by 2050 within their “Green Deal”. To achieve this ambitious goal, the EU
Commission proposed a net reduction in emission of GHG of 55% from 1990 emission
levels as a target milestone by 2030. To reach this challenging objective, efficient CO2
removal (CDR) technologies are needed.

Compared to suggested technical solutions, such as carbon capture and storage (CCS),
natural soils are an important carbon sink as they contain more carbon than stored in
terrestrial vegetation and the atmosphere combined [1]. Different studies demonstrated
the potential to store even more carbon in soils by applying certain management practices
such as afforestation, conservational tillage practices, or the use of soil amendments, with
the latter showing high potential [2,3].

This process of storing organic carbon in soils (SOC), better known as SOC seques-
tration, describes how organic carbon is incorporated into soils and converted into a long
living C pool that would otherwise be emitted as CO2 [4]. SOC sequestration is not only
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be considered a CDR, but also enhances the soil quality and thus improves ecosystem
functions and services, food security, and resilience to climate change [5–7]. Increases of
SOC stocks can be achieved using different strategies such as reduced tillage [8,9], organic
farming [10,11], agroforestry [12], and soil amendments such as straw [13,14] sewage
sludge [15,16], or manure [17–19]. However, the strategies differ greatly in the amount of
carbon stored and the long-term nature [11,18,20,21], with agroforestry showing the great-
est potential [22,23]. Soil amendments need to be applied regularly (e.g., at the beginning
of a growing season) to store C in the long-term [18,20].

Another option to sequester SOC is the use of carbon-rich soil amendments with
long mean residence times and low decay rates. Especially, biochar application has high
SOC sequestration potential in the long term because of its high stability [24] and large
scale production potential [25–28], which is only limited by available biomass. In addition,
biochar has the potential to increase nutrient availability [29], crop yields [30–33], soil water
availability [32], microbial biomass [34], and soil microbial diversity [35]. By increasing
biomass yields, biochar could substitute mineral fertilizers and thus reduce the carbon
footprint of crops by avoiding energy intensive fertilizer production processes [30].

In sum, biochar as a soil amendment provides solutions to the most recent threats
to soil health and the mitigation of climate change. However, as biochar technologies are
relatively new, there is a lack of data regarding short and especially long-term stabilization
of SOC stocks and their fate after biochar amendment. Many individual studies aimed to
fill these research gaps, but to our best knowledge, there are no studies available analyzing
the global explanatory factors influencing SOC dynamics after biochar amendments.

To fill this important research gap, a global meta-analysis was conducted by collecting
available data from peer-reviewed studies using ISI Web of Science as ac reliable database.
The first objective was to analyze this data collection for explanatory factors, which may
affect SOC differences after biochar soil amendments. This is why we further analyzed the
relationship between SOC sequestration and experiment characteristics (field, laboratory, or
greenhouse study, single vs. continuous application, duration, applied amounts, sampling
depth), site characteristics (climate zone, tillage intensity, crop type, additional fertilization),
soil properties (texture, soil pH class, initial SOC content), biochar characteristics (feedstock,
C content, C/N, surface area, cation exchange capacity (CEC)), and interactions between
explanatory factors. The second objective was to identify similarities and differences
between studies that were performed on a real field scale and studies conducted in the
greenhouse or laboratory, as a comprehensive understanding of both settings can lead to
an even better understanding of the whole research question [36].

2. Material and Methods
2.1. Data Source, Collection, and Categorization

To quantify the response of SOC stocks following biochar applications, a meta-analysis
was conducted. A systematic literature review was performed using “ISI Web of Science”,
using the search term “Soil organic carbon OR Carbon Sequestration AND Biochar”.
Studies were included if the effect and control size was expressed as content of total organic
carbon (TOC) or quantified as SOC or TOC stocks. In total, 64 studies were considered
usable within our approach. In five studies, soil organic matter (SOM) rather than SOC
or TOC information was given [37–41]. We calculated SOC or TOC as SOM *0.58 in
these cases [42]. Outdoor field studies, greenhouse studies, and studies with laboratory
treatments were all included. Studies were excluded if total carbon (TC) was reported
rather than TOC or SOC, or if SOC was given in its fractions, such as the light or heavy
fraction. Moreover, studies were excluded if they did not present a “clear” control. A
control was considered “clear” if they were treated in the exact same way and the only
difference to the treatment was the absence of biochar.

Field studies included biochar treatments on natural soils (n = 376) and on lysimeters
and columns (n = 36). Non-field experiments included incubation experiments (n = 182),
all of which were carried out in laboratories. Furthermore, non-field experiments included
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pot experiments (n = 141). These pots were either placed in the open air (n = 96) or indoor
e.g., in greenhouses (n = 45).

We divided all treatments into two separate datasets. All field treatments were
allocated to the “field dataset” (n = 412) (Table S1) and the pot and incubation treatments
were allocated to the “non-field dataset” (n = 324) (Table S2).

Besides information on SOC content, we also extracted information on experiment
characteristics (field, laboratory, or greenhouse study, single vs. continuous application,
duration, applied amounts, sampling depth), site characteristics (climate zone, tillage
intensity, crop type, additional fertilization), soil properties (texture, soil pH class, initial
SOC content), and biochar characteristics (feedstock, C content, C/N, surface area, CEC).
To limit the variety of different soil texture classes, we decided to group them according
to their dominant particle size class (sand, silt, or clay). Exceptions are the classes “clay
loam and loam”. These have been added to the fourth category, “loam”. In cases, data
were presented only in figures, WebPlotDigitizer Version 4.4 was used for the extraction
of data [43]. In case of annual biochar applications, annual amounts were accumulated to
analyze total amounts.

In the field dataset, SOC stocks given as Mg ha−1 were used to quantify SOC dynamics
after biochar application. To enable the consideration of absolute SOC stock differences
among studies with different layer thicknesses, we computed them to a common layer
thickness of 30 cm using weighted average. A total of twelve treatments could not be
computed and were eliminated from the field dataset, as studies did not report a clear layer
thickness. If no information on SOC stocks was provided at all, we quantified them using
the following equation [44]

SOC stock = SOC × Bulk density × Depth × 0.1 (1)

where the SOC stock is expressed as Mg ha−1, bulk density as g cm−3, layer thickness as
cm and SOC as g kg−1.

In a few studies, no soil bulk density was given. In these cases, we used different
pedotransfer functions and followed an approach already applied in the meta-analysis [18].
If studies included information on the initial SOC, silt, and clay content, we used the
pedotransfer function given in [45] (Equation (2)). If studies included information on the
initial SOC and the clay content, we used an equation given in [46] (Equation (3)). If studies
only provided information on initial SOC, we used a pedotransfer function given in [47]
(Equation (4)).

Bulk density = 1.386 − 0.078 × SOC + 0.001 × Silt + 0.001 × Clay (2)

Bulk density = 1.398 − 0.0047 × Clay − 0.042 × SOC (3)

Bulk density = 1.660 − 0.318 × SOC0.5 (4)

where bulk density is expressed as g cm−3 and the SOC, silt, and clay contents as %. To
better understand the factors influencing SOC stock changes, we grouped the study results as
follows: tillage intensity type, climate zone, initial SOC, soil texture, sampling depth, soil pH
class, added biochar amount, biochar type, additional fertilizer, and experiment duration.

The non-field dataset contained solely pot or incubation experiments, thus quantifica-
tion of SOC stocks was not practicable. Here, the relative or absolute difference of SOC
content after biochar application given as g kg−1 was used.

2.2. Data Analysis

We used two ratios to describe the SOC dynamics following biochar applications.
To describe the relative effect, we calculated the RR (Equation (5)) according to
Hedges et al. (1999) [48], and transformed it into RR[%] (Equation (6)) in order to inter-
pret results more effectively. The absolute effect was described by dSOC (Equation (7)).

RR = ln
(

XE

XC

)
(5)
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RR[%] = 100 ×
(
−1 + eRR

)
(6)

dSOC = XE − XC (7)

where XE is the mean SOC stock with biochar application and XC is the mean SOC stock
without application of biochar (control group) for each treatment.

Both effect sizes were estimated using a random effects model (REM) given the
assumption of heterogeneity between studies.

REM’s rely on the inverse-variance method (Equation (8)) to estimate the weighting
factor wk of each individual effect size k.

wk =
1

s2
k + τ2

(8)

with s2
k being the variance of each individual effect size k and τ2 being the variance of the

distribution of effect sizes within their population. The Restricted Maximum Likelihood
method was used to account for τ2, being the variance of the distribution of effect sizes
within their population.

θ =
∑K

k=1 θkwk

∑K
k=1 wk

(9)

The weighting factor wk was then used to calculate the pooled REM effect size θ for
each respective category using Equation (9).

To explore interactions between variables, we conducted a subgroup analysis of
variables. We assumed that the studies within each subgroup was drawn from a universe
of populations and therefore used Equations (8) and (9) in a similar way to those we carried
out in the REM. However, as we have assumed both random effects (within the subgroups)
and fixed effects (the subgroups themselves were assumed to be fixed) in this subgroup
analysis, this is a mixed-effects model approach [49].

We used R Version 4.0.3 [50], and the “meta” package for calculation [51]. Considering
the fact that ~20% of the included studies provided insufficient information on statistical
measures, we decided to assume a standard deviation of 10% in those cases, as already
performed in a recent meta studies to include as many treatments as possible [11,19,52,53].

The REM results for both RR[%] and dSOC are presented as forest plots. Visualization
was conducted with R Version 4.0.3. The vertical black solid line represents an RR[%], or
a dSOC equal to 0, thus no effect. An effect size larger than 0 indicates a positive effect
(i.e., an increase in SOC upon biochar application) and lower than 0 a negative effect (i.e., a
decrease in SOC upon biochar application). Each effect size is presented as the range
between the upper and lower 95% confidence interval. The line inside of both confidence
intervals represents the range of the effect size. If the effect size range crosses the “zero-
effect-line”, the result can be interpreted as statistically insignificant. The effect sizes of
each group were considered to be significantly different at p < 0.05 from each other if the
95% confidence intervals were not-overlapping. The vertical black dotted line represents
the grand overall mean. Group category names are presented on the y-axis in bold black
letters, sub-categories are given in grey letters. The number of included treatments is given
in grey brackets.

3. Results and Discussion

Overall, 64 studies with a total of 736 treatments were analyzed within this meta-
analysis. The treatments were located in North America (n = 28), South America (n = 40),
Sub-Saharan Africa (n = 43), North Africa (n = 4), Europe (n = 180), Australia (n = 13), South
Asia (n = 90), and East Asia (n = 338). The results of all subcategories, including their REM
statistics, are given in Tables S3–S6. Results of the subgroup analysis obtained from the
mixed-effects model are given in Tables S7 and S8.
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3.1. Experiment Setup Effect

As expected, both the results of the field dataset and the non-field dataset showed a
significant increase in SOC, although among both datasets, field treatments showed a 46%
lower average RR[%] than non-field treatments. Treatments retrieved from field studies
showed an absolute SOC increase of 13.0 Mg ha−1 (95% CI 11.5–14.6 Mg ha−1) correspond-
ing to a relative SOC increase of 29% (95% CI 26–33%) (Figures 1 and 2). Greenhouse and
laboratory studies showed an absolute SOC increase of 6.1 g kg−1 (95% CI 5.5–7.2 g kg−1)
corresponding to a relative SOC increase of 75% (95% CI 67–85%) after biochar application
(Figures 3 and 4).
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Figure 1. Meta-analysis results of the “field-dataset”, given as a forest plot. Presented is the mean 
difference of soil organic carbon stocks after biochar application (dSOC) influenced by different data 
groups. Number in brackets represent the number of included treatments. Points within the range 
represent the mean dSOC and the line within the 95% confidence interval represents the range of 
the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid vertical line at 
0%, the result can be interpreted as statistically insignificant. The effect sizes of each group were 

Figure 1. Meta-analysis results of the “field-dataset”, given as a forest plot. Presented is the mean
difference of soil organic carbon stocks after biochar application (dSOC) influenced by different data
groups. Number in brackets represent the number of included treatments. Points within the range
represent the mean dSOC and the line within the 95% confidence interval represents the range of
the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid vertical line at
0%, the result can be interpreted as statistically insignificant. The effect sizes of each group were
considered to be significantly different at p < 0.05 from each other if the 95% confidence intervals
were not overlapping. The vertical dotted line represents the grand overall mean.
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Figure 2. Meta-analysis results of the “field-dataset”, given as forest plot. Presented is the relative 
change of soil organic carbon stocks (RR[%]) after biochar application influenced by different data 
groups. Numbers in brackets represent the number of included treatments. Points within the range 
represent the mean dSOC and the line within the 95% confidence interval represents the range of 
the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid vertical line at 

Figure 2. Meta-analysis results of the “field-dataset”, given as forest plot. Presented is the relative
change of soil organic carbon stocks (RR[%]) after biochar application influenced by different data
groups. Numbers in brackets represent the number of included treatments. Points within the range
represent the mean dSOC and the line within the 95% confidence interval represents the range of
the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid vertical line at
0%, the result can be interpreted as statistically insignificant. The effect sizes of each group were
considered to be significantly different at p < 0.05 from each other if the 95% confidence intervals
were not overlapping. The vertical dotted line represents the grand overall mean.
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Figure 3. Meta-analysis results of the “non-field dataset”, given as a forest plot. Presented is the mean
difference of soil organic carbon content after biochar application (dSOC) influenced by different
data groups. Number in brackets represent the number of included treatments. Points within the
range represent the mean dSOC and the line within the 95% confidence interval represents the range
of the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid vertical line
at 0%, the result can be interpreted as statistically insignificant. The effect sizes of each group were
considered to be significantly different at p < 0.05 from each other if the 95% confidence intervals
were not overlapping. The vertical dotted line represents the grand overall mean.
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Figure 4. Meta-analysis results of the “non-field dataset”, given as a forest plot. Presented is the 
relative response ratio RR[%] of soil organic carbon content after the application of biochar influenced 
by different data groups. Numbers in brackets represent the number of included treatments. Points 
within the range represent the mean dSOC and the line within the 95% confidence interval repre-
sents the range of the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid 
vertical line at 0%, the result can be interpreted as statistically insignificant. The effect sizes of each 

Figure 4. Meta-analysis results of the “non-field dataset”, given as a forest plot. Presented is the
relative response ratio RR[%] of soil organic carbon content after the application of biochar influenced
by different data groups. Numbers in brackets represent the number of included treatments. Points
within the range represent the mean dSOC and the line within the 95% confidence interval represents
the range of the effect size. If the effect size range crosses the “zero-effect-line”, given as a solid
vertical line at 0%, the result can be interpreted as statistically insignificant. The effect sizes of each
group were considered to be significantly different at p < 0.05 from each other if the 95% confidence
intervals were not overlapping. The vertical dotted line represents the grand overall mean.
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Differences between field and greenhouse studies were already observed in previous
studies [54,55] and are mainly due to non-existing environmental factors such as temperature
and moisture fluctuations, and “near ideal” conditions in the laboratory or the greenhouse
with minimal disturbance, which is almost impossible to achieve under field conditions.
Factors such as crop growth and soil tillage affect soil structure, which is strongly connected to
SOC stabilization [56], and are therefore influencing factors for the C sequestration potential
of soil amendments [57]. In addition, under field conditions, also other dissipation pathways
such as wind and/or water erosion, leaching, and bioturbation occur.

Despite this difference among the experimental setups, different groups in both
datasets showed high variability, but almost all comparisons revealed increases in SOC
content or stocks, mainly due to the fact that biochar mainly adds stable carbon to the soil.

The molecular structure and stability of carbon compounds added to soil by various
soil amendments is, among many other biotic and abiotic influences, a controlling factor in
soil carbon persistence and SOC sequestration potential [24,58,59]. Labile C fractions such
as the microbial biomass have short turnover rates and short soil persistence compared to
humified, physically protected, and chemically recalcitrant C fractions [60]. Biochar consists
mainly of highly stable aromatic C compounds, making up about 97% of the total biochar C,
and therefore has a high mean residence time of 556 years and a low decay rate [24].

Field treatments were distinguished into lysimeter or column setups and field experi-
ments without any further adjustments (“basic” field experiments). Lysimeter and column
experiments showed significantly higher SOC sequestration than “basic” field setups, with
a higher absolute SOC increase of 22.6 and 12.6 Mg ha−1, respectively, and a higher relative
SOC increase of 98 and 26%, respectively (Figures 1 and 2). Non-field treatments were
subdivided into pot and incubation studies (Figures 3 and 4). Pot experiments showed an
absolute SOC increase of 5.6 g kg−1, corresponding to a relative increase of 81%. Incubation
studies showed on average comparable SOC increases (absolute increase of 6.9 g kg−1

and relative increase of 70%). Pot studies conducted indoor showed a higher absolute
increase in SOC (8.6 vs. 4.5 g kg−1) but a lower relative increase (55% vs. 92%) than those
conducted outdoors. Comparable to the disparities between the field and laboratory scale,
these differences can be explained by a lack of disturbance and environmental conditions,
which are better controlled and limited in lysimeter and column trials.

3.2. Single vs. Continuous Biochar Application

Whether biochar was applied only once at the beginning of a field experiment or
repeatedly (e.g., each year or at the beginning of a growing season) significantly influenced
the relative increase in SOC stock. Single applications raised SOC stocks by 26% while
continuous applications led to a mean of 55% SOC stock increase at the end of the experi-
ments (Figure 5). This difference in the relative SOC stock magnitude can be explained by
different transport mechanisms and dissipation processes that determine biochar loss [61].
Microbial decomposition reduces biochar C by 0.5% in one year [62] and total biochar
amount in soils by 2.2% after two years [63]. Other biochar losses are due to leaching of
dissolved organic carbon (~2% over two years) [63], vertical transport (9–19%) [64], and
lateral transport (20–53%) [63]. By re-applying biochar annually, those biochar losses are
mitigated and SOC stocks are restored.
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Figure 5. Meta-analysis results of the “field dataset”, given as a forest plot. Presented is the absolute mean difference of soil
organic carbon stocks (dSOC) after the application of biochar influenced by whether the application was conducted once
(single application) or repeatedly (continuous application). Points within the range represent the mean dSOC and the line
within the 95% confidence interval represents the range of the effect size. If the effect size range crosses the “zero-effect-line”,
given as a solid vertical line at 0%, the result can be interpreted as statistically insignificant. The effect sizes of each group
were considered to be significantly different at p < 0.05 from each other if the 95% confidence intervals were not-overlapping.
A vertical black dotted line represents the grand overall mean.

3.3. Duration Effect

The experimental duration was grouped into six different classes, of which two can be
described as short-term (<1 yr and 1–<2 yr), two as mid-term (2–<3 yr and 3–<5 yr), and
two as long-term (6–<10 yr and 10 yr). The results of these duration classes show a highly
interesting pattern in which short and long-term treatments led to higher absolute and
relative SOC increases. This effect was irrespective of whether biochar was applied once
or repeatedly (Figures 5 and 6). The same principle was observed in the non-field dataset.
At experiments durations of less than 10 days, SOC increased absolutely and relatively
from 5.3 g kg−1 and 60%, respectively. In the case of long-term experiments with durations
longer than 500 days, the SOC increase was up to 9.6 g kg−1 and 163%.

A high SOC increase in the short term is due to the application and incorporation of
fresh and C-rich biochar into the soil. This initial exposition of fresh biochar leads to a
high microbial response and the turnover of the labile C fractions, often referred to as a
positive priming effect [24]. Positive and negative biochar-induced priming can co-exist but
negative priming is more important in the long-term [62]. Microbes prefer the utilization
of easily degradable C pools, but they deplete with time [24,62]. Additionally, biochar-C
losses through microbial turnover are marginal compared to losses through erosion and
vertical/lateral transport [62,63]. In the short-term, the availability of labile biochar-C
enhances microbial turnover and a loss of oxygen. With increasing time, the stable residue
biochar-C is only slightly degraded. However, the O content increases here due to the
formation of O-containing functional groups [65].
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Figure 6. Meta-analysis results of the “field dataset”, given as a forest plot. Presented is the relative response ratio (RR [%])
of soil organic carbon stocks (dSOC) after the application of biochar influenced by whether the application was conducted
once (single application) or repeatedly (continuous application). Points within the range represent the mean dSOC and
the line within the 95% confidence interval represents the range of the effect size. If the effect size range crosses the
“zero-effect-line”, given as a solid vertical line at 0%, the result can be interpreted as statistically insignificant. The effect
sizes of each group were considered to be significantly different at p < 0.05 from each other if the 95% confidence intervals
were not-overlapping. A vertical black dotted line represents the grand overall mean.

Overall, durations of ten years led to the highest absolute (25.5 Mg ha−1) and relative
(48%) SOC increase, and surprisingly, these results were significantly higher than the SOC
stock magnitudes of all shorter duration classes. Long-term SOC enrichments are consistent
with previous research on Terra Preta soils, where over a time span of ~2000a, SOC stocks
were three times higher and biochar stocks were 70 times more enriched than neighboring
soils [66]. This is an even larger increase in SOC stock than observed in our dataset. Therefore,
biochar seems to stimulate also non-biochar SOC sequestration with increasing time, up
to very long durations. But at the same time, no biochar application experiments with
an experimental duration longer than ten years could be identified, thus the long-term
description of SOC stocks is still limited. It also means that biochar plays one of many
key roles in SOM formation in Terra Pretas, and it is more likely that a combination of
nutrient-rich household wastes, excrements, bones, ash, and charred material caused SOC
and nutrient enrichment in Terra Pretas [66]. In addition, this assumption is supported by our
results on the combined application of biochar and organic fertilizers, as described earlier.

3.4. Amount Effect

Increasing biochar application amounts showed a positive relationship with abso-
lute SOC increases in both “field” and “non-field” treatments (Figure 7). Low amounts,
<10 Mg ha−1, led to significantly lower absolute and relative SOC increases than higher
amounts of >20 Mg ha−1. This relationship is irrespective of whether the biochar was
applied once or repeatedly (Figures 5 and 6). Similar amounts of responses were ob-
served in the non-field dataset. An exception was observed at amounts >10–30 g kg−1,
where an increase at low amount levels appeared, but this increase was not significant.
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Different meta-analysis have shown that C-rich soil amendments such as straw [13] and
manure [17–19] increase SOC with increasing C input amounts. Maillard and Angers (2014)
also found the manure C input as the most decisive global influencing factor for increasing
SOC stocks [17]. Similar dynamics were therefore expected within our approach. Possible
saturation effects, as observed with straw returns [14], are not to be expected in the case
of biochar. The observations of anthropogenic dark earths, in which the SOC content
could be increased three times over adjacent soils by the use of pyrogenic C in the course
of hundreds to thousands of years [2,67], contradict the saturation effects. However, in
order to disprove this irrevocably, long-term field tests are required, since saturation effects
require experiment durations of about 26 years to occur [14,68].
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Figure 7. Relationship between the biochar amount and absolute SOC difference (dSOC) and, in “non-field” treatments
(left) and “field” treatments (right). In “non-field” treatments both variables are given as g kg−1, and “field” treatments
both variables are given as Mg ha−1. R2 represents the coefficient of determination.

3.5. Soil Depth Effect

SOC increases after the application of biochar were higher in shallow compared to
deep soil regions. The highest magnitudes were achieved if treatments sampled between
0–15 (15.1 Mg ha−1 and 29%) and 0–20 cm (14.4 Mg ha−1 and 29%). Both depth classes
showed significantly higher SOC enrichment compared to 0–30 cm (8.4 Mg ha−1) or higher
than 30 cm soil thickness (2.1 Mg ha−1), where the increase was not significant. But this
finding is ambiguous as it might be related to the low number of five repetitions. A depth-
related decline in SOC responses after incorporation of soil amendments was already
observed in recent research [18], and it can be expected due to the corresponding dilution
effect. There is still an ongoing debate concerning whether the SOC increases after the
application of certain management decisions, e.g., reduced tillage, agroforestry, or soil
amendments, are accountable across the whole soil profile [18,69–72]. The depth-wise
decline is connected to the fact that biochar is generally incorporated into the topsoil or
only into shallow soil depth. According to our subgroup analysis, SOC stock increases
in shallow soil regions were higher under reduced tillage, whereas in intermediate soil
depths (0–20 cm and 0–30 cm), conventional tillage showed stronger increases (Table S7).
In soil depths 10–30 cm, reduced tillage soils showed a higher absolute SOC stock increase
than conventionally tilled soils. However, only four observations under conventional
tillage could be observed, leading to large error bars and nonsignificant results. These



Agronomy 2021, 11, 2474 13 of 21

results demonstrate that SOC stock increases in different soil depths are connected to
tillage, confirming previous findings [60]. The downward migration of biochar and SOC
depend on tillage [64], soil texture and particle size distribution [64], rainfall amounts and
hydraulic conductivity [63,64], and the activity of soil fauna and thus bioturbation [63]. As
vertical biochar migration takes time, we expect the SOC stocks to increase in deeper soil
regions only in the long-term. However, up to now, there has been a lack of long-term field
experiments that could deliver proof of concept.

SOC sequestration processes are particularly important in deeper soil regions because
subsoils are generally far from being saturated [6,73]. During downward migration, SOC
is subject to preferential sorption to minerals, especially as dissolved organic carbon [73],
which often have large surface areas due to high clay content and greater abundance of Fe
and Al hydrous oxides in deep soil regions [74–76]. Moreover, the translocation of SOC in
deeper soil regions can increase its persistence. Globally, more than 50% of SOC is stored
below ~20 cm [77,78], with ages ranging from about 1000 to 10,000 years [77,79–81].

3.6. Climate Effect

In the field dataset (Figures 1 and 2), the highest absolute SOC increase was observed
in temperate regions (15.7 Mg ha−1) and the highest relative SOC increase after biochar
application was achieved in subtropical climates (50%). The non-field treatment results
were comparable. Temperate (11.3 g kg−1 and 113%) and subtropical climates (6.5 g kg−1

and 94%) achieved higher SOC content increases than soil under tropical climate (4.6 g kg−1

and 43%). These findings are consistent with previous results obtained from different soil
amendments [17,18,52], where absolute SOC increases under subtropical and temperate
climate were generally higher. In our dataset, biochar applications under tropical conditions
led both to significantly lower absolute (7.2 Mg ha−1) and relative SOC increase (14%)
than in any other climate region. In tropical soils with higher initial SOC, both absolute
and relative SOC stock increases were at high levels (Table S8). Research on “Terra Preta”
genesis has demonstrated that with the use of soil amendments, especially biochar, high
amounts of SOC could be sequestered over hundreds of years in tropical soils and could
generate highly fertile soils [2]. Similar dynamics were observed in West Africa, also a
region characterized by generally low initial SOC, where the historic application of soil
amendments led to formation of carbon-rich and highly fertile African Dark Earths [82].
Biochar application studies nowadays, generally restricted to a duration of 3–5 years, cannot
display such long-term effects. Therefore, we suggest to either perform field application
studies over a longer time frame, or to revisit or reanalyze locations where biochar has
been applied longer ago.

3.7. Tillage Intensity Effect

Tillage intensity data were provided for 299 treatments, of which 88 were performed
under reduced tillage, resulting in a lower relative SOC increase of 14% than conventionally
tilled soils with 27%. A similar pattern is observed for absolute SOC change, where
reduced tillage soils showed a lower absolute SOC stock increase of 7.3 Mg ha−1 than
conventionally tilled soils with 14.3 Mg ha−1. Similar results were observed after the
application of manure [18]. More intensive tillage promotes soil aeriation and thus decay
and decomposition. These oxidative conditions could promote the formation of humic
substances [83]. Additionally, tillage could also favor biochar incorporation into the soil, as
opposed to soil surface or shallow application. This enables biochar C to reach deeper soil
region more easily. This effect has already been observed with manure application, which
led to greater increases in deeper soil regions with conventional tillage, but also caused a
significant increase in SOC content at depths below 30 cm with reduced tillage [18]. In any
case, biochar application should be combined with tillage to maximize SOC sequestration.
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3.8. Crop Effect

Out of 412 field treatments, 410 provided information on crop type. The largest
significant SOC gain was achieved by the combination of grains with “others”, a variety of
crops appearing with a low number of replicates in the dataset. This combination led to a
high absolute SOC increase of 35.2 Mg ha−1 and a relative SOC increase of 80%, and shows
a large error bar, due to the small group size (n = 4). The second highest combination was
grain, which led to both a high absolute SOC increase of 40.3 Mg ha−1 and a high relative
SOC increase of 66%. Grain treatments conducted only for one season led to an absolute
SOC increase of 13.3 Mg ha−1 and a relative SOC increase of 28%. In contrast, maize
treatments showed the highest SOC sequestration if the experiment was only conducted for
one growing season (dSOC = 12.8 Mg ha−1, RR[%] = 36%). Maize-bean combinations led to
a SOC increase of 20.6 Mg ha−1 corresponding to 34%, whereas maize-grain combinations
showed an absolute SOC stock increase of 10.5 Mg ha−1 and a relative SOC increase
of 27%. Cultivation of beans and grass did not significantly increase SOC stocks. The
implementation of a diverse crop rotation with more than two crops led to a SOC increase
of 15.8 Mg ha−1 corresponding to 31%. Our data suggests that double-cropping systems
show higher SOC accumulation after biochar application than single cropping systems.
But these results show high variation and partly large error bars. Generally, more diverse
crop rotations improve various ecosystem services and additionally offer the potential to
increase SOC content [84]. In addition to ecological benefits, multiple-cropping systems
also offer economic advantages and possibilities for farmers to adapt to climate change [85].

3.9. Fertilizer Effect

Additional organic fertilizer application led to higher SOC stock increases compared
to biochar alone (Figures 1 and 2), which was already shown elsewhere [34]. The opposite
was observed with additional synthetic fertilizer use compared to biochar alone. In non-
field treatments (Figures 3 and 4), additional synthetic fertilizer also led to a lower SOC
increase than without synthetic fertilizers (7.9 vs. 2.5 g kg−1 and 61 vs. 73%). Organic
fertilizer input led to an opposite effect with higher SOC increases than in the unfertilized
group (17.3 vs. 6.6 g kg−1 and 109 vs. 68%).

Synthetic fertilizers deliver nutrients, mainly NPK, enhance net primary production,
stimulate microbial activity and thus C and N turnover, resulting in increased biomass
output [86–88]. Organic fertilizers, however, not only provide nutrients, but also serve as a
C source. Depending on the C content and C/N ratio, organic fertilizer amendments such as
manure, straw, or slurry can increase and stabilize SOC stocks in the long term [13,14,18,52].
Research on Terra Preta concluded that not only biochar itself, but the combination of
stable pyrogenic C, labile C fractions, and other source of nutrients such as composts and
manures formed the highly fertile and C-rich tropical soils, as biochar comprises only about
20% of the SOM present in Terra Preta [66].

3.10. Soil Texture Effect

Soil texture differences in the dataset showed a clear relationship between an increas-
ing SOC stock response with increasing clay content, both in relative and absolute terms.
Biochar applications to clay soils resulted in the highest SOC stock increase (17.7 Mg ha−1

and 52%), followed by silty soils (12.8 Mg ha−1 and 31%) and loamy soils (15.3 Mg ha−1

and 25%). Sandy soils showed the lowest overall increases (6.1 Mg ha−1 and 21%), which
was significantly lower than applications to other differently textured soil. In general,
higher clay mineral content in finer textured soils not only provides physical protection of
SOC to enzymatic activity and thus turnover [89,90], but also increases SOC stability in the
form of aggregates [91,92]. With decreasing grain size, the physical protection is reduced
and SOC is exposed to oxidation and thus decomposition [18], as well as SOC losses due to
leaching and runoff [93]. Different SOC increases related to different soil texture classes are
due to the various processes, that are driven by soil grain size.
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Unexpectedly, the non-field treatments identified clay soils with the lowest results
out of the four observed texture classes (2.5 g kg−1 and 20%). Sand (11.0 g kg−1 and
90%) and especially silt (16.6 g kg−1 and 119%) and loam (8.9 g kg−1 and 175%) showed
significantly higher SOC sequestration potential. This difference to the field dataset is due
to the importance of initial SOC for SOC increase dynamics [68]. Sandy soils generally
show lower initial SOC contents, which can be seen in the non-field dataset (23 out of
25 observations with initial SOC content < 10 g kg−1) and in the field dataset (99 out of
119 observations with initial SOC < 15 g kg−1). In both datasets, low absolute increases
in the SOC content or the SOC stock corresponded with high relative SOC magnitudes
(Table S9). Similar effects were already observed in soils after manure application [18].
Under field conditions, sandy soils are subject to higher biochar and SOC losses than under
controlled greenhouse or laboratory conditions. For this reason, relative SOC increases
were higher in the field dataset, especially if the initial SOC content was between 5 and
10 g kg−1 (SOC content increase of 131.52%) (Table S9). The low relative and absolute
SOC increases in clay soils in the non-field dataset, however, are due to the fact that
clay treatments could only be found in two studies, with one study using biochar with a
comparably low C content and low C/N ratios, and the soil used was acidic [94], and the
second using NPK fertilizer in most treatments [38].

3.11. Soil pH Effect

Neutral soils (pH 6.5–7.5) significantly accumulated more SOC (19.4 Mg ha−1 and
42%) than acidic soils (pH < 6.5; 11.6 Mg ha−1 and 21%) after the application of biochar.
Alkaline soils (pH > 7.5) showed a SOC increase of 12.8 Mg ha−1 corresponding to 34%, and
thus showed a good potential to increase SOC stocks. SOC increases in the non-field dataset
followed similar trends as seen in the field dataset with neutral (53% and 5.3 g kg−1) and
alkaline soils (8.1 g kg−1 and 117%) showing larger increases than acidic soils 4.1 g kg−1

and (57%). Our findings of field and non-field treatments are consistent with previous
research on biochar applications to soils with different pH [34]. Biochar application to acidic
soils leads to an enhanced biochar and SOC degradation [14,95]. Liu et al. (2016) explained
this finding with higher positive priming effect and higher native SOC mineralization
after biochar use in acidic soils than following the addition to neutral or alkaline soils [34].
Therefore, biochar has higher stability in neutral or alkaline soils. Additionally, higher
amounts of Ca2+ ions in neutral and alkaline soils could favor mineral-organic complex
formation [18].

3.12. Initial SOC Effect

Low initial SOC content < 10 g kg−1 led to high relative SOC increase, both in the
field and in greenhouse/laboratory treatments (Figures 1–4), as previously shown for
manure amendments [18]. However, the fact that the highest relative and absolute SOC
increase was observed in SOC-rich soils > 20 g kg−1 (Figures 3 and 4) was surprising,
as this contradicts previous findings with manure amendments [18] and highlights the
potential to increase SOC stocks by biochar application irrespective of the current or initial
SOC content. With respect to the differences in the C content between manure and biochar,
it becomes clear why both amendments respond differently to initial SOC content. Biochar
has a much higher C content than manure and therefore generally exerts a greater influence
on the soil carbon balance, even if the soil already contains of a relatively high SOC content.
In addition, biochar-C is much more stable than any other SOM component.

3.13. Biochar C and C/N Effect

In the “field” dataset, the highest absolute and relative SOC increases were observed
when biochar contained more than 70% C. A high magnitude of 20.0 Mg ha−1 and 37%
could also be found if the C content of biochar was below 50% (Figures 1 and 2). In the
“non-field” dataset, the C content of biochar positively influenced the relative SOC increase.
When the biochar C content was 60% or higher, the relative increase was 119% and thus
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higher than at lower C content (Figures 3 and 4). However, higher absolute SOC increases
could not be observed. The findings in both datasets indicate that the biochar C content
has a secondary role in relation to SOC increase dynamics.

Additionally, there was no clear statistical evidence in either dataset whether a rela-
tively low C/N ratio or a relatively high C/N ratio indicates a higher SOC increase. A high
relative gain, however, was observed in the “field” dataset if C/N was >300 (40%), and the
highest absolute increase was found at a relatively high C/N of 200–300 (31.2 Mg ha−1).
The C and N content of biochar and their ratio are generally very decisive values for biochar
stability and the formation of SOC [34]. Higher biochar C contents logically lead to larger
C inputs, with positive effects on SOC. Low biochar C/N ratios have shown to increase
soil respiration and CO2 flux [34], due to higher N availability and thus higher microbial
C mineralization rates [96,97]. Consequently, high biochar C/N ratios in turn led to an
increase in SOC [34]. However, these effects could not be statistically substantiated in either
of the two datasets.

3.14. Biochar Feedstock Effect

Different biochars vary in their ability to alter soil properties [34] due to varying struc-
tural components in their parent material [98,99], referred to as their feedstock. Therefore,
it was not surprising that there were large differences in the SOC stock magnitudes after the
application of biochar retrieved from different feedstocks. The highest magnitude overall
was found with straw as the feedstock (55% and 18 Mg ha−1), followed by crop residues
(11.0 Mg ha−1 and 36%). Woods showed a comparatively high dSOC value of 16.4 Mg ha−1

but a low relative gain (16%). Overall, plant and wood-based sources showed a higher
performance than biochars retrieved from animal excreta (10.8 Mg ha−1 and 22%). These
findings are consistent with previous research [34] and are connected to higher C/N ratios
in plant and wood based biochar (mean of 65.7 in our datasets) and contrarily low C/N
ratios of manure and excreta based biochar (mean of 18.1 in our datasets), which generally
show enhanced C mineralization rates due to higher microbial N availability, as described
in the previous chapter. In the contrary, high C/N ratios have positive effects on SOC, as
described above. Straw and especially wood as biochar feedstock led to the highest SOC
responses in non-Field studies with dSOC of 6.0 and 12.6 g kg−1 and RR% of 84% and
103%, respectively. Crop residues, however, did not show as large increases (4.7 g kg−1

and 35%) as in the field-dataset. They were even lower than SOC increases of biochars
retrieved from excreta feedstock (6.0 g kg−1 and 62%). This difference in the impact of crop
residue biochar between both datasets (field vs. non field) is due to much higher C/N
ratios of crop residue-based biochar used in field treatments (mean of 202.0) compared to
biochar in non-field treatments (mean of 63.0).

3.15. Biochar Cation Exchange Capacity and Specific Surface Area Effect

Biochars’ CEC did not show significant differences among groups. However, biochars
with a medium CEC of 10–50 cmol kg−1 raised SOC stocks the largest (18.3 Mg ha−1

and 66%). Regarding biochars’ surface area, high SOC stock increases (33.0 Mg ha−1

and 72%) were observed if the surface area was high (>100 m2 g−1) (33.0 Mg ha−1 and
72%). However, this observation showed a large error bar, and thus the difference was not
significant. Below 100 m2 g−1, the different surface area classes did not vary significantly.
In non-field treatments, the highest SOC increases were achieved if the CEC was higher
than 50 cmol kg−1. However, only eight treatments were analyzed, and thus they showed
a large range. Regarding the SOC increase as a result of a high biochars’ surface area,
results were also quite ambiguous at least in their relative increase. Here, low surface areas
<10 m2 g−1 as well as higher areas >100 m2 g−1 led to large increases with 74% and 62%,
respectively. The absolute increase, however, showed a clear tendency regarding high areas
with a dSOC of 13.7 g kg−1. But still, this result did not significantly differ from the lower
biochars’ surface area subgroups.
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The surface area is an important indicator of the adsorption rate and porosity of
biochar when biochar is added to soil [100,101], whereas the CEC determines the biochars’
ability to exchange cations with the soil solution [101–103]. Both biochar properties have
influences on the soil quality after application such as water retention [104], nutrient
availability, and biomass production. High aboveground and root biomass, and therefore
additional C inputs into soil, favor SOC sequestration. Increases in both properties in our
datasets seem to have positive effects on SOC. However, it is not possible to draw definitive
conclusions from our datasets.

4. Conclusions

We present a quantitative and systematic global evaluation of the C sequestration
potential of biochar as a soil amendment with respect to a wide range of site and soil
characteristics and differences between laboratory and field studies. Based on a meta-analysis
approach, we found that biochar has a huge ability to increase and stabilize SOC.

SOC sequestration potential differed significantly between field treatments and treat-
ments conducted in greenhouses and laboratories, with lower responses observed on a field
scale. Our study indicated that SOC sequestration upon biochar application was highest
under alkaline soil pH, additional organic fertilizer, plant residues as biochar feedstock,
and finer soil texture. As the longest reported study was 10 years, it is very difficult to
extrapolate SOC sequestration potential beyond this time scale. Therefore, longer term
biochar field experiments longer than 10 years are urgently needed to evaluate the climate
change mitigation potential of biochar.

Further research should therefore conduct field application studies over a longer time
frame or re-visit and re-analyze locations where biochar has been applied longer ago,
and respect subsoil processes to achieve a holistic understanding of SOC turnover and
stabilization dynamics across the soil profile.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11122474/s1. Table S1: Overview of the studies in the “field” dataset and their
treatments and results. Table S2: Overview of the studies in the “non-field” dataset and their
treatments and results. Table S3: Overview of the results of the random effects model as well as
their statistics in the “field dataset”. Shown is the RR according to Hedges et al. 1999 and converted
into percent. From column L onwards, measures of heterogeneity of the random effects model are
presented, once for the entire data set and once for within groups. Table S4: Overview of the results
of the random effects model as well as their statistics in the “field dataset”. Shown is the absolute
mean difference dSOC. From column L onwards, measures of heterogeneity of the random effects
model are presented, once for the entire data set and once for within groups. Table S5: Overview of
the results of the random effects model as well as their statistics in the “non-field dataset”. Shown
is the RR according to Hedges et al. 1999 and converted into percent. From column L onwards,
measures of heterogeneity of the random effects model are presented, once for the entire data set and
once for within groups. Table S6: Overview of the results of the random effects model as well as their
statistics in the “non-field dataset”. Shown is the absolute mean difference dSOC. From column L
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