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• On average, biochar application to soil re-
duced runoff by 25 % and erosion by 16
%.

• Soil erosion in the tropics was reduced 3
times more than in the temperate zone.

• Biochar effect was strongest at intermedi-
ate biochar concentrations (0.6–2.5 %,
m/m).

• Vegetated biochar experiments resulted in
double erosion reduction than bare soil.
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c) Suggested mechanisms by which biochar affects soil erosion 
A B S T R A C T
A R T I C L E I N F O
Editor: Manuel Esteban Lucas-Borja

Keywords:
Biochar
Soil hydrology
Soil mechanism
Overland flow
Land degradation
Desertification
Biochar application to soil has the potential to affect soil and vegetation properties that are key for the processes of run-
off and soil erosion. However, both field and pot experiments show a vast range of effects, from strong reductions to
strong increases in runoff and/or soil erosion. Therefore, this study aimed to quantify and interpret the impacts of bio-
char on runoff and soil erosion through the first systematic meta-analysis on this topic. The developed dataset consists
of 184 pairwise observations for runoff and soil erosion from30 independent studies but 8 of which just focused on soil
erosion. Overall, biochar application to soil significantly reduced runoff by 25 % and erosion by 16 %. Mitigation of
soil erosion in the tropics was approximately three times stronger (30 %) than at temperate latitudes (9 %); erosion
reduction in the subtropical zone was 14 %, but not significantly different from either the tropical or temperate
zones. Fewer reported field observations for runoff resulted in larger confidence intervals and only the temperate lat-
itudes showed a significant effect (i.e. a 28% reduction). At topsoil gravimetric biochar concentrations between 0.6%
and 2.5 %, significant reductions occurred in soil erosion, with no effect at lower and higher concentrations. Biochar
experiments that included a vegetation cover reduced soil erosion more than twice as much as bare soil experiments,
i.e. 27 % vs 12 %, respectively. This suggests that soil infiltration, canopy interception, and soil cohesion mechanisms
may have synergistic effects. Soil amended with biochar pyrolyzed at>500 °C was associated with roughly double the
erosion reduction than soil amended with biochar produced at 300–500 °C, which potentially could be related to the
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enhancement of hydrophobicity in the latter case. Our results demonstrate substantial potential for biochar to improve
ecosystem services that are affected by increased infiltration and reduced erosion, while mechanistic understanding
needs to be improved.
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1. Introduction

Accelerated soil erosion and land degradation are pressing environmen-
tal challenges, resulting in the degradation of ecosystem services (Hugo and
Rocı ́o, 2009; Verheijen et al., 2009; Borrelli et al., 2017; Eswaran et al.,
2019), such as the reduction in soil productivity and sustainability of agri-
cultural lands (Lal, 2008, 2010). Globally, soil erosion bywater is predicted
to increase by 30 % to 66 % by 2070 (Borrelli et al., 2020). Solely in the EU
and UK, the mean soil erosion rate is estimated to increase by 13 % to 22.5
% from an estimated 3.07 t ha−1 yr−1 (representative baseline, 2016) to
between 3.46 t ha−1 yr−1 and 3.76 t ha−1 yr−1 by 2050 (Panagos et al.,
2021). Biochar is the residual carbon (C)-rich by-product of the pyrolytic
conversion of biomass for bioenergy production (Lehmann and Joseph,
2015). Soil application of biochar as a legal soil amendment (EU – The
European Union, 2019), is considered a strategy for countering land degra-
dation and supporting global agricultural soils (Barrow, 2012) while repre-
senting a potential geoengineering tool for climate change mitigation and
through C sequestration in soil (The Royal Society, 2009; Bruckman et al.,
2015; IPCC - The Intergovernmental Panel on Climate Change, 2021). In
a recent systematic review of 26 meta-analyses, Schmidt et al. (2021) high-
light that biochar use in agriculture has the potential to combine carbon di-
oxide removal with significant agronomic and/or environmental co-
benefits, if biochar type, application rate, and method, are suitably selected
given the application aim and site-specific environmental and crop require-
ment combinations (Verheijen et al., 2015, 2019). It has been gaining sub-
stantial research interest (Verheijen et al., 2014; Jiao et al., 2021), in both
public and private sectors because of its potential to reduce soil erosion
2

(Blanco-Canqui, 2019), land degradation by sequestering organic carbon
(C), while also being a more generally acceptable environmental manage-
ment tool from a public point of view (Glaser et al., 2002; Beesley et al.,
2011; Zhang et al., 2016).

One of themainmechanisms bywhich biocharmay affect erosion rates is
by improving soil structure, i.e. the size, stability, and spatial arrangement of
soil aggregates (Blanco-Canqui, 2017), and thereby changing time-to-runoff
(infiltration capacity), runoff duration/amount, and soil erodibility. Several
meta-analyses have shown a positive correlation between topsoil biochar
concentration and soil physical-hydrological properties, i.e. saturated hydrau-
lic conductivity, availablewater capacity, bulk density, and porosity (Omondi
et al., 2016; Razzaghi et al., 2019; Edeh et al., 2020). For Hortonian (infiltra-
tion-excess) overlandflow, the soil structure in the topsoil layer is a key deter-
minant factor, in which soil surface sealing or crusting in the top centimetres,
drastically reduces the soil infiltration capacity (Nciizah and Wakindiki,
2015). For saturation-excess overland flow, the soil structure throughout
the soil profile is key. Commonly, a deterioration in soil structure in a finer
textured and/or compacted subsoil causes a sudden and strong decrease in
(un)saturated hydraulic conductivity.

Li et al. (2019a,b) found that biochar addition decreased the total runoff
volume by 12.2 % and generally inhibited soil loss under lower biochar
concentrations (1 % and 3 %) while promoting soil loss under higher bio-
char concentrations (5 % and 7 %). In the study of Lee et al. (2018), the
co-application of biochar and compost was the most effective in decreasing
runoff (by around 17 %). However, Vilayvong et al. (2016) showed that a
combination of organic amendment with biochar could increase soil ero-
sion by an average of 60% (i.e. 30% to 100%). Prats et al. (2018) reported
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a 59 % increase in soil erosion after applying charcoal on the soil surface
(i.e. <7 mm), while a straw-biochar co-application significantly reduced
soil erosion by an average of 70 % in two burnt areas with different burn
severity classes (Prats et al., 2021).

Biochar may affect soil erosion indirectly by i) changing plant growth
and, thereby, the raindrop impact on the soil surface, which in turn, affects
the mobilisation of soil particles by rain splash erosion; ii) changing root
growth and architecture, thereby affecting aggregation and cohesion be-
tween aggregates; and iii) increasing soil roughness by forming physical im-
pediments to overland flow and affecting its velocity (Zuazo and
Pleguezuelo, 2008). Since biochar has been shown to generally increase
plant growth in soils with a pH below the optimum (Jeffery et al., 2017),
this indirect plant growth mechanism may be expected to contribute to any
potential mitigation of soil erosion. However, Jeffery et al. (2017) also iden-
tified a contrast between biochar effects in tropical and temperate latitudes,
i.e. in the tropics, crop yield increased by 19% for biocharmade from “Struc-
ture” feedstocks (e.g. wood or straw) and by 70 % for biochar made from a
“Nutrient” feedstock (e.g. manures), while in the temperate zone there was
no significant effect for either feedstock category. This finding implies that
the indirect effect of biochar in reducing soil erosion via increasing soil
cover with enhanced crop growth may be stronger in the tropics than in the
temperate zone. In summary, evidence from the literature showsmultiple po-
tential mechanisms of how runoff and erosion may increase or decrease fol-
lowing biochar application. There are currently no syntheses that quantify
the effects of biochar application to soil on such processes. We aimed to
help bridge this knowledge gap through a systematic and comprehensive
quantitative meta-analysis that explores climate, biochar, soil, precipitation,
terrain, and methodological predictor variables. We explore the causes and
mechanisms of how biochar application to soils affects runoff and erosion
to inform both future research and policy development.

2. Materials and methods

2.1. What is a meta-analysis?

Meta-analysis is a quantitative statistical analysis of several separate but
similar scientific experiments or studies addressing the same question, to
test the pooled data for statistically significant.

2.2. Data sources and treatment

A literature searchwas performed on Scopus, ScienceDirect, andGoogle
Scholar databases, using the search string “(soil AND biochar OR charcoal
OR black carbon) AND runoff AND erosion”. A total of 70 studies were
found that were published/available before the cut-off date of 1st July
2020. Among such studies, 40 contained insufficient information on envi-
ronmental or experimental parameters (21 out of 40) and/or on the vari-
ance in runoff and erosion results (14 out of 40) or were considered not
relevant in the context of the present study (5 out of 40). Furthermore,
only studies with trials comprising at least three replicates measurement
units per treatment were included. Both laboratory/greenhouse experi-
ments (i.e. 97 out of 184 pairwise) and field experiments (i.e. 87 out of
184 pairwise comparisons) were considered. All of these 184 pairwise ob-
servations from 30 independent studies included soil erosion and runoff ex-
periments. And among them, the 55 pairwise observations from 8
independent studies just included soil erosion experiments. Studies that
Table 1
Experimental comparison between tropical and temperate zones (subtropical zonewas o
AL = Application Layer.

Climatic
zones

Soil texture
category

Median application depth
(cm)

Median application ra
(t ha−1)

%C %M %F

Temperate 58 26 17 5 7.5
Tropical 65 18 16 20 5
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did not consider quantitative results were excluded from the building pro-
cess of the meta-analysis dataset. Also, Nyambo et al. (2018) paper was ex-
cluded because the confidence intervals (CIs) for the >120 in rainfall
intensity categories were out of range. When no measures of variance
were given, efforts weremade to obtain these directly from the correspond-
ing authors, which was successful on two occasions (Li et al., 2019a,b). If
not, those studies were also excluded from the analysis (Lee et al., 2015).
To try to have an unbiased meta-analysis, efforts were also made to contact
lead researchers on the topic of biochar for the inclusion of unpublished
data (as listed in Supplementary material), which has been successful.
This was a recommended strategy by Cooper (2010) for any data that are
not presented in the format needed to calculate the effect sizes.

Auxiliary variables are presented in the Supplementary material (see
Fig. S1–S13). Graphical data were extracted using a web-based tool,
WebPlotDigitizer (Version 4.2). The dataset was built in Excel (Microsoft
Corporation, 2018), with each row representing a ‘treatment’, and then
exported to MetaWin Version 2.1 statistical software.

2.3. Data processing

Auxiliary variables consisting of continuous data were grouped aiming
for maximal in-group homogenization. Ranges for grouping variables are
shown in Table 1. For example, biochar application rates were divided
into three categories; <10, 11–50, and >50 (t ha−1); soil texture was
grouped into three classes based on the USDA classification: fine, medium,
and coarse; climatic zones were grouped based on longitude: tropical (0 to
23.5°), subtropical (23.5 to 35°) and temperate (>35° (excluding polar
zone)). All grouping information, alongside other related tables, are
shown as Supplementary material (see Table S1). Results with associated
error bars>500%were excluded from the initial dataset to increase the res-
olution for the remaining categories.

2.4. Data visualization

All figures were produced in Excel (Microsoft Corporation, 2018),
where numbers in parentheses indicate the number of pairwise compari-
sons on which the erosion (left) and runoff (right) statistics are based.
The grand mean represents the mean effect size of all studies that reported
data in any specific category. Although erosion and runoff analysis use stud-
ies from the same dataset (Table S1), the number of studies and/or the spe-
cific studies for erosion and runoff, or a partition therein, may not be the
same. See Table S1 for specific study contributions.

2.5. Comparisons using meta-analysis

In this meta-analysis, the missing measures of variance were calculated
as double themeans of the standard deviations of the selected studies (Weir
et al., 2018). A categorical meta-analysis using a random-effects model
(Tufanaru et al., 2015) was applied with 9999 iterations using MetaWin
Version 2.1 statistical software. The effect size was calculated by unlogging
the response ratio, which was calculated as (Hedges et al., 1999):

ln RR ¼ ln
�xE

�xC

� �
mitted for the reasons explained in Discussion). C= coarse; M=medium; F= fine;

te Median [biochar] in
AL (%)

Median biochar ash
(%)

Median soil
pH

Median biochar
pH

1 60 6.3 8.5
0.2 6 5.7 8.8



Fig. 1. The effect size of biochar application on erosion (panel a), and runoff (panel b) (%) by the major climatic zones. Data points (diamonds) show means, with bars
representing 95 % confidence intervals. The number in parentheses is the number of pairwise comparisons on which the statistic is based. See Supplementary Tables 4
and 5 for more details on this categorisation.
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where: x̄E = mean of experimental treatment; x̄C = mean of control treat-
ment.

The control treatment was defined as being identical to the experimen-
tal treatment concerning all other variables, excluding the addition of bio-
char. Therefore, data were extracted from treatments in each study,
where control with zero biochar input could be compared to an equivalent
treatment with biochar, at either single or multiple application rates, with
all other factors unchanged. Results were reported at the level of single
comparisons (Jeffery et al., 2017).

3. Results

3.1. Predictor variables related to climate zones

Overall, biochar application to soil reduced runoff by 25 % and erosion
by 16 % (Fig. 1). However, both results contrasted strongly across latitudi-
nal zones. Soil erosion (Fig. 1a) in the tropics was reduced by 30 %, in the
subtropics by 14%, and in the temperate zone by 9%. The opposite pattern
Fig. 2. The effect size of biochar application on erosion (panel a), and runoff (panel
representing 95 % confidence intervals. The number in parentheses is the number of
and 5 for more details on this categorisation.

4

Very Alkaline >9.0 (86) ~ 

Alkaline 7.5-9.0 (61) • 
Neutral 6.5-7.4 (6) __ ..,.....,___

Grand mean (153) ~ 

-60 -40 -20 0 

Change in erosion % 
was observed for runoff (Fig. 1b), i.e. a 28 % reduction in the temperate,
while no significant effects were observed across studies in the tropics or
subtropics.

3.2. Predictor variables related to biochar characteristics

3.2.1. pH
The use of neutral to very alkaline biochar reduced erosion and runoff

by 19% and 16%, respectively. In terms of changes in soil erosion, alkaline
biochar was associated with a 2.3 times stronger reduction in erosion, com-
pared to very alkaline biochar (Fig. 2a). The neutral biochar category
showed no significant effect.

3.2.2. Pyrolysis temperature
Biochar pyrolyzed at temperatures higher than 500 °C was associated

with 1.9 times a greater reduction in soil erosion than when pyrolyzed at
300–500 °C (Fig. 3a). Also, a 30% effect size in runoff reduction is observed
b) (%) by biochar pH category. Data points (diamonds) show means, with bars
pairwise comparisons on which the statistic is based. See Supplementary Tables 4

(57) ~ 

(47) • 
 (6) ---------. 

(110) ~ 

20 -30 -20 -10 0 10 

Change in runoff % 

Image of Fig. 1
Image of Fig. 2


Fig. 3. The effect size of biochar application on erosion (panel a), and runoff (panel b) (%) by pyrolysis temperature (°C) category. Points (diamonds) showmeans, with bars
representing 95 % confidence intervals. The number in parentheses is the number of pairwise comparisons on which the statistic is based. See Supplementary Tables 4 and 5
for more details on this categorisation.
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(a) (b) 
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Change in erosion % Change in runoff % 
with biochar pyrolyzed at 300–500 °C, compared to a 20% reduction at py-
rolysis temperatures higher than 500 °C.

3.3. Biochar application predictor variables

3.3.1. Topsoil biochar concentration
Soils with biochar concentrations of 0.6 % to 2.5 % (m/m) exhibited

erosion reduction of just over 20 %, compared to when no biochar was in-
cluded, while the effect size was roughly halved for smaller concentrations
(0–0.5 %), and not significant for larger concentrations (>2.5 %; Fig. 4a).
Biochar reduced runoff (by 35 %) only up to 1 % biochar (m/m), with no
significant effects at higher biochar concentrations.

3.3.2. Biochar application depth
Biochar application to maximum depths of either 5 cm or 15 cm,

showed a greater reduction in soil erosion of approximately 22 %. Applica-
tions to a depth of 30 cm were shown to reduce erosion only by 6 %
(Fig. 5a). In turn, application depths of 5 cm showed a reduction in the
Fig. 4.The effect size of biochar application on erosion (panel a), and runoff (panel b) (%)
bars represent 95% confidence intervals. The number in parentheses is the number of pa
for more details on this categorisation.

5

(a) 

•-~-~-~ !~~: :·:·~:_:_: __ ~~: :-:-;-------------
1.1-2.5 (32) • -------------

2.6-5.0 (34) -~--.... -
-------------

>5.0 (20) -----.----
----------------- -------------

Grand mean (181) ~ 

-40 -20 0 20 

Change in erosion % 
runoff by 31 % when compared to other application depths, i.e. 15 cm by
19 %, and 30 cm by 12 % (Fig. 5b).

3.3.3. Soil cover
Erosion was significantly halved (i.e. 27 % vs. 12 %) when biochar ex-

periments included vegetation cover (VC) compared to biochar experi-
ments using bare soil (BS) surface (Fig. 6a). No significance was observed
in runoff while biochar experiments using bare soil (BS) exhibited a greater
reduction in runoff compared to experiments that included vegetation
cover (VC), i.e. 30 % against 20 %.

3.3.4. Soil texture
Biochar addition to medium and coarse-textured soils had reduced ero-

sion by 16% and 21% respectively (Fig. 7a),while biochar addition tofine-
textured soils did not result in a significant change in the runoff (Fig. 7b).
The confidence intervals for runoff in the medium soil texture category
are five times larger than those for erosion, indicating a substantially
more variable runoff than erosion response.
by biochar concentration (%,m/m) category. Points (diamonds) showmeans,while
irwise comparisons onwhich the statistic is based. See Supplementary Tables 4 and 5
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Fig. 5. The effect size of biochar application on erosion (panel a), and runoff (panel b) (%) by biochar application depth (cm) category. Points (diamonds) showmeans, while
bars represent 95% confidence intervals. The number in parentheses is the number of pairwise comparisons onwhich the statistic is based. See Supplementary Tables 4 and 5
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4. Discussion

Considering that our results showed the strongest changes occurring be-
tween tropical and temperate zones, which have also been found for bio-
char effects on crop yield (Jeffery et al., 2017), we have structured the
discussion of the predictor variables by climatic zones (Subsection 4.1), be-
fore unravelling the main causal mechanisms (Subsection 4.2) and
contextualising our main observations (Subsection 4.3). However, because
of the relatively reduced number of observations in the subtropical zone for
both erosion and runoff, combinedwith large confidence intervals and lack
of significant differences between that and the other two main climatic
zones, we have not included the subtropical zone separately in the discus-
sion. Further, for consistency, the main predictor variables are discussed
below following a similar structure to that used in the Results section.

4.1. Tropics vs. temperate comparisons: main factors

Table 1 compared and summarised the main predictor variables be-
tween the tropical and temperate zones. While soil texture, soil pH, and
Fig. 6. The effect size of biochar application on erosion (panel a), and runoff (panel b) (%
show means, while bars represent 95 % confidence intervals. The number in parent
Supplementary Tables 4 and 5 for more details on this categorisation.
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biochar pHwere comparable between climatic regions, biochar in the tem-
perate zone had a ten times greater ash content, and the amended-soil
layers had a five times greater biochar concentration, because of higher ap-
plication rates and shallower application depths.

The highest biochar pH category (very alkaline) was less often used in
the tropics (4.3 % of pairwise comparisons) than in the temperate zone
(76.7 % of pairwise comparisons). Interestingly, the neutral biochar cate-
gory showed no significant effect. However, this statistic is based on a re-
duced number of observations (i.e. 6) suggesting that more observations
are required in this category before any conclusions can be drawn. Al-
though ash content was reported for almost one third of the pairwise com-
parisons (i.e. 68), differences in feedstock type and availability in the two
climatic zones are likely to explain differential results, despite suggesting
a smaller contrast in median values. Nutrient feedstocks, which are gener-
ally high in ash content, were used in 21 % of pairwise comparisons in
the temperate zone, but only 4 % of that in the tropics. Furthermore, 60
% of tropical pairwise comparisons used rice husk as themain biochar feed-
stock, and although rice husk has a relatively high ash content, the propor-
tion of Ca2+, K+, and Mg2+ that is water-soluble are low (Prakongkep
) by soil cover category. VC= vegetation cover; BS= bare soil. Points (diamonds)
heses is the number of pairwise comparisons on which the statistic is based. See
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Fig. 7.The effect size of biochar application on erosion (panel a), and runoff (panel b) (%) bymajor soil texture category. Points (diamonds) showmeans, while bars represent
95 % confidence intervals. The number in parentheses is the number of pairwise comparisons on which the statistic is based. See Supplementary Tables 4 and 5 for more
details on this categorisation.

B. Gholamahmadi et al. Science of the Total Environment 871 (2023) 161860

(a) (b) 

Fine (40) -------~ (22)--•-.... 1 

Medium (50) -----4•---- ----------------------- r------------
(26) ----..... -----

Coarse (89) --~•---- (79)~ 

Grand mean (179) -~•-- (127)~ 

-30 -20 -10 0 10 -60 -40 -20 0 20 40 60 

Change in erosion % Change in runoff % 
et al., 2013). A nearly 20 times larger proportion of pairwise comparisons in
the temperate zone used alkaline biochar (i.e. 56 against 2 in the tropics),
while there was no difference in the proportion of pyrolysis temperature
pairwise comparisons numbers (i.e. 55 vs. 67), which is consistent with
the nutrient feedstocks used in the temperate zone having greater ash con-
tents. Further, in both tropical and temperate zones, 73 % of the pairwise
comparisons used biochar pyrolyzed at a temperature > 500 °C, and thus,
pyrolysis temperature is unlikely to have caused the stronger erosion reduc-
tion in the tropics. Soil amendedwith biochar pyrolyzed at> 500 °Cwas as-
sociated with roughly double the erosion reduction as when the biochar
was produced at 300–500 °C, which may indicate a hydrophobicity intro-
duction mechanism (Zornoza et al., 2016). Mao et al. (2019) suggested
the dominant factor determining the severity of biochar hydrophobicity is
pyrolysis temperature.

4.2. Main causal mechanisms: vegetation cover and soil structure

Our results suggest that increased vegetation cover may be one of the
main mechanisms by which biochar indirectly affects soil erosion. In gen-
eral, experiments that included vegetation cover significantly reduced soil
erosion twice as much as bare soil experiments (i.e. −25 % vs. −13 %).
Since runoff did not differ between bare and vegetated categories, it can
be speculated that biochar-stimulated plant growth reduced the
mobilisation of soil particles by rain splash erosion through increased rain-
fall interception by plants, and/or increased soil cohesion through en-
hanced root growth, and/or reduced the velocity of overland flow, thus
increasing soil roughness. Biochar may even better at helping soils resist
erosion when raindrop impacts are low, with their energy input into soil
having been moderated by the canopy. One-third of the pairwise compari-
sons were conducted with a vegetated cover and two-thirds were with bare
soil (i.e. 57 vs. 127 out of 184). Some studies (i.e. Smetanová et al., 2013;
Kumar et al., 2019; Sadeghi et al., 2020) reported a significant increase in
erosion in bare soil compared to vegetation-covered soil by 117 %, 93 %,
and 204 %, respectively. Since the future policy is likely to favour cover
crops in the EU (Smit et al., 2019), it will become increasingly important
to improve the understanding of biochar-plant cover interactions. The rela-
tive contribution of these factors requires further research, including on the
interaction with root growth to find the impact on soil cohesion.

Soil structure modification is also suggested by our results as one of the
mechanisms by which biochar affects soil erosion; if decreased soil bulk
density was the only mechanism at work, then runoff and erosion would
continue decreasing with increasing biochar concentration in the applica-
tion layer. The response curve of biochar concentration on soil erosion
7

(Fig. 4a), shows intermediate biochar concentrations (0.6–1.0 %, and
1.1–2.5 %) reduce erosion more than both the lower concentration (0–0.5
%, m/m) and higher concentrations (2.6–5.0% and>5%,m/m). Consider-
ing the multiple potential causal mechanisms of this dose response, it may
not be a straightforward single mechanism, as suggested for some of the
other factors with similarly shaped response curves (Graber et al., 2014;
Jaiswal et al., 2015). More research, andmore data, are required tofind an-
swers. It should also be noted that from a utilitarian perspective there may
not be a C-shape, since the two higher biochar concentration categories are
only used in small-scale experiments - sometimes specifically to force neg-
ative effects - but not in practice where such high application rates would
be economically improbable. Since Fig. 4 shows a trend of decreasing effect
sizes for higher biochar concentration categories, the existence of another
mechanism that decreases infiltration, acting as a trade-off, is likely, and
identifying this trade-off is paramount for policy development. Grouping
all soils, biochar concentrations of 0.6–2.5 % (m/m) could be considered
optimal for erosion reduction, although a wider range of concentrations
may be relevant when soils are not grouped. There is no strong direct evi-
dence suggesting a mechanism of soil surface sealing/crusting by (micro)
aggregate dispersion caused by deleterious changes in ESP/SAR following
the introduction of salts with biochar application. This is because data for
the relevant salts - Na+, K+, Mg2+, Ca2+ - were generally not reported,
and even biochar ash content data – as a proxy indicator for salinity –
were only reported in 12 out of 30 studies. An indirect indicator of the rel-
evant salts can be found in biochar pH, which showed stronger erosion re-
duction for alkaline biochars, in both tropical and temperate zones (Hseu
et al., 2014; Gholami et al., 2019). However, more data on measurements
of the availability of the relevant salts are required to explore this mecha-
nism. Biochar amendment can induce soil organic matter humification, es-
pecially in tropical soils (Amoakwah et al., 2020). This is a potentially
related mechanism to soil aggregates and their water stability, which was
not reported in the studies in our dataset.

4.3. Limitations of this study

Compared to studies in the temperate zone that used median biochar
ash contents around 60 %, those in the tropics have generally used lower
ash content biochar (6%). In turn, the pyrolysismethod showed differential
effects on erosion reduction, which was significant for slow pyrolysis but
not for gasification, which typically produces biochar with higher ash con-
tents (Peng et al., 2016; Kumar et al., 2019). However, the substantially
lower number of observations for these variables (i.e. pyrolysis method
(Fig. S5), ash content (Fig. S7)), translates into this result not being as

Image of Fig. 7
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robust as other biochar-related parameters (e.g., pH and pyrolysis tempera-
ture, and ash content). Biochar particle size (or biochar texture categories)
showed no significant effects in reducing runoff and soil erosion (Fig. S6).
Coarser biochar particle size distributions (>2mm)had no effect on erosion
or runoff, but the number of pairwise comparisons was too low for a robust
interpretation and more research is recommended.

The 0–0.5 % (m/m) biochar concentration category represented 54 %
(i.e. 30 out of 55) of the whole pairwise comparisons in the tropical zone,
while the 0.6–1.0 % (m/m) biochar concentration category represented
one-third (i.e. 26 out of 86) of all observations in the temperate zone.
Most studies added biochar to coarse-textured soil, with 48 out of 86
pairwise comparisons in the temperate region, and 36 out of 55 in the tro-
pics. Recent studies (Wu et al., 2020; Du et al., 2022) with meta-analysis
showed that coarse andmedium-textured soils have the potential to reduce
runoff and erosion compared to fine-textured soils. We can consider this as
a hypothesis for the use of coarse-textured soils in biochar experiments. Bio-
char application rate (Fig. S1) shows a similar pattern with no effect at >50
t ha−1. This pattern of biochar effects with biochar concentration has been
reported for other factors as well, e.g., disease severity (Graber et al., 2014;
Jaiswal et al., 2015) contaminant degradation (Qin et al., 2017), and seed
germination (Li et al., 2015, 2017a,b). Tropical experiments also contrasted
with temperate experiments in the biochar concentration of the topsoil ap-
plication layer. The five times greater median biochar concentration re-
sulted from a 50 % higher median application rate to a 75 % shallower
topsoil depth.

Other differences in experimental set-up and approach may also con-
tribute to explaining contrasting results between both climatic zones, at
least to an extent. A greater proportion of field studies were used in the tro-
pics compared to the temperate region, with longer durations and being
subjected to natural rainfall. In the tropics, 71 % of the pairwise compari-
sons used natural rainfall, compared to 9 % in the temperate zone. The me-
dian study duration in the tropics was 48 weeks, as opposed to 16 weeks in
the temperate region. In particular, the study duration category of 0–1
week was used in the temperate region to a greater extent (36 %), com-
pared to the tropical region (14 %). Further, laboratory experiments are
better suited to force negative effects. Identifying which biochar concentra-
tions induce negative effects is useful to improve our understanding of the
range of potential impacts and ensure a sustainable application, but it may
have skewed the results of the temperate zone in the data partitioning by
climatic region. The implication is that the reported overall erosion reduc-
tion in the temperate zone (9 %) may be an underestimation of the achiev-
able erosion reduction. A future meta-analysis on an expanded dataset may
find the answer to this question by partitioning the data by biochar concen-
tration for the tropical and temperate zones separately.

Tropical experiments often included a soil vegetation cover, where only
48 % of studies used bare soil. This contrasts with the 73 % of studies that
used bare soil in the temperate region (62/86). In addition, previous work
(Jeffery et al., 2017) has shown that biochar improved plant growth
(expressed as crop yield) three times more pronouncedly in the tropics
than in temperate latitudes. This suggests that the indirect mechanismof in-
creased soil vegetation covermay have had a significant contribution to the
greater soil erosion reduction in the tropics, compared to temperate lati-
tude. The tropics hold a substantially larger average yield gap - i.e. the dif-
ference between current farm yield and potential yield when crops are
grown with optimal nutrient supply (GYGA, 2022) - than the temperate
zone (Van Ittersum et al., 2013). This result is mentioned in another
meta-analysis (Jeffery et al., 2017), which showed no effect of biochar on
crop yield in temperate latitudes yet elicits a 25 % average increase in
yield in the tropics. The proportion of nutrient feedstock used was reported
just in Kumar et al. (2019) study in the tropics, and has only been reported
in three studies in the temperate zone (i.e. Gholami et al., 2019; Sadeghi
et al., 2016, 2020). This matter should be considered for further investiga-
tion under both climatic zones, particularly for long-term studies using dif-
ferent nutrient feedstock combinations.

Neither experimental duration (Fig. S9), slope angle (Fig. S10), experi-
mental scale (Fig. S11) or rainfall type (Fig. S12) showed significant
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differences between categories. This is surprising considering that short-
duration rainfall simulations (i.e. 2.5 times greater proportion of <1-week
experimental duration in the temperate zone)may not allow the soil to “set-
tle” after the disturbance of biochar incorporation. Depending on soil and
biochar characteristics, these short-duration experiments would be ex-
pected to either, have decreased erosion or increased it (since runoff
needs less energy to pick up disturbed soil particles). Yet, since long-term
field studies with natural rainfall are more informative regarding real-
world applications and their impacts, than short-term laboratory studies
using a limited range of rainfall and vegetation development conditions, re-
sults found for the tropical zone are likely to be more relevant to inform
guidelines for end-users and policy development.
4.4. Integration of predictor variables, a recommendation for future studies

Combined, these meta-analysis effect size results suggest that to opti-
mise soil erosionmitigation biochar should be incorporated into the topsoil
to 15 cm depth or less, to reach a concentration of 0.6 % to 2.5 % (m/m),
which is in the range of 26–50 t ha−1, in medium or coarse-textured
soils, with vegetation covering the soil surface. However, the 95 % confi-
dence intervals (Cls) are relatively large for many predictor variables (see
also the Supplementary figures (Fig. S), making statistical exploration of in-
teractions between predictor variables – such as in a mixed model – very
limited with the current dataset. Further, erosion CIs for the temperate
and tropical categories were similar, even though the number of observa-
tions in the temperate zone was 1.5 times higher. In turn, runoff CIs are
three times greater in the tropics, which may partly be explained by 2.3
times greater number of observations in the temperate zone. Data on runoff
in the subtropics were highly variable across studies, which combinedwith
a reduced number of observations (i.e. 10) resulted in large error bars, thus
suggesting that more research is required in this category before conclu-
sions can be drawn.

If the steady increase in publications on the topic during the 2010s con-
tinues into the 2020s, a mixed model may provide more insight into inter-
actions between predictor variables, and into causal mechanisms, to
provide more accurate and specific recommendations for land users and
policy developers. For example, from the current study, it cannot be deter-
mined if lower ash content biochar would maintain, or further reduce, ero-
sion when applied to reach topsoil concentrations >2.6 %, or if in coarse-
textured soils higher ash content biochar maintains or increase erosion re-
duction at higher biochar concentrations in the topsoil. Improved reporting
of key auxiliary variables in biochar erosion/runoff experiments would fa-
cilitate meta-analytical interpretation of mechanisms and trade-offs (see
Tables S1, S2, and S3).

Nevertheless, despite the limitations of the current study to explore in-
teractions, the grand means for erosion and runoff justify prioritising re-
search funding to be directed to expanding the number and duration of
experiments, so that futuremeta-analyses can provide more detailed guide-
lines for end-users and policy developers. Against predicted global soil ero-
sion increases of 30 % to 66 % by 2070 (Borrelli et al., 2020), a 25 %
decrease in runoff and 16 % decrease in erosion (30 % in the tropics)
from biochar application to soil, may provide land managers with a valu-
able tool - among others - to mitigate the loss of valuable topsoil and help
sustain global food production. Moreover, since soil erosion is estimated
to cause severe economic losses, it seems appropriate to achieve a better un-
derstanding of the causal mechanisms behind the observed erosion reduc-
tion with biochar incorporation in soils. For example, a 16 % decrease in
erosion would equate to a 6.4 billion US$ saving for the USA alone, consid-
ering the estimate of Pimentel et al. (1995). The challenge is to further our
understanding of the causative mechanisms and their boundary conditions
for specific biochar-soil-crop-climate combinations (Verheijen et al., 2012,
2015, 2019). In general, the identification and quantification of predictor
variables are limited due to the patchy reporting of these variables in the
studies, thus placing further constraints on the identification of causative
mechanisms.
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5. Conclusions

This meta-analysis evaluated the current state of knowledge on biochar
effects on runoff and soil erosion by water on 22 biochar-related, soil-
related, climatic, environmental, and methodological predictor variables.
Overall, results showed that biochar application to soil significantly re-
duced erosion by 16 % and runoff by 25 % on average. The mitigation of
soil erosion in the tropics was approximately three times stronger (30 %)
than in temperate latitudes (9 %). Data also suggests that vegetated soil
with biochar is better at resisting low-impact raindrops that come from
the canopy rather than high-impact raindrops onto bare soil, which is con-
sidered an indirect mechanism. Also, it is improved soil structure thereby
decreasing soil erodibility (a direct mechanism). Future work should
focus on experimental study designs that allow investigation of causative
mechanisms, and mixed model meta-analyses to explore interactions. A
more comprehensive and consistent reporting of auxiliary variables
would greatly assist this.
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