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Abstract

Background: Biochar is a relatively new soil amendment method in agricultural practices that can improve the
ecosystem services of soils. Biochar has commonly been applied to less fertile or contaminated soils, specifically
sandy-textured and contaminated sandy soils, to improve their properties. However, the available literature indicates
that not all sandy-textured and contaminated sandy soils show the same response to biochar applications, as the
sign and size of the effect vary across studies. More specifically, primary studies show heterogeneous and potentially
conflicting impacts of biochar application on a set of ecosystem services provided by these types of soils; namely,
biomass production, water cycle, nutrient cycle, and climate regulation. Therefore, the objective of the present study
is to systematically review the available evidence base to synthesise the impact and drivers of biochar amendments
on four specific ecosystem services provided by sandy-textured and contaminated sandy soils.

Methods: This review follows the guideline of the Collaboration for Environmental Evidence and corresponds to the
ROSES (RepOrting standards for Systematic Evidence Synthesis) reporting standard. A comprehensive search strategy
will be employed to cover peer-reviewed and gray literature through bibliographic databases, organizational and
institutional websites, and web searches. Search terms and strategies have been developed to identify the impact of
biochar on the ecosystem services of sandy-textured soils. The search results will be screened first by their title and
abstract, and then by their full text. Two literature reviewers will do this based on eligibility criteria. A validity assess-
ment will be conducted to critically appraise and assess the validity of studies using a common validity framework
for environmental studies. Data will be extracted from the studies that are found to be valid for the review. Narrative
synthesis and meta-analysis will be employed to synthesise the review results.

Keywords: Nutrient cycle, Crop production, Biomass production, Climate regulation, Water cycle, Residual biomass,
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Introduction low soil organic carbon [2], poor aggregate stability, and
Background low water-holding capacity [3]. Sandy-textured soils can
Sandy-textured and contaminated soils are marginal soils  be in the forms of both natural and non-natural. Approxi-
[1], which are characterized as poor-fertile soils due to  mately 6% of the earth’s surface (900 million hectares)
consists of natural sandy soils [2], some of which are
being intensely used for cultivation in developing coun-
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intensive farming can negatively impact soil organic
matter and nutrient levels, which can cause modifica-
tions in soil composition, rendering fertile soil marginal
[8, 9]. Likewise, climate change, such as global warming,
affects the water cycle in the soil and the dynamics of soil
moisture, which contributes to the conversion of fertile
soils to sandy ones [10]. If the quality of sandy-textured,
non-natural soils were at their original productive level,
they could provide one-third of the world’s population
with basic food needs [7]. Furthermore, many agricul-
tural soils are contaminated with heavy metal pollution
because of unsustainable soil management, industrial
activities, and the use of inorganic fertilizers and pesti-
cides. These marginal soils, sandy-textured and contami-
nated sandy soils, rely heavily on external inputs such as
organic and inorganic fertilizers to bring the soil pro-
ductivity back and consequently conduct farming [11].
However, the long-term application of inorganic fertiliz-
ers negatively impacts the existing soil microbial com-
munities and biochemical process, leading to the possible
complete loss of soil fertility [12]. This is an issue particu-
larly against the background of rapidly increasing human
populations, which requires additional food production
and, consequently, to some extent, additional arable land
[13]. This, in turn, increases the need for environmentally
sound technologies such as biochar that can improve soil
quality and fertility.

Biochar is a relatively new development in agricultural
management [14] that caught the attention of scientists
as a means of environmental and sustainable soil man-
agement that can help increase the amount of land suited
for agriculture [15—17]. Biochar can be defined as “solid
material obtained from the thermochemical conver-
sion of biomass in an oxygen-limited environment” [18].
Biochar is usually attained through pyrolysis of different
types of organic feedstock, precisely biomass materials
(plantations that produce energy crops, natural vegeta-
ble growth, organic wastes and residues (animal wastes,
forest residue, agricultural residue, etc.) [19]) in vary-
ing pyrolysis degrees [16]. The conceptual paper titled
“A handful of carbon” by Johannes Lehmann, published
in 2007, was a turning point in biochar-related research
[15]. The annual number of publications concerning bio-
char for environmental management has been increasing
ever since [15, 20]. The main topics covered in publica-
tions are the use of biochar in agriculture, waste manage-
ment, energy production, and greenhouse gas reduction
[15]. The agricultural benefits of biochar and its ability to
reduce greenhouse gases are the most researched topics
[15].

Biochar as a soil additive can enhance soil properties
[21]. Biochar contributes to altering soil characteristics,
resulting in positive modifications in water and nutrient
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retention capacity, soil aeration [22], as well as improving
soil biological [23], chemical, and physical activities [24].
However, a recent review by Zhu and Chen [25] indicated
the potential toxicity that can be induced to soil micro-
bial communities with biochar application due to certain
reactive compounds and heavy metals in the content of
biochar. This leads to a change in soil microbial habitat,
which could harm the soil and its ecosystem services
[25]. The Millennium Ecosystem Assessment defines
ecosystem services as “the benefits people obtain from
ecosystems,” classifying them into provisioning, regulat-
ing, cultural services, and supporting functions [26] (see
Additional file 2). Jénsson and Davidsdéttir [27] con-
ducted a comprehensive review on soil ecosystem ser-
vices (see Additional file 3), which will be employed for
this review. Biochar is seen as a method of enhancing the
status of soil ecosystem services [25], leading to increased
crop and biomass productivity, sequestering additional
carbon to mitigate climate change [28, 29], improving
water retention of sandy-textured soils [16], and enhanc-
ing nutrient cycle by increasing soil nutrient availability
and uptake [30].

Not all types of soil benefit from biochar applications
to the same extent [31]. Alkaline soils in temperate cli-
mates have mainly responded to biochar addition tran-
siently, especially with regard to crop productivity [32],
and resulted in lower crop yields in high fertile soils [33].
However, less fertile, sandy, degraded, heavy-metal-pol-
luted, and nutrient-deprived soils are more likely to ben-
efit from biochar amendments [28, 34]. Even for these
types of soils, the effects of biochar application for soil
ecosystem can vary in sign and effect. For instance, some
primary studies reported an increase in yield and nutri-
ent retention of sandy loam soils using biochar prepared
from manure, wood, and straw feedstocks [30, 35]. In
contrast, some studies showed no change in crop yields
when biochar from similar raw materials was applied on
soils of the same type [36, 37]. Variation in results was
also found with regard to the pyrolysis temperature. For
example, higher pyrolysis temperature was preferred
for the water retention capacities of sandy loam soils in
the studies carried out by the researchers in the domain
[38, 39]. Wiersma, van der Ploeg [40] found no impact
on water retention capacities for biochar produced at a
similar pyrolysis temperature. Additionally, the applica-
tion rate of biochar can also contribute to the heteroge-
neity in the outcome. Studies carried out in the field [41,
42] showed negative responses in crop productivity for
lower application rate of biochar, whereas Rondon and
Lehmann [43] found the opposite.

The apparent heterogeneity in results in the literature
motivated us to conduct a systematic review to clarify
the biochar’s effect on ecosystem services, focusing
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specifically on natural and non-natural sandy-textured
soils and contaminated soils. Based on our expertise-
based understanding of the most important soil eco-
system services impacted by biochar application and
on additional advice from the advisory committee for
this systematic review, we specified the following sup-
porting, regulation, and provisioning soil ecosystem
services to be reviewed in this study: nutrient cycling,
water cycling, climate regulation, and biomass/crop
production. Review results can be exploited as com-
plementary information by policymakers to facilitate
policy recommendations of biochar applications as a
soil amendment. Our review also aims to determine
research gaps in current studies and set out a roadmap
for further research related to biochar application on
sandy-textured and contaminated soils.

Stakeholder engagement

The plan for a systematic review of biochar’s effect
on soil ecosystem services was brought forward in
a project meeting of the BASTA project funded by
the Research Foundation Flanders in December 2019
(BASTA: “Biochar’s added value in sustainable land use
with targeted applications”) [44]. The BASTA project’s
main aim is the production of biochar from various
residual biomasses and its application in different agri-
cultural settings (biochar application in composting,
anaerobic digestion, manure storage, growing media,
and open field). BASTA stakeholders (academia, bio-
char producers, research institutes, agencies, policy-
makers) are aware of the lack of systematic synthesis on
biochar’s soil ecosystem services, and they support the
systematic review.

An advisory committee was created, including some
of the BASTA project members, with expertise in soil
ecology, and with external ecosystem-services experts
from the University of Hasselt. The advisory committee
helped define the list of ecosystem services to review in
the study. The members also contributed to the crea-
tion of search terms and search databases. Based on
their suggestions, subsections such as data coding and
extraction strategy and effect modifiers were improved.

Table 1 Soil types chosen for the study
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Objective of the review

This paper’s primary focus is to systematically review
and synthesize studies on the effect of biochar on a set
of four ecosystem services of sandy and contaminated
sandy soils. To this end, the following research question
has been formulated:

+  What is the impact of biochar amendments on nutri-
ent cycling and water cycling, climate regulation and
crop/biomass production ecosystem services pro-
vided by sandy-textured and contaminated sandy
soils?

The research question components were structured
based on the PICO (population, intervention, compara-
tor, outcome) model. The population in this study con-
sists of soil types (sandy-textured soils and contaminated
sandy soils). The intervention considered is the soil
amendment using biochar, where the control of no bio-
char amendment serves as the comparator. Finally, the
outcome is a positive, negative, or no change in sandy-
textured and contaminated sandy soils’ four ecosystem
services, which will be measured by comparing the treat-
ment (with biochar) to control (without biochar). Poten-
tial effect modifiers that can affect the variation in the
outcome will also be considered.

As mentioned earlier, for this review study, soil eco-
system services classified by Jonsson and Davidsdottir
[27] will be adopted: supporting services (nutrient cycle,
water cycle), regulating services (climate regulation), pro-
visioning services (crop/biomass production) (see Addi-
tional file 3).

Three types of soils with high levels of sand (more than
50%) will be considered in the review, using the soil tex-
ture categorization (Table 1) by the United States Depart-
ment of Agriculture [45]. Sandy-textured soils considered
for the study are mainly degraded soils due to unsustain-
able agricultural activities, industrialization, and urbani-
zation. Heavy-metal-contaminated sandy soils will also
be considered for the review. One reason for selecting
sandy-textured and contaminated sandy soils for this
review is to provide supplementary information to the
BASTA project that will implement experiments on these

Common names of soils Sand (%) Silt (%) Clay (%) Textural class
Sandy soils (Coarse textured) 86-100 0-14 0-10 Sand

70-86 0-30 0-15 Loamy sand
Loamy soils (Moderately coarse textured) 50-70 0-50 0-20 Sandy loam
Loamy soils (Moderately fine texture) 45-80 0-28 20-35 Sandy clay loam




Bekchanova et al. Environ Evid (2021) 10:7

types of soils in the Kempen region of Belgium. Fur-
thermore, we will only consider biochar experiments on
topsoil for this review, mainly due to the fact that many
biochar-related studies implemented the experiments
on topsoil (0-30 cm of soil depth). In addition, the scope
of this study also lays on reviewing the changes in top-
soil ecosystem services with biochar application. Review
results will provide background information about the
interaction between biochar and sandy-textured and
contaminated sandy soils and the effect on four specific
soil ecosystem services that can be beneficial for further
analysis of ecosystems of soils chosen for the BASTA
project.

Geographical scope

After testing the search terms (Table 2) in WoS, we
obtained 2382 results. Ninety randomly selected hits
were used to screen title and abstract to determine the
regions in which studies were carried out the most. Based
on this random sampling, we found out that studies were
carried out in many different regions, so we decided not
to impose any geographical scope in order to ensure suf-
ficient data. Geographical locations where experiments
were carried out will be considered as an effect modifier.

Methods

The review protocol will follow the guidelines of the
Collaboration for Environmental Evidence [46] and cor-
responds with the ROSES [47] reporting standard. The
ROSES form is included as an Additional file 1.

Searching for articles

Search string

The search terms will be based on the PICO compo-
nents. Three components of PICO (population, inter-
vention, and outcome) will be combined to build search
terms. For field tags, TS (TITLE—ABS—KEY) will be
used. Component categories between search terms will
be merged using the “AND” Boolean operator, while
“OR” operators will be used within categories. Trunca-
tion characters (* and $) will also be used to make the
search more expansive. To come up with search strings
(Table 2), an initial scoping exercise was carried out on
the Web of Science (WoS) “Core collection” database.
For the scoping exercise, we first specified terms for four
specific soil ecosystem services by applying the terms
defined by Jonsson and Davidsdéttir [27]. The advisory
group then helped to complement the final search terms
with related synonyms. The search terms in Table 2 are
considered as definite. To conduct the scoping exercise in
the advanced search function of WoS “Core collection’,
we have used the institutional subscription of the Hasselt
University library.
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The search terms have been designed to retrieve all
publications on biochar’s effect on nutrient cycle, water
cycle, climate regulation, and crop/biomass yield of
sandy-textured and contaminated sandy soils. All docu-
ments, including peer-reviewed publications and gray
literature (not submitted to peer-reviewed journals), will
be retrieved to minimize publication bias [48]. To maxi-
mize the search, the following sources will be searched:
bibliographic databases (for peer-reviewed publica-
tions), organizational/institutional websites, and web-
based searches (for gray literature, which can include
publications, organizational reports, theses, etc.). Search
terms displayed in Table 2 are mostly applicable for
bibliographic databases as they have more advanced
search functions. When the search terms are applied to
organizational websites and internet-based searches, the
search formula and Boolean operators can be simplified
because they might have limited search interfaces regard-
ing search strings. All of the used search strings will be
saved and provided as additional information in the final
report.

Search language

The search will be carried out in English, and search
results in languages other than English will not be con-
sidered for the review. English is the common language
among the review team, so it will provide dual consist-
ency checking in screening, full-text review, quality
appraisal, and data extraction.

Evaluating search comprehensiveness

To ensure the comprehensiveness of the search strings
built for the review (Table 2), the search strings were
tested against a set of 15 benchmark articles (see Addi-
tional file 4). The bibliographies of benchmark articles
were also screened to check whether relevant articles
cited were contained in the search results. When search
results were found to not be pertinent, and any missing
articles were detected, the final search strings were modi-
fied accordingly. The set of benchmark articles is gener-
ated by searching the publications of highly cited and
relevant articles.

Bibliographic databases

The following bibliographic databases will be searched to
collate publications by using the advanced search tools of
databases.

«  Web of Science “Core collection”: https://www.webof
knowledge.com.

+ Scopus: https://www.scopus.com/.

+ AGRICOLA: https://www.agricola.nal.usda.gov/.

+ AGRIS: https://www.agris.fao.org/.
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+ ProQuest Environmental Sciences and Pollution
Management: https://search.proquest.com/advan
ced.

+ EBSCO Open Dissertations: https://biblioboard.
com/opendissertations/.

+ Networked Digital Library of Theses and Disserta-
tions: http://www.ndltd.org/.

+ Open access theses and dissertations: https://oatd.
org/.

Organizational websites

The following organizational websites will be searched
to obtain potential additional studies that are not cov-
ered by the bibliographic databases. As mentioned
above, some organizational websites might not have a
very advanced search function. Therefore, some man-
ual searches will be executed using the search terms
defined in Table 2.

« International Biochar Initiative: https://biochar-inter
national.org/biochar/.

« UK Biochar Research Center: https://www.biochar.
ac.uk/research.php?id=10&r=a.

+ US Biochar Initiative: https://biochar-us.org/biochar-
introduction.

« European Biochar Certificate: https://www.europ
ean-biochar.org/en/home.

+ Sonoma Biochar Initiative: https://sonomabiocharin
itiative.org/.

« Israel Biochar Research Network: https://sites.google.
com/site/ibrnisraelbiocharnetwork/home.

+ Biochar for sustainable soils: https://biochar.inter
national/.

+ [Ithaka institute: http://www.ithaka-institut.org/en/
home.

+ New Zealand Biochar Research Centre: https://www.
massey.ac.nz/massey/learning/colleges/college-of-
sciences/research/agriculture-environment-research/
biochar-research-centre/biochar-research-centre_
home.cfm.

+ Environmental Protection Agency (USA): https://
www.epa.gov/.

+ Research Institute for Organic Agriculture: https://
knowledge4policy.ec.europa.eu/organisation/resea
rch-institute-organic-agriculture_en.

+ Research Institute for Agriculture, Fisheries and Food
(ILVO, Belgium, Flanders): https://www.ilvo.vlaan
deren.be/EN/Home.

+ Netherlands Organisation for Applied Scientific
Research (TNO, The Netherlands): https://www.tno.
nl/en/.
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+ Woageningen University & Research (The Nether-
lands): https://www.wur.nl/en/wageningen-unive
rsity.htm.

o Julius Kithn Institute—Federal Research Centre for
Cultivated Plants (Germany): https://www.julius-
kuehn.de/en/.

+ Mercator Research Institute on Global Commons
and Climate Change (Germany): https://www.mcc-
berlin.net/en/index.html.

o Thinen institute—Federal Research Institute for
Rural Areas, Forestry and Fisheries (Germany):
https://www.thuenen.de/en/about-us/the-institute/.

» Agroscope (Switzerland): https://www.agroscope.
admin.ch/agroscope/en/home.

+ James Hutton Institute (United Kingdom): https://
www.hutton.ac.uk/.

+ Rothamsted Research (United Kingdom): https://
www.rothamsted.ac.uk/.

+ UK Centre for Ecology & Hydrology (United King-
dom): https://www.ceh.ac.uk/.

Web-based searches

In addition to the bibliographic database and organi-
zational website searches, web-based searches will be
conducted using Google (https://www.google.com/) and
Google Scholar (https://scholar.google.com/). Google
Scholar will be used to retrieve both peer-reviewed and
gray literature [49]. Google Scholar is not recommended
as a standalone resource in a systematic review, but it can
be valuable for complementing bibliographic searches
and retrieving full texts of articles in PDF [49]. Google
searches can be broad and return many results for every
search, both related and unrelated to the review objec-
tive. For that reason, in our review study we will down-
load the first 1000 results returned by Google scholar
[50] using Publish or Perish software [51] as also done,
for example, by other systematic reviews in Environmen-
tal Evidence [52, 53]. The software will assist in retrieving
relevant articles to add to the reference list in Endnote.
We will also account for the reference lists of relevant
articles for the supplemental searches.

Search record database

The Endnote X9 reference management software will
be used to import the search results. If a certain docu-
ment cannot be imported into the software, a record will
be managed manually by creating a separate file. After
finalizing all searches, the reference files will be merged
and checked for duplicates. Before removing any of the
duplicates, they will be rechecked and compared with
regard to title, abstract, and year of publication. Once all
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duplicates have been removed, the final version will be
checked with Endnote’s deduplication tool.

Article screening and study eligibility criteria

Screening process

The screening processes will encompass two steps and
will be conducted by two reviewers. The first two authors
of this review protocol make up the review team that will
carry out all review steps (such as eligibility criteria and
critical appraisal). In the first step, the results are filtered
screening on their title together with abstract relevance.
In the second step, selected articles will be reviewed
for their full text. Systematic reviewers who have also
authored articles to be considered in the review cannot
get assigned to assess their own work. The screening will
be based on the eligibility criteria provided in the follow-
ing section.

Before starting the actual screening, both reviewers
will screen 100 randomly chosen articles from the search
results to ensure consistency regarding decisions about
the inclusion criteria. Consistency checking will be con-
ducted at each stage of the screening. If the reviewer has
any doubt about excluding a paper, it should be marked
and discussed later with the other reviewer. Upon mutual
agreement, the publication will be excluded or not. If
reviewers cannot reach a consensus about inclusion, the
publication will be reviewed by an adjudicating reviewer.
The level of agreement regarding consistency will be veri-
fied by employing the Kappa statistic [54]. According to
the Kappa statistic, agreements should not be below 0.6,
otherwise, consistency testing will be repeated until a
higher agreement is attained. All disagreements will be
discussed in detail between reviewers prior to starting
the actual screening. Any excluded article at the full-text
screening step will be recorded, together with an explana-
tion for the exclusion in the appendix of the final report.

Eligibility criteria
As mentioned above, the eligibility criteria will be based
on the PICO model.

Population Regarding eligible populations, studies
performing experiments on soils other than sandy-tex-
tured and contaminated sandy soils (see Table 1) will be
excluded. If the type of soils upon which an experiment
was performed are not defined, the corresponding authors
will be contacted. If it is not possible to clarify in any other
way, those studies will be excluded. Furthermore, studies
implemented in the experiments on topsoil (0—30 cm) will
be considered for the review. Deep-soil experiments will
be excluded as they are beyond the scope of the review.
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Intervention The eligible intervention is biochar, pro-
duced from biomass, used in agriculture as a soil amend-
ment. Some studies use terms like charcoal and black
carbon as a synonym of biochar. However, black carbon
and charcoal can differ from biochar in production and
application purposes. For instance, black carbon can
be made by burning fossil fuels as well as biomass [55],
while charcoal is produced mainly to provide afford-
able energy to rural areas and is not used solely as a soil
amendment [56]. However, we do include the terms
“black carbon” and “charcoal” in the intervention search
terms (Table 2). We will bring the terms (“black carbon”
and “charcoal”) into the full-text level to confirm that
they are indeed made of organic feedstocks and have the
same application intention as biochar. Otherwise, stud-
ies included the terms “black carbon” and “charcoal” will
be excluded at the full stage of screening. We will also
use the term Agrichar, as it is a new term that is used in
some organizational websites and is closely related to
biochar.

Comparator Control sites or plots without any interven-
tion—that is, no biochar added or treated as the interven-
tion plots—will be used as a comparator. However, con-
trol sites or plots that are treated with fertilizers will also
be included. In the latter case, intervention plots should
have been managed with biochar together with fertilizers
to make it comparable.

Outcomes Outcomes considered for the review are posi-
tive, negative, or no changes in four ecosystem services
(nutrient cycling, water cycling, climate regulation, and
biomass/crop production) of sandy-textured and contam-
inated sandy soils.

Study design types Experimental primary studies, par-
ticularly laboratory experiments, greenhouse experi-
ments, and field experiments that employed control
and treatment groups, will be included in the review.
Previously systematically reviewed papers will also be
accounted for by screening their reference lists.

Study validity assessment

Studies that meet the eligibility criteria will be critically
appraised to assess their internal and external valid-
ity. Critical appraisal is a critical stage of the systematic
review in terms of evaluating the studies’ suitability for
the data synthesis. Studies that are found to be eligible
will be appraised for the different types of biases by being
categorized as “low’, “moderate’, and “high” risk of bias
(see Additional file 5). The factors in Table 3 are selected
for the critical appraisal.
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Table 3 Critical appraisal criteria

Page 8 of 12

Factor Low risk of bias Moderate risk of bias High risk of bias

Study design Experimental studies (treatment vs Quasi-experimental studies (including ~ Case studies and observational studies
control) concurrent controls)

Objectives/hypothesis  Clear relation between objectives and Clear relation between objectives and ~ No relation between objectives and
methodology methodology methodology

Sampling Sampling method is suitable for gather-  The method used for sampling is Sampling method is not suitable for the

ing data on the population of interest

Replicates are proper (interventions are
replicated)

Intervention and comparator areas are
well-matched (soil conditions are the
same)

Confounding factors not present (both

appropriate for data gathering on
population of interest

Replicates are proper

Intervention and comparator areas are
well-matched (soil conditions do not
differ profoundly)

Confounding factors not present (both

population of interest

intervention and comparator sites are
treated equally)

Consideration of
heterogeneity/effect
modifiers

Precisely determined/considered effect
modifiers

Statistical analysis Clear description of statistical analysis

and results

Effect modifiers are considered

Statistical analysis and results are clear
enough

intervention and comparator sites are
treated equally)

Effect modifiers not considered or
determined

Not appropriate statistical analysis and
results

The criteria in Table 3 is created based on a framework
suggested by Bilotta, Milner [57] and the critical appraisal
tool developed by CEE [58] to assess the internal valid-
ity of the studies and consider all possible biases (selec-
tion bias, performance bias, attrition bias, reporting bias,
etc.). Studies with a “low “and “moderate” risk of bias
will be used to extract necessary data for data synthe-
sis, while publications found to have a “high” risk of bias
will be used to conduct a sensitivity analysis by compar-
ing the outcome of including and excluding the papers
with “high” risk of bias. If studies are appraised as having
a “moderate” risk of bias due to missing data, the corre-
sponding authors will be contacted; otherwise, they will
be used in a narrative synthesis. All information related
to the risk assessment and excluded studies at the stage
of a critical appraisal will be recorded in the database and
presented with the final review results.

As with screening, consistency checking will also be
done for the critical appraisal. Again, all studies will be
evaluated by the same two appointed reviewers. If there
are disagreements regarding any of the criteria, the study
will be discussed between reviewers until a consensus is
reached. If this is not possible, a third reviewer will be
involved.

Data coding and extraction strategy

In our review, we analyze the effect of biochar on differ-
ent ecosystem services (nutrient cycling, water cycling,
climate regulation, and biomass/crop production).
Therefore, each included study may report estimates for
different ecosystem services. Moreover, each study may

report multiple estimates for the same ecosystem ser-
vice. We extract all these estimates from the studies and
place them into individual rows. We address the poten-
tial dependence of the data as outlined below in the “Data
synthesis and presentation” section.

In case of a misunderstanding or any missing data,
authors will be contacted to clarify and obtain the miss-
ing data. All extracted data from included studies will
be saved in a Microsoft Excel spreadsheet, which will be
attached as an additional file for the final review. Table 4
shows the essential data for the extraction process. If the
data are presented only in tables or graphs, they will be
extracted using apps like webplotdigitizer, and the infor-
mation will be recorded in the spreadsheet. If the data are
hard to extract or decipher, or if data are missing, then
the corresponding author of the article will be contacted
for more clarification or submission of data. The same
procedure will be followed in the data synthesis stage.
In case the required data cannot be obtained, the studies
will be excluded from the analysis. Extracted data records
and excluded studies will be made available as an addi-
tional file.

To check the consistency of the coding, the same
method will be applied as for screening and quality
appraisal. Ten percent of randomly selected papers will
be used by each reviewer for consistency of coding.

Potential effect modifiers/reasons for heterogeneity

If there are any effect modifiers that may cause het-
erogeneity in the outcome, they will be retrieved and
recorded in an Excel spreadsheet. Below, a list of effect
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Table 4 Data coding

#  Category Variable Description

1 Study D First author Mainly last name of the first author

Publication year
Numbering

2 Name of research group Research group

3 Validity of a study Validity of a study

4 Type of paper Peer-reviewed

Gray literature

5 Study location Study area

Longitude and latitude
Country

Type of climate
Average precipitation
6  Experimental condition Condition
Experimental design

Design characteristics

Experimental setup

Duration of experiment
Biochar application rate

7 Biochar properties Feedstock used

Pyrolysis temperature
Carbon rate

8  Soil status Type of soil

Soil sample depth

Soil treatment before biochar
Soil condition
9  Ecosystem services (ESS) Measurement
Measurement unit

10 Changes in ecosystem services
fertilizer)

Treatment (with biochar only, or with manure + bio-

char, or fertilizer 4+ biochar)

Control (without amendment, or with manure, or with

Year the article is published
Code for each data point in the study

Listing the research group that implemented the
research and experiment

Internal and external validity of a study that will be

assessed as “low”, ‘moderate” or “high”risk of bias
If the paper is published in a peer-reviewed journal

If it is a publication in a website, or a dissertation/thesis,
or conference summaries

The area where the study has been conducted

The longitude and the latitude of study area

The country where the study area is located
Classification of climate of the country

Expressed in mm: Average precipitation in study area
Listing if it is randomized replicates or different

If it is based on open field, greenhouse, or lab

Plot area, number of plots, or pots (if it is greenhouse or
lab experiment)

Control (without amendment, or with fertilizer or with
manure), treatment (with biochar, or fertilizer + bio-
char, or manure + biochar)

Expressed in days
Expressed in t/ha
The feedstocks used for pyrolysis will be grouped as

“woody biomass’,“manure’, “peat-based’, and “agricul-
tural residue”

Expressed in the Celsius scale

Expressed in g per kg (g/kg) and mass percentage

Type of sandy soil and contaminated soil used for the
experiment

The minimum and maximum soil depth at which
biochar is applied; expressed in cm

NPK fertilizer, manure, or other treatments
Soil is tilled or irrigated before the experiment
List of ESS measured in the study

Unit used to measure ESS

Means, SD, correlation, OR t-value OR F-score

Means, SD, correlation, OR t-value OR F-score

modifiers was collated in consultation with the advisory
team. If additional effect modifiers are detected dur-
ing the review, they will be added to the list. All effect
modifiers will be coded and represented in the narrative
analysis, and their effect on variation in the outcome will
be explored through the meta-regression analysis. The
potential effect modifiers are: study country, experimen-
tal design, experimental setup, climate type, duration of
experiment, feedstock for biochar, biochar carbon rate,

pyrolysis temperature, application rate of biochar, type of
soil, soil depth, and soil treatment before biochar.

Data synthesis and presentation

A narrative synthesis will be generated to visually rep-
resent the data of all included studies with low risk of
bias (see “Study validity assessment”). Data extracted
from each study based on Table 4 and studies that do
not have quantitative results (for example, no means, SD,
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or correlation) will also be used for the narrative syn-
thesis. We will create tables to represent the countries
where experiments were implemented, together with
experimental conditions, types of experiments (control,
treatment), and duration of experiments in a narrative
manner.

We plan to conduct meta-analysis if there are a suffi-
cient amount of quantitative data to be extracted. We use
separate meta-analyses to assess the effect of biochar on
four specific soil ecosystem services (nutrient cycling,
water cycling, climate regulation, and biomass/crop pro-
duction). We will conduct the meta-analysis in R [59]
using the metaphor package [60]. To measure the effect
size (treatment to control) the natural log-transformed
response ratio will be used [61], which is the favored
method for calculating the effect size in ecological studies
[62, 63]. We will synthesize effect sizes by inverse-vari-
ance weighting to assign higher weights to more precise
studies [64]. We will report results for fixed-effects and
random-effects models. We potentially extract multiple
estimates from the same study (for instance, multiple
comparisons between the same plots or pots at differ-
ent time points). We conduct the meta-analyses using
the estimate that the authors of the study describe as the
main results to address the potential dependence of esti-
mates from the same study. Results using all estimates
will be also reported. If data allow, sub-group analysis for
important effect modifiers are conducted, such as differ-
ent study designs (greenhouse, lab and field experiments).

In addition to subgroup analysis, we will explore how
variation in the estimates can be explained by effect
modifiers using a meta-regression. The meta-regression
will help to shed light on which effect modifiers are the
most important. The meta-regression will be conducted
for all estimates (potentially multiple estimates per study)
to allow for a maximum of variation in the estimates that
can be then traced back to various effect modifiers. We
account for dependency of the data by using standard
errors that are clustered at the level of studies [65, 66]. In
case there is incomplete or missing data from any articles
or data that cannot be obtained by contacting the corre-
sponding authors, the studies will be excluded from the
analysis. The list of excluded articles at the stage of data-
synthesis will be recorded and reported as an additional
file at the final review.

The presence of publication bias will be assessed by
visual inspection of funnel plots, the Egger tests [67], and
comparisons of studies published in journals with grey
literature. Sensitivity analysis will be employed to test
the robustness of the studied outcomes and the effect
of validity assessment. This will be done by conducting
analyses of the inclusion and exclusion of studies with a
high risk of bias.
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