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Abstract. Soil organic carbon (SOC) plays a vital role in the global carbon cycle and is a potential sink for
carbon dioxide. Agricultural management practices can support carbon sequestration and, therefore, offer poten-
tial removal strategies whilst also improving overall soil quality. Meta-analysis allows one to summarize results
from primary articles by calculating an overall effect size and to reveal the source of variation across studies.
The number of meta-analyses published in the field of agriculture is continuously rising. At the same time, more
and more articles refer to their synthesis work as a meta-analysis, despite applying less than rigorous method-
ologies. As a result, poor-quality meta-analyses are published and may lead to questionable conclusions and
recommendations to scientists, policymakers, and farmers.

This study aims at quantitatively analyzing 31 meta-analyses, published between the years of 2005 and 2020,
studying the effects of different management practices on SOC. We compiled a set of quality criteria suitable
for soil and agricultural sciences by adapting existing meta-analytical guidelines from other disciplines. The
set is supported by a scoring scheme that allows for a quantitative analysis. The retrieved meta-analyses were
structured according to 11 management categories, such as tillage, cover crops, crop residue management, and
biochar application, which allowed us to assess the state of knowledge on these categories. Major deficiencies
were found in the use of standard metrics for effect size calculation, independence of effect sizes, standard
deviation extraction for each study, and study weighting by the inverse of variance. Only 1 out of 31 SOC meta-
analyses, which studied the effects of no tillage/reduced tillage compared with conventional tillage, was found to
be of high quality. Therefore, improved meta-analyses on the effects of organic agriculture, biochar, fertilization,
or crop diversification on SOC are urgently needed.

We conclude that, despite efforts over the last 15 years, the quality of meta-analyses on SOC research is
still low. Thus, in order for the scientific community to provide high-quality synthesis work and to make ad-
vancements in the sustainable management of agricultural soils, we need to adapt rigorous methodologies of
meta-analysis as quickly as possible.
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1 Introduction

1.1 Meta-analysis as a method and its application in
different disciplines

Meta-analysis was first defined by Glass (1976, p. 3) as “the
statistical analysis of a large collection of results for the pur-5

pose of integrating these findings”. A newer, more precise
definition by Koricheva and Gurevitch (2013) describes it as
“a set of statistical methods for combining the magnitude of
the outcomes (effect sizes) across different data sets address-
ing the same research question”. It supports the structuring of10

the increasing amount of information (Koricheva and Gure-
vitch, 2014), which researchers of all fields face, and offers
tools to process information with increased precision and re-
liability (Cooper et al., 2019b; Nakagawa and Cuthill, 2007).

Meta-analysis was developed to facilitate quantitative ev-15

idence synthesis in medical, social, and behavioral sciences
(Gurevitch et al., 2018; Hedges et al., 1999). The method
was first applied in ecology and evolutionary biology about
30 years ago, at a time when the need for quantitative as-
sessment of urgent issues such as climate change or biodi-20

versity losses arose. Since then, meta-analysis has developed
within the field of ecology, establishing centers and collabo-
rations for research synthesis (Gurevitch et al., 2018). The re-
sults of these contributions frequently provide relevant stake-
holders and decision-makers with evidence-based informa-25

tion (Stewart, 2010).
In agricultural research, meta-analysis has only attracted a

broader interest in the last decade (Fig. 1). Particularly, the
use of meta-analysis as a tool to investigate the effects of
agricultural management practices on relevant response vari-30

ables, such as yield or soil physical or chemical parameters,
is becoming increasingly prominent (Haddaway et al., 2017;
Bai et al., 2019; Li et al., 2020). As these developments are
rather recent, knowledge on the appropriate meta-analytical
methodology is still finding its place in the research commu-35

nity.
Because of their close relationship, many methodologi-

cal approaches of meta-analyses in ecology are also trans-
ferable to the field of agriculture and soil sciences. For in-
stance, when comparing several agricultural studies, looking40

at a specific treatment effect compared to a control, contra-
dictory outcomes are sometimes reported. By including the
results of all studies and calculating a summary treatment ef-
fect, meta-analysis allows us to combine the available knowl-
edge, regardless of the outcome, and calculate one number,45

which tells us about the overall estimated effect, thereby
overcoming conflicting evidence. Therefore, combining re-
sults across several sites or assessing the impacts of environ-
mental drivers, such as climate change, are tasks that are pro-
cessable by meta-analysis (Koricheva and Gurevitch, 2014).50

Nevertheless, research on agriculture and soil has encoun-
tered issues, which are often specific to these fields. First,
changes in soil, like soil organic carbon (SOC), are often

slower and more difficult to detect (due to the small sample
size and spatial variability within a site and between sites) 55

(Mäkipää et al., 2008) compared with other physiological
and biogeochemical changes, such as changes in plant tis-
sue. Moreover, changes in SOC due to management practices
have different responses depending on soil depths that need
to be considered when summarizing results across studies. 60

Agricultural systems are very complex, as not only pedocli-
matic conditions influence soil but agricultural management
practices also impact variables of interestCE1 . In particular,
the mix or combination of practices (e.g., tillage and crop
residue retention) makes it difficult to distinguish between 65

sources of effects (Xiao et al., 2021). Therefore, it is crucial
to define not only the treatment but also the control of the ex-
periments precisely to allow for the computation of hetero-
geneity. Lastly, when it comes to soil parameters and indi-
cators, several methods are available for computation, which 70

may cause difficulties when comparing outcomes. A good
example is bulk density, which can be measured in a field ex-
periment or estimated using pedotransfer functions in order
to compute SOC stocks from concentrations. The potential
uncertainty that arises when applying a pedotransfer func- 75

tion developed in a particular area to different sites (Schillaci
et al., 2021) can diminish the precision of final results.

1.2 Available guidelines and their applicability

Currently, no collaborations or guidelines for publishing sys-
tematic reviews or meta-analyses on agricultural or soil is- 80

sues exist. In contrast, the healthcare (the Cochrane Col-
laboration) and social science (the Campbell Collaboration)
fields had already established such collaborative networks
to develop high-quality reviews in the 1990s (Gurevitch et
al., 2018; Collaboration for Environmental Evidence, 2018). 85

These collaborations are focused on specific disciplines, but
some of their tools, such as training or the “Cochrane Hand-
book for Systematic Reviews of Interventions”, are partly
applicable to agricultural and soil research (Table S1 in the
Supplement). Moreover, there are other voluntary guidelines 90

available that aim to support researchers in, e.g., report-
ing or producing meta-analyses. Checklists for evaluating
social science research synthesis (Cooper et al., 2019a) or
evidence-based minimum item sets for reporting in system-
atic reviews and meta-analysis, such as the Preferred Re- 95

porting Items for Systematic Reviews and Meta-Analyses
(PRISMA) website (Page et al., 2021), support synthesis
consumers and authors. PRISMA-EcoEvo is a PRISMA ex-
tension for syntheses in ecology and evolutionary biology,
which can be used for reporting, planning, registration, and 100

reviewing (O’Dea et al., 2021). Moreover, for meta-analyses
in ecology, a checklist of quality criteria is available (Ko-
richeva and Gurevitch, 2014). The Collaboration for En-
vironmental Evidence (CEE) provides guidelines and stan-
dards for evidence synthesis in environmental management 105

that can be used for conducting, commissioning, or using the
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findings of systematic reviews and systematic maps in en-
vironmental management. Further, reporting standards (the
RepOrting standards for Systematic Evidence Syntheses –
ROSES), a checklist for appraisal of confidence of evidence
reviews (the Collaboration for Environmental Evidence Syn-5

thesis Assessment Tool – CEESAT), and open-access on-
line training courses are offered by CEE. The collaboration
even brought forth Environmental Evidence, a journal fa-
cilitating the publication of evidence synthesis in environ-
mental management (https://environmentalevidencejournal.10

biomedcentral.com/, last access: 17 January 2023). Lastly,
reviews by Philibert et al. (2012), Beillouin et al. (2019), and
Krupnik et al. (2019) have assessed the quality of agronomic
meta-analyses or compared different meta-analytical meth-
ods with the help of quality criteria; however, they are for-15

mulated rather generally.
Although all of these guidelines are available, they each

use different criteria which are sometimes not reported ex-
haustively (Koricheva and Gurevitch, 2014), making it dif-
ficult to apply them to different disciplines (Nakagawa and20

Cuthill, 2007; Lortie et al., 2015), such as for the qual-
ity assessment of meta-analyses in agricultural and soil sci-
ences. Additionally, as mentioned above, soil and agricul-
tural scientists encounter specific issues, different from those
faced in ecology or medicine, when aiming to synthesize re-25

search outcomes meta-analytically. The guidelines and stan-
dards for evidence synthesis in environmental management
and the CEESAT checklist by CEE clearly benefit scientists
and other consumers of soil and agricultural meta-analyses;
however, they mainly focus on systematic reviews and maps30

and also contain elements not mandatory in meta-analysis
(e.g., registration), such as gathering the maximum available
relevant literature or performing critical appraisal. Moreover,
the guideline is exhaustive and requires inexperienced read-
ers’ time and effort to understand. Those who are not aiming35

to become experts in the method themselves might not be
able to find the time for such elaborate reading.

1.3 Why we need meta-analytical guidelines in
agricultural and soil research

The contribution of agriculture to the global anthropogenic40

greenhouse gas (GHG) emissions (Tubiello et al., 2015) and
the possibility of sequestering carbon through improved soil
management in the form of SOC (Smith, 2012; Paustian et
al., 2016; Smith et al., 2005) are topics that have occupied
soil and agricultural researchers over the last decades. Since45

2000, the number of articles published on SOC has increased
yearly (Fig. 1), due to climate change pushing the scientific
community to search for mitigation and adaption opportu-
nities in numerous ways, such as through agronomic prac-
tices. Carbon sequestration in soils has gained increased res-50

onance with respect to the European Union political agenda
(EU Green Deal, Farm to Fork Strategy, EU Soil Strategy for
2030) – especially since the launch of the “4/1000 Initiative:

Soils for Food Security and Climate” at COP 21 (21st session
of the Conference of the Parties) as well as the publication of 55

the global potentials of this initiative (Minasny et al., 2017).
Simultaneously, the number of meta-analyses published in

the field of agriculture is continuously rising. We searched
the Web of Science Core Collection for all available en-
tries on “meta-analysis AND agriculture” since the year 2000 60

(Fig. 1, search conducted 13 January 2022). Between 2000
and 2010, there was little change in the number of meta-
analyses published; a steady rise can only be seen since 2010.
The increasing amount of available information, not only in
agriculture and SOC research but also across all scientific 65

fields, is creating the need to synthesize data into a form that
is easier to comprehend and that allows for the detection of
overarching patterns (Culina et al., 2018). Unfortunately, as
a consequence of the rising popularity of this method, more
and more publications refer to their synthesis work as meta- 70

analyses, despite applying less than rigorous methodologies.
Many times, the term is misapplied to publications synthesiz-
ing information of primary studies, regardless of the method-
ologies used (Gurevitch et al., 2018). In fact, only studies
using well-established statistical procedures – most impor- 75

tantly suitable effect size calculation, correct study weighting
by the inverse of variance (1/variance), analysis of possible
heterogeneity, and appropriate statistical models that account
for the structure of the meta-analytical data – should use
the term “meta-analysis” to describe their synthesis method 80

(Vetter et al., 2013; Gurevitch et al., 2018). When applying
“nonstandard metrics”, which refer to using methods other
than the effect size as defined by Borenstein et al. (2009) to
quantitatively synthesize primary studies, articles should not
be called a meta-analysis nor claim that “effect sizes” were 85

calculated, as these terms are specific to the meta-analytical
methodology (Borenstein et al., 2009; Koricheva and Gure-
vitch, 2014; Cooper et al., 2019c). It is important to promote
this clear definition in order to allow the distinction between
a “true” meta-analysis and other forms of synthesis work, 90

such as correlation analyses or analyses through machine
learning.

The previously mentioned reviews by Philibert et
al. (2012) and Krupnik et al. (2019), who analyzed the qual-
ity of meta-analyses in agronomy, found that the overall qual- 95

ity of meta-analyses in this field is low. Philibert et al. (2012)
concluded that more than half of the publications in the
searched databases mentioned meta-analyses as a method but
did not carry the method out. Further issues regarding ef-
fect size metrics, weighting, and heterogeneity analysis were 100

found. The more recent review by Krupnik et al. (2019),
who analyzed meta-analyses studying the effects of conser-
vation and organic agriculture on yield, also reported lacks
in heterogeneity testing and weighting. Similarly, Beillouin
et al. (2019), who studied meta-analyses on crop diversifi- 105

cation, found issues with weighting, sensitivity analysis, and
database presentation. These results imply that the methodol-
ogy applied in agronomic meta-analyses is variable and often

https://environmentalevidencejournal.biomedcentral.com/
https://environmentalevidencejournal.biomedcentral.com/
https://environmentalevidencejournal.biomedcentral.com/
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Figure 1. The number of meta-analyses in agriculture and primary
research articles on soil organic carbon published between 1 Jan-
uary 2000 and 31 December 2021. The search was conducted on
13 January 2022 on the Web of Science Core Collection (searched
in “Topic”), and results were taken from the Web of Science “Ana-
lyze Results” tool. The Boolean search string for MA in agriculture
was as follows: “meta-analysis AND agriculture” and “carbon”.
The Boolean search string for articles on SOC was as follows: “soil
organic carbon”.

not done according to standard metrics. The authors of the re-
views concluded that there is a need for the improvement of
meta-analyses in agronomy.

Finally, it is a misconception that a high number of ci-
tations always equals quality (Aksnes et al., 2019; Leydes-5

dorff et al., 2016). Koricheva and Gurevitch (2014) found
that cases of incorrect usage of the term meta-analysis can
even be encountered in high-impact journals. This suggests
that not only authors but also peer reviewers and journal ed-
itors do occasionally misunderstand the rules under which a10

meta-analysis must be conducted. O’Leary et al. (2016) ana-
lyzed the effects of the journal impact factor on review qual-
ity and concluded that a high impact factor does not guar-
antee high quality of reviews; therefore, the aforementioned
authors did not recommend the use of the impact factor as a15

proxy for review quality.
All of this provides reason to assume that core crite-

ria, necessary for conducting meta-analyses, are not clear to
many researchers in the field of agricultural and soil sciences.
As a result, poor-quality meta-analyses are published that20

might report questionable conclusions and recommendations
to other scientists, policymakers, and farmers. Moreover, the
interest in SOC sequestration and the subsequent increase
in related publications raises questions as to whether meta-
analyses synthesizing this knowledge currently exist, and, if25

so, whether their quality shows similar trends to agricultural
meta-analyses reviewed in the past by Philibert et al. (2012),
Beillouin et al. (2019), and Krupnik et al. (2019).

1.4 Objectives

This study aims to quantitatively analyze 31 meta-analyses, 30

published between the years 2005 and 2020, studying the ef-
fects of different management practices on SOC that are rel-
evant for European cropland. We compiled a set of quality
criteria suitable for soil and agricultural sciences by adapting
existing meta-analytical guidelines from other disciplines. 35

The set is supported by a scoring scheme that allows for a
quantitative analysis. A subsequent evaluation of the man-
agement practices studied in these SOC meta-analyses gives
information on which agricultural operations require more or
improved research. Finally, the aim was to demonstrate how 40

to conduct a quick assessment of the meta-analyses relevant
for decision-making. We chose a chapter of the IPCC “Spe-
cial Report – Climate Change and Land” (Jia et al., 2019)
and analyzed the quality of cited meta-analyses by using the
most critical criteria of the compiled criteria set. 45

2 Material and methods

2.1 Quality criteria set

The set of quality criteria is based on the previous work
of many experienced researchers with expert knowledge on
meta-analysis (Table S1). The “Checklist of quality crite- 50

ria for meta-analysis for research synthesis, peer reviewers
and editors” by Koricheva and Gurevitch (2014) was used
as a basis for the composition of the 17 quality criteria (Ta-
ble 1). Their checklist is also built upon the previous efforts
of other scientists who established sets of quality criteria in 55

the fields of ecology, environmental management, conser-
vation biology, and agronomy. Other literature, such as the
“Introduction to Meta-Analysis” by Borenstein et al. (2009),
“Handbook to Meta-analysis in Ecology and Evolution” by
Koricheva et al. (2013)TS1 , Mengersen (2013), and “Hand- 60

book of Research Synthesis and Meta-Analysis” by Cooper
et al. (2019c), further supported the criteria construction and
act as sources for an in-depth explanation of those criteria,
thereby providing the reader with additional information (Ta-
ble S2). 65

The 17 quality criteria were structured according to three
groups: “Literature search and inclusion/exclusion criteria”,
“Meta-analysis”, and “Results and database presentation”
(Table 1). Additionally, a further division of the “quality cri-
teria” into “sub-criteria” was conducted to provide more de- 70

tailed guidance. Each quality criterion or – if available – sub-
criterion, was specified with the help of the “Is the criterion
applied in meta-analysis (to what extent)” column, which of-
fers the reader possible options, based on the availability of
data or items within the analyzed meta-analysis. Each option 75

ends with a numerical “Score” that indicates its quality. All
individual scores can be summarized into a total score with
a maximum of 30; the higher the total score, the better the
overall quality of the meta-analysis. Furthermore, the qual-
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ity criteria and sub-criteria are specified in the “Description”
column to provide the reader with more detailed information.
The final column offers references to relevant literature, sup-
porting the authors’ decisions with respect to criteria formu-
lation and scoring. In the Supplement (Table S2), an extended5

version of this column can be found, where direct quotes of
cited experts are provided.

Of these 17 quality criteria, we defined three as so-
called “cutoff” criteria (criteria 6–8 in Table 1), namely “Ef-
fect size”, “Standard deviation extracted (or computed from10

statistics)”, and “Studies weighted by 1/variance”. When
these criteria are not fulfilled by a meta-analysis, the most
essential and relevant steps in this specific synthesis method
are not met. These cutoff criteria aim to help consumers of
soil and agricultural meta-analyses to identify the defining15

elements of the article and judge whether it is a true meta-
analysis or not. As we wanted to highlight criterion 8, Stud-
ies weighted by 1/variance, and credit meta-analyses that did
weight all studies correctly, we attributed a maximum obtain-
able score of 4 to this criterion.20

2.2 Quality assessment of meta-analyses on SOC

2.2.1 Inclusion criteria, exclusion criteria, and search
strategy

First, inclusion criteria (IC) and exclusion criteria (EC) were
defined to create a framework for the literature screening (Ta-25

ble 2). Studies were included when they used the term meta-
analysis in their title, abstract, or author keywords (IC1); the
land uses included were arable land or crop land, also in
combination with others land uses, such as agroforestry or
grassland (IC2); the assessment of the effects of one or sev-30

eral management practices on SOC was the aim of the study
(IC3); and European experiments were a part of the (global)
meta-analyses, as we wanted to collect and evaluate synthe-
ses relevant for Europe (IC7). Articles were only included
when they fulfilled all seven inclusion criteria. Articles were35

excluded when, for example, modeling was used to obtain
SOC results (EC1).

The second step was the collection of existing meta-
analyses on SOC changes due to different agricultural man-
agement practices. Therefore, the Web of Science Core Col-40

lection (time frame 1900–2020) and Scopus (time frame
1960–2020) databases were searched on 5 January 2021.
Due to limited human resources, only these two scien-
tific databases were searched. The following Boolean search
string was used to retrieve relevant articles: (meta-analy∗)45

AND soil AND (agriculture OR management) AND (SOC
OR OC OR “soil organic carbon” OR “organic carbon”). A
total of 552 articles were found (344 in Web of Science and
208 in Scopus) and automatic (conducted by Mendeley and
JabRef software) and manual duplicate removal reduced the50

results by 167 articles (Fig. 2). The results were compared
with the meta-analyses identified by Bolinder et al. (2020),

Figure 2. Flow diagram of the literature search and screening,
adapted from Page et al. (2021).

who synthesized meta-analyses studying the effects of sev-
eral management practices on SOC changes in agroecosys-
tems. This led to the identification of one further study that 55

complied with our inclusion and exclusion criteria (Table 2)
and, therefore, was included in our evaluation. A total of
386 articles were exported into Microsoft Excel and screened
by title, abstract, and full text according to the predefined
inclusion and exclusion criteria. In total, 31 meta-analyses 60

relevant for the scope of our study were found. Many arti-
cles were excluded, as they did not contain the word meta-
analysis in their title, abstract, or keywords; SOC was not the
response variable of interest; or the studies investigated did
not include European sites. Figure 2 shows a flow diagram 65

of the complete screening process. Full information on the
literature gathering (Table S3), all 386 retrieved articles, and
the screening decisions (Table S4) can be found in the Sup-
plement. The complete reference list of the 31 meta-analyses
can be found in the Appendix (Table A1). 70

2.2.2 Quality analysis

The 31 retrieved meta-analyses were evaluated by two au-
thors with respect to quality according to the set of quality
criteria in Table 1. Each article was read thoroughly to ascer-
tain whether certain criteria were fulfilled or not. Total scores 75

for each meta-analysis were calculated, with a maximum
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Table 1. Set of quality criteria for meta-analyses in agricultural and soil research.CE2

reachable score of 30. The complete assessment containing
the scores for each meta-analysis and all calculations can be
found in the Supplement (Tables S2, S5TS2 ). SigmaPlot ver-
sion 14.5 and Microsoft Excel version 1808 were used for
the plotting of figures and tables and for calculations.5

2.2.3 Management categories

The retrieved data also offered the possibility to analyze the
state of knowledge on meta-analyses studying management
effects on SOC. The aim was to assess how many meta-
analyses were conducted on a certain management practice 10

and whether their quality was sufficient to stop the produc-
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Table 1. Continued.

tion of new meta-analyses on the respective practices. This
information will aid future research by guiding it towards
knowledge needs and avoiding redundant work. Therefore,
we grouped the meta-analyses according to the management
practices they studied. A total of 11 management categories5

were formed and are described in Table 3. These categories
aim to structure the collected SOC meta-analyses and allow a
simplified investigation. As some meta-analyses studied the
effects of more than one practice, they were added to all re-
spective categories.10

Finally, the total number of articles per category was cal-
culated, and the meta-analyses with the highest scores were
identified. Simultaneously, information on the treatment and
control, the geographical scale, and soil depth was extracted.
As the overall score does not give information on whether the 15

cutoff criteria were fulfilled, we extracted this information
as well. We presented the overall effect sizes of the meta-
analyses only when both of these elements were fulfilled.

Overall treatment effects on SOC are shown as a percent-
age change from the control; when results were displayed as 20

a log response ratio (LnR), we calculated percentages using
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Eq. (1):

%change= (Exp(LnR)− 1)× 100%. (1)

2.3 Quick assessment of meta-analyses relevant for
policy-making – an example

To provide readers with an example of the impacts of5

meta-analytical quality on policy- and decision-making, we
screened “Chapter 2: Land–climate interactions”, of the In-
tergovernmental Panel on Climate Change (IPCC) “Special
Report – Climate Change and Land” (Jia et al., 2019) for
cited articles that used the term meta-analysis in the title. We10

chose this report by the IPCC, as their outputs are highly rel-
evant for combating the global climate crisis and are often
the basis of policy-making (IPCC, 2019) as well as the fact
that this exact chapter is deeply connected to the contents of
this review. In total, 16 articles were retrieved and checked15

against the cutoff criteria of the abovementioned quality cri-
teria set (Table S6).

3 Results

The investigation of the 31 meta-analyses studying manage-
ment effects on SOC, published between 1990 and 2020,20

found that Ogle et al. (2005) published the first article on
this topic. Nevertheless, the synthesis did not qualify as a
formal meta-analysis, as no effect size was calculated. The
first formal meta-analysis on SOC was published by Luo
et al. (2010), who looked at the effect of no tillage ver-25

sus conventional tillage. Overall, the number of SOC meta-
analyses, published between 2005 and 2020, increased over
time (Fig. 3a). Scores, which were calculated based on the
fulfillment of the quality criteria, also experienced a rise (15-
year period) and were significantly related to the publication30

year (y =−1993.9+0.9954×x;R2
= 0.382) (Fig. 3b) (nor-

mal distribution of scores tested with a Shapiro–Wilk test;
P = 0.115). If the observed rise in quality is projected into
the future, without any intervention, a score of 30 will only be
reached by the year 2033. As the meta-analysis by Haddaway35

et al. (2017) (ID= 10; score= 29) is an outlier that influences
the regression result, we also calculated how the prognosis
would change if we removed this meta-analysis. The new re-
gression line (y =−1907.6+ 0.9523× x;R2

= 0.548) esti-
mates that scores of 30 will be reached in 2034.40

3.1 Literature search and inclusion/exclusion criteria

The 17 quality criteria are clustered into three groups (Ta-
ble 1). The first one, Literature search and inclusion/exclu-
sion criteria consists of five quality criteria; the first crite-
rion, “Literature search”, was satisfied by more than half of45

the meta-analyses (Fig. 4). In nearly a quarter of the anal-
yses, authors checked the reference lists of other existing
meta-analyses and reviews for available literature. Therefore,

Figure 3. (a) The number of SOC meta-analyses published per
year. (b) Scores of SOC meta-analyses over time (between 2005
and 2020) and the corresponding regression line. The numbers be-
side the dots indicate the meta-analysis ID (ID and linked author
information given in Tables A1 and S2 TS3 ). The dashed line indi-
cates the maximum score of 30.

the usefulness of this method seems to be widely underes-
timated. By comparing retrieved literature to other existing 50

publications, we can not only gain confidence in our search
strategy but also encounter information which might be dif-
ficult to find otherwise (e.g., gray literature).

Inclusion and exclusion criteria as well as a description
of the treatment and control were presented by almost all 55

meta-analyses (although we only analyzed whether the treat-
ment and control were described, not if they were compara-
ble across included studies). Moderators were described by
over half of SOC meta-analyses. Description of moderators,
including their range (for continuous explanatory variables) 60

or groups (for categorical explanatory variables) are neces-
sary to present the way in which moderator analysis will be
conducted. Results for the sub-criteria can be found in the
Supplement (Table S5).
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Table 2. Inclusion and exclusion criteria for the literature screening process.

Inclusion criteria (IC) Exclusion criteria (EC)

1. Term meta-analysis used in title, abstract, or
keywords to describe study style

Systematic reviews and studies using modeling to obtain results

2. (a) Cropland/arable land needs to be part of study;
(b) other agricultural forms, such as agroforestry,
paddy soils/upland soils, and grassland, can be part
of
study

(a) Primary data are from one experimental site (literature not found
through database search – not possible to evaluate according to our
criteria set); (b) land-use change studied; (c) cropland/arable land and
forest studied (forest not comparable to arable land)

3. Effects of management practice on total SOC stocks
or concentrations studied

Impact on SOC fractions investigated

4. Management practice effects on SOC are a central
topic

Management practice effects on SOC are not a central topic

5. Field experiments Laboratory experiments

6. Conducted on mineral soils Conducted on organic soils

7. European studies are part of studied
experimental sites

Included only non-European experimental sites

Figure 4. Compliance of meta-analyses with the criteria in the Lit-
erature search and inclusion/exclusion criteria group.

3.2 Meta-analysis

The Meta-analysis group consisted of nine quality criteria
(Table 1) that were satisfied by the SOC meta-analyses to var-
ious extents. Effect sizes were calculated according to stan-
dard metrics by 74 % of meta-analyses (Fig. 5a). Almost half5

of the meta-analyses used the log response ratio for effect
size calculation and about a third applied the raw mean dif-
ference or standardized mean difference. Standard deviations
(SDs) were extracted (or computed from available statistics)

from all primary studies by 16 % of meta-analyses and were 10

partly extracted (correctly extracted for some studies but ig-
nored or roughly estimated by, e.g., calculating the mean
SD from available SDs or reassigning as 1/10 of the mean,
for the rest) by 42 % of meta-analyses (Fig. 5b). Weighting
each study by 1/variance was done by 13 % of meta-analyses 15

(Fig. 5c). In total, 19 % of SOC meta-analyses weighted
only some studies by 1/variance, as they only extracted or
computed SDs from some studies (and, therefore, received a
score of 1 for criterion 7; for a detailed description of the cri-
terion for weighting, see quality criterion 8 in Table 1). Ac- 20

cordingly, weighting was not done in over two-thirds of anal-
yses. We classified these three criteria (Effect size, Standard
deviation extracted (or computed from statistics), and Stud-
ies weighted by 1/variance) as cutoff criteria (criteria 6–8 in
Table 1). When these criteria were not fulfilled, a purported 25

meta-analysis was deemed not to be an actual meta-analysis.
In our quality assessment, we acknowledged when authors
partially weighted by 1/variance (as they only partially ex-
tracted SDs) with one point for each. Nevertheless, we urge
authors to extract SDs for each study (or compute them from 30

available statistics) and further weight them by 1/variance in
order to conduct a high-quality meta-analysis.

In Figs. 6 and 7, satisfaction of criteria 9–14 and 15–17,
respectively, are displayed in the form of stacked bars which
show the percentage of meta-analyses that did fulfill the cut- 35

off criteria (n= 4) and those that did not (n= 27; a total of
31). In the following, we will describe only the results for all
31 SOC meta-analyses. For the individual results, the reader
is referred to the figures. Corresponding data used for the
calculation of these results can be found in the Supplement 40

(Table S7).
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Table 3. Defined management categories, their included management practices and meta-analyses that studied their effects on SOC.

No. Category Description SOC meta-analyses

1. Tillage No tillage, reduced, and deep tillage Aguilera et al. (2013), Angers and Eriksen-
Hamel (2008), Bai et al. (2019),
Cooper et al. (2016), Feng et al. (2020),
González-Sánchez et al. (2012), Haddaway
et al. (2017), Kopittke et al. (2017), Li et
al. (2020), Luo et al. (2010), Meurer et
al. (2018), Mondal et al. (2020), Ogle et
al. (2005), Sun et al. (2020), and Virto et
al. (2012)

2. Organic Organic practices Aguilera et al. (2013), Cooper et al. (2016),
García-Palacios et al. (2018), Gattinger et
al. (2012), Kopittke et al. (2017) and Tuomisto
et al. (2012)

3. Cover crop Cover crops used in crop rotation Aguilera et al. (2013), Bai et al. (2019),
González-Sánchez et al. (2012), Jian et
al. (2020), and Poeplau and Don (2015)

4. Crop residue Crop residues were either left or removed from
the field

Han et al. (2016), Li et al. (2020), Sun et
al. (2020), Xia et al. (2018), and Xu et al. (2019)

5. Fertilization Organic or mineral fertilizer was applied Aguilera et al. (2013), Han et al. (2016), Ladha
et al. (2011), and Xia et al. (2018)

6. Amendments Application of amendments (e.g., manure) Aguilera et al. (2013), Chen et al. (2018), Ko-
pittke et al. (2017), and Maillard Maillard and
Angers (2014)

7. Biochar Application of biochar Bai et al. (2019), Liu et al. (2016), and Ma-
jumder et al. (2019)

8. Diversification More or different crops were used in rotation King King and Blesh (2018), Mathew et
al. (2020), and McDaniel et al. (2014)

9. Combined The effect of several practices combined was
studied

Aguilera et al. (2013)

10. High-input system System that aims to increase carbon by, e.g.,
irrigation or winter crops, according to IPCC
(1997)

Ogle et al. (2005)

11. Set aside The effect of setting land aside from crop pro-
duction and instead planting trees or grasses

Ogle et al. (2005)

Subgroup analysis and meta-regression, which identify the
source of variation between studies, were assessed by almost
half of meta-analyses (Fig. 6). The models applied and the
software used were reported more frequently. Only about
25 % of meta-analyses accounted for the nonindependence of5

effect size, whereas the rest failed to do so. Bulk density was
measured in 35 % of meta-analyses, but the other 65 % used
pedotransfer function to estimate this parameter, thereby in-
troducing a source of uncertainty into the SOC stock estima-
tion. Lastly, sensitivity analysis of the meta-analytical results10

was rarely done.

3.3 Results and database presentation

Figure 7 shows the results for the Results and database pre-
sentation group. Almost half of the meta-analyses displayed
their results in the form of figures or tables. Summarized 15

effect sizes and confidence intervals or moderator analysis
were presented graphically or in tabular form by 65 % and
68 % of meta-analyses, respectively. Forest plots were pre-
sented by 6 % of meta-analyses. Metadata were presented
in over two-thirds of analyses, whereas a full database was 20

made available to the readers in 13 % of cases and was made
partly available in 3 % of cases (for a further explanation, see
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Figure 5. Compliance meta-analyses with cutoff criteria in the
Meta-analysis group: (a) ratio of effect size metrics used by the
meta-analyses; (b) ratio of meta-analyses that extracted or com-
puted standard deviations; and (c) ratio of meta-analyses that
weighted by the inverse of variance.

criterion 17 in Table 1)CE3 . Information on the calculation of
these results can be found in the Supplement (Table S7).

3.4 Overarching findings

When looking at the overall results across the three quality
criteria groups, quality varied greatly among the 31 analy-5

ses, with a maximum score of 29, a minimum score of 2, and
a median of 14. Haddaway et al. (2017) produced a high-
quality meta-analysis that received the highest score accord-
ing to our assessment; however, they used the raw mean dif-
ference to calculate effect sizes, which may not be the most10

suitable for meta-analyses in the soil and agricultural field.
In Sect. 4.2., we will go into more detail on this issue. There
were seven meta-analyses with scores up to 5, but the ma-
jority achieved scores between 5 and 15. A total of 10 meta-
analyses reached scores between 15 and 20, whereas only 315

reached a score above 20. Only 4 out of 31 meta-analyses
are true meta-analyses, as they used standard metrics for ef-
fect size calculation and weighted all studies by 1/variance
(Fig. 8).

3.5 Analyzing management categories20

Management practices studied in the meta-analyses were
counted in order to assess their incidence. We found that
almost half of the 31 meta-analyses studied the effects
of tillage on SOC (in some cases besides other manage-
ment practices) (Table 4). Other practices studied frequently25

were “organic agriculture” and “cover crop cultivation” (six
times each). Data on “crop residue”, “fertilization”, “amend-
ments”, “biochar”, and “diversification” were synthesized
less often. The effects of “combined practices”, “high in-
put”, and “setting aside” on SOC were each assessed once.30

We found that meta-analyses that passed the cutoff crite-
ria were available for 4 out of the 11 management cate-
gories (tillage, cover crop, crop residue, and amendment).
For tillage, we decided to show the three meta-analyses with

Figure 6. Compliance of meta-analyses with criteria 9–14 in the
Meta-analysis group.

the best scores (Bai et al., 2019; Haddaway et al., 2017; Li 35

et al., 2020), as several analyses above average quality were
available. Nevertheless, only Haddaway et al. (2017) fulfilled
the criteria for effect size calculation, SDs, and weighting
whilst also achieving a high overall score; therefore Had-
daway et al. (2017) is the one publication providing a high- 40

quality meta-analysis on the effects of management practices
on SOC. In the Organic, Fertilization, Biochar, Diversifica-
tion, Combined, High-input system, and Set aside categories,
no meta-analyses conducted according to the standards are
currently available. In the last column of Table 4, overall ef- 45

fect sizes for SOC can be found. As Haddaway et al. (2017)
calculated effect sizes using the raw mean difference, it was
not possible to transform their results from stock into per-
centages. For the five management categories where no meta-
analyses were weighed by 1/variance (Fertilization, Diversi- 50

fication, Combined, High-input system, and Set aside), the
overall effect sizes for SOC change are not displayed. When
looking at the retrieved data on SOC changes per manage-
ment category (Table 4), it is apparent that the largest in-
creases in SOC compared with the controls were achieved 55

in the Organic, Cover crop, Amendments, and Biochar cate-
gories.

3.6 Example of quick quality assessment of
meta-analyses, relevant for policy-making

Our quick analysis of the IPCC Special Report – Climate 60

Change and Land (Jia et al., 2019) found that, out of 16
articles, more than 50 % of articles did not qualify as true
meta-analyses, as 5 did not calculate effect sizes according
to standard metrics and 4 failed to extract SDs and to weight
by 1/variance. Seven articles did, in fact, conduct meta- 65
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Figure 7. Compliance of meta-analyses with the criteria in the Re-
sults and database presentation group.

analysis correctly. Six meta-analyses used the log response
ratio to calculate effect sizes, and one used the standardized
mean difference. These seven meta-analyses extracted SDs
for each study and weighted by 1/variance. Calculations and
references for all 16 analyzed articles can be found in Ta-5

ble S6.

4 Discussion

Previous guidelines and expert knowledge on meta-analysis
from other disciplines were adapted to construct an easy-
to-use set of criteria for the quantitative quality assessment10

of meta-analyses in soil and agricultural research. With the
help of these criteria, we analyzed 31 meta-analyses studying
the effects of different management practices on SOC. More-
over, the retrieved meta-analyses were structured according
to 11 categories of agricultural management practices, which15

allowed us to assess and analyze the state of knowledge on
these categories. Hence, recommendations for future meta-
analytical research and the general improvement of the ap-
plied methodology can be given. We found major deficien-
cies in the reporting of literature searches, application of20

standard metrics for effect size calculation, correct weight-
ing by 1/variance, extraction of independent effect sizes, and
database presentation. The quality of meta-analyses rose over
time (15-year period) and was significantly correlated with
publication year (R2

= 0.382). Similar trends have been ob-25

served in quality assessments of meta-analyses in the med-
ical (Jamshidi et al., 2018) and environmental (Beillouin et
al., 2019) fields.

In the following, we will discuss the results of the qual-
ity assessment of meta-analyses on SOC using the findings30

of four quality assessments of meta-analyses and quantita-
tive reviews in agronomy and ecology. We included the study

by Philibert et al. (2012), focusing on agri-environment and
agri-biodiversity; the review of Krupnik et al. (2019), looking
at conservation and organic agriculture; the study by Beil- 35

louin et al. (2019), examining crop diversification; and the
excellent evaluation of meta-analyses in plant ecology by
Koricheva and Gurevitch (2014). To simplify the discussion,
not all information for the 17 quality criteria was extracted
from the reviews. Instead, we selected quality criteria to be 40

discussed according to (1) the information available in most
of the reviews, which allowed a comparison of results, and
(2) relevance (as, e.g., effect size metrics), as certain quality
criteria are more important than others.

4.1 Literature search and inclusion and exclusion 45

criteria

The comparison of reviews for the “Literature search” crite-
rion showed that our study found higher compliance (53 %)
with this criterion than those of Philibert et al. (2012)
or Koricheva and Gurevitch (2014) (Table 5). Beillouin et 50

al. (2019) reported that 46 % of meta-analyses presented
the search string and 86 % presented the eligibility criteria.
Krupnik et al. (2019) found that all analyzed meta-analyses
presented the literature search sufficiently. This high agree-
ment may be caused by the small study number (n= 17) or 55

the definition of less demanding criteria by the authors.
A quality criterion that is of special significance to the soil

and agricultural field is the inclusion of gray literature. Here,
exceptionally large amounts of data are available, as govern-
mental research activities are not focused on publishing re- 60

sults in scientific journals. Therefore, although the inclusion
of gray literature is not compulsory, it is highly encouraged
(Culina et al., 2018). When conducting a meta-analysis on
an international or global scale, analysts will find that gray
literature is often available in national languages only, which 65

complicates and restricts its inclusion. Nevertheless, the most
essential part of searching for literature, whether scientific or
gray, is complete reporting.

Our results show that this reporting of search strategies is
often limited. Therefore, essential information to allow the 70

reproduction of the study is lacking, and possible differences
in outcomes between meta-analyses, studying the same ef-
fects, cannot be fully explained. If a synthesis is not replica-
ble, it cannot be fully trusted, as mistakes in methodological
proceedings are possible (Haddaway et al., 2020; Parker et 75

al., 2016). In another review, Hungate et al. (2009) showed
how important complete reporting of search and screen-
ing strategy is. Lack of transparency prompted criticism
of the results of meta-analyses. Nonidentical time frames
over which literature was gathered; differences regarding in- 80

clusion criteria; and, in our eyes most importantly, limited
search methods can influence the number of articles found
and included in a meta-analysis. This indicates the need to
draw quality criteria and disseminate good practices across
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Figure 8. Scores of individual SOC meta-analyses displayed as scores per group and sorted from lowest to highest achieved score. The
meta-analysis ID and full reference information appear in Table A1. The dashed line indicates the maximum reachable score of 30. Filled
circles indicate true meta-analyses, which used standard metrics for effect size calculation and weighted each study by inverse variance.
Open circles indicate meta-analyses that weighted some studies by 1/variance.

research fields and to improve the power of meta-analytical
results.

4.2 Meta-analysis

Effect size calculation is an essential and mandatory part of
meta-analysis (Koricheva and Gurevitch, 2013). Therefore,5

the term meta-analysis should only be used when data are
quantitatively synthesized as described in the textbooks of
Borenstein et al. (2009), Cooper et al. (2019c), and Koricheva
et al. (2013). The investigation regarding the compliance
of our SOC meta-analyses with the “Effect size calculated10

according to standard metrics” criterion showed that about
three-quarters of meta-analyses did calculate effect sizes ac-
cording to such metrics. Koricheva and Gurevitch (2014)
came to similar conclusions in their review of meta-analyses
in plant ecology (Table 5). Further, only about half of SOC15

meta-analyses used the log response ratio for effect size cal-
culation.

These findings indicate that correct calculations of effect
sizes are not applied consistently in the fields of SOC and
plant ecology, although they represent the most fundamental20

and critical part in meta-analysis. Among the several possi-
ble choices of effect size metrics, we recommend using log
response ratios when conducting soil and agricultural meta-
analyses. These ratios are easy to interpret, and the effect
sizes are not affected by the different variances of the con-25

trol and experimental groups. Overall, they are more suit-
able for meta-analyses studying agricultural management ef-
fects on soil parameters, such as SOC, than the standardized
mean difference (Hedges’ d TS4 ). When using the standard-
ized mean difference, the results are more difficult to inter-30

pret (especially for policymakers or farmers) compared with

log response ratios, which can be back-transformed to per-
cent changes from the control.

In Sect. 3.3, we mentioned that, in our opinion, the raw
mean difference (also called the unstandardized mean differ- 35

ence) is not suitable for calculating effect sizes in the field
of soil and agricultural research. Unlike the response ratio,
the raw mean difference does not consider variations in con-
trol levels, which are often highly variable across field ex-
periments, particularly at a global scale. In the case of SOC 40

studies, control levels may vary between 10 and 100 t C ha−1,
which makes using the raw mean difference between the
treatment and control as an index of effect size meaningless.
It may result in similar effect sizes for the relatively large
and relatively small responses, as illustrated in Fig. 9. There- 45

fore, the raw mean difference can only be applied when all
experiments studied in the meta-analysis use the same scale
(Borenstein et al., 2009). The raw mean difference usually
does not result in a normal distribution of effect sizes, which
is a prerequisite. Although this metric is easy to use, it may 50

be suitable for meta-analyses when controls do not present a
large variation across studies. That, however, is hardly ever
achieved for the diversity of pedoclimatic conditions.

Weighting is essential, as different studies have different
precision, and more precise studies with larger sample sizes 55

need to be more heavily weighted in an analysis. The weight-
ing should be done by 1/variance. Applying the weighting in
other ways (e.g., by sample size) can lead to several prob-
lems, such as the introduction of unknown biases (e.g., Mail-
lard and Angers, 2014; Han et al., 2016). When studies are 60

not weighted at all (e.g., King and Blesh, 2018), the varia-
tion within and between studies is not separated. Therefore,
common-effects and random-effects models are not useable,
leading to difficulties in assessing heterogeneity (Gurevitch
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Figure 9. Example of the relationship between the SOC levels in
the control and effect sizes measured as a response ratio or raw
mean difference for three studies. The response ratio indicates in-
creasing effect size with decreasing control level. The raw mean dif-
ference indicates equal effect sizes for all experiments and does not
consider variation in control levels. Triangles indicate an increase
or decrease in values; the rectangle indicates constant values.

et al., 2018). All of these possible biases can adulterate the
results of meta-analyses and, therefore, lead to false conclu-
sions. According to findings by Hungate et al. (2009), de-
pending on the functions used for weighting, differences in
mean estimates of the effect sizes can be found. Weighting5

by sample size or not weighting resulted in comparable effect
size estimates which were often larger than when weighted
by 1/variance. Our assessment showed that only 13 % of
SOC meta-analyses were weighted by 1/variance, whereas
Philibert et al. (2012) found 37 % compliance. Koricheva10

and Gurevitch (2014) reported that three-quarters of meta-
analyses were weighted by 1/variance. Meta-analyses stud-
ied by Krupnik et al. (2019) were weighted by sample size
and, therefore, are not correctly conducted according to our
set of criteria. Beillouin et al. (2019) found that 40 % of meta-15

analyses, studying diversification effects, were weighted by
1/variance (and, in some cases, by sample size).

When using a random-effects or mixed-effects model, ef-
fect sizes might show a certain amount of variability that can-
not be explained by sampling errors alone, raising the ques-20

tion of whether moderator effects may have influenced the
results. A moderator is a third variable that conditions the
relations between two others. Therefore, moderator analysis
must be conducted to identify their effects (Lipsey, 2019).
In agricultural and soil sciences, abiotic factors (e.g., cli-25

matic zone, temperature, soil pH, and clay content) as well as
other applied management practices can moderate the results
and should subsequently be accounted for (Valkama et al.,
2015). Moderators can be analyzed by subgroup analysis or
meta-regression. Subgroup analysis is suitable for categori-30

cal moderators which can be described in the form of groups,
such as climate zone (e.g., tropical, continental, and Mediter-
ranean). In contrast, meta-regression is suitable for continu-
ous moderators (e.g., duration of experiment, and soil pH).
We found that moderator analysis in the form of a Q test was35

performed by about half of the analyzed SOC meta-analyses.
Results from the reviews of Philibert et al. (2012), Koricheva
and Gurevitch (2014), and Beillouin et al. (2019) showed that

meta-analyses in agri-environment, plant ecology, and con-
servation agriculture complied almost twice as much with 40

this criterion.
Another issue frequently found in meta-analyses is the

nonindependence of effect size estimates, which occurs when
effect sizes are not extracted independently and are instead
somehow related to each other – for example, observations 45

from different soil layers, from different treatment levels,
or from sites located nearby that share the same pedocli-
matic conditions. This nonindependence can lead to the un-
derestimation of the standard error of the mean effect and,
subsequently, can impact the free evaluations of the effects’ 50

statistical significance. Therefore, meta-analysts should be
aware of the sources of nonindependence and should select
only one effect size among several related effect sizes (Gure-
vitch and Hedges, 1999; Nakagawa et al., 2017). An exam-
ple would be the inclusion of only the treatment effect of 55

cover crop mix A on SOC, compared with a control with no
cover crops, although the results of several other mixes (B,
C, and D) are available too. As they have been conducted
in different plots but on the same site, they share the same
control and pedoclimatic characteristics and, therefore, are 60

not independent. The same applies to several observations
(e.g., SOC) taken from multiple sublayers/horizons or vary-
ing treatment levels (e.g., fertilization experiments). It should
also be acknowledged that, in order to conduct a high-quality
meta-analysis, the number of included independent studies/- 65

experiments from primary articles should be sufficient to al-
low the calculation of a rigorous overall effect estimate and
to study the source of variation across studies. Hedges et
al. (1999) structured the sample size requirements as follows:
n≥ 50, a large body of primary data; 20≤ n≤ 50, interme- 70

diate; n≤ 20, small. It is recommended to include at least 50
independent studies in a meta-analysis in order to obtain rea-
sonably accurate 95 % confidence intervals for effect sizes.

Lastly, the degree of sensitivity of meta-analytical results
should be assessed. When results are sensitive to factors such 75

as publication bias, it is indicated that these factors need
specific attention (Koricheva and Gurevitch, 2014). Funnel
plots can support the interpretation of statistics by visualiz-
ing bias and highlighting outliers (Borenstein et al., 2009);
these outliers should then be excluded, and the analyses 80

should be conducted without them to see if the overall re-
sults are affected (Rothstein et al., 2013). Another possi-
bility is the testing via the fail-safe number. The computa-
tion of this number allows us to detect how many additional
studies it would take to reduce the overall effect to a non- 85

significant one (Rosenthal’s method) or an arbitrary minimal
level (Orwin’s method) (Borenstein et al., 2009). Philibert
et al. (2012) reported that less than 10 % of meta-analyses
conducted sensitivity analysis. About 30 % of SOC meta-
analyses fulfilled this criterion. Beillouin et al. (2019) and 90

Krupnik et al. (2019) found that about 40 % of meta-analyses
conducted sensitivity analysis, whereas Koricheva and Gure-
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vitch (2014) found a higher agreement of their meta-analyses
or reviews with this criterion.

4.3 Results and database presentation

In the “Result and database presentation” group, the presen-
tation and availability of results and full databases, which5

give all necessary information to reproduce an analysis, were
compared. Extracted data should be provided to an extent
sufficient to inform readers about all subsequent synthesis
work (Woodcock et al., 2014).

The results of the moderator analysis should be displayed10

in the form of figures or tables. For subgroup analysis, a
summary forest plot (see Fig. 1c in Gurevitch et al., 2018)
is suitable. This plot should not be confused with the clas-
sic forest plot, which shows all calculated effect sizes, cor-
responding confidence intervals, and summary effect size.15

Meta-regression can be displayed in the form of, e.g., a bub-
ble plot (see Fig. 1d in Gurevitch et al., 2018).

Finally, if sufficient data are not provided to update stud-
ies, information must be gathered once again, causing re-
dundant work. Full data sets promote data use by others20

and enable updates and the detection of errors (Koricheva
and Gurevitch, 2014). Of all five reviews, our findings com-
plied least with this criterion (Table 5). Only 16 % of SOC
meta-analyses reported databases, including all relevant in-
formation to allow the recalculation of effect sizes. Over-25

all, results were poor. Philibert et al. (2012) received sim-
ilar results, Koricheva and Gurevitch (2014) and Beillouin
et al. (2019) found higher correspondences, and Krupnik et
al. (2019) identified the highest agreement (over 70 %) with
the criterion. This might be explained by the small sample30

size or less demanding criteria, as in our analysis of the Lit-
erature search reported criterion.

4.4 Management categories

The results (Table 4) show that the management category
“Tillage” was studied by 15 meta-analyses, with the highest35

score of 29 by the meta-analysis of Haddaway et al. (2017),
who provided an in-depth and high-quality synthesis of no-
tillage/reduced-tillage versus conventional-tillage effects on
SOC at a global level using the raw mean difference as the
effect size. A review of agricultural meta-analyses recently40

published by Young et al. (2021) found 14 meta-studies look-
ing at the effects of no tillage on SOC. Beillouin et al. (2021),
who provide findings of the available meta-analyses studying
various land management practices at a global scale, identi-
fied over 20 studies on tillage effects. Therefore, we suggest45

that the topic is well covered for the moment, and no further
global meta-analyses are needed until there are a substan-
tial number of new publications or new potential moderator
effects of interest. Nevertheless, according to our findings,
high-quality meta-analyses and systematic reviews studying50

tillage effects on SOC in specific pedoclimatic zones or con-
tinents, such as Europe, are still missing.

The maximum score (16) in the organic management cat-
egory was reached by the publication of García-Palacios et
al. (2018), which lacked in-depth reporting of the search 55

strategy and independency of effect sizes, used studies where
pedotransfer functions were applied, did not check for out-
liers, only partly extracted SDs, and thus weighted partly
by 1/variance. Regarding the effect of cover crops on SOC,
Jian et al. (2020) produced the meta-analysis that reached 60

the highest score (21) out of six meta-analyses in this cat-
egory. Reporting of literature searches and effect size cal-
culations was conducted well, but the study failed to calcu-
late moderator effects and to conduct sensitivity analysis, had
nonindependent effect sizes, and included studies with pedo- 65

transfer function application. Lessmann et al. (2022), who
evaluated the global variation in SOC sequestration through
improved cropland management, found six meta-studies an-
alyzing cover crop effects on SOC. In the “Crop residue”
category, the maximum score of 21 was reached by the meta- 70

analysis of Li et al. (2020). Literature search reporting, effect
size calculation, and moderator analysis was done well, but
effect sizes were not extracted independently, outliers were
not assessed, and a full database was not provided. Maxi-
mum scores in all of the other management categories were 75

not above 18. Therefore, we conclude that there is a need for
further and improved meta-analyses on all management cat-
egories, except no tillage/reduced tillage versus conventional
tillage.

4.5 Impact of meta-analysis quality on policy-making 80

In our quick quality assessment of meta-analyses cited in
Chapter 2: Land–climate interactions of the IPCC Special
Report – Climate Change and Land (Jia et al., 2019), we
found that over 50% of studies (9 out of 16) that used the
term meta-analysis in their title were in fact not true meta- 85

analyses, as they did not fulfill the cutoff criteria. As not
even the key criteria for conducting a meta-analysis were
followed by these articles, the quality of the overall work
and, therefore, the reliability of their results is unsure. In a
study by O’Leary et al. (2016), 92 reviews were assessed 90

with respect to their value for decision-making with the help
of CEESAT (Woodcock et al., 2014; Collaboration for En-
vironmental Evidence, 2020), which contains elements for
analyzing transparency, objectivity, and comprehensiveness.
They found that the evidence reviews performed poorly, 95

with a median score of 2.5 (of a possible 39). Furthermore,
many of these reviews showed low reliability with respect to
their methodology, which enhances the risk that the current
knowledge is not adequately reflected. They concluded that
“such reviews thus have the potential to misinform decision- 100

making, especially if selectively used by stakeholders with
particular priorities“ (O’Leary et al., 2016, p. 80).
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Scientific literature is increasingly used for environmen-
tal management decision-making (Dicks et al., 2014). Es-
pecially documents that synthesize the results of multiple
studies and peer-reviewed publications are primary sources
of information for respondents (Seavy and Howell, 2010).5

Although science is by far not the only factor influencing
policy decisions, there have been cases in which scientific
findings have had crucial impacts on policy changes (Pullin
and Knight, 2012). Therefore, researchers are obligated to
ensure that their evidence reviews (such as meta-analyses)10

accurately reflect the primary evidence base and are reliable
and transparent (O’Leary et al., 2016).

4.6 How to fix the problem

The described limitations call for advances in meta-analyses
conducted in soil and agricultural research. Firstly, to im-15

prove the overall quality, it is crucial to support education
at the university level and implement training for interested
scientists and stakeholders. Gurevitch et al. (2018) stressed
that such training should be part of the curriculum for higher-
degree students. Furthermore, they point out that not only sci-20

entists but also editors, reviewers, and science–policy prac-
titioners would greatly benefit from knowledge on meta-
analytical methodology, as it would enable them to assess
the quality of meta-analyses and interpret results.

Secondly, readers of meta-analyses should check for the25

presence of key elements assuring the transparency and
replicability of the article (Lortie et al., 2015). Krupnik et
al. (2019) argue that scientists and policymakers need to eval-
uate meta-analyses critically regarding treatment definition,
data collection, and analysis. The results of meta-analyses on30

highly politicized agronomic topics should be interpreted es-
pecially carefully. We fully agree with these claims and sup-
port the appeal to be critical when it comes to meta-analytical
outcomes. The proposed set of quality criteria should aid this
demanding process.35

An issue that meta-analysts frequently face, is that many
primary publications do not report SDs, which are needed to
calculate variance and subsequently weight studies by 1/vari-
ance. As a result, many studies cannot be included in the
meta-analysis, thereby reducing the amount of valuable in-40

formation needed to gain rigorous results. To solve this is-
sue, a new tool named “EX-TRACT” was recently devel-
oped (Acutis et al., 2022). The easy-to-use Excel worksheet
application allows one to obtain pooled error standard devia-
tions (sw) from ANOVA and multiple comparison test (MCT)45

outcomes. By using this tool, we can double the number of
studies that can be included in a meta-analysis (Acutis et al.,
2022) and avoid discarding primary literature which fits our
scope.

Another available and highly useful tool allows the com-50

putation of SOC stock and its SD for a single soil layer based
on SOC concentration and bulk density (also from multiple
sublayers) (Tadiello et al., 2022). The Excel workbook auto-

matically computes the means of stocks and SDs, saving the
results in a ready-to-use database. This is especially help- 55

ful when conducting a meta-analysis. As, in original articles,
SOC observations are often presented for multiple sublay-
ers but not for the complete soil profile, meta-analysts tend
to extract all available observations per a study, leading to a
nonindependence of effect sizes. With the help of this tool, 60

it is possible to “fuse” the results from all layers into one,
independent effect size.

The publication of protocols prior to a meta-analysis
would benefit the method by allowing constructive criticism
and suggestions for improvement by the scientific commu- 65

nity (Moher et al., 2015; Brandt et al., 2013). Gurevitch et
al. (2018) described that the preregistration of planned meta-
analyses, which are then peer-reviewed and published before
the actual analysis is conducted, can aid the reduction of
selective reporting and publication bias. Systematic review 70

protocols for environmental sciences from the Environmen-
tal Evidence journal or the ROSES initiative are available
and can be used for the construction of meta-analytical pro-
tocols. Protocols then can be published in suitable journals
(e.g., MethodsX) 75

Lastly, another viable asset in improving the quality of fu-
ture meta-analyses in soil science would be the creation of
a European meta-analysis hub that focuses on (1) the de-
velopment of high-quality products, (2) the assessment of
quality, and (3) the creation of a European database. The 80

database should comprise all available information of former
meta-analyses on soil and agricultural research, providing re-
searchers with valuable data. With the help of this database,
new meta-analyses, studying management practices relevant
for the pedoclimatic zones present in Europe, could be con- 85

ducted. This is important, as the inclusion of global exper-
iments into an analysis can lead to overdiversification and,
therefore, to the combination of “apples and oranges”, which
is not expedient.

5 Conclusions 90

Quality assessment of meta-analyses, especially in the com-
plex agricultural setup, allows for the detection of rigorous
synthesis efforts and their distinction from work with lower
quality. Meta-analyses in soil and agricultural research may
encounter specific issues, which differ from those encoun- 95

tered in other fields like medicine, environment, or ecology.
Therefore, we adapted meta-analytical guidelines from other
disciplines to construct an easy-to-use set of criteria suited
to quantitatively assess the quality of meta-analyses in agri-
culture and soil sciences. With the help of these criteria, we 100

further investigated the quality of 31 meta-analyses studying
the effects of agricultural management practices on SOC. By
doing so, we aimed to present the application of the criteria
set and analyze the quality of quantitative reviews within this
prominent topic. Our analysis showed that the overall qual- 105
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ity of analyses improved over time, but only one achieved
a high score. Deficits were found in literature search, sta-
tistical analyses, and data presentation. The correct weight-
ing of effect sizes by 1/variance was found to be a challenge
for many authors. In some cases, the term meta-analysis is5

still falsely used to describe quantitative syntheses of any
style, independent of the methodology applied. The analy-
sis also revealed that out of 11 identified management cate-
gories studied by the meta-analyses, only the effects of no
tillage/reduced tillage versus conventional tillage on SOC10

have been studied sufficiently in the form of a high-quality
meta-analytical synthesis.

Our results indicate that the quality of meta-analyses in
agricultural and soil sciences is, despite all efforts, still not
satisfactory. As the information presented in summarizing15

research articles is frequently used by decision-makers, this
can also have negative impacts on evidence-based policy-
making. It is high time that the agricultural and soil scien-
tific community adapts rigorous meta-analytical methodolo-
gies and improves the quality of its output. We believe that20

the method is a viable and indispensable tool in the quan-
titative synthesis of agricultural and soil research, and only
with combined efforts and collaborations between stakehold-
ers across disciplines will we be able to overcome the pre-
sented challenges.25

Appendix A

Table A1. Assessed SOC meta-analyses and their identification
numbers.

Identification Reference of meta-analysis
number (ID)

1 Aguilera et al. (2013)
2 Angers and Eriksen-Hamel (2008)
3 Bai et al. (2019)
4 Chen et al. (2018)
5 Cooper et al. (2016)
6 Feng et al. (2020)
7 García-Palacios et al. (2018)
8 Gattinger et al. (2012)
9 González-Sánchez et al. (2012)
10 Haddaway et al. (2017)
11 Han et al. (2016)
12 Jian et al. (2020)
13 King and Blesh (2018)
14 Kopittke et al. (2017)
15 Ladha et al. (2011)
16 Li et al. (2020)
17 Liu et al. (2016)
18 Luo et al. (2010)
19 Maillard and Angers (2014)
20 Majumder et al. (2019)
21 Mathew et al. (2020)
22 McDaniel et al. (2014)
23 Meurer et al. (2018)
24 Mondal et al. (2020)
25 Ogle et al. (2005)
26 Poeplau and Don (2015)
27 Sun et al. (2020)
28 Tuomisto et al. (2012)
29 Virto et al. (2012)
30 Xia et al. (2018)
31 Xu et al. (2019)
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data sets collated by meta-analyses are available from the sources
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