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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 potential removal strategies, whilst
improving overall soil quality. Meta-analysis allows 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 methodologies. As a result, poor quality meta-analyses are published, which 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 2005-2020, studying the effects of
different management practices on SOC. We compiled a quality criteria-set, suitable for soil and agricultural sciences, by adapting
existing meta-analytical guidelines from other disciplines. The set is supported by a scoring scheme, which allows a quantitative
analysis. The retrieved meta-analyses were structured according to 11 management categories, such as tillage, cover crops, crop
residue management, biochar application etc., 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 one out of 31 SOC meta-analyses, which studied
the effects of no-till/reduced tillage compared to conventional tillage, was found to be of high quality. Therefore, improved meta-

analyses on the effects of e.g., organic agriculture, biochar, fertilization or crop diversification on SOC are urgently needed.

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

Keywords: effect size, soil management, synthesis, tillage, treatment effect, weighting

1. Introduction
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1.1. Meta-analysis as a method and application in different disciplines

Meta-analysis was first defined by Glass as “the statistical analysis of a large collection of results for the purpose of
integrating these findings” (1976, p.3). 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
addressing the same research question”. It supports the structuring of the increasing amount of information (Koricheva
and Gurevitch, 2014), which researchers of all fields face, and offers tools to process information with increased precision
and reliability (Cooper et al., 2019b; Nakagawa and Cuthill, 2007).

Meta-analysis was developed to facilitate quantitative evidence 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 where a need for quantitative assessment of urgent issues such as climate change or biodiversity losses
arose. Since then, meta-analysis has developed within the field of ecology, establishing centers and collaborations for
research synthesis (Gurevitch et al., 2018). The results of these contributions frequently provide relevant stakeholders and
decision-makers with evidence-based information (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 variables,
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, the knowledge on appropriate meta-analytical
methodology is still finding its place in the research community.

Because of their close relationship, many methodological approaches of meta-analyses in ecology are also transferable to
the field of agriculture and soil sciences. For instance, when comparing several agricultural studies, looking at a specific
treatment effect compared to a control, contradictory outcomes are sometimes reported. By including the results of all
studies and calculating a summary treatment effect, meta-analysis allows us to combine the available knowledge,
regardless of the outcome, and calculate one number, which tells us about the overall estimated effect, thereby overcoming
conflicting evidence. Therefore, combining results across several sites or assessing the impacts of environmental drivers,
as climate change, are tasks that are processable by meta-analysis (Koricheva and Gurevitch, 2014). Nevertheless,
research on agriculture and soil encounters 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 small sample size and spatial variability
within-site and between-sites) (Mékipaa et al., 2008) compared to other physiological and biogeochemical changes; e.g.,
changes in plant tissue. 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. Agricultural systems are very complex, as
not only pedoclimatic conditions influence soil, but also agricultural management practices impact variables of interest.
Especially the mix or combination of practices, e.g. tillage plus crop residue retention, makes it difficult to distinguish
between sources of effects (Xiao et al., 2021). Therefore, it is crucial to define not only the treatment but also the control
of the experiments precisely to allow computation of heterogeneity. Lastly, when it comes to soil parameters and
indicators, several methods are available for computation, which may cause difficulties in comparing outcomes. A good
example is bulk density, which can be measured in a field experiment or estimated using pedotransfer functions in order to

compute SOC stocks from concentrations. The potential uncertainty which arises by applying a pedotransfer function
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developed in a particular area, and which is then applied on different sites (Schillaci et al., 2021) can diminish the

precision of final results.

1.2. Available guidelines and their applicability

So far, there are no collaborations or guidelines for publishing systematic reviews or meta-analyses on agricultural or soil
issues. In contrast, healthcare (The Cochrane Collaboration) and social sciences (The Campbell Collaboration) established
such collaborative networks to develop high quality reviews already in the 1990s (Gurevitch et al., 2018; Collaboration for
Environmental Evidence, 2018). These collaborations are focusing on specific disciplines and some of their tools, as
trainings or the Cochrane Handbook for Systematic Reviews of Interventions, are partly applicable for agricultural and
soil research (Table S1). Moreover, there are other voluntary guidelines available, which aim to support researchers in
e.g., reporting or producing meta-analyses. Checklists for evaluating social science research synthesis (Cooper et al.,
2019a) or evidence-based minimum item sets for reporting in systematic reviews and meta-analysis as PRISMA (Page et
al., 2021) support synthesis consumers and authors. PRISMA-EcoEvo is a PRISMA extension for syntheses in ecology
and evolutionary biology, which can be used for reporting, planning, registration and reviewing (O’Dea et al., 2021).
Moreover, for meta-analyses in ecology, a checklist of quality criteria is available (Koricheva and Gurevitch, 2014). The
Collaboration for Environmental Evidence (CEE) provides guidelines and standards for evidence synthesis in
environmental management, which can be used for conducting, commissioning or using the findings of systematic reviews
and systematic maps in environmental management. Further, reporting standards (ROSES), a checklist for appraisal of
confidence of evidence reviews (CEESAT) and free-to-access online training courses are offered by CEE. The
collaboration even brought forth “Environmental Evidence”, a journal facilitating the publication of evidence synthesis in
environmental management (https://environmentalevidencejournal.biomedcentral.com/). Lastly, reviews by Philibert et al.
(2012), Beillouin et al. (2019) and Krupnik et al. (2019) assessed the quality of agronomic meta-analyses or compared
different meta-analytical methods with the help of quality criteria. However, they are formulated rather generally.
Although all these guidelines are available, they each use different criteria which are sometimes not reported
exhaustively (Koricheva and Gurevitch, 2014), making it difficult to apply them interdisciplinarily (Nakagawa and
Cuthill, 2007; Lortie et al., 2015), as for the quality assessment of meta-analyses in agricultural and soil sciences.
Additionally, as mentioned above, soil and agricultural scientists encounter specific issues different to ecology or
medicine, when aiming to synthesize research outcomes meta-analytically. The guidelines and standards for evidence
synthesis in environmental management and the CEESAT checklist by CEE clearly benefit scientists and other consumers
of soil and agricultural meta-analyses, but do mainly focus on systematic reviews and maps and contain elements not
mandatory in meta-analysis, e.g. registration, gathering a maximum of available relevant literature or performing critical
appraisal. Moreover, the guideline is exhaustive and requires inexperienced readers time and effort to understand. Many,
who are not aiming to become experts in the method themselves, might not be able to find the time for such an elaborate

reading.

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

The contribution of agriculture to the global anthropogenic greenhouse gas (GHG) emissions (Tubiello et al., 2015) and

the possibilities of sequestering carbon through improved soil management in the form of SOC (Smith, 2012; Paustian et
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al., 2016; Smith et al., 2005) are topics that have occupied soil and agricultural researchers over the last decades. Since
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 opportunities in numerous ways, such as through agronomic practices.
Carbon sequestration in soils has gained increased resonance on the EU political agenda (EU Green Deal, Farm to Fork
Strategy, EU Soil Strategy for 2030) - especially since the launch of “4 per mille initiative - Soils for Food Security and
Climate” at COP21, and the publication of 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 entries on “meta-analysis AND agriculture” since the year 2000 (Fig.
1, search conducted January 13%, 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 across all scientific fields, is creating the need to synthesize data into a form which is
easier to comprehend and allows 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-
analyses, despite applying less than rigorous methodologies. Many times, the term is misapplied to publications
synthesizing information of primary studies, regardless of the methodologies used (Gurevitch et al., 2018). In fact, only
studies using well-established statistical procedures - most importantly suitable effect-size calculation, correct study
weighting by the inverse of variance, analysis of possible heterogeneity and appropriate statistical models which account
for the structure of the meta-analytical data - should use the term “meta-analysis” to describe their synthesis method
(Vetter et al., 2013; Gurevitch et al., 2018). When applying “non-standard metrics”, which is using other methods than
effect size as defined by Borenstein et al. (2009) to quantitatively synthesize primary studies, articles should not be called
a “meta-analysis” or claim that “effect sizes” were calculated, as these terms are specific to the meta-analytical
methodology (Borenstein et al., 2009; Koricheva and Gurevitch, 2014; Cooper et al., 2019¢). It is important to promote
this clear definition to allow the distinction between a “true” meta-analysis and other forms of synthesis work as e.g.,
correlation analyses or analyses through machine learning.

The previously mentioned reviews by Philibert et al. (2012) and Krupnik et al. (2019), who analyzed the quality of
meta-analyses in agronomy, found that the overall quality 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 effect size metrics, weighting, and heterogeneity analysis were found.
The more recent review by Krupnik et al. (2019), which analyzed meta-analyses studying the effects of conservation and
organic agriculture on yield, also reported lacks in heterogeneity testing and weighting. Similarly, Beillouin et al. (2019),
who studied meta-analyses on crop diversification, found issues on weighting, sensitivity analysis and database
presentation. These results imply that the methodology applied in agronomical meta-analyses is variable and often not
done according to standard metrics. The authors of the reviews concluded that there is a need for improvement of meta-
analyses in agronomy.

Finally, it is a misconception that a high number of citations always equals quality (Aksnes et al., 2019; Leydesdorff et
al., 2016). Koricheva and Gurevitch (2014) found that even in high-impact journals, cases of incorrect usage of the term
“meta-analysis” can be encountered. This suggests that not only authors but also peer reviewers and journal editors do

occasionally misunderstand the rules under which a meta-analysis must be conducted. O’Leary et al. (2016) analyzed the



149  effects of journal impact factor on review quality and concluded that a high impact factor does not guarantee high quality
150 of reviews and therefore did not recommended to use impact factor as a proxy for review quality.

151 All this provides reason to assume that core criteria, necessary in conducting meta-analyses, are not clear to many
152 researchers in the field of agricultural and soil sciences. As a result, poor quality meta-analyses are published, which

153 might report questionable conclusions and recommendations to other scientists, policymakers and farmers. Moreover, the
154 interest in SOC sequestration and subsequent increase in related publications raises the question whether there are meta-
155 analyses synthesising this knowledge. If so, does their quality show similar trends to agricultural meta-analyses reviewed

156 in the past by Philibert et al. (2012), Beillouin et al. (2019) and Krupnik et al. (2019)?
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158 Figure 1: Number of meta-analyses in agriculture and primary research articles on soil organic published between 1 January

159 2000 and 31 December 2021 (search conducted on the 13 January 2022 on Web of Science Core Collection, searched in “Topic”,
160 results taken from WoS “Analyse Results” tool; Boolean search string for MA in agriculture: meta-analysis AND agriculture, carbon;

161 Boolean search string for articles on SOC: “soil organic carbon”)

162 1.4. Objectives

163 This study aims to quantitatively analyze 31 meta-analyses, studying the effects of different management practices on
164 SOC, relevant for European cropland, published between the years 2005-2020. We compiled a quality criteria-set suitable
165 for soil and agricultural sciences by adapting existing meta-analytical guidelines from other disciplines. The set is

166 supported by a scoring scheme, which allows a quantitative analysis. A subsequent evaluation of the management

167  practices studied in these SOC meta-analyses gives information on which agricultural operations require more or

168 improved research. Finally, the aim was to demonstrate how to conduct a quick assessment of meta-analyses relevant for
169 decision making. We chose a chapter of the IPCC “Special Report - Climate Change and Land” (Jia et al., 2019) and

170 analyzed the quality of cited meta-analyses by using the most critical criteria of the compiled criteria-set.

171

172 2. Material and methods
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2.1. Quality criteria-set

The quality criteria-set is based on the previous work of many experienced researchers with expert knowledge on meta-
analysis (Table S1). The “Checklist of quality criteria 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 (Table 1). Their
checklist is also built upon the previous efforts of other scientists who established quality criteria-sets in the fields of
ecology, environmental management, conservation biology and agronomy. Other literature such as, “Introduction to Meta-
Analysis” by Borenstein et al. (2009), “Handbook to Meta-analysis in Ecology and Evolution” by Koricheva, Gurevitch
and Mengersen (2013), and “Handbook of Research Synthesis and Meta-Analysis” by Cooper, Hedges and Valentine
(2019¢) further supported the criteria construction and acted as sources for in depth explanation of those criteria, providing
the reader with additional information (Table S2).

The 17 quality criteria were structured according to three groups: “Literature Search and Inclusion / Exclusion
Criteria”, “Meta-analysis”, and “Results and Database Presentation”. Additionally, a further division of the “quality
criteria” into “sub-criteria” was conducted to provide a more detailed guidance. Each quality criterium or - if available -
sub-criterium, was specified with the help of the column “Is criterium applied in meta-analysis (to which extent)”, which
offers the reader possible options, based on the availability of data or items within the analyzed meta-analysis. Each
option ends with a numerical “Score”, which 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 quality- and sub-criteria were specified in the column “Description” to provide the reader with more detailed
information. The final column offers references of relevant literature, supporting the authors’ decisions on criteria
formulation and scoring. In the supplementary material (Table S2) an extended 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 “cut-off” criteria (criteria 6-8 in Table 1), namely “Effect
size”, “Standard deviation extracted (or computed from 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 “cut-off” criteria aim to help consumers of soil and agricultural meta-analyses to identify the defining elements
of the article and judge whether it is a “true” meta-analysis or not. As we wanted to highlight criterium eight “Studies
weighted by 1/variance” and credit meta-analyses which did weight all studies correctly, we attributed a maximum

obtainable score of four to this criterium.



y—Ty=ga

-g)aTA Ul parpdde mnLid)L st

(;-U 1 00T-0T) 25URI 3PIM B 2ABT TED 1 @
: ' X ) . . 20URIITIP UL MEY
SaNJeA [ENIUT “PIIPIUS 2I. SYI01S DOS U 2[dwexy "sa[eas/s[aA]
1ONUOd JO 25UeT B SUIART] $35A]RUR-BIaUT JOJ PRPUSTINIIOIZT JON
(2x)ur — Cx)up = (¥)yg - (oner
[OIITI0 31} WIOT} 25UeTd asuodsar 5o7) (F)ur
a5euaarad e 0) ()ur Jo uoneuLolsuen-yaeq Aq 27qeiardrzgu Lseg
PAIPILS 2T2M SIOJRI2POUT TITUAM TUTIIM S)TU] 0 ot PAQLIISIP
a1 21ea1put 0} Juelrodun are sdnois 10 saFURI IR L SAPIYS SSOIIE sdno.as 1o saSues a1
TUOTELIEA JO 22IN0S 2T} 2JEN[EAR 0] [ENU2SS2 ST SI0JRI2POTT SUTUII2(] I sak PUE SIOJRIIPOIN 'S
192712 J0]EI2POTT QLSS —
pUE JUATTE2T) 2T} JO Tonendurod 1531102 a3 mo[[e 0} ajqeredumos 0 ou O n“.uﬁ.ﬁamw =
2Q PINOTYS SAIPIUS PIPN[IUT JO STONUOI 2], *,sa5ueio pue saydde,, e ( uv. “ wo ..u mo_
Surxmr Surproae pue 21do} YoTeasaI TS 2T WO S2TPIUS JO TOISNIIUT I sak puE () [onuoe) 'y =
0 ou partodax a
juatedsuen aq PInoTS SAIPILS JO TOISN[IXA IO STOTSTIAP ) w
DUR PAQLIISIP ATIRI[D 2Q PINOYS BLI2)LID UOISN[IX2 PUE UOISN[IUT 2k ELI2ILID UOISNIXI 2
I = : e : - - I S3 PuE woIsnIuy °¢ b
-
AIMIEII] A[QE[IBAE =
2Imer)I| a[qe[IeAe 0 ou J10J SMIIAJI pUE 2
1€ J0T synsal apiaoxd 10U s20p saseqeiep Ul SUTIIeas PIOMASY SISATRUE-BIIUI SUDSIXD =
‘AITEUOISEDI0 SE ‘SI[ITIE JUBAS[2I 2IOUI JO TWOISNIUT 21} SAMSTUT k J3T[10 JO SISI[ 2IUIIITA.T MI
! 2 1) PP SIOYNY ‘T z
Pajels 2q pnoys 0 ou pauodax mf
SISRQRIEP JUAIITIP WOIT AMUBIT] 2A3LNRT 0) Pas (5)SULs areas 27T I sak  Swmms yoreas/spromiay] 5]
(]
papnyaur =
sromne :
W 0 ou (*ma syuodar 1aford =
31 AQ Passasse aq 0] SP2a2U pue JIas)1 sIsATeue-glawr 21 uo yuapuadap . dxa pue g
ST 10U 10 ATESS22T ST [[2IE2S2T 2MYRIS] A215 € SUNONPUOd I2PIYM ) Hedxe p -
) : : : : - 2K syrodar paysiqndun) [2.IB3S MBI '[ =
SPIQ JO ST S2ONPAT PUE SSIVIATSUSIAUIOD SIZIUITYETT 21RI)1] £310) 1 s, =
2IeIA A31D g
0 pauodariou =
SBIQ TWOI)I3[3S JO YSII 1)1 2a0pal I aseqelep [ WoI] pajoenxa
01 amgerayr] paysqnd SumoenXa 10] Pasi 2 PIIOYS SASEQRIEP [BI2ARS z S3SEQEIEP § PUR T U2amlaq 2IeI] PAYSTQNd
€ SI5BQBIEP § <
W)X IIA 0) PUE) SISA[EUE .
wondrsaqg 21009 (uapx2 Yoy 0) puv) stsip ELRILD-qNS ELINLID Aend dnoxn

*Y3I18ISAI [I0S PUE [EIN)[NILISE UI SISA[BUB-B)IU 10 JIS-BLIILID Afend) ] d[qeL

201



(syu2)u0d {2035 DOS JO UOTE[NI[Ed

P2aanseaun

ou 213 WOTJE[NI[ED
21RINIILUT JO JSLI 211 29NPONUT J0JJ2T) pue AISuap JIng JoJ SALWS3
- 121} 10] saa)aureaed
apraoxd Ajuo suonouny repsuenopad ©5°2) PI[[spow 1o PIJelns M
jou ‘yustunradxa Ue Ul pAINSEAUT 2q 0) PRI sa[qerea asuodsay sak WIBAIPI P
; ; ; sa[qeLieA asuodsay ‘€1
pajoenxa pajoenxa
2q pnoys 2118 10 Apys 12d 2Z15 193112 2U0 AJUO ‘PAPMIS 2I2M [OTUOD ans/Apys 1ad 59715 193 7 < jmapuadapur
PUE JU2TmNEaT) JO STOTBUIQUIOD [EI2AS UM PIJOBNXS 2q PINOTS ZIS PR12RIIXD JIB SIZIS J23H "TI
1P=[J= 2u0 “O.ﬁ..nm Io %—uﬁ._.ww Jae= 10J .uﬁm—uﬁvnmvﬂ.ﬂ._ 2q pnoys saZ1s 122119 m.ﬁ..nw__...&n—uﬁﬂm 1ad S3ZIS 193112 7-1
pauodar
101 1o (J2axd ST 5B) 12ayspeards
ATessa02u are uonejuawradun (129%2 S 5¥) 123Usp ‘m .
: ' (212 g SISA[EUE-B)aUL

PUe (J3pOWI WOPUET + P2JYTTaM) 32T0T[D [SPOUT JIILI0D ‘3IEMIOS
s1sATeue TROTISTIR)S [RISURS SUISH UM (PIjels 2q PINOTS 2TRMITOS Pasn)

‘BJBIS ‘SVS ‘SSAS SB) a1EMIJOS 2110

10 (*2)2 ‘aSeyded 1oJelal UIAN LIAIAL
SB) 2IBM1JOS [RITIATEUR-BIA]N

J0J PAsn 2TBM)JOS ‘T

monjerreA Apmys-uaamjaq saspapmomyoe
J1 SB “U2S0T[d 2q PINOTS [SPOU }I3JF2-PAXIUT 1O 13 2-TWIOPUET
21} ‘2Iy[noLISe JO PIATF 2 UT SISAJeUR-R)2ll & SUT)INPUOd UM

pairodar japour oN
[2POUI 192JJ2-Paxig
[2POUI }23]]2-PaxIur

10 }33J3-OpURY

PasT [9POIAL 0T

183
-0 £q passasse 2q PINOYS SIOJBI2POTT SNONUTTOI Jo/pue [eILI0F2)e)

ou
sak

UOISSAISaI-R)IUI pue
sisAfeue dnoasqns ‘g

JAnred, 1o, satpnis awos, YSiam pIp 2ouelIes/] £q pAIySem
J0q SAIPIYS 2WOS 10F ATUO (IS PRIIEIIXA JBT]) SSATEUB-BIIN "2IUBLIEA
JO 2sI2AUT 21} AqQ SUOP USYM 1021109 AJUO ST SIIP1YS Jo SUNYSIZ M

pauUSISSe sem

. T, JO 21035 B “(0S 2[qe[IEAR 21 JO (IS UESUI [[EI2AO 21} SUNEINITED
“3'2 Aq pareum)sa AJSNOI IO PAIOUST SEM 1521 21} PUE SITPIYS SUTOS
woIy ATUo Pa1denXa 212M sOS JT "APMs [dea 107 1SIom 211 21e[nafed
0] I2pI0 UT saIpiys [Te wiog ((ZZO7) Te 12 SOy 235 “SIMSTe)S 2[qe[ieae
woly pandmwos 10) pajoenxa aq 0] P22l (SOS) STUONRIASD PIEpUR]S

(0 107 JUNOIIE

JSIsATeue-elay,, dnols Jo eLILILId Aifenb Surmof[o] je) sISAJeue-elaur e
se AJITenDb 10U s20D STSAYIAS B "S2ZIS 122]]2 JO WOTIR[NI[ED [} INOTPT M

az1s ajdures [ewrs
10J UOTJIALIOD B ST ‘TOTJRIASD
prepue)s pajood st s arayMm

sjoaf12 251 — Q0 = | p|
$132J2 3jeI3poul — ¢ = | p|
s1oafa [ews — 70 =| p|

T-(e—"u-—Tuyy 1=/ “1ardI2)uT o3 NI

: s

NNN\ﬂM =P

y—Tx=q

(;-2U 1 00T-0T) 25URI 2PIM B AT UED

SaN[EA [EIIUT “PAIPIYS 21 SYI0IS DOS Uy 2[dwexy sa[eds/s[2A3]
JONU0I JO 25URT B SUIARY S2SATRUR-RIATT I0] PAPUTMNOIAT JON

paytodar ; payystem JoN
S3IPIYS A0S 10

Apms oea 103
Pa10R0X3 10N
SITPIYS SWOS WOIT

Apmis oea worg

PRIE[NIDED JOU IO Pasi
SOLI2W PIEPUL)S-TION

(p se8pay “52)
ERLEREN ]
BT PAZIPIEPULLS

(@
20T2I2ITIP UBAW MEY

DUBLIBA/T
Aq paYS1am SIPMIS '8

(somsnels woay
pandurod 10) pajieaxa
WOI)BIAID PIEPUE)S */

715 19237 9

BLIDIID | JJo-In),,

Ajeue-g)aA

202



SISARUE-E1a Ul

o¢ 13d 21025 aqgeTPEAT WINUIIXeTy
_ ﬂ [ 23025 UET) UOTJETIOJUL
yuaredsuer) Jou st sIsATewe-e}aw 1)) ‘papraoid ST ISEQEJEP OU JT 0 $59] SOPU[OUT 10 S[QE[IEAE JON
9ZIS 12319
1/ sezts apdwes
(paquossp ) o
aq snw D/, Jo az1s ajdwes pue S !
L1 ymod ur aao0qe 3as 1 “UBSUT 10 3215 IR ISYI3) B JO SUOLBIASD PIEPUE]S
L/D JO suBay

PRIST] 2} SSPOJOUT PUE A[QE[IEAY

TeaX snjd romqne
JsI 1o/puE (I S[TIY

P3JE)S 2 PINOTS SIZIS JI3F2 PAJBMIED

sIsATeue-e)at 21} Jo uonedrdal mofe o}
PaJE]S 2q PINOTS [ONUOD PUE JUSUHE) Jo sazis ajdures pue sqs “swea|y

(sw=ysAs Fmddora/sdorosesn puel “sjustmzadxs Jo

UOTJEIND “SHOTIPUOI [ejuatuLiadxa Onewn|o-opad) SI0jEISpOW J[qISSOd
UOTJESTISOAUT I3PUN SISEIN

[OTTOD SB PAsn JMSEIA]

juswredxs Jo Tonedo] 10BXa pUR ARuno)

palels 2q prnoys wonednqnd Jo reak pue JoNe IS

uonEIHUSpt

£sB2 MOT[E 0} J2QUINT SATIOUTSIP B AT PInoys Apms goeq

PaqIdsap 2q 1snw /L Jo 2zis ajdures

PUE (IS “TESWI 10 JZTS JO3]J2 ISTPI2

z ‘pequasap aq ismw 1eak snpd somne
1511 Jo/pue (O] 3[RV UL PIAST

ST} JO JSOUT SIPN[IUT PUE S[QE[IBAY

az1s 2
1/ sazts apdmes

LD

JO SUOUEIASD PIEPTUE]S
L/D 3O suesy

SIOJBISPOIA]

(L) jusumear]

(D) 1ommo)
TOT}EI0] /A0

TeaA snjd 1omqine
JsIg 10/puE (I S0V

Apmis el

J0J PLI2JLID Surmoq[oy
37} JO Jsour Surpnpur
aseqeyep [ing L1

3IqE) € se papiaocid

0 ou

uone)uasaad Iseqe)ep pue s)msay

. : BEP-E)I
2q 0} ppnoys xrpuadde Jo a[or)Ie A1) W (70)2 ‘SJUSTIEAT) “WOTJEIO] o wondirrsac -
reruamradxa snpd meah pue srone) ejep-elaw Jo uonduasap v I sak Jo HORALDA 91
S[RAIS)UT S0USPIFU0Y SUIPN[OUT JZIS J09]J3 [[RISAO 31} PUE SIIPIYS JO 0 ou
: - S ; jo1d 352103
S3ZIS 103112 [ENPIAIPUT Jo uonjejussaxd eorgderd o sjqeus sjord jsa10 I sak
im0 ou (vossasdor s sopus sotqu puv
- } S3.INS1 ur uonejuasad
sam31] Jo uwoJ wr pajuasaid aq pnovs SISAeUE (S2)ELIEA0D) JOJRISPOTA] I ok STSA[ETE 10}8I3pOTy 1 u m.m_zumav— -
amSgosqepem 0 ou STEAIRIU
ayuesard 2q PINOYS STEAISIUT S0USPIUOD PUE 3ZIS J03]J2 PAZLIEUNINS SOUIPHTO PUe
3 : : : I sek SZIS 123]F° PZLIBUININS
153] aJes-TIE.] JO UOISSaI5al 518089 0 ou SBIq .
‘syo1d jommmy Aq pajewmss aq pinoys seiq uorjearjqnd Jo spmyruSeA I sak  uwoneorqnd 1oy Sunsay SISA[EUE-E3I
— _ JO SS3USNOO.T )53} 0)
)2 ‘sjold-xoq ‘surer3o)sny pajySram UT UOTINQLYSIP m#m 0 ou VOUNQUNSID 1o Crvme AIADISUSS “pT
103[J° BIA PIUNUSPT 3q LD PUE P3)Sa) 3q PINOYS SISIINO JO 3oUIsld I saf  9ZIS 1088 pUE SIBIINQ T

203



204
205

206

207
208
209
210
211
212
213
214
215

216
217
218
219
220
221
222
223
224
225
226
227
228

2.2. Quality assessment of meta-analyses on SOC
2.2.1. Inclusion criteria, exclusion criteria and search strategy

First, inclusion (IC) and exclusion criteria (EC) were defined to create a framework for the literature screening (Table 2).
Studies were included when they (IC1) used the term “meta-analysis™ in their title, abstract or author keywords. (IC2)
Land uses included were arable- or crop land, also in combination with others as e.g., agroforestry or grassland. The (IC3)
assessment of the effects of one or several management practices on SOC needed to be the aim of the study. Moreover,
(IC7) European experiments needed to be a part of the (global) meta-analyses, as we wanted to collect and evaluate
syntheses relevant for Europe. Articles were excluded when, for example, modelling was used to obtain SOC results

(EC1). Articles were only included when they fulfilled all seven inclusion criteria.

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 Systematic reviews, and studies using modelling to obtain
keywords to describe study style results
2.  a) Cropland/arable land needs to be part of a) If primary data is from one experimental site (literature not
study; b) other agricultural forms as e.g., found through database search - not possible to evaluate
agroforestry, paddy soils/upland soils, according to our criteria-set); b) Land-use change studied; c)
grassland can be part of study Cropland/arable land plus forest studied (forest not
comparable to arable land)
3. Effects of management practice on total Impact on SOC fractions investigated
SOC stocks or concentrations studied
4. Management practice effects on SOC is Management practice effects on SOC is not a central topic
central topic
5. Field experiments Laboratory experiments
Conducted on mineral soils Conducted on organic soils
7. European studies need to be part of studied Included only non-European experimental sites

experimental sites

The second step was the collection of existing meta-analyses on SOC changes due to different agricultural
management practices. Therefore, the Web of Science Core Collection (timeframe 1900-2020) and Scopus (timeframe
1960-2020) databases were searched on January 5%, 2021. Due to limited human resources, only these two scientific
databases were searched. The following Boolean search string was used to retrieve relevant articles: (meta-analy*) AND
soil AND (agriculture OR management) AND (SOC OR OC OR “soil organic carbon” OR “organic carbon”). 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 the results by 167 articles (Fig. 2). The results were compared with the meta-analyses
identified by Bolinder et al. (2020), who synthesized meta-analyses studying the effects of several management practices
on SOC changes in agroecosystems. This led to the identification of one further study which complied with our inclusion
and exclusion criteria (Table 2) and therefore was included in our evaluation. 386 articles were exported into excel and
screened by title, abstract and full text according to the pre-defined inclusion- and exclusion criteria. In total, 31 meta-

analyses relevant for the scope of our study were found. Many articles were excluded, as they did not contain the word
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“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 of the complete screening process. The full
information of the literature gathering, all 386 retrieved articles plus the screening decisions can be found in the
supplementary material (Table S3 and S4, respectively). The complete reference list of the 31 meta-analyses can be found

in the appendix (Table A1).

[ Identification of studies J
Records id'enliﬂed from Records removed before
5 database_s, screening:
= WoS (n = 344) Duplicate records removed
e Scopus (n = 208) | automatically (n=158)
s N Duplicate records removed
g Rec;ord§ identified from other manually (n = 9)
= reviews Total (n = 167)
Bolinder et al. 2020 (n = 1)
Titles screened Records excluded
(n =386) (n =309)
o
£
g Abstracts screened Records excluded
o (n=77) > (n=28)
@
Full article screened Records excluded:
(n=49) *| (n=18)

Studies included in the quality
assessment
(n=31)

Figure 2: Flow diagram of literature search and screening. Adapted from: Page et al. (2021)

2.2.2. Quality analysis

The 31 retrieved meta-analyses were evaluated by two authors for their quality according to the quality criteria-set in
Table 1. Each article was read thoroughly to ascertain whether certain criteria were fulfilled or not. Total scores for each
meta-analysis were calculated, with a maximum reachable score of 30. The complete dataset containing the scores for
each meta-analysis and all calculations can be found in the supplementary material (Table S2, S5). SigmaPlot version 14.5

and Microsoft Excel version 1808 were used for plotting of figures and tables and for calculations.

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 and

whether their quality was sufficient to stop the production of new meta-analyses on the respective practices. This
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information will aid future research by guiding it towards knowledge needs and avoiding redundant work. We therefore

grouped the meta-analyses according to the management practices they studied. 11 management categories 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 respective

categories.

Table 3: Defined management categories, their included management practices and meta-analyses that studied their effects on

SOC.

Nr. Category

Description

SOC meta-analyses

1. Tillage

2. Organic

3. Cover crop

4. Crop residue
5. Fertilization
6. Amendments

7. Biochar
8. Diversification
9. Combined

10. High input
system

11. Set-aside

no-till, reduced and deep tillage

organic practices

cover crops used in crop rotation

crop residues were either left or removed from
the field
organic or mineral fertilizer was applied

application of amendments (e.g., manure)

application of biochar
more or different crops were used in rotation

effect of several practices combined was
studied

system that aims in increasing carbon by e.g.,
irrigation, winter crops, etc. according to IPCC
1997

effect of setting-aside land from crop
production and planting trees or grasses

Aguilera (2013), Angers (2008), Bai (2019),
Cooper (2016), Feng (2020), Gonzalez-
Sanchez (2012), Haddaway (2017), Kopittke
(2017), Li (2020), Luo (2010), Meurer (2018),
Mondal (2020), Ogle (2005), Sun (2020), Virto
(2012)

Aguilera (2013), Cooper (2016), Garcia-Palacios
(2018), Gattinger (2012), Kopittke (2017),
Tuomisto (2012)

Aguilera (2013), Bai (2019), Gonzalez-Sanchez
(2012), Jian (2020), Poeplau (2015), Sun
(2020)

Han (2016), Li (2020), Sun (2020), Xia (2018),
Xu (2019)

Aguilera (2013), Han (2016), Ladha (2011), Xia
(2018)

Aguilera (2013), Chen (2018), Kopittke (2017),
Maillard (2014)

Bai (2019), Liu (2016), Majumder (2019)

King (2018), Mathew (2020), McDaniel (2014)
Aguilera (2013)

Ogle (2005)

Ogle (2005)

Finally, the total number of articles per category were calculated and meta-analyses with the highest scores identified.

Simultaneously, information on treatment and control, the geographical scale and soil depth were extracted. As the overall
score does not give information on whether the “cut-off” criteria were fulfilled, we extracted this information as well. We
presented the overall effect sizes of the meta-analyses only when both these elements were fulfilled.

Overall treatment effects on SOC are shown in percentage change from the control; when results were displayed in log

response ratio (LnR), we calculated percentages with the Eq. (1):

% change = (Exp (LnR) — 1) * 100% (1)
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2.3. Quick assessment of meta-analyses relevant for policy making — An example

To provide readers with an example of the impacts of meta-analytical quality on policy- and decision making, we screened
Chapter 2: “Land—climate interactions”, of the Intergovernmental Panel on Climate Change (IPCC) “Special Report -
Climate Change and Land” (Jia et al., 2019) for cited articles which used the term “meta-analysis” in the title. We chose
this report by the IPCC, as their outputs are highly relevant for combating the global climate crisis and are often the basis
of policy-making (IPCC, 2019), and because this exact chapter is deeply connected to the contents of this review. In total,

16 articles were retrieved and checked against the “cut-off” criteria of the quality criteria-set (Table S6).

3. Results

The investigation of the 31 meta-analyses, studying management effects on SOC published between 1990 and 2020, 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-till versus 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 related significantly with the publication year (y=-1993.9+0.9954*x;
R2=0.382) (Fig. 3B) (normal distribution of scores tested with 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 Haddaway et al. (2017) (ID= 10; score= 29) is an outlier which influences the regression result, we also
calculated how the prognosis would change if we removed this meta-analysis. The new regression line (y= -

1907.6+0.9523*x; R?>= 0.548) estimates that scores of 30 will be reached in 2034.
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286 Figure 3: (A) Number of SOC meta-analyses published per year. (B) Scores of SOC meta-analyses over time (between 2005-
287 2020) and corresponding regression line. Numbers beside dots indicate meta-analysis ID (ID and linked author information in Table
288 A1 and Table S2). Dashed line indicates maximum score of 30.
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3.1. Literature search and inclusion / exclusion criteria

The 17 quality criteria are clustered into three groups (Table 1). The first one, “Literature search and inclusion / exclusion
criteria” consists of five quality criteria; the first criterium, “Literature Search”, was satisfied by more than half of the
meta-analyses (Fig. 4). In nearly a quarter of the analyses, authors checked the reference lists of other existing meta-
analyses and reviews for available literature. Therefore, the usefulness of this method seems to be widely underestimated.
By comparing retrieved literature to other existing publications, we can not only gain confidence in our search strategy,
but also encounter information which might be difficult to find otherwise (e.g., grey literature).

Inclusion and exclusion criteria, as well as a description of treatment and a control were presented by almost all meta-
analyses (we only analyzed whether treatment and control were described, not if they were comparable across included
studies). Moderators were described by over half of SOC meta-analyses. Description of moderators, including their range
(for continuous explanatory variables) or groups (for categorical explanatory variables) are necessary to present the way in
which moderator analysis will be conducted. Results for the sub-criteria can be found in the supplementary material

(Table S5).

= 100
E o "Cut-off" criteria fulfilled:
2 R
2 80 -
o
o 70
F=
Z 60
=
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g
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e"-’ré g & & &
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\l;\\ @b @ 00 {b
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') oy ‘b(\ @
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R N >
\e oy oé' «@
1V KQ’Q e

Quality criteria
Figure 4: Compliance of meta-analyses with the criteria in group ,,Literature search and inclusion / exclusion criteria”.

3.2. Meta-analysis

The “Meta-analysis” group consisted of nine quality criteria (Table 1), which were satisfied by the SOC meta-analyses to
variant extents. Effect sizes were calculated according to standard metrics by 74% of meta-analyses (Fig. SA). Almost half
of meta-analyses used log response ratio for effect size calculation and about a third applied raw mean difference or
standardized mean difference. Standard deviations (SDs) were extracted (or computed from available statistics) from all

primary studies by 16% and partly (for some studies correctly extracted, but for the rest ignored or roughly estimated by
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e.g., calculating the mean SD from available SDs or reassigning as 1/10 of the mean) by 42% of meta-analyses (Fig. 5B).
Weighting each study by 1/variance was done by 13% of meta-analyses (Fig. 5C). Nineteen percentage of SOC meta-
analyses weighted only some studies by the inverse of variance, as they only extracted or computed SDs from some
studies (and therefore received a score of “1” for criterium 7; for a detailed description of the criterium for weighting, see
quality criterium number eight in Table 1). Accordingly, weighting was not done in over two thirds of analyses. We
classified these three criteria (effect size estimate, SDs extracted and weighting by 1/variance) as “cut-off” criteria (6-8 in
Table 1). When these are not fulfilled, a meta-analysis does not account as such. In our quality assessment, we
acknowledged when authors partially weighted by the inverse of variance (as they only partially extracted SDs) with one
point for each. Nevertheless, we urge authors to extract SDs for each study (or compute them from available statistics) and

further weight them by the inverse of variance in order to conduct a high-quality meta-analysis.

(A) ) (C)

6. Effect size 7. SD extracted 8. Weighted by 1/variance
mmm | n (R) == From each study mmm= For each study
== Raw mean difference or m== From some studies = For some studies

standardized mean difference =—— Not extracted == Not weighted

—= Non-standard metrics or
not calculated

Figure 5: Compliance meta-analyses with “Cut-off” criteria in the group “Meta-analysis”: (A) Ratio of effect size metrics used by
the meta-analyses. (B) Ratio of meta-analyses which extracted or computed standard deviations. (C) Ratio of meta-analyses which

weighted by the inverse of variance.

In Figure 6 and 7, satisfaction of criteria 9 to 14 and 15 to 17 (respectively) are displayed in form of stacked bars
which show the percentage of meta-analyses that did fulfill the “cut-off” criteria (n= 4) and the ones 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,
please refer to the figures. Corresponding data used for the calculation of these results can be found in the supplementary
material (Table S7).

Subgroup analysis and meta-regression, which identify the source of variation between studies, were assessed by
almost half of meta-analyses (Fig. 6). Models applied and software used were reported more frequently. Only about 25%
of meta-analyses accounted for non-independence of effect size, while the rest failed to do so. Bulk density was measured
in 35% of meta-analyses, the other 65% used pedotransfer function to estimate this parameter, therefore introducing a

source of uncertainty in SOC stock estimation. Lastly, sensitivity analysis of the meta-analytical results was done rarely.
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Figure 6: Compliance of meta-analyses with the criteria 9-14 in the group “Meta-analysis”.

3.3. Results and database presentation

Figure 7 shows the results for the group “Results and database presentation”. Almost half of the meta-analyses displayed
their results in the form of figures or tables. Summarized 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 presented by
6% of meta-analyses. Meta-data was presented in over two third of analyses, whereas a full database was made available
to the readers in 13% and partly in 3% of cases (for further explanation see criterium 17 in Table 1). Information on the

calculation of these results can be found in the supplementary material (Table S7).
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Figure 7: Compliance of meta-analyses with the criteria in the group “Results and database presentation”.

3.4. Overarching findings

When looking at the overall results across the three quality criteria groups, quality varied greatly between the 31 analyses
with a maximum score of 29, a minimum score of 2 and a median of 14. Haddaway et al. (2017) produced a meta-analysis
of high quality which received the highest score according to our assessment. However, they used raw mean difference to
calculate effect sizes, which may not be the most suitable for meta-analyses in the soil and agricultural field. In Sect. 4.2.
“Meta-analysis” we will go more into detail on this issue. There were seven meta-analyses with scores up to five, the
majority achieved scores between five and 15. Ten meta-analyses reached scores between 15 and 20, whereas only three
reached a score above 20. Only four out of 31 meta-analyses are “true” meta-analyses, as they used standard metrics for

effect size calculation and weighted all studies by the inverse of the variance (Fig. 8).
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Figure 8: Scores of individual SOC meta-analyses displayed as scores per group. Sorted from lowest to highest achieved score. Meta-
analysis ID and full reference information appear in Table Al. Dashed line indicates 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 indicated

meta-analyses which weighted some studies by inverse variance.

3.5. Analyzing management categories

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 management practices)
(Table 4). Other practices studied frequently were “organic agriculture” and “cover crop cultivation” (6 times each). Data
on “crop residue”, “fertilization”, “amendments”, “biochar” and “diversification” were synthesized less often. The effects
of “combined practices”, “high input” and “setting aside” on SOC were each assessed once. We found that meta-analyses,
which passed the “cut-off” criteria, are available for four out of the 11 management categories (tillage, cover crop, crop
residue, amendment). For tillage, we decided to show the three meta-analyses with the best scores (Bai et al., 2019;
Haddaway et al., 2017; Li 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 an overall
high score and is therefore the one publication providing a high-quality meta-analysis on the effects of management
practices on SOC. In the categories “organic”, “fertilization”, “biochar”, “diversification”, “combined”, “high input” and
“set-aside”, no meta-analyses conducted according to the standards are currently available. In the last column of Table 4,
overall effect sizes for SOC can be found. As Haddaway et al. (2017) calculated effect sizes by raw mean difference, if
was not possible to transform their results from stock into percentages. For the five management categories where no

meta-analysis weighed by the inverse of variance (“fertilization”, “diversification”, “combined”, “high input system” and

“set-aside”), overall effect sizes for SOC change are not displayed. When looking at the retrieved data on SOC changes
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381 per management category (Table 4), it is apparent that the largest increases of SOC compared to the controls were

382 achieved in the categories “organic”, “cover crop”, “amendments” and “biochar”.

383
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3.6. Example of quick quality assessment of meta-analyses, relevant for policy making

Our quick analysis of the IPCC special report (Jia et al., 2019) found that out of 16 articles, more than 50% did not qualify
as “true” meta-analyses, as five did not calculate effect sizes according to standard metrics and four failed to extract SDs
and to weight by the inverse of variance. Seven articles did in fact conduct meta-analysis correctly. Six meta-analyses
used log response ratio to calculate effect sizes, one used standardized mean difference. These seven meta-analyses
extracted SDs for each study and weighted by the inverse of variance. Calculations and references of all 16 analyzed

articles can be found in Table S6.

4. Discussion

Previous guidelines and expert knowledge on meta-analysis from other disciplines were adapted to construct an easy-to-
use criteria-set for the quantitative quality assessment 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. Moreover,
the retrieved meta-analyses were structured according to 11 categories of agricultural management practices, which
allowed us to assess and analyze the state-of-knowledge on these categories. Hence, recommendations for future meta-
analytical research and general improvement of applied methodology can be given. We found major deficiencies in the
reporting of literature searches, application of standard metrics for effect size calculation, correct weighting by the inverse
of variance, extraction of independent effect sizes and database presentation. The quality of meta-analyses rose over time
(15-year period) and correlated significantly with publication year (R?>= 0.382). Similar trends were observed in quality
assessments of meta-analyses in the medical (Jamshidi et al., 2018) and environmental (Beillouin et al., 2019) field.

In the following, we will discuss the results of the quality assessment of meta-analyses on SOC with the findings of
four quality assessments of meta-analyses and quantitative reviews in agronomy and ecology. We included the study by
Philibert et al. (2012), focusing on agri-environment and -biodiversity, the review of Krupnik et al. (2019), looking at
conservation and organic agriculture, the study by Beillouin et al. (2019), studying 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 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 criteria

The comparison of reviews for the criterium “Literature search reported” showed that our study found higher compliance
(53%) with this criterium than the ones of Philibert et al. (2012) or Koricheva and Gurevitch (2014) (Table 5). Beillouin et
al. (2019) reported that 46% of meta-analyses presented the search string and 86% the eligibility criteria. Krupnik et al.
(2019) found that all analyzed meta-analyses presented the literature search sufficiently. This high agreement may be
caused by the small study number (n=17) or the definition of less demanding criteria by the authors.

A quality criterium, which is of special significance to the soil and agricultural field, is the inclusion of grey literature.
Here, exceptionally large amounts of data are available, as governmental research activities are not focused on publishing
results in scientific journals. Therefore, although the inclusion of grey 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 grey
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literature is often available in national languages only, which complicates and restricts its inclusion. Nevertheless, the
most essential part of searching for literature, whether scientific or grey, is complete reporting.

Our results show that this reporting of search strategies is often limited. Therefore, essential information to allow
reproduction of the study is lacking and possible differences in outcomes between meta-analyses, studying the same
effects, cannot be fully explained. If a synthesis is not replicable, it cannot be fully trusted, as mistakes in methodological
proceedings are possible (Haddaway et al., 2020; Parker et al., 2016). In another review, Hungate et al. (2009) showed
how important complete reporting of search and screening strategy is. Lack of transparency prompted criticism on the
results of meta-analyses. Non-identical time frames over which literature was gathered, differences regarding inclusion
criteria and, in our eyes most importantly, limited search methods can influence the number of articles found and taken up
into a meta-analysis. This indicates the need to draw quality criteria and disseminate good practices across 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,
the term “meta-analysis” should only be used when data is quantitatively synthesized as described in the textbooks of
Borenstein et al. (2009); Cooper, Hedges and Valentine (2019¢) and Koricheva et al. (2013). The investigation regarding
the compliance of our SOC meta-analyses with the criterium “Effect size calculated according to standard metrics”,
showed that about three quarters of meta-analyses did calculate effect sizes according 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 SOC meta-analyses used log response ratio for effect size calculation.

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 fundamental and critical part in meta-analysis. Among the several possible
choices in effect size metrics, we recommend using log response ratios when conducting soil and agricultural meta-
analyses. They are easy to interpret, and effect sizes are not affected by different variances of control and experimental
groups. Overall, they are more suitable for meta-analyses studying agricultural management effects on soil parameters as
e.g., SOC, than the standardized mean difference (Hedge’s ). When using the standardized mean difference, the results
are more difficult to interpret (especially for policy makers or farmers) compared to log response ratios, which can be
back-transformed to percent changes from the control.

In Sect. 3.3 “Results and database presentation”, we mentioned that, in our opinion, raw mean difference (also called
unstandardized mean difference) is not recommended for calculating effect sizes in the field of soil and agricultural
research. Unlike response ratio, raw mean difference does not consider variations in control levels, which are often highly
variable across field experiments, particularly, on a global scale. In case of SOC studies, control levels may vary between
10 and 100 t C ha'!, which makes using raw mean difference between treatment and control as an index of effect size
meaningless. It may result in similar effect sizes for the relatively large as for small responses, as illustrated in Figure 9.
Therefore, raw mean difference can only be applied when all experiments studied in the meta-analysis are using the same
scale (Borenstein et al., 2009). 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 be suitable for meta-analyses when controls do not present a

large variation across studies. That, however, is hardly possible to achieve for the diversity of pedo-climatic conditions.
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SOC SOC Response Raw mean

Studies control treatment ratio difference
(tha™) (tha) (%) (tha)
Study 1 10 20 100 10
Study 2 50 60 20 10
Study 3 100 110 10 10

Figure 9: Example of the relationship between the SOC levels in control and effect sizes measured as response ratio or raw
mean difference for three studies. Response ratio indicates increasing effect size with decreasing control level. Raw mean difference
indicates equal effect sizes for all experiments and does not consider variation in control levels. Triangles indicate an increase or

decrease of values; rectangle indicates constant values.

Weighting is essential, as different studies have different precision, and more precise studies with larger sample size
need to be more heavily weighted in an analysis. The weighting should be done by the inverse of variance. Applying it in
other ways, for example by sample size, can lead to several problems such as the introduction of unknown biases (as in
e.g., Maillard and Angers, 2014; Han et al., 2016). When not weighted at all (as in e.g., King and Blesh, 2018), the
variation within- and between-studies is not separated. Therefore, common- and random-effects models are not useable,
leading to difficulties in assessing heterogeneity (Gurevitch et al., 2018). All these possible biases can adulterate the
results of meta-analyses and therefore lead to false conclusions. According to findings by Hungate et al. (2009),
depending on the functions used for weighting, differences in mean estimates of the effect sizes can be found. Weighting
by sample size or not weighting resulted in comparable effect size estimates which often were larger than when weighted
by inverse of variance. Our assessment showed that only 13% of SOC meta-analyses weighted by the inverse of variance,
whereas Philibert et al. (2012) found 37% compliance. Koricheva and Gurevitch (2014) reported that three quarters of
meta-analyses weighted by 1/variance. Meta-analyses studied by Krupnik et al. (2019) weighted by sample size, therefore
are not correctly conducted according to our criteria-set. Beillouin et al. (2019) found that 40% of meta-analyses, studying
diversification effects, weighted by 1/variance (and in some cases by sample size).

When using a random- or mixed-effect model, effect sizes might show a certain amount of variability that cannot be
explained by sampling errors alone, raising the question 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 (climatic zone,
temperature, soil pH, clay content, etc.) 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 categorical moderators which can be described in form of groups, e.g.,
climate zone (tropical, continental, Mediterranean, etc.). Contrary, meta-regression is suitable for continuous moderators

(e.g., duration of experiment, soil pH, etc.). We found that moderator analysis in form of Q-test was performed by about
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half of analyzed SOC meta-analyses. Results by 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 conservation agriculture
complied almost twice as much with this criterium.

Another issue frequently found in meta-analyses is the non-independence of effect size estimates, which occurs when
effect sizes are not extracted independently, but are somehow related to each other - for example observations from
different soil layers, from different treatment levels, or from sites located nearby which share the same pedo-climatic
conditions. This non-independence can lead to the underestimation of standard error of the mean effect and subsequently
can impact the free evaluations of the effects’ statistical significance. Therefore, meta-analysts should be aware of the
sources of non-independence and should select only one effect size among several related effect sizes (Gurevitch and
Hedges, 1999; Nakagawa et al., 2017). An example would be the inclusion of only the treatment effect of cover crop mix
A on SOC, compared to 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 not independent. The same applies to several observations (e.g., SOC)
taken from multiple sub-layers/horizons or varying 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/experiments from primary articles should be sufficient to allow the calculation of a rigorous overall effect estimate
and to study the source of variation across studies. Hedges et al. (1999) structured sample sizes requirements as following:
n > 50, a large body of primary data; 20 <n < 50, intermediate; n < 20, small. It is recommended to include at least 50
independent studies into a meta-analysis to obtain reasonably accurate 95% confidence intervals for effect sizes.

Lastly, the degree of sensitivity of meta-analytical results should be assessed. When results are sensitive to e.g.,
publication bias, it is indicated that these factors need specific attention (Koricheva and Gurevitch, 2014). Funnel plots
can support the interpretation of statistics by visualizing bias and highlighting outliers (Borenstein et al., 2009), which
should be excluded to conduct the analyses without them and see if the overall results are affected (Rothstein et al., 2013).
Another possibility is the testing via the Fail-safe number. The computation of this number allows us to detect how many
additional studies it would take to reduce the overall effect to a non-significant one (Rosenthals’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 criterium. Beillouin et al. (2019)
and Krupnik et al. (2019) found that about 40% conducted sensitivity analysis, whereas Koricheva and Gurevitch (2014)

found a higher agreement of their meta-analyses or reviews with this criterium.

4.3. Results and database presentation

In the group “Result and database presentation”, the presentation and availability of results and full database, which 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 displayed in form of figures or tables. For subgroup analysis, a
summary forest plot (see Gurevitch et al. 2018, Figure 1c) is suitable. This plot should not be confused with the classic
forest plot, which shows all calculated effect sizes, corresponding confidence intervals and summary effect size. Meta-

regression can be displayed in form of e.g., a bubble plot (see Gurevitch et al. 2018, Figure 1d).
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Finally, if data is not provided sufficiently enough to update studies, information must be gathered once again, causing
redundant work. Full datasets promote the use of the data by others and enable updating and detection of errors
(Koricheva and Gurevitch, 2014). Of all five reviews, our findings complied least with this criterium (Table 5). Only 16%
SOC meta-analyses reported databases, including all relevant information to allow recalculation of effect sizes. Overall,
results were poor. Philibert et al. (2012) received similar 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
criterium. This might be explained by the small sample size or less demanding criteria, as in our analysis of criterium

“Literature Search Reported”.
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4.4. Management categories

The results (Table 4) show that the management category “Tillage” was studied by 15 meta-analyses, with the highest
score of 29 by the meta-analysis of Haddaway et al. (2017), who provided a in depth and high-quality synthesis of no-
till/reduced tillage versus conventional tillage effects on SOC at a global level using raw mean difference as effect size. A
review of agricultural meta-analyses recently published by Young et al. (2021) found 14 meta-studies looking at the
effects of no-till on SOC. Beillouin et al. (2021), who provide findings of available meta-analyses studying various land
management practices on a global scale, identified over 20 studies on tillage effects. Therefore, we suggest that the topic is
well covered for the moment and no further global meta-analysis is needed until there is a substantial number of new
publications or new potential moderator effects of interest. Nevertheless, according to our findings, high quality meta-
analyses and systematic reviews studying tillage effects on SOC in specific pedoclimatic zones or continents, such as
Europe, are still missing.

The maximum score (16) in the organic management category was reached by the publication of Garcia-Palacios et al.
(2018), which lacked in-depth reporting of the search strategy and independency of effect sizes, used studies where
pedotransfer functions were applied, did not check for outliers, only extracted SDs partly, and thus weighted partly by
1/variance. Regarding the effect of cover crops on SOC, Jian et al. (2020) produced the meta-analysis which reached the
highest score (21) out of six meta-analyses in this category. Reporting of literature searches and effect size calculations
was conducted well, but the study failed to calculate moderator effects and to conduct sensitivity analysis, had non-
independent effect sizes, and included studies with pedotransfer function application. Lessmann et al. (2022), who
evaluated the global variation in SOC sequestration through improved cropland management, found six meta-studies
analyzing cover crop effects on SOC. In the category “crop residue”, the maximum score of 21 was reached by the meta-
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. Maximum
scores in all other management categories did not achieve scores above 18. We therefore conclude that there is a need for
further and improved meta-analyses on all management categories, except no-till/reduced tillage versus conventional

tillage.

4.5. Impact of meta-analysis quality on policy making

In our quick quality assessment of meta-analyses cited in chapter 2 of the IPCC “Special Report - Climate Change and
Land” (Jia et al., 2019), we found that over 50% of studies (nine out of 16) which used the term “meta-analysis” in their
title, were in fact no true meta-analyses, as they did not fulfil the “cut-off” criteria. As not even the key criteria for
conducting a meta-analysis were followed by these articles, the quality of the overall study and therefore the reliability of
their results is unsure. In a study by O’Leary et al. (2016), 92 reviews were assessed on their value for decision-making
with the help of the Collaboration for Environmental Evidence Synthesis Assessment Tool (CEESAT) (Woodcock et al.,
2014; Collaboration for Environmental Evidence, 2020), which contains elements for analysing transparency, objectivity
and comprehensiveness. They found that the evidence reviews did perform poorly, with a median score of 2.5 (of possible
39). Further, many of these reviews showed low reliability in 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-

making, especially if selectively used by stakeholders with particular priorities* (O’Leary et al., 2016, p.80).
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Scientific literature is used increasingly for environmental management decision making (Dicks et al., 2014).
Especially documents that synthesize the results of multiple studies and peer-reviewed publications are primary sources of
information for respondents (Seavy and Howell, 2010). Although science is by far not the only factor which is 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)

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
improve the overall quality, it is crucial to support education at university level and implement training for interested
scientists and stakeholders. Gurevitch et al. (2018) stressed that such trainings should be part of the curriculum for higher-
degree students. Furthermore, they point out that not only scientists but also editors, reviewers and science-policy
practitioners 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 the presence of key elements assuring transparency and
replicability of the article (Lortie et al., 2015). Krupnik et al. (2019) argue that scientists and policy makers need to
evaluate meta-analyses critically regarding treatment definition, data collection and analysis. Results of meta-analyses on
highly politicized agronomic topics should be interpreted especially carefully. We fully agree with these claims and
support the appeal to be critical when it comes to meta-analytical outcomes. The proposed quality criteria-set should aid
this demanding process.

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 the inverse of it. As a result, many studies cannot be included in the
meta-analysis, thereby reducing the amount of valuable information needed to gain rigorous results. To solve this issue, a
new tool named “EX-TRACT” was recently developed (Acutis et al., 2022). The easy-to-use Excel© worksheet
application allows to obtain pooled error standard deviations (sw) from ANOVA and in Multiple Comparison Tests (MCT)
outcomes. By using this tool, we can double the number of studies which 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 computation of SOC stock and its SD for a single soil layer based
on SOC concentration and bulk density (also from multiple sub-layers) (Tadiello et al., 2022). The Excel© workbook
automatically computes the means of stocks and SDs, saving the results in a ready-to-use database. This is especially
helpful when conducting a meta-analysis. Since in original articles, SOC observations are often presented for multiple
sub-layers, but not for the complete soil profile, meta-analysts tend to extract all available observations per a study,
leading to a non-independence of effect sizes. With the help of this tool, 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 community (Moher et al., 2015; Brandt et al., 2013). Gurevitch et al. (2018)
described that the pre-registration 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 protocols for
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environmental sciences from the journal “Environmental Evidence” or the initiative “ROSES” are available and can be
used for the construction of meta-analytical protocols. Protocols then can be published in suitable journals, e.g. MethodsX.
Lastly, another viable asset in improving the quality of future meta-analyses in soil science would be the creation of a
European meta-analysis hub, which focuses on 1) the development of high-quality products, 2) the assessment of quality
and 3) the creation of a European database. The database should comprise all available information of former meta-
analyses on soil and agricultural research, providing researchers 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 conducted.
This is important, as the inclusion of global experiments into an analysis can lead to over-diversification and therefore to

the combination of “apples and oranges”, which is not expedient.

5. Conclusions

Quality assessment of meta-analyses, especially in the complex agricultural set up, allows 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 to other fields like medicine, environment or ecology. Therefore, we adapted meta-
analytical guidelines from other disciplines to construct an easy-to-use criteria-set, which is suited to quantitatively assess
the quality of meta-analyses in agriculture and soil sciences. With the help of these criteria, we 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 quality of analyses improved over time, but only one achieved a high score. Deficits were
found in literature search, statistical analyses, and data presentation. The correct weighting by 1/variance of effect sizes
was found to be a challenge for many authors. In some cases, the term “meta-analysis” is still falsely used to describe
quantitative syntheses of any style, independent of methodology applied. The analysis also revealed that out of 11
identified management categories studied by the meta-analyses, only the effects of no-till/reduced tillage versus
conventional tillage on SOC are studied sufficiently in 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 summarizing research articles is frequently used by decision makers, this can
also have negative impacts on evidence-based policymaking. It is high time that the agricultural and soil scientific
community adapts rigorous meta-analytical methodologies and improves the quality of its output. We believe that the
method is a viable and indispensable tool in quantitative synthesis of agricultural and soil research and only with
combined efforts and collaborations between stakeholders across disciplines we will be able to overcome the presented

challenges.
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6. Appendix

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

Identification

number (ID)

Reference of meta-analysis

1

31

Aguilera, E., Lassaletta, L., Gattinger, A., Gimeno, B.S., 2013. Managing soil carbon for climate
change mitigation and adaptation in Mediterranean cropping systems: A meta-analysis. Agric.
Ecosyst. Environ. 168, 25-36. https://doi.org/10.1016/j.agee.2013.02.003

Angers, D.A., Eriksen-Hamel, N.S., 2008. Full-Inversion tillage and organic carbon distribution in
soil profiles: A Meta-Analysis. Soil Sci. Soc. Am. J. 72, 1370-1374.
https://doi.org/10.2136/sss2j2007.0342

Bai, X., Huang, Y., Ren, W., Coyne, M., Jacinthe, P.-A., Tao, B., Hui, D., Yang, J., Matocha, C.,
2019. Responses of soil carbon sequestration to climate-smart agriculture practices: A meta-
analysis. Glob. Chang. Biol. 25, 2591-2606. https://doi.org/10.1111/gcb.14658

Chen, Y., Camps-Arbestain, M., Shen, Q., Singh, B., Cayuela, M.L., 2018. The long-term role of
organic amendments in building soil nutrient fertility: a meta-analysis and review. Nutr. Cycl.
Agroecosyst. 111, 103—125. https://doi.org/10.1007/s10705-017-9903-5

Cooper, J., Baranski, M., Stewart, G., Nobel-de Lange, M., Barberi, P., FlieBbach, A., Peigné, J.,
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