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Abstract 

Background:  Soils are important global carbon pools that are under threat from intensive land use through a variety 
of agricultural practices. Sustainable management of agricultural soils may have the potential to mitigate climate 
change through increased carbon sequestration and increase their fertility. Among management practices to increase 
carbon sequestration, crop rotation designs have often been tested on yield effects in long-term agricultural experi‑
ments. However, in these studies, soil organic carbon (SOC) was monitored but not always the key objective. Thus, 
here we provide a method for a systematic review to test the effects of common crop rotations on SOC sequestration 
to provide evidence on the most sustainable management regimes that can promote SOC storage.

Methods:  This systematic review incorporates studies concerning selected crop rotations (rotations-vs-monocul‑
tures, legumes-vs-no legumes, and perennials-vs-annuals) collated in a recently completed systematic map on the 
effect of agricultural management on SOC, restricted to boreo-temperate systems (i.e., the warm temperate climate 
zone). Some 208 studies relevant for this systematic review were identified in the systematic map. An update of the 
original search (September 2013) will be undertaken to identify newly published academic and grey literature. Studies 
will be critically appraised for their internal and external validity, followed by full data extraction (meta-data describing 
study settings and quantitative study results). Where possible, studies will be included in meta-analyses examining the 
effects of the different rotational practices. Implications of the findings will be discussed in terms of policy, practice 
and research, and the nature of the evidence base.

Keywords:  Agriculture, Conservation, Rotational, Leguminous, Land management, Climate change, Land use 
change, Carbon sequestration
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Background
Soils contain the largest terrestrial carbon (C) pool glob-
ally that is sensitive to changes in land use and agricul-
tural management practices [1]. Indeed, soils could 
provide a vital ecosystem service by acting as a carbon 
sink, potentially mitigating climate change by sequester-
ing carbon through soil organisms and plant roots [2, 3]. 
Increasing temperatures in combination with manage-
ment can potentially increase rates of decomposition of 

soil organic carbon and the production of atmospheric 
CO2 [4]. Approximately 10% of soil carbon is held in 
crop lands [5], which cover around 12% of the terres-
trial land area of the planet [6]. However, arable soils are 
under considerable threat due to unsustainable cultiva-
tion practices and it has been estimated that US soils may 
have lost 30–50% of the soil organic carbon (SOC) that 
they contained prior to the establishment of agriculture 
[7]. This carbon loss has been attributed to management 
of the soils through subsequent losses from erosion and 
decomposition. This indicates that sustainable use of 
agricultural soils may have the potential to mitigate cli-
mate change through carbon sequestration [8, 9]. With 
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recent policies on green economy, initiated by UN and 
the ongoing EU strategy on bioeconomy [10, 11], and the 
urge to minimise the use of fossil fuels, there is a grow-
ing need to evaluate which farming practices can offset 
the losses of carbon from soils when providing biomass 
resources [12].

Beyond mitigating climate change, SOC sequestration 
potentially has a number of additional associated bene-
fits, including: increased soil fertility [13, 14]; improved 
biological and physical soil characteristics [15] via a 
reduction in bulk density, improved water-holding capac-
ity and enhanced activity of soil microbes [16] (although 
this may increase CO2 emissions); and increased soil bio-
diversity [17]. Promoting SOC also often increases soil 
biodiversity and ecosystem functions by mediating nutri-
ent cycling, soil structure formation, and crop resistance 
to pests and diseases, with consequent benefits for agri-
cultural productivity [18].

In agricultural production systems, by sowing a specific 
sequence of crops in the same field (crop rotation) farm-
ers can improve control of weeds, pests and diseases, avoid 
exhaustion of the soil and increase SOC and nitrogen fixa-
tion. Further benefits can be gained where attributes of 
these crops act together to maintain or enhance produc-
tion levels [19, 20]. Thus, by using a set of more diverse 
crops or by introducing perennial grasses that improves 
SOC sequestration, the productivity can be increased at the 
same time as minimising environmental impacts [21, 22].

The effect of different crop rotations on yields has often 
been tested in long-term (decades) agricultural experi-
ments, where SOC has been a factor monitored in the 
experiments but not always as the key objective of the 
study [23]. Similarly, the impacts of crop rotation on 
SOC have, as far as we know, not been comprehensively 
synthesised to date. Whether this is due to the complex-
ity of crop management or to a lack of knowledge of the 
contribution of combinations of crops to SOC is yet to be 
shown. Calculations have indicated that perennial forages 
can provide more below-ground SOC than the common 
crops, especially if crop residues are not returned or if 
the perennial forages are discontinued [24], for example, 
and diverse crop rotations that involve perennial forage 
crops (with high contributions to belowground SOC) can 
be important for SOC, although such impacts have not 
been commonly studied [25].

Identification of the topic
The subject of crop rotation was originally identified and 
included in the previously published systematic map [26] 
following discussions with Swedish stakeholders, including 
the Swedish Board of Agriculture. Following completion of 
the systematic map, several groups of crop rotation were 
identified as potential topics for full systematic review 

based on a number of key criteria: the presence of suffi-
cient reliable evidence; the relevance of the topic for stake-
holders; the benefit of a systematic approach to a topic that 
has received some attention in traditional reviews; and the 
added value of investigating effect modifiers and sources of 
heterogeneity across studies via meta-analysis. In March 
2016, the topic was accepted for full systematic review fol-
lowing discussion with a committee of international scien-
tists (Mistra EviEM ExComm).

Objective of the review
The effects of crop rotations on SOC have previously 
been reviewed [27, 28] and various authors have inves-
tigated topics such as inclusion of leys [25], legumes 
[21], or crop combinations [29]. However, none of these 
reviews have been systematic in nature. Therefore, the 
objective is to systematically review and synthesise exist-
ing research pertinent to selected crop rotation practices 
in warm temperate and snow climate zones (see “Popu-
lation” below for details) using, as a basis, the evidence 
identified within a recently completed systematic map 
[26]. The systematic map aimed to collate evidence relat-
ing to the impacts of all agricultural management on soil 
organic carbon in boreo-temperate regions.

The primary question in this systematic review is “What 
is the effect of different crop rotations on soil organic car-
bon (SOC) in boreo-temperate systems?” This is a fairly 
broad question, but it will be split into three questions 
with different sets of interventions and comparators. 
The rationale behind this is that while many studies have 
compared crop rotations with monocultures (single crop 
farming systems), a significant amount of studies have 
compared different crop rotations with each other [26]. 
The first question will address the effect of any crop rota-
tion relative to monocultures, and the other two questions 
will address the effect of specific crop rotations relative 
to other crop rotations. These questions are very closely 
related to each other, and therefore it seems sensible to 
combine them in one systematic review. Although the 
effect of specific crop rotations will be evaluated through 
sub-group analyses within the first question, a large por-
tion of the evidence base would be ignored if direct com-
parisons between different crop rotations were to be 
excluded. The three questions this review will address are:

1.	 What is the effect of crop rotation on soil organic 
carbon in boreo-temperate systems?

2.	 What is the effect of crop rotations involving legumi-
nous plants on soil organic carbon in boreo-temper-
ate systems?

3.	 What is the effect of crop rotations involving sown 
perennial crops on soil organic carbon in boreo-tem-
perate systems?
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Elements of the systematic review questions

Population:	� Arable soils in agricultural regions 
from the warm temperate climate zone 
(fully humid and summer dry, i.e., 
Köppen–Geiger climate classification; 
Cfa, Cfb, Cfc, Csa, Csb, Csc) and the 
snow climate zone (fully humid, i.e., 
Köppen–Geiger climate classification; 
Dfa, Dfb, Dfc) [30] (see Fig. 1).

Outcome:	� SOC (measured as either concentra-
tion or stock).

Question 1

Intervention:	� Crop rotations including rotational 
cycles extending for 2 years or more.

Comparator:	� Monocultures.

Question 2

Intervention:	� Crop rotations involving sown legumi-
nous plants.

Comparator:	� Crop rotations not including sown 
leguminous plants.

Question 3

Intervention:	� Crop rotations involving sown peren-
nial crops (>1 year).

Comparator:	� Crop rotations including only sown 
annual crops.

Methods
Searches
Original systematic map search
Searches of 17 bibliographic databases were under-
taken as part of the published systematic map between 
the 16th and 19th September 2013 [26]. This search was 
broader than just crop rotation, including also interven-
tions relating to amendments, fertilisers and tillage (some 
24,500 results were retrieved). These searches were sup-
plemented by searches for grey literature via web search 
engines and organisational websites, and by searches 
of the bibliographies of 127 relevant reviews and meta-
analyses identified during screening of literature for the 
systematic map. No literature was provided by experts 
or stakeholders. The numbers of articles included in the 
systematic map and relevant for this systematic review 
are shown in Table 1. Full details for all searches can be 
found in supplementary information accompanying the 
systematic map described in Haddaway et al. [26].

Fig. 1  World map of Köppen–Geiger climate classification (From Kottek et al. [30])
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Updated search
Bibliographic databases  A search update will be under-
taken to capture research published since the original 
search in September 2013. The update will be restricted to 
four bibliographic databases: (1) Academic Search Premier 
(https://www.ebscohost.com/academic/academic-search-
premier), (2) PubMed (https://www.ncbi.nlm.nih.gov/
pubmed), (3) Scopus (https://www.elsevier.com/solutions/
scopus), (4) Web of Science Core Collection (http://apps.
webofknowledge.com/), and one academic search engine, 
Google Scholar (https://scholar.google.se/), which has 
been shown to be effective at identifying both academic 
and grey literature [31]. The use of a larger number of data-
bases during conduct of the systematic map resulted in a 
large number of duplicates but supplied no additional rel-
evant studies. Only English language search terms will be 
used, but all articles identified in Danish, English, French, 
German, Italian, and Swedish will be included (non-Eng-
lish articles often have an abstract in English and may in 
that way be retrieved in the searches). Based on the find-
ings in the systematic map [26], we do not believe that the 
bias potentially introduced by the restriction to English 
language search terms will be critical.

In bibliographic databases the following search string 
will be used to search on ‘topic words’ combined with 
Boolean operators. This search string has been adapted 
from the original string used in the published systematic 
map [26] to specifically target the crop rotation subjects 
identified above and restricted to the period since the 
original search was undertaken (September 2013):

soil* AND (arable OR agricult* OR farm* OR crop* 
OR cultivat*) AND (legume$ OR pulse$ OR “green-
manure” OR alfalfa$ OR lupin$ OR bean$ OR pea$ 
OR lentil$ OR clover OR soy OR soybean$ OR per-
ennial$ OR grass* OR ley$ OR permaculture OR 
rotation OR monoculture OR “mono culture”) AND 
(“soil organic carbon” OR “soil carbon” OR “soil C” 
OR “soil organic C” OR SOC OR “carbon pool” OR 
“carbon stock” OR “carbon storage” OR “soil organic 
matter” OR SOM OR “carbon sequestrat*” OR “C 
sequestrat*”)

[the underlined text indicates modifications to the orig-
inal systematic map search string]

The wildcards * and $ represent any number of charac-
ters and exactly zero or one character, respectively.

Internet searches  In Google Scholar the following search 
string will be used and the first (up to) 1000 records down-
loaded for both title and full text searches:

soil AND carbon AND (rotation OR legume OR 
monoculture OR perennial OR fallow OR ley OR 
annual OR alfalfa OR pulse)

Search results from Google Scholar will be extracted 
using web searching software [32] for the date range 
2013–2017. A maximum of 1000 results (ordered by 
an undisclosed algorithm) is extractable from Google 
Scholar for any one search.

Supplementary searches  Reviews and meta-analyses 
identified through screening of search results from the 
search update described above will be subject to an addi-
tional screening process, whereby the bibliography of 
each article is screened for potentially relevant articles.

Article screening and study inclusion criteria
A total of 735 studies have already been identified as part 
of the recent systematic map [26]. These studies were 
originally assessed according to inclusion criteria prede-
fined in the systematic map protocol [33]. The original 
inclusion criteria were modified to include only studies 
investigating crop rotation practices. The inclusion cri-
teria for the primary question used to screen all stud-
ies (including the original crop rotation studies and the 
updated search results) are as follows:

Relevant populations:	� Arable soils in agricultural 
regions from the warm tem-
perate climate zone (fully 
humid and summer dry, i.e., 
Köppen–Geiger climate clas-
sification; Cfa, Cfb, Cfc, Csa, 
Csb, Csc) and the snow cli-
mate zone (fully humid, i.e., 
Köppen–Geiger climate clas-
sification; Dfa, Dfb, Dfc). Fig-
ure  1 displays the geographi-
cal regions covered by these 
zones. These zones were 
selected due to their relative 
homogeneity and relevance to 
the Swedish environment.

Relevant intervention 1:	� Any crop rotation including 

Table 1  Number of  studies investigating different crop 
rotation impacts on soil organic carbon in systematic map

a  Codes within parenthesis refer to categories used in the systematic map by 
Haddaway et al. [26]

Review questiona Number  
of studies

Number of  
studies with  
data for  
meta-analysis

Crop rotations-vs-monocultures (1.1) 132 62

Rotations with-vs-without legumes (1.2.1) 138 71

Rotations with perennials-vs-annuals (1.3) 60 29

https://www.ebscohost.com/academic/academic-search-premier
https://www.ebscohost.com/academic/academic-search-premier
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed
https://www.elsevier.com/solutions/scopus
https://www.elsevier.com/solutions/scopus
http://apps.webofknowledge.com/
http://apps.webofknowledge.com/
https://scholar.google.se/
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rotational cycles extending for 
two years or more.

Relevant comparator 1:	� Monocultures where only one 
annual crop is grown per year.

Relevant intervention 2:	� Crop rotations involving 
sown leguminous plants. Leg-
umes may include the follow-
ing: alfalfa/lucerne, species 
of the genus Cajanus (such 
as pigeon pea), chickpea, clo-
ver, cowpea, species of the 
genus Dolichos, fava/broad 
bean, field beans, lablab, len-
tils, lupin, peanut, soybean, 
velvet bean, and vetch. Some 
studies refer to only ‘pulses’ or 
‘legumes’.

Relevant comparator 2:	� Crop rotations not including 
sown leguminous plants.

Relevant intervention 3:	� Crop rotations including 
sown perennial crops among 
the annual crops. Perennial 
crops are defined as any per-
ennial species that is grown 
without tillage or other 
destruction of vegetation for 
2 growth seasons. Perennial 
crops include: legumes or/and 
grass species, also described 
as fallow, grass, meadow or 
ley.

Comparator 3:		�  Crop rotations including only 
sown annual crops.

Relevant outcomes:	� Soil carbon measures, includ-
ing: soil organic carbon 
(SOC), total organic carbon 
(TOC), total carbon (TC), and 
soil organic matter (SOM). 
This may be expressed either 
as a concentration (e.g. g/kg 
or  %) or as a stock (e.g. Mg/
ha).

Relevant study types:	� Field studies examining inter-
ventions that have lasted at 
least 10  years to ensure that 
changes in soil carbon are 
detectable [34].

Every study identified via the update will be screened 
through three stages: title, abstract and full text. At each 
level, records containing or likely to contain relevant 

information will be retained and taken to the next stage. 
Where information is lacking (e.g., where abstracts are 
missing), the record will be retained and screened at next 
stage in order to be conservative. Records that cannot be 
obtained in full text will be recorded and reported. A list 
of all articles excluded at full text, with reasons for exclu-
sion, will be provided in an additional file. Screening 
will be performed by one reviewer, and a subset of 10% 
of the records at each level will be screened by a second 
reviewer. A Kappa test [35] will be performed on the dual 
screening at each level to assess the level of agreement. 
Where agreement is lower than moderate (kappa = 0.6), 
discrepancies will be discussed in detail and if needed 
the inclusion criteria will be clarified. To ensure improve-
ment in consistency, a further subset will be screened 
and tested until kappa >0.6.

Study quality assessment
Critical appraisal undertaken in the completed systematic 
map
Critical appraisal of relevant studies was undertaken in 
the systematic map to exclude studies that were non-gen-
eralizable or susceptible to bias (e.g. lacking methodolog-
ical details or replication), and to assess the reliability of 
the evidence base. Reasons for exclusion were transpar-
ently recorded for all studies (see supplementary infor-
mation in Haddaway et  al. [26]). To further assess the 
reliability of studies passing the initial critical appraisal, 
five domains were assessed: spatial replication (number 
of spatial replicates); temporal replication (number of 
sampling time points); treatment allocation (e.g. rand-
omized, blocked, purposeful); study duration (length of 
experimental period); soil sampling depth (number and 
extent of soil depth samples taken). For each domain, 
studies were awarded a 0, 1, or 2 for the degree of reliabil-
ity as described in Table  2. Where insufficient informa-
tion was reported a ‘?’ was awarded. See Haddaway et al. 
[26] for full details of the methods used and results from 
the systematic map.

Critical appraisal for this systematic review
The critical appraisal scheme described above will be 
used by two reviewers to assess studies passing the full 
text screening of studies identified in the updated search. 
Studies passing the initial critical appraisal step will then 
be given a ‘low’ or ‘high’ reliability rating using the cod-
ing described in Table 2, with a written justification. The 
rating will be used as a basis for sensitivity analysis in the 
meta-analyses described below. The purpose of retaining 
less reliable studies and performing a sensitivity analysis 
is to investigate whether such studies are likely to show 
results in conflict with more reliable studies, and as single 
studies may be misleading.
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Data extraction strategy
Meta-data will be extracted for all studies. This informa-
tion will include the following: citation; study location 
(country, site, climate zone, latitude and longitude); soil 
type (classification or percent clay/silt/sand); bulk density; 
study description (start year, duration, treatments inves-
tigated, cropping system, experimental design); sampling 
strategy (spatial and temporal replication, subsampling 
(distribution of sampling points), soil sampling depth, car-
bon measurement method). In addition, study findings 
(i.e., quantitative data) will be described (outcome type, 
units, data location, measure of variability) and extracted.

For question 1, crop rotations will be separated into the 
following categories:

1.	 Crop rotations versus monocultures
1.1.	 Rotations involving legumes
1.2.	 Rotations involving fallow with mixed vegeta-

tion or sown leys
1.3.	 Rotations involving cereals only

1.3.1.	Winter crops
1.3.2.	Spring crops

1.4.	 Rotations involving other crops

For questions 2 and 3 crop rotations will be separated 
into the following categories:

2.	 Rotations with versus without legumes
2.1.	 Grain and forage harvested legumes
2.2.	 Unharvested legumes (green mulch)

3.	 Rotations with harvested perennials versus annuals

3.1.	 Short-term perennials (1–2 year of a rotation)
3.2.	 Long-term perennials (>2 year of a rotation)

Meta-data will be extracted into one database describ-
ing all studies, whilst quantitative data (i.e., study find-
ings) will be extracted into separate spreadsheets for 
each study for transparency. Effect sizes for use in meta-
analyses will then be calculated within each of these files 
before being combined for analysis. Effect sizes used in 
analyses will be raw mean difference expressed in g/kg 
for concentrations or kg/ha for stocks. All carbon meas-
ures will be converted to SOC and study findings will 
be standardised according to study duration. In order to 
account for the potentially non-linear nature of changes 
to soil carbon, a categorical coding variable (coded as 
‘short-term’ [10–19  years], ‘medium-term’ [20–29] or 
‘long-term’ [>29]) will be included in meta-analyses as a 
moderator to investigate the influence of study duration. 
Data from studies quoting carbon stocks rather than con-
centrations will be converted to concentration to enable 
equivalent effect sizes to be incorporated in one meta-
analysis. Studies that do not provide bulk density along 
with stocks will be analysed separately as independent 
tests of stocks data (where universal soil depth limits can 
be ascertained across the evidence base). Data extraction 
will be performed by two reviewers. To check repeatabil-
ity a subset of 10% of the included articles will initially 
be subject to data extraction by both reviewers. Results 
will be compared and any discrepancies will be discussed 
until consensus is reached. The extracted data records 
will be made available as additional files.

Table 2  Critical appraisal criteria

a  Experimental designs are described by Singh and Masuku [36]

Variable Value Score

Spatial (true) replication 2 replicates 0

3–4 replicates 1

>4 replicates 2

Temporal replication ≤3 replicates 0

4–6 replicates 1

>6 replicates 2

Treatment allocation (as described for  
the full experimental designa)

Purposive (selective) 0

Split-/strip-plot/Latin square/blocked/randomised/exhaustive 2

Duration of experiment 10–19 years 0

20–29 years 1

≥30 years 2

Soil sampling depth Shallow (maximum depth ≤15 cm) single or multiple sampling 0

Plough layer (maximum depth 15–25 cm) single or multiple sampling, or deep (maximum 
depth >25 cm) single sampling

1

Multiple deep sampling (maximum depth >25 cm) 2
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Potential effect modifiers and reasons for heterogeneity
Data related to key sources of heterogeneity, which will 
be extracted after critical appraisal, include climate zone, 
latitude, longitude, and soil type (classification or tex-
ture), tillage (intensity and depth), and application of fer-
tilisers, organic amendments such as slurry and manure, 
or harvested crop residues. These potential modifiers 
were identified by a team of methodological experts and 
open for public stakeholder comment. They will be used 
in meta-analyses to account for significant differences 
between studies, as described below in Synthesis. All 
studies used in this review will be long-term (>10 years) 
agricultural sites, and so the impacts of interventions will 
all be investigated in relation to implementation of alter-
native agricultural practices on similar land-use types. 
Where possible, baseline data will be used to account for 
variability within studies.

Data synthesis and presentation
A narrative synthesis of the evidence base will be under-
taken using tables and figures that both describe the evi-
dence base itself and the findings of individual studies. In 
addition, meta-analysis will be performed where possible, 
as described below.

The questions will be answered by synthesising studies in 
three sets of meta-analyses; one for each question. Where 
studies include a combination of legumes, perennials and 
other crop rotations these will be analysed in each case by 
including these confounded studies in a sensitivity analy-
sis: e.g. where monocultures of cereals are compared with 
rotations involving legumes, these data will be included 
in either analysis as a supplementary group of studies fol-
lowing analysis of studies that are not confounded (e.g. 
monocultures of cereals versus monocultures of legumes). 
Adjustment of significance thresholds will be undertaken 
accordingly to avoid multiplicity of p values.

The meta-analyses will be performed on SOC data 
from the upper soil layer 0–30  cm, as studies have 
recorded SOC across a number of soil depths of the 
upper layer. SOC data from deeper soil layers (>30  cm) 
are less frequent [26] and not included in this review. The 
data in the meta-analysis will be given a depth correc-
tion factor to weight data that came from a soil layer less 
than 30 cm. This factor will be calculated as the fraction 
of the profile covered by the data (e.g. a value of 0.67 for 
0–20 cm depth). Where data overlap the 30 cm boundary 
a maximum value of 1 will be used. This approach is con-
servative, since SOC concentration generally decreases 
with depth.

Sensitivity analyses
Studies may not be includible in meta-analysis where 
they do not report one of three key variables for each 

treatment: mean, variability measure (e.g. standard 
deviation), and sample size (true spatial replication) 
[37]. Many studies identified in the systematic map by 
Haddaway et  al. [26] failed to report suitable measures 
of variability across all treatments that would facilitate 
meta-analysis. However, in some instances an overall var-
iability measure across intervention groups is provided 
or may be calculated that may be used as an estimate of 
variability. Furthermore, some studies report other sum-
mary results that may be sufficient to calculate variability 
either between or across interventions. For these cases 
where variability is estimated, sensitivity analysis will be 
performed both with and without the estimated vari-
ability studies to investigate the influence of less reliable 
measures on the review findings. As described above in 
Critical Appraisal, sensitivity analysis will also be per-
formed to investigate the influence of ‘low’ reliability 
studies on the review findings.

Accounting for multiplicity of p values
Since several subgroup analyses and sensitivity analyses 
will be undertaken, the threshold for p value significance 
should be adjusted conservatively depending on the 
number of a priori tests performed. Emphasis will also be 
put on the magnitude of statistically significant findings 
(i.e., biological significance will be discussed rather than 
significance itself ).

Meta-analyses will be summarised in tables (for sensi-
tivity analysis and subgroup analysis results) and in for-
est plots (for meta-analysis outputs). Forest plots will 
be summarised across groups (i.e., by effect modifiers) 
where the number of included studies is substantial. 
The potential risk of publication bias will be investigated 
through funnel plots.
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