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Abstract 

Background: The loss of carbon (C) from agricultural soils has been, in part, attributed to tillage, a common prac-

tice providing a number of benefits to farmers. The promotion of less intensive tillage practices and no tillage (NT) 

(the absence of mechanical soil disturbance) aims to mitigate negative impacts on soil quality and to preserve soil 

organic carbon (SOC). Several reviews and meta-analyses have shown both beneficial and null effects on SOC due to 

no tillage relative to conventional tillage, hence there is a need for a comprehensive systematic review to answer the 

question: what is the impact of reduced tillage intensity on SOC?

Methods: We systematically reviewed relevant research in boreo-temperate regions using, as a basis, evidence iden-

tified within a recently completed systematic map on the impacts of farming on SOC. We performed an update of the 

original searches to include studies published since the map search. We screened all evidence for relevance according 

to predetermined inclusion criteria. Studies were appraised and subject to data extraction. Meta-analyses were per-

formed to investigate the impact of reducing tillage [from high (HT) to intermediate intensity (IT), HT to NT, and from 

IT to NT] for SOC concentration and SOC stock in the upper soil and at lower depths.

Results: A total of 351 studies were included in the systematic review: 18% from an update of research published 

in the 2 years since the systematic map. SOC concentration was significantly higher in NT relative to both IT [1.18 g/

kg ± 0.34 (SE)] and HT [2.09 g/kg ± 0.34 (SE)] in the upper soil layer (0–15 cm). IT was also found to be significant 

higher [1.30 g/kg ± 0.22 (SE)] in SOC concentration than HT for the upper soil layer (0–15 cm). At lower depths, only IT 

SOC compared with HT at 15–30 cm showed a significant difference; being 0.89 g/kg [± 0.20 (SE)] lower in intermedi-

ate intensity tillage. For stock data NT had significantly higher SOC stocks down to 30 cm than either HT [4.61 Mg/

ha ± 1.95 (SE)] or IT [3.85 Mg/ha ± 1.64 (SE)]. No other comparisons were significant.

Conclusions: The transition of tilled croplands to NT and conservation tillage has been credited with substantial 

potential to mitigate climate change via C storage. Based on our results, C stock increase under NT compared to HT 

was in the upper soil (0–30 cm) around 4.6 Mg/ha (0.78–8.43 Mg/ha, 95% CI) over ≥ 10 years, while no effect was 

detected in the full soil profile. The results support those from several previous studies and reviews that NT and IT 

increase SOC in the topsoil. Higher SOC stocks or concentrations in the upper soil not only promote a more produc-

tive soil with higher biological activity but also provide resilience to extreme weather conditions. The effect of tillage 

practices on total SOC stocks will be further evaluated in a forthcoming project accounting for soil bulk densities and 

crop yields. Our findings can hopefully be used to guide policies for sustainable management of agricultural soils.
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Background
Soils contain the largest terrestrial carbon (C) pool that is 

sensitive to changes in land use and agricultural manage-

ment practices. Indeed, soils could provide a vital ecosys-

tem service by acting as a C sink, potentially mitigating 

climate change [1–3]. Consequently, changes in soil C 

could affect atmospheric  CO2 concentration. Approxi-

mately 12% of soil C is held in cultivated soils [4], which 

cover around 35% of the terrestrial land area of the planet 

[5].

Arable soils are under considerable threat due to unsus-

tainable cultivation practices. It has been estimated that 

US soils may have lost between 30 and 50% of the SOC 

that they contained prior to the establishment of agricul-

ture there [6]. �is has been attributed to loss of C from 

agricultural soils due to the advent of the plough [e.g. 7], 

indicating that agricultural soils may have a potential to 

mitigate climate change through C sequestration [8, 9]. 

Besides climate change, SOC has a number of potential 

associated benefits, including: increased soil fertility [10, 

11]; improved biological and physical soil characteris-

tics [12] via a reduction in bulk density, improved water-

holding capacity and enhanced activity of soil microbes 

[13] (although this may increase  CO2 emission). Promot-

ing SOC also often increases soil biodiversity and ecosys-

tem functions that can enhance agricultural productivity 

by mediating nutrient cycling, soil structure formation, 

and crop resistance to pests and diseases [14].

Historically, tillage has been performed because of a 

number of benefits associated with the practice. �ese 

benefits include: loosening and aeration of topsoil, facili-

tating planting and seedbed preparation; mixing of crop 

residues into the soil; mechanical destruction of weeds; 

drying wetter soils prior to seeding; allowing frost-

induced disturbance of the soil when undertaken prior to 

winter.

However, conventional tillage may increase compac-

tion of soil below the depth of tillage (i.e., formation of 

a plough pan), the susceptibility to water and wind ero-

sion and the energy costs for the mechanical operations 

[15]. In recent years, the promotion of less intensive till-

age practices (also referred to as conservation tillage 

or reduced tillage) and no tillage (NT) (the absence of 

mechanical soil disturbance) agricultural management 

has sought to mitigate some of these negative impacts 

on soil quality and to preserve SOC. �ese practices 

aim at maintaining organic matter on the surface or in 

the upper soil layer thereby increasing SOC concen-

tration especially in the topsoil [16, 17]. A reduction in 

the need for mechanical tillage practices reduces energy 

consumption and C emissions through the use of fossil 

fuels [18], whilst also reducing labour requirements [19], 

but this benefit may be outweighed to a certain extent 

by the increased requirements for pesticides, especially 

herbicides. Furthermore, reduction of tillage activities 

has been associated with a loss of yield by a number of 

authors [20]; in one case, 8.5% lower yield for NT relative 

to conventional tillage [21]. Moreover, higher  N2O emis-

sions can occur with reduced or NT, due to moister and 

denser soil conditions, which may eventually offset posi-

tive effects on SOC balances [22, 23].

Alvarez [24] recognised the need for a broad synthetic 

approach to assess the impact of agricultural manage-

ment. As such, a number of authors have reviewed 

the impact of tillage on soil C [e.g. 8, 17, 24–28]. �ese 

reviews and meta-analyses have shown both beneficial 

[8, 17] and null [29, 30] effects on SOC due to NT rela-

tive to conventional tillage. Furthermore, the efficacy of 

reduced tillage relative to NT is also unclear [24, 26]. Dis-

crepancies may depend on whether total SOC stocks are 

measured or only presented as the SOC concentration, 

and also whether they are measured only in the upper 

soil layers or are reported accounting for the full soil 

profile [31]. Whilst some advantages of conservation till-

age are clear (e.g. reduced erosion and reduced fuel con-

sumption), other impacts (e.g.  N2O emission, crop yield, 

SOC sequestration) can be variable [31]. What seems 

to be decisive for the direction of SOC changes is the 

effect of tillage on net primary production (NPP). If NPP 

increases due to certain tillage practices, SOC stocks are 

more likely to increase and vice versa [32]. �e purpose 

of this systematic review is to identify the state-of-the-art 

results regarding the so far inconclusive effects of tillage 

on SOC in a comprehensive, transparent and objective 

manner.

Identi�cation of the topic

�e subject of tillage was originally identified and 

included in the previously published systematic map [33] 

following in depth discussion with Swedish stakeholders, 

including the Swedish Board of Agriculture. Following 

completion of the systematic map, tillage was identified 

as a candidate topic for full systematic review based on a 

number of key criteria: the presence of sufficient reliable 

evidence, the relevance of the topic for stakeholders, the 

applicability of the topic for the Swedish environment, 

the benefit of a systematic approach to a topic that has 

received some attention via traditional reviews, and the 

added value of investigating effect modifiers and sources 

of heterogeneity across studies via a large meta-analysis. 

�e topic was proposed and accepted during a meeting 

of the authors in May 2015.

Objective of the review

We hypothesise that reduced or NT will mitigate losses 

of soil carbon as compared to more intensive ploughing 
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[16, 17]. However, reduced tillage is assumed to have 

effects on SOC in the surface of the soil but not always 

through deeper soil layers [31]. Hence, we also test effects 

of reduced tillage from experiments with measurements 

in the upper 15 cm and deeper in the soil profile.

�e effects of tillage on SOC have previously been 

reviewed [e.g. 8, 17, 24–28, 34] but as yet none of these 

reviews has been systematic in nature. �e objective of 

this review is to systematically review and synthesise 

existing research pertinent to tillage practices in warm 

temperate and boreal regions (see Relevant subject below 

for details) using, as a basis, the evidence identified 

within a recently completed systematic map [35, 36]. �is 

systematic map aimed to collate evidence relating to the 

impacts of all agricultural management on soil organic 

carbon in boreo-temperate regions.

Primary Question: What is the effect of tillage intensity 

on soil organic carbon (SOC)?

Secondary Question: How do other factors interact 

with tillage to affect SOC?

Subject: Arable soils in agricultural regions from the 

warm temperate climate zone (fully humid and sum-

mer 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).

Interventions: Any described reduced tillage practice 

(including NT, reduced tillage, rotational tillage, conven-

tional tillage).

Comparators: More intensive tillage practice (including 

the above tillage practices along with subsoiling). Also 

before/after comparisons for single tillage treatments.

Outcomes: SOC (measured as either concentration or 

stock).

Methods
�is systematic review was conducted in accordance with 

a CEE systematic review protocol [37].

Searches

Original systematic map search

Searches of 17 academic databases were undertaken as 

part of the published systematic map between the 16th 

and 19th September 2013 [see 33]. �is search was 

broader than just tillage, including also interventions 

relating to amendments, fertilisers and crop rotations 

(some 750 studies in total). �ese academic database 

searches were supplemented by searches for grey litera-

ture via web search engines and organisational websites, 

and by searches of the bibliographies of 127 relevant 

reviews and meta-analyses identified during the course 

of the systematic map. Full details for all searches can be 

found in Additional files accompanying the systematic 

map described in Haddaway et al. [37].

Search update

A search update was undertaken in September 2015 to 

capture research published since the original search in 

September 2013. �e update was restricted to four aca-

demic databases, Academic Search Premier, Pub Med, 

Scopus, Web of Science (Web of Science Core Collection, 

BIOSIS Citation Index, Chinese Science Citation Data-

base, Data Citation Index, SciELO Citation Index), and 

one academic search engine, Google Scholar, which has 

been shown to be effective at identifying both academic 

and grey literature [38]. �e choice to reduce the number 

of citation databases was driven by observations made 

during the undertaking of the systematic map, where a 

large number of duplicates was identified in many of the 

databases used. Only English language search terms was 

used for the update, but any articles identified in Dan-

ish, English, French, German, Italian, and Swedish were 

included.

Search strategy

�e following search string was used in the academic 

databases mentioned above to search on ‘topic words’ 

(i.e. titles, abstracts and keywords). �is search string has 

been adapted from the original string used in the pub-

lished systematic map [36] to identify specifically tillage 

research 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 (till* OR “no till*” OR “reduced 

till*” OR “direct drill*” OR “conservation till*” OR 

“minimum till*”) AND (“soil organic carbon” OR 

“soil carbon” OR “soil C” OR “soil organic C” OR 

SOC OR “carbon pool” OR “carbon stock” OR “car-

bon 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]

In Google Scholar the following search string was used 

and the first 1000 records for full text searches and all 163 

title searches were downloaded:

soil AND carbon AND (till OR tillage OR “reduced 

tillage” OR “conservation tillage” OR “no tillage” OR 

“direct drill” OR “minimum till*”)

Searches were restricted to 2013–2015 and down-

loaded using web crawling software [38, 39].
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Additional bibliographic checking

One review was identified through screening of search 

results from the search update [40]. �e bibliography of 

this review article was screened for potentially relevant 

articles that may have been missed by the searches. Six 

additional articles were sourced from this checking and 

all articles screened at full text and excluded are listed in 

Additional file 1.

Study inclusion criteria

A total of 311 studies were already identified as part of 

the recent systematic map [33]. �ese studies were origi-

nally assessed according to predefined inclusion criteria 

[see 36] as part of the systematic map. �ese original 

inclusion criteria were modified for the purposes of this 

systematic review by the inclusion of a requirement for 

studies to have investigated tillage interventions. �e 

inclusion criteria used to screen all studies (including the 

original 311 studies and the updated search results) were 

as follows:

Relevant subject:  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). 

�ese zones were selected 

due to their relative homo-

geneity and relevance to the 

Swedish environment. Studies 

involving agroforestry, paddy 

or rice cropping systems were 

excluded.

Relevant interventions:  All tillage practices identified 

iteratively within the evidence 

base. Such practices include: 

NT (also described as direct 

drill); reduced, minimum or 

conservation tillage (i.e. chisel 

plough, disc plough, har-

row, mulch plough, ridge till); 

rotational tillage (i.e. non-

annual, regular tillage); con-

ventional tillage (i.e. mould-

board plough); subsoiling. We 

appreciate that some tillage 

practices classified above as 

reduced tillage may be inten-

sive, and all described till-

age practices will be assessed 

on an individual basis before 

classifying them broadly as 

NT, intermediate intensity 

tillage (IT) (any non-inver-

sion tillage performed above 

40 cm depth), and high inten-

sity tillage (HT) (any inver-

sion tillage or non-inversion 

tillage performed to 40 cm or 

below).

Relevant comparators:  Any comparison between dif-

ferent intensities of tillage 

from NT to intensive tillage. 

Additionally, studies will be 

included that make compari-

sons of single interventions 

from before relative to after 

the intervention.

Relevant outcomes:  Soil C measures, including: 

soil organic carbon (SOC), 

total organic carbon (TOC), 

total carbon (TC) (where 

soils are shown to be free of 

carbonates), and soil organic 

matter (SOM). �is may be 

expressed either as a concen-

tration (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 C are detect-

able [41].

Only research written in Danish, English, French, Ger-

man, Italian, Norwegian, and Swedish were included in 

the review. Potentially relevant research identified in 

other languages was reported in Additional file. Every 

study identified via the update was screened through 

three stages: title, abstract and full text. At each level, 

records containing or likely to contain relevant informa-

tion were retained and taken to the next stage. Where 

information was lacking (for example where abstracts are 

missing), the record was retained in order to be conserva-

tive. Following abstract screening full texts were retrieved 

and those that could not be obtained were documented 

as such (see Additional file  1: Bibliographic database 
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search record.xlsx, Additional file  2: Unobtainable arti-

cles.xlsx, Additional file 3). Screening was performed by 

one reviewer (NRH), immediately following screening 

of full texts for the systematic map [33]. A Kappa tests 

[42] for consistency checking were performed to assess 

the level of agreement amongst members of the review 

team (NRH, KH and HBJ), indicating high agreement at 

abstract (kappa = 0.75) and full text (kappa = 0.72) using 

a subset of 198 and 120 records at each level, respectively.

Potential e�ect modi�ers and reasons for heterogeneity

All studies included in this review were subject to extrac-

tion of meta-data (see Data Extraction, below), which 

included the extraction of data regarding key sources of 

heterogeneity, namely: climate zone, latitude, longitude, 

and soil type (classification or texture). �ese potential 

modifiers were used in meta-analyses to account for sig-

nificant differences between studies, as described below in 

synthesis. All studies used in this review were long-term 

agricultural sites, and so the impacts of interventions were 

investigated in relation to implementation of alternative 

agricultural practices on similar land-use types.

Critical appraisal of study validity

Critical appraisal undertaken in the completed systematic 

map

�e completed systematic map undertook critical 

appraisal of the included studies for the purposes of 

excluding unreliable studies that were highly suscepti-

ble to bias (such as those lacking details on methods, or 

those with no replication) or non-generalisable and to 

assess the reliability of the evidence base. Reasons for 

exclusion were transparently recorded for all studies [see 

additional information in 33]. In addition to excluding 

studies that were highly susceptible to bias, five domains 

were assessed for study reliability for those studies pass-

ing the initial assessment: spatial replication (number of 

spatial replicates); temporal replication (number of time 

samples); treatment allocation (e.g. randomised, blocked, 

purposeful); study duration (length of the experimen-

tal period); soil sampling depth (the number and extent 

of soil depth samples taken). For each of these domains, 

studies were awarded a 0, 1, or 2 for the degree of reliabil-

ity as described in Table  1. Where insufficient informa-

tion was reported a ‘?’ was awarded. See Haddaway et al. 

[33] for full details of the methods used and results from 

the systematic map.

For the purposes of critically appraising studies in 

this systematic review, two of the domains described 

above (spatial replication and treatment allocation) were 

summed and scores of 3 or 4 (maximum of 4) were given 

an appraisal category of ‘high’ validity, whilst those of 2 or 

below were assigned a ‘low’ validity category. Temporal 

replication was excluded from the final critical appraisal 

categorisation, since the majority of studies were sin-

gle time point studies. Duration of the experiment and 

sampling depth were excluded because they will be 

accounted for during statistical modelling within meta-

analyses. Where any of the original 5 domains assessed 

in the systematic map had been awarded a ‘?’, indicating 

a lack of information, these studies were assigned a cat-

egory of ‘unclear’. Following critical appraisal, 3 studies 

were excluded on account of unacceptable susceptibility 

to bias (see Additional file 3).

Table 1 Critical appraisal criteria for �ve domains used in the systematic map by Haddaway et al. [33]

Italics text indicates the domains used for critical appraisal in the full systematic review described herein

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 design)

Purposive (selective) 0

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

Duration of experiment (years) 10–19 0

20–29 1

≥ 30 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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Data extraction strategy

Meta-data were extracted for all studies. �is informa-

tion included the following: citation; study location 

(country, site, climate zone, latitude and longitude); 

soil type (classification or percent clay/silt/sand); study 

description (start year, duration, treatments investigated, 

cropping system, experimental design); sampling strategy 

(spatial and temporal replication, subsampling, soil sam-

pling depth, C measurement method). In addition, quan-

titative data (i.e. study findings) were described (outcome 

type, units, data location, measure of variability, presence 

of bulk density) and extracted. Tillage categories for fur-

ther synthesis were assessed as belonging to one of the 

following three categories: NT, IT and HT. As discussed 

above, IT corresponds to methods that do not invert the 

soil profile and that are performed above 40  cm depth 

(e.g. disk and chisel tillage). HT corresponds to methods 

that invert the soil profile (e.g. mouldboard plough and 

ridge tillage), along with very deep non-inversion till-

age performed to 40  cm depth or below (i.e. very deep 

chisel tillage or subsoiling). �is assessment was under-

taken by extracting all interventions in the evidence base 

(machinery, tillage depth and timing) and building a cod-

ing tool iteratively. Where information was insufficient to 

readily allow coding, information gaps were filled using 

meta-data from other articles based at the same experi-

mental site or using consensus during a meeting of the 

review team. Where consensus could not be reached, 

studies were excluded for a lack of information regard-

ing the intervention (see Additional file  3). �is coding 

tool is described in Table 2. Tillage machinery and depth 

were also extracted, and depth was categorised as shallow 

(≤ 15 cm) or deep (> 15 cm).

Data synthesis and presentation

E�ect size calculation

All quantitative data (i.e. study results) were extracted 

from each study as separate spreadsheets (see Addi-

tional file  4). Data were pooled across non-target treat-

ments and exposures (such as slope position) using an a 

priori protocol (see Additional file 5). Data were analysed 

separately as concentrations and stocks (see Synthesis, 

below). Where studies reported bulk density and stocks, 

data were back-transformed into concentration data. 

Where concentrations were reported with bulk densities 

that were separated by depth and by treatment, data were 

converted into stocks using the equation in Additional 

file  5 (see http://www.ncbi.nlm.nih.gov/pmc/articles/

PMC4138211/) and included in both concentration and 

stocks meta-analyses (n = 55 studies, see systematic map 

database in Additional file 6).

Effect sizes All studies reported data in comparable 

units, and as a result, raw mean difference (RMD) was 

used as the effect size for all studies, preserving original 

units (g/kg and Mg/ha) and facilitating understanding 

of meta-analysis outputs. Data were grouped into three 

paired comparisons: no till versus HT, no till versus IT, 

and intermediate tillage versus HT. In each case, effect 

sizes were calculated as the less intensive intervention 

SOC value minus the more intensive intervention SOC 

value. �us, a positive effect size indicates a greater SOC 

value in the more conservative tillage intervention (i.e. 

tillage reduction).

All effect sizes were initially calculated by one reviewer, 

with double-checking of calculations and all extracted 

data by the same reviewer and subsequently by a second 

reviewer.

Measures of variability Standard deviations were 

pooled across treatments, after coefficients of varia-

tion, standard errors and confidence intervals were con-

verted to standard deviations where necessary. Studies 

that reported overall measures of variability (i.e. stand-

ard deviations, standard errors, coefficients of variation, 

confidence intervals) were converted to overall standard 

deviations and identified as estimated measures of treat-

ment variability (since they do not precisely reflect vari-

ability within each treatment). �ese estimated variability 

measures were used in sensitivity analysis to examine 

the importance of accuracy in variability measures dur-

ing meta-analysis. �e following measures were also 

converted to overall standard deviations: least square dif-

ference, p values, and F-statistics. Additional files 4 and 5 

Table 2 Coding tool for tillage intervention categories

Tillage category Description

No tillage No tillage activities undertaken. Also described as direct drill. Some machine activity is present where crops are planted 
or seeds broadcast, or where fertilisers and pesticides are applied. Light scarification of the soil surface may also occur

Intermediate  
intensity tillage

Soil is disturbed to a maximum depth not exceeding 40 cm and using only non-inversion tillage machinery; i.e. the soil 
profile is not inverted by means of turning apparatus such as a mouldboard. Examples include; chisel plough, disking, 
heavy duty cultivator, rotavator, rotary harrow, grubber, and field cultivator

High intensity tillage Full inversion tillage occurs where the soil profile is inverted by means of turning apparatus such as a mouldboard. Non-
inversion tillage to depths of 40 cm or more is also included. Ridge tillage, where soil ridges are built up using sets of 
opposing mouldboards and planted into, is also included

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4138211/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4138211/
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transparently document all processes involved with cal-

culation of effect sizes and measures of variability.

Soil depth profiles Since studies reported soil depth 

across a variety of different depth layer thicknesses, soil 

profiles were split into two or three separate layers for 

independent analysis for stocks and concentration data 

respectively (see Synthesis, below).

For concentration data, these layers were defined as: 

0–15, 15–30, and > 30 cm. In this way, study data were 

aggregated where provided in smaller increments by 

calculating a weighted mean for concentration. Where 

data overlapped one of the above soil layer boundaries 

(i.e. 15 or 30 cm), data were included in the layer above 

if the overlapping layer thickness was no more than 

5 cm deeper than the specified layer. Similarly, data were 

included in the lower layer if the overlap was 3 cm or less. 

�is distinction was made in order to remain conserva-

tive when separating data into three layers, since SOC 

concentration differences between tillage treatments are 

likely to be more pronounced at shallower depths (there-

fore, including data in layers above that which it belongs 

to decreases the chance of finding a significant differ-

ence). �is process is shown in Fig. 1.

All studies reporting SOC concentrations were given 

a depth correction factor for data belonging to each of 

the three depth layers that was used in meta-analysis to 

weight data that came from incomplete soil layers. �is 

number was calculated as the fraction of the profile cov-

ered by the data (e.g. a value of 0.67 for 0–10 cm depth). 

Where data overlapped one full layer a maximum value 

of 1 was calculated. No depth correction factors were cal-

culated for the > 30 cm depth layer, however. �is correc-

tion was avoided for > 30 cm depths since there was no 

lower boundary for this layer relevant to all studies, mak-

ing a weighting disproportionate across studies, and since 

the correlation between SOC concentration and depth 

below this point was deemed to be inconsequential.

For stocks data, these layers were: upper layer 

(0–30 cm) and full profile (0–150 cm). �ese layers were 

chosen since it was felt that there was likely to be a sig-

nificant difference in the impact on SOC stocks based on 

activities in the upper 30 cm that would manifest differ-

ently in the full profile (the maximum measures depth 

was 150 cm). For each of these two layers the full carbon 

content of the soil was calculated down to the maximum 

depth. Studies were either classed as reporting upper or 

lower maximum depths.

Other calculations Soil USDA texture classifications 

[43] were calculated for studies reporting clay, silt and 

sand percentages, and all comparable USDA soil texture 

data was used to describe soil texture in meta-analyses.

Narrative synthesis

An update of the systematic map containing only tillage 

studies was produced and included as an additional file, 

along with a dedicated geographical information sys-

tem (GIS) (see Additional file  6). All studies in the evi-

dence base were also included in tables describing the 

tillage comparisons and quantitative studies results in 

the form of effect sizes and pooled standard deviations. 

�ose studies reporting measures of variability or provid-

ing data from which variability measures could be calcu-

lated were included in meta-analysis (see below). Studies 

reporting only means could not be meta-analysed and for 

these studies and all others, key descriptive characteris-

tics of the evidence base were summarised using series of 

tables and figures.

Meta-analysis

We have performed (and hence report) models in the 

following order: (1) we have plotted meta-analyses with-

out moderators and tested for heterogeneity; (2) where 

significant heterogeneity exists, we have included a 

complete list of moderators that we believe to be bio-

logically significant (see below) and tested for hetero-

geneity again; (3) where significant heterogeneity still 
Fig. 1 Soil depth profiles and depth correction factors used in effect 

size calculation and meta-analysis
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remained we have tested for key significant interactions 

(see below) and included these where they proved to be 

significant.

Model �tting

Meta-analyses were conducted in R [44] using the rma.

mv function the metafor package [45], which allows mod-

erators to be declared as nested random factors. A total 

of 15 separate analyses were undertaken; 9 for concentra-

tion data (separated by 0–15, 15–30, and > 30 cm depth 

layers for each of the three tillage level comparisons [NT-

vs-IT, NT-vs-HT, IT-vs-HT]) and 6 for stocks data (total 

sampling depth across the upper profile (0–30 cm), or the 

full profile (0–150 cm) for each of the three tillage com-

parisons). For all models, study ID (a unique code for 

each independent study) was nested within study site and 

declared as a random factor. All models used maximum 

likelihood (ML) to estimate random effects, which has 

been shown to be appropriate for comparisons between 

like models (unlike restricted maximum likelihood, 

ReML) [46]. In all cases, the following basic model was 

used for both concentration and stock analyses:

where  SOCES, raw mean difference SOC;  SOCref, ref-

erence (i.e. the comparator) SOC value; tillage, paired 

tillage comparison (NT-vs-IT, NT-vs-HT, IT-vs-HT); 

duration, study duration; latitude, decimal latitudinal 

study location; climate, Köppen-Geiger climate zone; 

 depthtill, comparator tillage depth category; soil, soil tex-

ture class; study, study code; site, study site.

�e following key moderators were included and 

retained in all models where the data allowed:  SOCref, 

duration,  depthtill, and soil class. Latitude and climate 

zone were included individually and only retained in the 

models if they were significant. Moderators were chosen 

because they have been widely used by previous authors 

as factors influencing C sequestration, particularly cli-

mate, soil types and texture [47–49].

For comparisons between two different tillage types 

(i.e. IT–HT) an additional moderator  (depthtill–B, inter-

vention tillage depth) was included, and four addi-

tional interactions were tested between  depthtill–B and 

the following three moderators:  SOCHI, duration, and 

soil.

As described above, for each meta-analysis, the full 

model with moderators was tested for residual hetero-

geneity. Where significant residual heterogeneity existed 

in concentration meta-analyses, the models were then 

tested for the significance of interactions one by one. A 

list of important two-way interactions was assembled a 

priori and tested as follows:

SOCES ∼ SOC−ref + duration + depthtill

+ soil + latitude + climate + (∼ study|site)

1. Concentration meta-analysis

1.1. NT–IT/NT–HT comparisons

1.1.1. depthtill *  SOCref

1.1.2. depthtill * duration

1.1.3. depthtill * soil

1.2. IT–HT comparisons

1.2.1. depthtill *  SOCref

1.2.2. depthtill * duration

1.2.3. depthtill * soil

1.2.4. depthtill–B *  depthTILL

1.2.5. depthtill–B *  SOCref

1.2.6. depthtill–B * duration

1.2.7. depthtill–B * soil

where these interactions were significant they were 

retained in the models. Interactions were not tested for 

in stocks data meta-analyses due to low sample size and 

underrepresented subgroups.

When we present our results we present first the results 

of a basic meta-analysis (i.e. models without moderators). 

We then tested for the presence of heterogeneity. Where 

there was no heterogeneity we did not attempt to include 

moderators and finished by testing for bias (publication, 

validity, and variability). Where significant heterogeneity 

existed, we attempted to include moderators as described 

above. We then test for residual heterogeneity. If residual 

heterogeneity remains, we then tested for significance of 

interaction terms. Because of unexplained heterogeneity 

and the risks of overparameterisation, we choose to pre-

sent all models (i.e. both unmoderated and moderated) 

in an attempt to increase transparency. We avoid using 

models with heterogeneity or overparameterisation when 

making conclusions, since these models are not reliable.

Sensitivity analyses

Sensitivity analyses were carried out for each model to 

investigate the influence of critical appraisal categories 

and types of variability measures used. Firstly, for each 

of the 15 models above additional models were fitted 

using just those studies assessed as being ‘high’ validity. 

Secondly, separate models were fitted using only those 

studies that reported individual variability measures (i.e. 

separated by treatment group). For both sets of analy-

ses, the results were compared to the overall model fit to 

examine significant differences in mean effect sizes.

Duplicate studies

Study site was denoted as a random factor in the model, 

accounting for multiple studies being undertaken on 
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some sites. �ere is no clear distinction in the evidence 

base between studies and experiments, since the physical 

experiments exist independently of studies that measure 

their outcomes. Often, single experiments are measured 

multiple times, since they are long-term experimental 

set-ups. Similarly, at any one site experiments can be 

established independent of one another, whilst research 

authors do not typically identify on which fields or plots 

the experiments were undertaken. In order to remain 

conservative in our analysis we could remove all dupli-

cate studies, but this is an inherently challenging task due 

to the lack of detail in the study reports. �erefore, we 

have chosen to retain all studies in our analysis and treat 

each study as a random factor nested within study site 

locations.

Assumptions and other tests Heterogeneity was tested 

for amongst the evidence base by calculating τ2 and 

performing Q/QE tests for heterogeneity/residual het-

erogeneity [50], integrated into the rma functions within 

metafor. Significant heterogeneity indicates the presence 

of a moderator that has not been accounted for in the 

model. Heterogeneity was tested for in simple univari-

ate meta-analysis models (declaring study code and site 

as nested random factors) and again following the addi-

tion of moderators to examine the influence of including 

moderators on residual heterogeneity.

�e presence of publication bias was investigated by 

performing an Egger’s regression test, and by plotting 

funnel plots (effect sizes against standard errors) and 

looking for asymmetry, which is indicative of publication 

bias.

�e influence of individual studies was examined by 

plotting Cook’s Distance for each study [51], pointing out 

small groups of studies with considerable influence in the 

models.

Visualisations

All meta-analyses were plotted as forest plots (provided 

in aditional files) and the summary effect estimates and 

95% confidence intervals combined into single plots for 

each of the concentration and stock sets of analyses. 

Where categorical moderators were significant, boxplots 

for these subgroup analyses were produced using coef-

ficients from full moderated models (having tested and 

then removed the moderators climate zone and latitude 

where necessary). Where continuous moderators and 

interactions were significant, scatterplots for these meta-

regressions were produced using coefficients from full 

moderated models (having tested and then removed the 

moderators climate zone and latitude where necessary). 

Regression lines are plotted from model coefficients that 

account for moderators (and climate zone or latitude 

where significant).

Results
Review descriptive statistics

Numbers of relevant articles/studies and their sources

A total of 288 articles and 351 studies were included 

in the systematic review (see Additional file  3). �e 

search update returned 2338 relevant records, with 1376 

remaining after removal of duplicates (see Fig. 2 for flow 

diagram; Additional file  1 for database search records). 

Following title screening 636 records were excluded, 

and following abstract screening a further 455 were 

excluded, leaving 312 articles to be retrieved for full text 

screening. Some 20 articles could not be retrieved for 

various reasons (see Additional file 2). Full text screen-

ing resulted in the inclusion of 56 articles and 64 studies, 

with 232 articles and 288 studies being included from 

the systematic map (see Additional file  3 for a list of 

studies excluded from the systematic map with reasons, 

respectively).

Articles and studies

�e publication rate of articles within the review demon-

strates an exponential increase over time, with a relatively 

recent history of only 25  years (Fig.  3). �e 57 articles 

identified through the update demonstrate that a high 

proportion of the evidence base (20%) was published in 

the 2 years since the original search was performed (Sep-

tember 2013).

Fig. 2 Flow diagram showing sources of studies in the systematic 

review



Page 10 of 48Haddaway et al. Environ Evid  (2017) 6:30 

Study sites

Across the 351 studies in the review, the most commonly 

studied country was the USA (142 studies), followed by 

Canada (46), and Spain (42) (Table  3). Figure  4 displays 

the discrepancies between the area of arable land and 

the number of studies identified during this systematic 

review. �is identifies several countries that are well stud-

ied relative to the area of arable land: Switzerland, Spain 

and Denmark. �is data should be viewed with caution 

because it does not take into account the area of arable 

land within included climate zones. Table 4 displays the 

number of studies per climate zone, and shows that Cfa 

(humid subtropical, such as the southeaster USA) was 

the most commonly studied zone (123 studies), with Dfb, 

Cfb and Dfa (which have humid climates year-round 

or nearly so) equally represented (63, 60 and 50 stud-

ies, respectively). A total of 213 of the 351 studies (61%) 

allowed common USDA soil texture classes to be calcu-

lated, and for 82 of these 213 studies soil texture classes 

were estimated from sand, silt and clay percentages. A 

further 83 studies that did not provide enough infor-

mation to calculate USDA soil texture classes reported 

some other form of description of the soil type, whilst 37 

studies failed to report any description of the soil at the 

study site.

Study designs and experimental layout

A total of 179 studies (51% of 351 studies) were focused 

purely on investigations of the impacts of tillage, whilst 

the remaining 172 studies included combined paired, fac-

torial, blocked or split plot assessments of other interven-

tions, including: amendments, crop rotation, fertiliser, 

and irrigation. Studies ranged in duration from 10 years 

(the minimum required for inclusion in the review) to 

100  years (Fig.  5). Only 1 study failed to provide infor-

mation about its duration, whilst 20 studies out of 351 

(6%) reported study duration but not the years the study 

took place. Randomisation was common in experimen-

tal designs (228 studies), with blocking (160 studies) and 

split-plot (117 studies) designs also common (Fig.  6). 

Some 29 studies failed to report their study design. Fig-

ures 7 and 8 show the number of true spatial replicates 

and temporal replicates used across the evidence base. 

�e median level of spatial replication was 4 (151 stud-

ies), with 3 replicates also very common (113 studies), 

together forming 75% of the evidence base. Temporal 
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replication was not common, with the majority of stud-

ies (267: 76%) not reporting any repeated sampling. Some 

18 studies failed to report the level of spatial replication, 

whilst only 3 studies failed to report temporal replication.

Soil sampling

A large proportion of the evidence base only sampled 

one soil layer (105 studies), whilst 149 studies (42%) 

sampled 3 or more layers (Fig. 9). Only 1 study failed to 

report the sampling depth measured. �e soil sampling 

depth critical appraisal scoring was undertaken as fol-

lows: ‘0’, shallow (maximum depth  ≤  15  cm) single or 

multiple sampling; ‘1’, plough layer (maximum depth 

15–25  cm) single or multiple sampling, or deep (maxi-

mum depth  >  25  cm) single sampling; ‘2’, multiple deep 

sampling (maximum depth > 25 cm). A total of 95 studies 

were given a score of 0, 118 studies a score of 1, and 138 

studies a score of 2, demonstrating a relatively even dis-

tribution of soil sampling strategies. For studies report-

ing concentration data (see ‘Outcome reporting’ below), 

265 reported data for the 0–15  cm layer, 112 for the 

15–30 cm layer, and 66 for the > 30 cm layer. For studies 

reporting stocks data, the median soil depth sampled was 

between 15 and 30 cm (67 studies), whilst other depths 

were less common: 0–15  cm, 34 studies; 30–75  cm, 29 

studies; > 75 cm, 16 studies.

Outcome reporting

Virtually all studies reported SOC (336 studies), whilst 

a small number reported SOM that was converted to 

SOC as described previously (15 studies). Over half of 

the studies reported concentration data alone (195 stud-

ies: 56%), 92 studies reported only stocks (26%), and 64 

studies (18%) reported both together. Just over half of all 

studies reported bulk densities (183 studies: 52%), with 

similar rates of reporting for studies with concentration 

data (56%) as for studies with stocks data (58%) (Fig. 10). 

A large number of studies failed to provide measures 

of variability (i.e. standard deviation, standard error, 

95% confidence intervals and coefficients of variation) 

around their means (111 concentration studies, 41%; 85 

stocks studies, 58%), precluding them from inclusion in 

any form of meta-analysis. Relatively few studies pro-

vided variability measures separated by tillage treatment 

groups (30 and 24% for concentration and stocks stud-

ies, respectively), however, the body of evidence that was 

meta-analysable was greater than these numbers, since 

some studies provided overall variability measures (for 

treatments groups combined, some form of pooled meas-

ure), some studies provided raw data, and some studies 

provided p values and least square difference (LSD) val-

ues that permitted pooled or individual variability meas-

ures to be calculated (Table  5). �e use of these other 

forms of variability measure allowed us to increase the 

meta-analysable body of evidence from 81 to 160 studies 

for concentration data meta-analyses, and from 35 to 61 

studies for stocks data meta-analyses.

Tillage treatment comparisons

Comparisons between NT and HT were the most com-

mon (200 studies: 57%), with NT versus IT studied in 101 

studies (29%), and IT versus HT studied in just 50 studies 

(14%). Tillage depth for HT studies was most commonly 

deep (148 studies), with relatively few shallow (19 stud-

ies), and a large number of undescribed tillage treatments 

(51 studies). Mouldboard ploughing (169 studies), very 

deep (≥ 40 cm) chisel tillage (24 studies) also referred to 

as sub-soiling, and ridge tillage (17 studies) were the most 

frequently described methods for HT (Table  6). Tillage 

Table 3 Number of studies per country in the review

Continent Study country Number of studies

Africa Morocco 2

Africa South Africa 1

Asia China 1

Asia Syria 1

Australasia Australia 21

Australasia New Zealand 1

Europe Spain 42

Europe Germany 17

Europe Denmark 7

Europe Italy 6

Europe Finland 4

Europe UK 4

Europe France 3

Europe Sweden 3

Europe Switzerland 3

Europe Czech Republic 2

Europe Lithuania 2

Europe Austria 1

Europe Belgium 1

Europe Ireland 1

Europe Norway 1

Europe Poland 1

Europe Serbia 1

Europe Slovakia 1

Europe Ukraine 1

North America USA 142

North America Canada 46

South America Brazil 25

South America Argentina 6

South America Uruguay 3

South America Chile 1
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depth for IT studies (studies comparing NT with IT) was 

most commonly shallow (71 studies), with slightly fewer 

deep (50 studies), and a large number of non-described 

tillage treatments (57 studies). A wider range of tillage 

types was investigated in IT comparisons than for HT 

comparisons (see Table 7).

Systematic map

In the process of undertaking this review we have pro-

duced an updated systematic map (relative to the sys-

tematic map published in 2015 [33]) for studies that 

purely focus on tillage interventions (Additional file  7). 

�e studies in this map have also been visualised in an 

updated geographic information system (GIS) that can be 

accessed through the following: http://www.eviem.se/en/

projects/SOC-Tillage/). A help file has been produced to 

assist with use of the online GIS (Additional file 7).

Narrative synthesis

Descriptive meta-data and coding for all included stud-

ies and their effect size data for concentration and stocks 

reporting studies are available in Additional files 6, 8, and 

9, respectively.

Validity of the evidence

Figure 11 displays the critical appraisal scores that were 

awarded to all studies in the review. Although only spatial 
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Table 4 Number of studies per climate zone in the system-

atic review

Köppen climate zone Number of studies

Cfa 123

Dfb 63

Cfb 60

Dfa 50

Csa 35

Dfc 8

Csb 6

Cfb and Csa 1

Cfb and Dfb 1

Cfb/Cfc 1

Dfa and Cfa 1

Dfa and Dfb 1

Dfa/Dfb 1

http://www.eviem.se/en/projects/SOC-Tillage/
http://www.eviem.se/en/projects/SOC-Tillage/
http://data.worldbank.org/indicator/AG.LND.ARBL.ZS
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replication and treatment allocation domains were used 

in the meta-analysis, we will discuss the general pat-

terns across the evidence base here. As mentioned above, 

spatial replication was relatively low (82% studies with a 

score of ‘0’ or ‘1’). Temporal replication was also low, with 

the majority of studies conducting sampling at one time 

point. In general treatment allocation was of high valid-

ity, with the majority of studies (85%) employing some 

form of blocking (typically also employing randomisa-

tion, see above). �e majority of studies scored poorly 

for experimental duration (69% with a score of ‘0’), being 

conducted over 10–20  years. Soil sampling was gener-

ally of moderate validity, with most studies scoring ‘2’ in 

this domain: these studies performed deep sampling with 

multiple layers sampled separately.

Meta-analysis

For all analyses reported here, detailed statistical outputs 

(including all non-significant tests) and models used are 

provided in Additional files 10, 11 for concentration and 

stock meta-analyses, respectively. Copies of the R-scripts 

used (Additional files 12, 13), along with the data files 

used (Additional files 8, 9) are also provided.

We present results first for simple models lacking mod-

erators. Where significant heterogeneity exists we then 

present results for moderated models before checking for 

residual heterogeneity. Finally, if significant heterogeneity 

still remains, we then present results for significance of 

interactions. Due to the complex structure of moderators 

and the relatively low sample size, we must be cautious 

about the risk of overparameterisation, but must also be 

careful not to base conclusions on models with substan-

tial unexplained heterogeneity. We therefore choose to 

present all model results for transparency.

Concentration data

Figure  12 and Table  8 display the summary effect esti-

mates for all of the nine meta-analyses on concentration 

data. �ese estimates are for the basic models and do not 

account for moderators, discussed below. �eir purpose 

is to identify clear patterns. A lack of significance does 

not indicate no significant patterns within the evidence 

and can only be interpreted as a lack of evidence for an 

effect if there is no indication of heterogeneity. Where 

heterogeneity exists, moderators may be significantly 

driving different patterns within the evidence. As such, 
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we will not discuss this plot further, but rather examine 

each meta-analysis in detail in the following pages.

NT–HT 0–15  cm A significant positive difference in 

SOC in NT relative to HT can be seen for the simple 

model at 0–15  cm (Fig.  13). �ere was significant het-

erogeneity in this model  (Q101  =  554.631 p  <  0.001), 

which remained following the addition of moderators 

 (Q88  =  297.256 p  <  0.001). No interaction terms were 

significant, nor were the single moderators, latitude 

and climate zone (see Additional file  10). Study dura-

tion, soil class, and HT depth category were significant 

 (LRT15 = 12.605 p < 0.001,  LRT7 = 19.005 p = 0.025, and 

 LRT14 = 7.923 p = 0.019, respectively), whilst reference 

SOC was not  (LRT15 = 0.329 p = 0.566). Sensitivity anal-

yses for critical appraisal category and variability type 

demonstrated no evidence of bias, and there was no evi-

dence of publication bias, with two studies exerting high 

influence on the model (see Additional file 10).

Figure  14 demonstrates the significant positive rela-

tionship between study duration and SOC difference in 

NT relative to HT at 0–15 cm: the regression line inter-

cepts the y-axis at around 10 years, indicating that stud-

ies longer than 10 years are needed to detect a difference 

in SOC. Figure 15 shows the effect of HT depth on the 

SOC difference in NT relative to HT, suggesting that a 

change from deep HT to NT would result in a greater 

SOC increase near the surface than a change from shal-

low HT. Figure 16 displays the effect of soil texture class 

on the SOC difference in NT relative to HT, with some 

soil classes appearing to demonstrate greater effects of 

NT than others: sandy clay loam (SaClLo) and silty clay 

(SiCl), in particular.

NT–HT 15–30 cm �ere was no significant difference 

in SOC in NT relative to HT at 15–30  cm observed in 

the simple model (Fig. 17). �ere was significant hetero-

geneity amongst studies  (Q48 = 224.173 p < 0.001), which 

was not present in the moderated model  (Q35 =  30.502 

p =  0.685). �e single moderator climate zone was not 

significant (see Additional file 10). �e single moderators 

latitude, soil class and HT depth category were significant 

 (LRT15 = 14.642 p < 0.001,  LRT8 = 21.399 p = 0.006, and 

 LRT14  =  16.524 p  <  0.001, respectively), whilst study 

duration and reference SOC were not  (LRT15  =  0.024 

p  =  0.878 and  LRT15  =  0.016 p  =  0.900, respectively). 

Sensitivity analyses for critical appraisal category and 

variability type demonstrated no evidence of bias, and 
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there was no evidence of publication bias, whilst one 

study appeared to have a high influence in the model (see 

Additional file 10).

Figure 18 displays the significant negative relationship 

between latitude and SOC difference in NT relative to 

HT at 15–30 cm, showing that there is a change in direc-

tion of effect from positive at latitudes below c. 38° and 

negative at latitudes above 38°. �e impact of soil texture 

class is shown in Fig. 19, and suggests that soil types may 

differ in their responses to a reduction in tillage: loams 

(Lo) and sandy clay loams (SaClLo) show a negative 

response (i.e. a reduction in SOC), whilst silty clay loams 

(SiClLo) show a positive response. Figure  20 shows the 

difference in SOC in NT relative to HT, NT results in a 

loss of SOC relative to both shallow and deep HT, with a 

change from deep HT showing a greater loss (and greater 

variability around the mean) than shallow HT.

NT–HT  >  30  cm No significant difference in SOC in 

NT relative to HT was apparent from the simple model 

(Fig.  21). Significant heterogeneity was present in this 

model  (Q30 = 68.217 p < 0.001), which was not present in 

the moderated model  (QE20 = 17.363 p = 0.629). Neither 

latitude nor climate zone were significant (see Additional 

file  10). Reference SOC and HT depth category were 

significant  (LRT12 = 28.451 p < 0.001,  LRT11 = 18.1137 

p  <  0.001, respectively), whilst duration and soil class 

were not  (LRT12 = 1.739 p = 0.187 and  LRT7 = 12.513 

p  =  0.052, respectively). Sensitivity analyses for critical 

appraisal category and variability type demonstrated no 

evidence of bias, although there was evidence of publica-

tion bias: more precise studies appear to show negative 

effect sizes, whilst less precise studies had positive find-

ings. �ree studies appeared to contribute strongly to the 

models (see Additional file 10).

Figure 22 displays the significant negative relationship 

between reference SOC and the difference in SOC in 

NT relative to HT in depths below 30 cm, showing that 

soils with a starting SOC of c. 5 g/kg and below respond 

with an increase in SOC in NT, whilst soils with SOC 

concentration greater than 5 g/kg demonstrate a reduc-

tion in SOC following conversion to NT. Figure 23 shows 

the difference in SOC in NT relative to HT for different 

HT depth categories, and indicates that the significant 

result for this moderator is likely spurious, since the shal-

low group is represented by only 1 study, and it is the ‘not 

stated’ group that does not overlap the line of no effect.
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NT–IT 0–15  cm A significant positive overall pattern 

can be observed in the simple model of NT versus IT at 

0–15 cm (Fig. 24). Significant heterogeneity was present 

in this model  (Q94 = 364.884 p < 0.001), which remained 

in the moderated model  (Q94 = 364.884 p < 0.001). �ere 

was a significant interaction between IT depth category 

and study duration  (LRT16 = 19.987 p < 0.001). All other 

interactions terms were not significant, nor were the sin-

gle moderators, latitude and climate zone. Soil class and 

reference SOC were also not significant  (LRT7  =  2.957 

p  =  0.996 and  LRT15  =  0.764 p  =  0.382, respectively). 

Sensitivity analyses for critical appraisal category and 

variability type demonstrated no evidence of bias, and 

there was no evidence of publication bias. OIne study 

was more influential than others, but many studies con-

tributed with moderate influence (see Additional file 10).

Figure 25 shows the interaction between IT depth cate-

gory and study duration, demonstrating that a conversion 

to NT from deep IT increases SOC linearly over time to a 

greater extent than a conversion from shallow IT.

NT–IT 15–30  cm No significant overall summary 

effect was identified in the simple model of NT versus 

IT at 15–30  cm (Fig.  26). Significant heterogeneity was 

present  (Q44 =  512.163 p  <  0.001), which was still pre-

sent in the moderated model  (QE30 = 256.097 p < 0.001). 

�e interactions between soil class and IT depth cat-

egory and study duration and IT depth category were 

not significant, nor were the single moderators, latitude 

and climate zone. �e interaction between IT depth cat-

egory and reference SOC was significant  (LRT15 = 17.473 

p  <  0.001). Soil class and study duration were not sig-

nificant  (LRT9  =  1.509 p  =  0.993 and  LRT16  =  0.025 

p = 0.874). Sensitivity analyses for critical appraisal cat-

egory and variability type demonstrated no evidence of 

bias, and there was no evidence of publication bias. Two 

studies were particularly influential in these models (see 

Additional file 10).

Figure 27 shows a negative relationship between refer-

ence SOC at 15–30  cm and difference in SOC between 

NT and IT at shallow IT depths, whilst there is no rela-

tionship for deep IT depths: soils with a greater starting 

SOC concentration demonstrate a greater loss of SOC in 

shallow IT, whilst reference SOC has no impact on differ-

ence in SOC for deep IT.

NT–IT  >  30  cm �e simple model did not identify 

a clear significant pattern within the evidence base 
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(Fig. 28). �ere was no significant heterogeneity present 

in this model  (Q19 = 16.044 p = 0.654). As expected, the 

interaction terms and the single moderators, latitude and 

climate zone, were therefore not significant. Similarly, 

study duration, soil class, reference SOC and IT depth 

Table 5 Number of  studies reporting di�erent forms 

of  variability measures around  their means. See text 

for explanation of terms

Concentration study 
variability measure

Number 
of studies

Stock study 
variability 
measure

Number 
of studies

None 111 None 85

Undescribed  
measure

6 Undescribed 
measure

1

Overall 95% CI 1 Overall 95% CI 1

Overall CV 10 Overall CV 6

Overall LSD 44 Overall LSD 12

Overall LSD/overall  
p values

1 Overall p values 1

Overall p values 8 Overall SE 2

Overall SE 2 Raw data 3

Overall SED 1 Individual CI 1

Raw data 6 Individual LSD 2

Individual 95% CI 0 Individual SD 15

Individual LSD 4 Individual SE 17

Individual p values 3 Total 146

Individual SD 23

Individual SE 50

Individual SED 1

Total 271

Table 6 High intensity tillage descriptions

High intensity tillage descriptions Number of studies

Mouldboard plough 156

Mouldboard and described secondary tillage 12

Not stated 9

Subsoiler 9

Chisel, disk and ridge tillage 9

Ridge tillage 8

Plough 7

Subsoiler and field cultivator 2

Straight shanks, deep rip 2

Three tillage passes 1

Reversible plough 1

Chisel plough and occasional mouldboard plough 1

Subsoiler and chisel tillage 1

Table 7 Intermediate intensity tillage descriptions (from 

no tillage versus intermediate tillage comparisons)

Intermediate intensity tillage descriptions Number of studies

Chisel tillage 56

Disk tillage 40

Chisel and disk 16

Not stated 7

Cultivator 6

Heavy duty cultivator 4

Disk and harrow 4

Heavy disk plough, harrow and rotavator 3

Cultivator or disk harrow 3

Rotavator 2

Chisel, disk and field cultivator 2

Offset disk and scarifier 2

Tine cultivator 2

Spring-tined cultivator 1

Multiple disk tillage 1

Sweep plough 1

Rototill 1

One cultivation 1

Blade cultivator, single pass 1

Heavy duty cultivator, 5–6 passes 1

Disk and mulch treader 1

Chisel, disk and rotary tiller 1

Double disk tillage 1

Heavy duty cultivator, disk and harrow 1

Disk and scarifier 1

Rotary harrow 1

Rotary field cultivator 1

Chisel, disk and spring tine 1

Cultivator (grubber) 1

Tandem disk 1

Undercutter and fallow master 1

Cultivator (disk coulters in combination with a 
spiker roller)

1

Rotary tiller (aggressive tillage) 1

Tined implements 1

Roto-till, sweep, disk and chisel 1

3 cultivations 1

Dual-layer tillage with a chisel and light secondary 
tillage (15 cm)

1

Heavy duty cultivator, sweep and harrow 1

Harrow 1

No till with one chisel every 3 years 1

Mouldboard plough or rotovator 1

Rigid tine cultivator 1

Chisel and cultivator 1

Grubber 1

Chisel and field cultivator 1
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category were not significant  (LRT12 = 1.170 p = 0.279, 

 LRT7 = 1.447 p = 0.963,  LRT12 = 0.063 p = 0.801, LRT-

11  =  5.091 p  =  0.078, respectively). Sensitivity analyses 

for critical appraisal category and variability type dem-

onstrated no evidence of bias, and there was no evidence 

of publication bias. One study was more influential than 

others, although the sample size is low (see Additional 

file 10).

IT–HT 0–15  cm A significant positive pattern was 

detected across the evidence in the simple model 

(Fig.  29). Significant heterogeneity was also present 

 (Q76 = 168.336 p < 0.001), which was not present in the 

moderated model  (QE48 = 60.681 p = 0.219). �ere was 

a significant interaction between IT depth category and 

soil class  (LRT24 = 22.009 p = 0.003). No other interac-

tion term was significant, nor were the single moderators, 

latitude and climate zone. Study duration and reference 

SOC were also not significant  (LRT30 = 1.124 p = 0.289 

and  LRT30 =  0.203 p =  0.653). HT depth category was 

marginally not significant  (LRT29  =  5.1506 p  =  0.076). 

Sensitivity analyses for critical appraisal category and 

variability type demonstrated no evidence of bias, whilst 

there was some statistical evidence of publication bias, 

indicated in the funnel plot by a slight positive tendency 

in studies with lower precision. A large number of studies 

contributed to the models, with no single study showing 

strong influence (see Additional file 10).

Figure  30 shows the impact of soil class on SOC dif-

ference at 0–15  cm between IT and HT for deep and 

shallow IT depth categories. �e significance of this 

interaction term may have come about due to low sample 

sizes in certain subgroups, but it demonstrates that some 

soils are consistently greater in SOC difference than oth-

ers (e.g. sandy clay loams [SaClLo]), whilst other soils 

differ between deep and shallow IT (e.g. silty clay loams 

[SiClLo] and silt loams [SiLo]).

IT–HT 15–30  cm A significant negative pattern 

was detected in the simple model of IT versus HT for 

15–30  cm (Fig.  31). Significant heterogeneity existed in 

this model  (Q41  =  198.235 p  <  0.001), which remained 

after including moderators  (Q26  =  159.521 p  <  0.001). 

Interactions were not run due to low sample size and 

overparameterisation, and the single moderators, lati-

tude and climate zone, were also not significant (see 

Additional file 14). �e moderators soil class, study dura-

tion, reference SOC, HT depth category and IT depth 
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category were not significant  (LRT9 = 14.143 p = 0.117 

and  LRT17 = 0.136 p = 0.287,  LRT17 = 1.020 p = 0.312, 

 LRT16  =  2.284 p  =  0.319,  LRT16  =  0.331 p  =  0.848, 

respectively). Sensitivity analyses for critical appraisal 

category and variability type demonstrated no evidence 

of bias, and there was no evidence of publication bias. 

Two studies exerted very high influence over the models 

(see Additional file 10).

IT–HT  >  30  cm �ere was no significant pattern 

in effect sizes for the simple model of IT versus HT 

from  >  30  cm (Fig.  32). �ere was no heterogeneity 

amongst studies in this model  (Q15 = 12.765 p = 0.621), 

nor in the moderated model  (QE6  =  0.731 p  =  0.994). 

�e single moderators latitude and climate zone were not 

signficiant (see Additional file  10). Reference SOC was 

significant  (LRT11  =  4.335 p  =  0.037). Study duration, 

Fig. 12 Summary effect estimates (difference in SOC, g/kg) for concentration data meta-analyses. Three tillage comparisons are shown: NT no 

tillage, IT intermediate intensity tillage, HT high intensity tillage (see text for explanation). Diamonds are centred on the summary effect estimate for 

each meta-analyses, with the points of the diamonds representing the 95% confidence intervals. Numbers in the right hand column are summary 

effect estimates [lower 95% CI, upper 95% CI]

Table 8 Summary e�ect estimates for meta-analyses of concentration data

NT no tillage, IT intermediate intensity tillage, HT high intensity tillage (see text for explanation)

Tillage com-
parison

Soil depth (cm) Summary 
e�ect estimate 
(g/kg)

Standard error z statistic p value Lower 95% 
con�dence 
interval

Upper 95% 
con�dence 
interval

Number 
of studies

NT–HT 0–15 2.086 0.344 6.073 < 0.001 1.413 2.760 102

15–30 − 0.298 0.286 − 1.039 0.299 − 0.859 0.264 49

> 30 − 0.371 0.261 − 1.424 0.155 − 0.882 0.134 31

NT–IT 0–15 1.179 0.334 3.537 < 0.001 0.526 1.833 95

15–30 0.273 0.289 0.944 0.345 − 0.293 0.839 45

> 30 − 0.157 0.186 − 0.845 0.398 − 0.522 0.208 20

IT–HT 0–15 1.229 0.221 5.575 < 0.001 0.797 1.662 77

15–30 − 0.890 0.198 − 4.539 < 0.001 − 1.288 − 0.511 42

> 30 − 0.261 0.209 − 1.250 0.211 − 0.671 0.148 16
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soil class, HT depth category and IT depth category were 

not significant  (LRT11 = 0.296 p = 0.587,  LRT8 = 3.777 

p = 0.437,  LRT11 = 0.021 p = 0.886, and  LRT10 = 1.327 

p  =  0.515, respectively). Sensitivity analyses for criti-

cal appraisal category and variability type demonstrated 

no evidence of bias, and there was no evidence of 

publication bias, with one study particularly influential in 

this small meta-analysis (see Additional file 10). Figure 33 

shows the relationship between reference SOC and dif-

ference in SOC in IT relative to HT at > 30 cm, indicating 

that as reference SOC increases, the difference in SOC 

becomes more negative.

Fig. 13 Forest plot for meta-analysis of concentration data for NT–HT comparison at 0–15 cm depth. NT no tillage, HT high intensity tillage (see 

text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the 

diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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Stocks data

Figure 34 and Table 9 show the summary effect estimates 

for all six of the stocks data meta-analyses (basic models 

without moderators, as discussed above for concentra-

tion data).

NT–HT upper layer (0–30  cm) A significant posi-

tive overall effect was found for NT versus HT at 

0–30  cm (Fig.  35), with significant heterogeneity pre-

sent  (Q28  =  559.881 p  <  0.001). Latitude and climate 

zone were not significant (see Additional file  11). Soil 

class, reference SOC stock and HT depth category were 

not significant  (LRT6 = 3.075 p = 0.799,  LRT12 = 0.525 

p =  0.469, and  LRT11 =  2.582 p =  0.275, respectively), 

whilst study duration was significant  (LRT12  =  19.583 

p  <  0.001). Sensitivity analyses for critical appraisal cat-

egory and variability type demonstrated no evidence of 

bias. However, there was evidence of publication bias 

(z = 2.720 p = 0.007), with a greater number of less pre-

cise studies showing a positive effect than more precise 

studies (see Additional file 11).

Residual heterogeneity was not significantly reduced 

by including moderators in the model  (QE18  =  62.937 

p  <  0.001). Figure  36 shows the positive relationship 

between study duration and difference in SOC.

NT–HT full profile (0–150  cm) No significant effect 

on soil C stocks was detected for NT versus HT for the 

full soil profile (Fig.  37), with significant heterogeneity 

present  (Q13  =  568.853 p  <  0.001). Climate zone could 

not be tested due to low sample size. Latitude, soil class, 

reference SOC, study duration and HT depth category 

were all significant, however  (LRT8  =  6.475 p  =  0.011, 

 LRT6  =  13.719 p  =  0.001,  LRT8  =  9.699 p  =  0.002, 

 LRT8 = 12.279 p < 0.001, and  LRT8 = 12.074 p < 0.001, 

respectively). Sensitivity analyses for critical appraisal 

category and variability type demonstrated no evidence 

of bias, and there was no evidence of publication bias (see 

Additional file 11).

Moderators did not reduce the residual heterogene-

ity in the model significantly  (QE7 = 17.5621 p = 0.014). 
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Fig. 14 Meta-regression of SOC concentration against study dura-

tion for NT–HT at 0–15 cm. NT no tillage, HT high intensity tillage (see 

text for explanation). Point size represents study weighting in the 

analysis (inverse variance)

Fig. 15 Boxplot of difference in SOC concentration for NT–HT at 

0–15 cm as affected by HT depth. NT no tillage, HT high intensity till-

age (see text for explanation). Thick line, median; boxes, interquartile 

ranges (Q1–Q3); whiskers, non-outlier range; points, outliers

Fig. 16 Boxplot of difference in SOC concentration for NT–HT at 

0–15 cm as affected by soil class. NT no tillage, HT high intensity till-

age. See text for explanation of tillage groups and soil classes (USDA 

classification). Thick line, median; boxes, interquartile ranges (Q1–Q3); 

whiskers, non-outlier range; points, outliers
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Latitude was positively correlated with difference in 

SOC stocks for the full profile (Fig.  38). �e analysis of 

soil class suffered from a lack of data and low sample 

size, although data suggest that silty loams (SiLo) had 

a more positive response that the rest of the evidence 

base that mostly missed data (Fig.  39). �e analysis of 

HT depth similarly suffered from a low sample size, with 

significance likely due to spurious differences between 

deep tillage studies and those missing this informa-

tion (Fig.  40). �e relationship between reference SOC 

stocks and difference in SOC stocks may be statistically 

significant but the effect size is very small and may not 

represent a biologically significant phenomenon (regres-

sion line not shown in Fig. 41). Finally, Fig. 42 suggests a 

Fig. 17 Forest plot for meta-analysis of concentration data for NT–HT comparison at 15–30 cm depth. NT no tillage, HT high intensity tillage (see 

text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the 

diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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Fig. 18 Meta-regression of SOC concentration against latitude for 

NT–HT at 15–30 cm. NT no tillage, HT high intensity tillage (see text 

for explanation). Point size represents study weighting in the analysis 

(inverse variance)

Fig. 19 Boxplots of difference in SOC concentration for NT–HT at 15–30 cm as affected by soil class. NT no tillage, HT high intensity tillage (see text 

for explanation). See text for explanation of tillage groups and soil classes (USDA classification). Thick line, median; boxes, interquartile ranges (Q1–

Q3); whiskers, non-outlier range; points, outliers

Fig. 20 Boxplot of difference in SOC concentration for NT–HT at 

15–30 cm as affected by HT depth. NT no tillage, HT high intensity till-

age (see text for explanation). Thick line, median; boxes, interquartile 

ranges (Q1–Q3); whiskers, non-outlier range; points, outliers
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Fig. 21 Forest plot for meta-analysis of concentration data for NT–HT comparison at > 30 cm depth. NT no tillage, HT high intensity tillage (see 

text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the 

diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]

Fig. 22 Meta-regression of SOC concentration against reference SOC 

for NT–HT at > 30 cm. NT no tillage, HT high intensity tillage (see text 

for explanation). Point size represents study weighting in the analysis 

(inverse variance)

Fig. 23 Boxplot of difference in SOC concentration for NT–HT 

at > 30 cm as affected by HT depth. NT no tillage, HT high intensity 

tillage (see text for explanation). Thick line, median; boxes, interquar-

tile ranges (Q1–Q3); whiskers, non-outlier range; points, outliers
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positive relationship between study duration and differ-

ence in SOC stocks, although sample size here is small 

and the regression line is thus not plotted.

NT–IT upper layer (0–30  cm) An overall significant 

positive effect estimate was found for NT versus IT soil 

C stocks for the upper profile (Fig.  43), with significant 

Fig. 24 Forest plot for meta-analysis of concentration data for NT–IT comparison at 0–15 cm depth. NT no tillage, IT intermediate intensity tillage 

(see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points 

of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 

95% CI]
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heterogeneity present  (Q31 = 392.889 p < 0.001). Latitude 

and climate zone were not significant (see Additional 

file 11), nor were any of the key moderators study dura-

tion, reference SOC stocks, soil class and IT depth cate-

gory  (LRT13 = 3.043 p = 0.081,  LRT13 = 2.315 p = 0.128, 

 LRT7 = 3.2924 p = 0.857, and  LRT12 = 4.652 p = 0.098, 

respectively). �e sensitivity analysis for critical appraisal 

category demonstrated no evidence of bias, and there 

was no evidence of publication bias. However, the sensi-

tivity analysis of high reliability variability data resulted 

in the loss of significance, likely due to low sample size 

and high variability in this subset (see Additional file 11). 

�e inclusion of moderators in the model did not remove 

significant heterogeneity  (QE20  =  160.944 p  <  0.001), 

indicating other sources of heterogeneity exist that were 

not accounted for.

NT–IT full profile (0–150  cm) No significant pattern 

was identified across the evidence base for SOC stocks in 

NT versus IT for the full soil profile (Fig.  44), although 

significant heterogeneity was present  (Q12  =  555.316 

p  <  0.001). Latitude and climate zone were not sig-

nificant (see Additional file  11), nor was reference 

SOC  (LRT9  =  0.528 p  =  0.467). Study duration, soil 

class and IT depth category were significant, however 

 (LRT9  =  19.816 p  <  0.001,  LRT6  =  18.327 p  <  0.001, 

and  LRT8 = 8.436 p = 0.015, respectively). �e sensitiv-

ity analysis for critical appraisal category demonstrated 

no evidence of bias, and there was no evidence of pub-

lication bias. However, the sensitivity analysis of high 

reliability variability data resulted in a significant effect 

estimate due to extremely low sample size (see Additional 

file 11).

Inclusion of moderators in the model explained the 

significant heterogeneity  (QE5  =  3.063 p  =  0.690). Fig-

ures  45, 46, and 47 show the relationships between dif-

ference in SOC stocks for the full soil profile and study 

duration, IT depth and soil class, respectively. Due to 

low sample size in certain subgroups (e.g. deep IT), these 

results should be viewed with caution (no regression 

lines have been plotted, accordingly). Longer studies are 

associated with more positive differences in SOC, and 

clay (Cl) and clay loam (ClLo) soils appear to show posi-

tive and negative impacts on SOC stocks for the full soil 

profile of a switch to NT from IT, respectively. �e signif-

icant pattern in IT depth is likely driven by the large body 

of evidence that does not state tillage depth.

IT–HT upper layer (0–30 cm) No significant effect esti-

mate was found for the model of SOC stocks in IT ver-

sus HT in the upper layer (Fig. 48), although significant 

heterogeneity was present  (Q28  =  285.388 p  <  0.001). 

Latitude and climate zone were not significant (see Addi-

tional file  11), nor was reference SOC  (LRT13  =  1.572 

p  =  0.210). Soil class, study duration, HT depth cat-

egory and IT depth category were all significant, how-

ever  (LRT7 = 28.893 p < 0.001,  LRT13 = 4.633 p = 0.031, 

 LRT13  =  4.946 p  =  0.026,  LRT12  =  10.857 p  =  0.004, 

respectively). Sensitivity analyses for critical appraisal 

category and variability type demonstrated no evidence 

of bias, and there was no evidence of publication bias (see 

Additional file 11).

�e inclusion of moderators in the model accounted for 

the significant heterogeneity  (QE17 =  7.968 p =  0.967). 

Figure 49 shows soil classes and SOC stock difference for 

the upper layer, suggesting that loamy sands (LoSa) and 

silty loams (SiLo) showed a more positive response that 

other soil types. Study duration was positively correlated 

with difference in SOC, although the power of this analy-

sis was low due to a relatively small sample size (regres-

sion line not plotted in Fig.  50). Figure 51 suggests that 

a conversion from deep HT may produce a greater dif-

ference in SOC, although there was a lack of shallow HT 

studies for this depth. Conversion to deep IT, however, 

appears to result in SOC loss, whilst conversion to shal-

low IT has a positive effect on SOC (Fig. 52).

IT–HT full profile (0–150  cm) No significant over-

all summary effect was detected for IT versus HT SOC 

stock for the full soil profile (Fig. 53), although significant 

heterogeneity can be observed  (Q9 = 83.835 p < 0.001). 

Latitude and climate zone were not significant (see Addi-

tional file 11), nor were reference SOC stock and IT depth 

category  (LRT7  =  0.754 p  =  0.385 and  LRT7  =  0.101 

Fig. 25 Meta-regression of SOC concentration against study dura-

tion and HT depth category for NT–IT at 0–15 cm. NT no tillage, HT 

high intensity tillage (see text for explanation). Point size represents 

study weighting in the analysis (inverse variance)
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p = 0.750, respectively) (HT depth category could not be 

tested due to low sample size). Soil class and study dura-

tion were significant, however  (LRT6 = 9.847 p = 0.002 

and  LRT7  =  14.312 p  <  0.001). Sensitivity analyses for 

critical appraisal category and variability type demon-

strated no evidence of bias, and there was no evidence of 

publication bias (see Additional file 11).

Residual heterogeneity in the stock data for the full 

soil profile was accounted for by including moderators 

in the model  (QE4 =  0.363 p =  0.985). Figure  54 sug-

gests that silty loams (SiLo) may have a negative effect 

size, whilst other soils are generally positive (‘not stated’ 

soil types). Figure  55 suggests a positive relationship 

between study duration and difference in SOC, however 

sample size in this meta-regression is low and one study 

is particularly influential, suggesting that these results 

should perhaps be viewed with caution (regression line 

not plotted).

Discussion
Review �ndings in the context of existing knowledge

�is meta-analysis showed that NT has higher SOC con-

centration and SOC stocks in the top layer (0–15  cm) 

of soil compared to HT and IT. It also showed that NT 

increased SOC stocks for the upper layer (0–30  cm) 

compared to HT. Yet C stocks for the full soil horizon 

(0–150  cm) were similar between all compared till-

age types. �e transition of tilled croplands to NT and 

conservation tillage has been credited with substantial 

potential to mitigate climate change via C storage [31, 52, 

53]. Changes in C stock due to management via reduced 

tillage has been estimated to be around 0.4  Mg/ha per 

year in the US [54]. However, based on our results, the 

level of C stock increase under NT compared to HT was 

in the upper soil around 4.6  Mg/ha (0.78–8.43  Mg/ha, 

95% CI) during a minimum of 10  years, while no effect 

was detected in the full horizon.

Fig. 26 Forest plot for meta-analysis of concentration data for NT–IT comparison at 15–30 cm depth. NT no tillage, IT intermediate intensity tillage 

(see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points 

of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 

95% CI]
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Comparison of results across soil depths

Only 66 studies of the 351 studies (19%) in this meta-anal-

ysis sampled soil below 30 cm, and relatively few studies 

(32%) sampled below 15 cm. �e predominance of data 

from the soil surface layer helps to explain the excitement 

for the potential for C storage in soil. Although the sur-

face soil can rapidly accumulate SOC and microbial C 

with NT [29, 55, 56], the C inputs below the surface layer 

is less clear. Root density has been shown to be greater 

under NT down to 30 cm [57], and to be restricted below 

15 cm compared to conventional tillage, possibly due to 

factors such as compaction and lower temperatures [31]. 

NT and conservation tillage potentially produce benefits 

that result from soil C accumulation in the surface soil, 

such as improved infiltration, water-holding capacity, 

erosion reduction, nutrient cycling and soil biodiversity 

[53]. Any effects of greenhouse gas mitigation by NT and 

IT can also be caused by indirect factors such as lower 

fossil fuel consumption in tillage and water transport, 

and less demand for synthetic N fertiliser with its energy 

demands and potential for nitrous oxide emissions [30].

Certain conditions may be more conducive to SOC 

accumulation under NT or IT. �e meta-analysis indi-

cates that for soils with a low starting SOC concentration, 

NT is more likely to increase SOC below 30 cm, as com-

pared to HT. A higher starting SOC concentration makes 

for greater SOC loss at 15–30  cm with shallow IT than 

NT. In a C-depleted soil (e.g. a soil with 10 g SOC/kg soil) 

a small SOC input into the soil profile sequestered by 

roots and organisms will become a detectable difference, 

while the same addition of SOC in a soil with an initially 

higher SOC level (e.g. 40 g/kg) will give a relatively lower 

increase of SOC.

Fig. 27 Meta-regression of SOC concentration against reference 

SOC and IT depth category for NT–IT at 15–30 cm. NT no tillage, IT 

intermediate intensity tillage (see text for explanation). Point size 

represents study weighting in the analysis (inverse variance)

Fig. 28 Forest plot for meta-analysis of concentration data for NT–IT comparison at > 30 cm depth. NT no tillage, IT intermediate intensity tillage 

(see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points 

of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 

95% CI]
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Fig. 29 Forest plot for meta-analysis of concentration data for IT–HT comparison at 0–15 cm depth. IT intermediate intensity tillage, HT high inten-

sity tillage (see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with 

the points of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% 

CI, upper 95% CI]
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Reasons for heterogeneity

�e starting premise of this review was to include stud-

ies of more than 10 years’ duration to ensure that treat-

ment differences would be detected [33]. Analysis of 

relationships between study duration and SOC concen-

trations and stocks in the upper layers of soil confirmed 

that 10  years was indeed a valid minimum intervention 

period. For deeper soil depths, study duration was not 

consistently associated with SOC concentration, possibly 

due to greater heterogeneity among studies, or to differ-

ent rates of accumulation deeper in the profile.

Soil type did not influence the effects of tillage on SOC 

stocks and SOC concentrations from 0 to 15  cm, how-

ever deeper down (15–30  cm) SOC concentrations had 

a larger increase in sandy clay loam and silty clay soils 

under NT compared to HT. �ose soil types have, on 

average, a clay content of about 30 and 45%, respectively, 

which may help to slowdown SOC decomposition com-

pared to coarser soils [58, 59]. �is is related to the fact 

that clay particles can help to stabilise decomposing litter 

by mineral associated bonds [1, 2] and the aggregation is 

stronger, also promoting physical inaccessibility of SOC 

to the microbial community [3]. Climate zone did not 

affect the relationship between tillage and SOC, but as 

there was a limited range of sites within the boreo-tem-

poral regions, this may not have been sufficiently variable 

to yield significant differences. However, site latitude was 

positively correlated to differences in full profile C stocks. 

Whether this is dependent on a lower decomposition 

rate at higher latitudes due to lower temperatures could 

be possible but the rates are also determined by interac-

tions of a number of physical and chemical factors influ-

encing the microbial enzymatic activities in soils [59].

A comparison of stocks and concentration data

Many of the long-term studies considered in this sys-

tematic review were set-up when climate change was 

not considered a significant problem or only an emerg-

ing issue. �e focus was likely more oriented towards 

crop productivity, soil quality and environmental aspects 

of different management systems [60]. Within this view, 

SOC was considered as the most important indicator of 

soil quality and agronomic sustainability due to its impact 

on physical, chemical and biological properties [61]. In 

fact, half of the studies of this systematic review reported 

only C concentration (e.g. g/kg or %), corroborating the 

Fig. 30 Boxplots of difference in SOC concentration for IT–HT at 0–15 cm as affected by soil class. IT depth categories shown are: a deep, b shallow, 

and c not stated. IT intermediate intensity tillage, HT high intensity tillage (see text for explanation). Point size represents study weighting in the 

analysis (inverse variance). See text for explanation of tillage groups and soil classes (USDA classification). Thick line, median; boxes, interquartile 

ranges (Q1–Q3); whiskers, non-outlier range; points, outliers
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requirement for addressing soil quality and reducing, at 

the same time, the cost and time necessary to carry out 

the additional bulk density sampling and analysis.

However, SOC concentration alone may be less ade-

quate if the focus is on a quantitative SOC balance, such 

as is necessary for assessments of carbon sequestration 

capacity for climate change mitigation. In particular, 

when the management under investigation could signifi-

cantly alter soil density, as is the case for tillage interven-

tions in general [62], bulk density becomes a fundamental 

parameter for accurately calculating SOC stock. Bulk 

density measurements undoubtedly give more transpar-

ency to the experimental results but may not guarantee 

the greatest accuracy, if depth is not properly considered. 

For example, soils with the same SOC concentration 

but with a different density as a result of different tillage 

regimes may be erroneously considered to have different 

SOC stock if the same depth is considered.

In much past research, most of the comparisons among 

treatments were made simply by multiplying SOC con-

centration with bulk density, considering a fixed depth. 

�is method often introduces significant errors when 

Fig. 31 Forest plot for meta-analysis of concentration data for IT–HT comparison at 15–30 cm depth. IT intermediate intensity tillage, HT high 

intensity tillage (see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, 

with the points of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 

95% CI, upper 95% CI]
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soil bulk density differs among treatments under study, 

such as between tillage and no-tillage [63, 64]. In order to 

undertake more rigorous quantitative SOC estimations, 

both the bulk density measurement and calculations 

based on equivalent soil mass (ESM) should be reported 

[65, 66]. Furthermore, a similar but simpler approach 

based on cumulative mass could be considered, in which 

C density is reported for a fixed mineral mass per unit 

area [67]. Although the latter methods are formally more 

accurate than a simple comparison of concentrations to 

detect (and quantify) differences on SOC, they introduce 

further uncertainty associated with all the parameters 

needed for calculation; SOC, bulk density, depth and 

gravel content errors, coming from different sources (e.g. 

sampling, analysis, etc.), which propagate non-linearly 

[68]. �is is likely the reason why the confidence intervals 

of SOC differences in the meta-analysis are proportion-

ately much larger with stocks than concentrations.

Direct and indirect e�ects of tillage on soil functions 

and crop growth

Minimum or no tillage practices have also been intro-

duced as a mitigation measure for erosion control. �e 

experimental sites included in this systematic review 

were assumed to represent either stable soil conditions 

or a situation where eventual lateral transport of soil did 

not disproportionally affect experimental treatments. 

�is assumption may be a source of bias since the mulch 

layer under NT conditions may have reduced erosion 

at alluvial positions or increased deposition at collu-

vial positions in the landscape compared to tilled treat-

ments. �e implications of soil erosion for carbon cycling 

are not straightforward [69]. Although soil erosion is a 

major threat to soil fertility and food security [70], it may 

actually lead to higher carbon retention at the landscape 

scale [71]. �us, observed treatment-induced changes in 

SOC should not be translated directly into net transfer 

Fig. 32 Forest plot for meta-analysis of concentration data for IT–HT comparison at > 30 cm depth. IT intermediate intensity tillage, HT high inten-

sity tillage (see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with 

the points of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% 

CI, upper 95% CI]

Fig. 33 Meta-regression of difference in SOC concentration for IT–HT 

against reference SOC at > 30 cm. IT intermediate intensity tillage, HT 

high intensity tillage (see text for explanation). Point size represents 

study weighting in the analysis (inverse variance)
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of atmospheric  CO2 to SOC, i.e., climate mitigation, at 

larger scales beyond single fields.

Crop yield is also affected by tillage and has, in a recent 

review, been shown that in order to maintain or increase 

yields reduced tillage needs to be combined with other 

management activities. Such practices include soil cov-

erage by plants or returning residues to fields, other-

wise low tillage can give lower yields [72]. To get a more 

holistic view of the effects of tillage on potential trade-

offs between SOC accumulation and crop production we 

Fig. 34 Summary effect estimates (difference in SOC, Mg/ha) for stocks data meta-analyses. Three tillage comparisons are shown: NT, no tillage; 

IT intermediate intensity tillage, HT high intensity tillage (see text for explanation). Diamonds are centred on the summary effect estimate for each 

meta-analyses, with the points of the diamonds representing the 95% confidence intervals. Numbers in the right hand column are summary effect 

estimates [lower 95% CI, upper 95% CI]

Table 9 Summary e�ect estimates for meta-analyses of stocks data

‘Upper layer’ corresponds to measurements between 0 and up to 30 cm depth, whilst ‘full pro�le’ corresponds to measurements taken between 0 and between 30 and 

150 cm depth

NT no tillage, IT intermediate intensity tillage, HT high intensity tillage (see text for explanation)

Tillage com-
parison

Soil depth (cm) Summary 
e�ect estimate 
(Mg/ha)

Standard error z statistic p value Lower 95% 
con�dence 
interval

Upper 95% 
con�dence 
interval

Number 
of studies

NT–HT Upper layer 4.606 1.954 2.357 0.018 0.776 8.435 29

Full profile 1.646 3.409 0.483 0.629 − 5.035 8.327 14

NT–IT Upper layer 3.852 1.644 2.343 0.019 0.630 7.075 32

Full profile 0.831 2.711 0.306 0.759 − 4.483 6.144 13

IT–HT Upper layer 1.724 0.952 1.811 0.070 − 0.142 3.589 29

Full profile 1.883 2.529 0.745 0.457 − 3.074 6.840 10
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plan to investigate the evidence for yield effects in our 

database in a meta-analysis of yields.

From the perspective of climate change mitigation, 

any benefit of increased SOC should be considered 

together with components of greenhouse gas produc-

tion that may differ between tillage treatments, such as 

emissions related to the fuel needed for field operations 

or the production of fertilisers and pesticides. Nitrous 

oxide  (N2O) is the greatest contributor to greenhouse 

gas emissions from crop production where the soil water 

content, nitrate concentrations and available carbon are 

the major determinants regulating emission rates. Tem-

porary water logging due to high bulk density or insuf-

ficient drainage is considered to have a great influence 

on  N2O emissions in humid climates, as this will provide 

temporary anaerobic conditions where nitrate will be 

turn into  N2O by denitrifying bacteria in the soil [73]. 

�erefore, higher  N2O emissions are suggested to occur 

where bulk density values are higher, due to moister and 

denser soil conditions, which may eventually offset posi-

tive effects on SOC balances [22, 23]. �ere is no compel-

ling evidence for changes in bulk density resulting from 

tillage, since some authors observe no changes whilst 

others find lower bulk density with increased SOC lev-

els [74–77]. An increase in soil bulk density may offset 

positive effects on SOC balances, since more greenhouse 

gases including  N2O may be produced, for example due 

to anaerobic conditions [22, 23]. �is potential negative 

climate impact may however be counteracted consider-

ably by introducing controlled traffic farming, which will 

give lower bulk densities [78].

It is unclear whether observed effects of tillage treat-

ments are mainly input or output (decomposition) 

driven. �e increase in respiration after tillage treatment 

Fig. 35 Forest plot for meta-analysis of stock data for NT–HT comparison in upper layer. NT no tillage, HT high intensity tillage (see text for explana-

tion). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the diamond 

representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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observed in numerous studies has often been ascribed to 

the disruption of soil aggregates, whereby occluded par-

ticulate organic material becomes available to decom-

posers [e.g. 79]. However, changes in soil moisture and 

temperature and treatment-specific distribution of crop 

residues have been found to be highly important [e.g. 

80–83]. According to a meta-analysis conducted by 

Virto et  al. [32] differences in SOC stocks between NT 

and inversion tillage were significantly and positively 

correlated with differences in crop yields. �us, they 

concluded that the observed effect on SOC was indirect 

and governed mainly by the crop production response to 

tillage treatment. �us, the evidence is still not conclu-

sive whether losses of C through decomposition or yield 

effects are the main drivers for observed differences in 

SOC between tillage treatments.

Input by crop roots, their corresponding carbon alloca-

tion and the soil organism communities are considered as 

the major carbon sources in all soil layers [84, 85]. Soil 

organisms in particular are affected by tillage, for exam-

ple earthworms and arbuscular mycorrhizal fungi [86, 

87]. Less intensive tillage can promote the soil organism 

Fig. 36 Meta-regression of difference in SOC stock for NT–HT against 

study duration in upper layer. NT no tillage, HT high intensity tillage 

(see text for explanation). Point size represents study weighting in the 

analysis (inverse variance)

Fig. 37 Forest plot for meta-analysis of stock data for NT–HT comparison in full soil profile. NT no tillage, HT high intensity tillage (see text for expla-

nation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the diamond 

representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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communities by increasing the fungal-based parts of the 

soil food webs, which reduces leaching of nutrients and 

losses of soil carbon [88]. It has been proposed that the 

fungal based webs contribute more to soil C sequestra-

tion than bacterial-based soil food webs that are present 

at intensive management [89]. Furthermore, it has been 

suggested that the biomass of fungal communities also 

contributes substantially to the sequestration of soil C 

[90].

Review limitations

Limitations of the review

Our review involves a considerable number of meta-

analyses, mostly consisting of a large number of studies 

(up to 102 studies). Some meta-analyses were based on 

a low sample size, however (as low as 10 studies) and a 

relatively low sample size for models with a complex 

Fig. 38 Meta-regression of difference in SOC stock for NT–HT against 

latitude in full soil profile. NT no tillage, HT high intensity tillage (see 

text for explanation). Point size represents study weighting in the 

analysis (inverse variance)

Fig. 39 Boxplot of difference in SOC stock for NT–HT in full soil pro-

file as affected by soil class. NT no tillage, HT high intensity tillage (see 

text for explanation). See text for explanation of tillage groups and 

soil classes (USDA classification). Thick line, median; boxes, interquar-

tile ranges (Q1–Q3); whiskers, non-outlier range; points, outliers

Fig. 40 Boxplot of difference in SOC stock for NT–HT in full soil 

profile as affect by tillage depth. NT no tillage, HT high intensity tillage 

(see text for explanation). Thick line, median; boxes, interquartile 

ranges (Q1–Q3); whiskers, non-outlier range; points, outliers
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Fig. 41 Meta-regression of difference in SOC stock for NT–HT against 

reference SOC in full soil profile. NT no tillage, HT high intensity tillage 

(see text for explanation). Point size represents study weighting in the 

analysis (inverse variance)
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structure of moderators. Relative to other meta-analyses, 

these tests are large [e.g. 91, 92]. Still, the robustness of 

some of our smaller models would be improved could 

studies missing data be included and as more research is 

published over time. Cumulative meta-analysis suggests 

this may not be necessary for the larger meta-analyses, 

however.

Whilst we have attempted to account for various mod-

erators in our analyses, we have often run the risk of over 

parameterisation. We have chosen to be transparent and 

supply results for both basic (unmoderated) and moder-

ated models, but the risk of over-parameterisation would 

be reduced in future as more research is published, par-

ticularly where information is richer, for example soil tex-

ture data, allowing a greater proportion of the evidence 

base to be included in complex analyses. Similarly, we 

have not removed outliers, but we have plotted influential 

studies. Since out meta-analyses are relatively large, the 

influence of single studies is unlikely to be unacceptably 

large. We appreciate that another approach could have 

been to remove outliers and repeat analyses, but we felt 

that transparency about these analyses was more appro-

priate than removing studies based on their influence.

It was not possible with the available resources and the 

volume of evidence to assess the effect of combining till-

age with other interventions, such as amendments, crop 

rotation or fertiliser. Some 49% of the studies in the evi-

dence base involved such factorial or combined analy-

ses, and further investigation of these 172 studies would 

provide useful insights for practitioners attempting to 

reduce SOC loss from their soils.

Limitations of the evidence base

Due to the volume of evidence that we have encoun-

tered relating to the impacts of tillage on SOC the search 

update has taken 9 person months to screen, critically 

appraise, extract data from and integrate into the ongo-

ing synthesis of evidence from the existing systematic 

map. In addition, the high publication rate of relevant 

research over the past 2 years (20% of the total evidence 

base across a 27  year history) indicates that evidence 

will continue to be published at this rate or higher in 

the coming years. Together, these facts mean that future 

syntheses could struggle to bring together the rapidly 

expanding body of evidence in an affordable, timely man-

ner: review updates would essentially involve a similar 

investment of resources as many other smaller system-

atic reviews. Furthermore, the length of time needed to 

update the review could mean that an update is required 

by the time the review report is published. However, we 

can be hopeful that the analyses herein would not be sig-

nificantly affected by the addition of novel research, since 

the cumulative meta-analysis showed that the last 2 years 

of evidence were not highly influential in at least one of 

the analyses.

A further limitation of the evidence base was missing 

data and meta-data. Table  10 shows some of the com-

monly missing information within this evidence base. 

�e most common form of missing meta-data was soil 

descriptions, which hampered our analysis of this source 

of heterogeneity. Indeed, whilst we tried to convert soil 

texture classifications to a common scale using avail-

able information, certain texture classes were severely 

underrepresented in some analyses (e.g. silt loam in the 

comparison of NT relative to IT at 0–15 cm). It is com-

mon for study authors to fail to report spatial replication, 

study duration and study design and rates of reporting 

of this information in our review were in line with these 

rates [93]. Tillage descriptions (i.e. depth and machinery) 

were missing in 31% of studies, which made it difficult to 

investigate the impact of tillage depth and prevented any 

form of analysis of tillage equipment. Missing quantita-

tive data in the form of variability measures around the 

mean was also a problem. Over half of the studies in the 

review failed to report this data. For some of these stud-

ies we were able to estimate treatment variability using 

an overall variability measure, which had no significant 

impact on our analyses (shown by sensitivity analysis). 

However, our meta-analyses were smaller than the avail-

able evidence, since the studies without true or estimated 

variability could not be included.
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Fig. 42 Meta-regression of difference in SOC stock for NT–HT against 

study duration in full soil profile. NT no tillage, HT high intensity tillage 

(see text for explanation). Point size represents study weighting in the 

analysis (inverse variance)
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Our sensitivity analyses and assessments of publica-

tion bias, on the whole, failed to identify critical bias 

in the evidence base. However, there were some nota-

ble suggestions of publication bias in the concentration 

data meta-analyses for NT–HT at > 30 cm and IT–HT 

at 0–15  cm, and in the stocks data meta-analysis at 

0–30 cm. All three instances were for positive trends in 

less precise studies, where more precise studies showed 

evenly distributed effect sizes. By accounting for varia-

bility in weighting our meta-analysis by inverse variance 

we have attempted to account for some of this publica-

tion bias. We also attempted to reduce the possibility 

for publication bias in the original systematic map by 

searching for grey literature [33]. Another factor that 

may limit the impact of publication bias on our review is 

that SOC data is often not the main outcome of interest 

for studies in our review: frequently they focus on other 

outcomes in addition, such as yield, microbial abun-

dance, or greenhouse gas emissions. As a result, there is 

not such a clear link between significantly positive SOC 

data and perceived significance by authors, editors and 

peer-reviewers, possibly reducing the risk of publica-

tion bias. However, we should be aware that our effect 

estimates may slightly overestimate true effects at least 

for the three comparisons where evidence of publication 

bias was found.

Fig. 43 Forest plot for meta-analysis of stock data for NT–IT comparison in upper layer. IT intermediate intensity tillage, HT high intensity tillage (see 

text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the 

diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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Conclusions
Implications for policy and practice

�e farming community has a strong interest in manage-

ment practices not only from the perspective of agron-

omy but also in relation to the climate. Increasing SOC 

levels in the upper soil layers can reduce costs for nitro-

gen applications, since higher SOC level can increase the 

fertiliser efficiency for a given crop [94]. Among a num-

ber of management options to increase SOC for farmers, 

reduced tillage could provide a means to further reduce 

losses of SOC in the upper soil layers and contribute to 

economic efficiency in the long run.

�e European agricultural policy that promotes con-

servation of soil organic matter is outlined in the guide-

lines for good agricultural and environmental conditions 

(GAEC) [95]. �e policy does not currently contain 

measures that explicitly deal with tillage, but the results 

from the meta-analyses contained herein could provide 

evidence that NT and IT are potential means to promote 

SOC in the top soil, and thus could be used in formula-

tion of GAECs concerning soils at national levels.

In the United Nations Framework Convention on 

Climate Change (UNFCCC) soils are considered as 

an important factor for mitigating C losses, and dur-

ing the Paris COP meeting in 2015, there was an initia-

tive launched that stated that if soils can annually store 

0.4‰ of the global soil stocks this can be used to mitigate 

a large proportion of the greenhouse gases emissions to 

the atmosphere [96]. �is will not only mitigate climate 

change but is also intended to provide better food secu-

rity by increasing soil fertility. �e FAO has also launched 

the Global Soil Partnership, a voluntary partnership open 

to governments, regional organisations, institutions and 

Fig. 44 Forest plot for meta-analysis of stock data for NT–IT comparison in full soil profile. NT no tillage, IT intermediate intensity tillage (see text 

for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points of the 

diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 95% CI]
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Fig. 45 Meta-regression of difference in SOC stock for NT–IT against 

study duration in full soil profile. NT no tillage, IT intermediate 

intensity tillage (see text for explanation). Point size represents study 

weighting in the analysis (inverse variance)
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other stakeholders at various levels [97]. �e Partner-

ship is guided by an intergovernmental technical panel 

on soils that provides scientific and technical advice on 

global soil issues addressing sustainable soil management 

across various sustainable development agendas. �e evi-

dence from this systematic review on SOC stocks from 

a full soil profile does not show a change due to tillage 

management, though the collection of evidence (and the 

apparent lack of data from full profiles) can hopefully be 

used to support further work to find solutions to increase 

and maintain C stocks in agricultural soils.

Implications for research

Knowledge gaps and knowledge clusters

Across the evidence considered within this systematic 

review a suite of other management practices was inves-

tigated. Farmers rarely make decisions based on single 

management practices, but rather consider their field 

management in a holistic way. However, the majority of 

the evidence base examined the effect of tillage as a stan-

dalone practice (Fig. 56). Key knowledge gaps, therefore, 

exist around the combined effects of tillage and amend-

ments (such as farmyard manure application and stubble 

management) on SOC. Similarly, the combined effects of 

tillage and fertiliser were poorly studied. �ese represent 

partial knowledge gaps where further investigation and 

possibly primary may be warranted.

However, a modest evidence base was found relat-

ing to the combined impacts of tillage and crop rota-

tions (Fig. 56): some 88 studies. Whilst the large variety 

of possible rotations may preclude meta-analysis on this 

number of studies, it may prove fruitful. Furthermore, a 

combined approach may be particularly appropriate for 

this topic, whereby primary research aiming to fill this 

knowledge gap is combined with further synthesis of 

existing research identified here.

Methodology

Our results provide quantitative evidence in support of 

the previously held view that changes in SOC cannot be 

detected within a 10 year timeframe [41]. �is evidence 

should further strengthen guidance to ensure experi-

ments are in place for longer than a decade before meas-

urements aiming to detect SOC change are made, and 

researchers should ensure that investigations of SOC 

seek funding to cover periods of more than 10  years of 

study to have the necessary power to detect significant 

change.

Researchers may also benefit particularly from the 

appraisal that we have undertaken as part of this review. 

�e key limitations to the usefulness of research studies 

related to missing descriptive information and missing 

data. Despite the following variables being vital aspects 

of study design and experimentation, a surprising pro-

portion of the evidence base was deficient for one or 

more variables, which hampered analysis.

In particular the following meta-data were poorly doc-

umented and should be universally reported in detail to 

facilitate future analyses:

  • Study location (i.e. specific geographical location 

including coordinates).

Fig. 46 Boxplot of difference in SOC stock for NT–IT in full soil profile 

as affected by IT depth. NT no tillage, IT intermediate intensity tillage 

(see text for explanation). Thick line, median; boxes, interquartile 

ranges (Q1–Q3); whiskers, non-outlier range; points, outliers

Fig. 47 Boxplot of difference in SOC stock for NT–IT at in full soil 

profile as affected by soil class. NT no tillage, IT intermediate intensity 

tillage (see text for explanation). See text for explanation of tillage 

groups and soil classes (USDA classification). Thick line, median; 

boxes, interquartile ranges (Q1–Q3); whiskers, non-outlier range; 

points, outliers
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  • Experimental name or field identifier (if a frequently 

studied long-term experiment or if multiple long-

term experiments conducted at the same site).

  • Study AND experimental timing (i.e. both the period 

of measurement and the period over which the man-

agement practice or experiment was in place).

  • Soil type (reported as clay/silt/sand or universally 

accepted soil texture classification).

  • Detailed description of the context, including crop-

ping regimes, fertilider rates, soil chemical and physi-

cal parameters.

  • Detailed description of the study design and experi-

mental layout, including the type and level of ran-

domisation (i.e. how were plots randomly assigned, 

at what level of the experimental design was ran-

domisation applied [treatment, block, plot, subplot]), 

the type of study design used, the level of true spatial 

replication [block, plot, subplot, split plot], the num-

ber of true spatial replicates, the number of tempo-

ral replicates and the timing of measurements, the 

dimension of plots).

  • Detailed descriptions of the sampling design, includ-

ing the depths at which soil samples were taken, the 

method of extraction of soil samples, the number of 

soil samples taken per plot/subplot.

An additional significant problem related to missing 

data, including:

  • Individual bulk density data across all treatments and 

depths investigated, including measures of variability 

Fig. 48 Forest plot for meta-analysis of stock data for IT–HT comparison in full soil profile. IT intermediate intensity tillage, HT high intensity tillage 

(see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points 

of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 

95% CI]
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where available (rather than means across sites, treat-

ments or depth profiles).

  • Measures of variability separated by treatment, soil 

depth and other factors considered, including other 

farming practices such as different crop rotations 

or fertiliser rates (i.e. standard deviation, 95% confi-

dence interval, standard error).

  • Sample sizes for true replicates (true replicates are 

those that occur at the same level as the factor of 

interest, e.g. if tillage treatments are applied to differ-

ent fields then true replicates must occur at the field 

scale; subplots are pseudoreplicates).

  • Long-term study data separated over time (i.e. all 

time points summaries using means for each time, or 

raw data provided).

Wherever possible all raw data should be provided, 

allowing synthesists to maximize the legacy and impact 

Fig. 49 Boxplot of difference in SOC stock for IT–HT in upper layer 

as affected by soil class. IT intermediate intensity tillage, HT high 

intensity tillage (see text for explanation). See text for explanation of 

tillage groups and soil classes (USDA classification). Thick line, median; 

boxes, interquartile ranges (Q1–Q3); whiskers, non-outlier range; 

points, outliers
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Fig. 50 Meta-regression of difference in SOC stock for IT–HT against 

study duration in upper layer. IT intermediate intensity tillage, HT high 

intensity tillage (see text for explanation). Point size represents study 

weighting in the analysis (inverse variance)

Fig. 51 Boxplot of difference in SOC stock for IT–HT in upper layer 

as affected by HT depth. IT intermediate intensity tillage, HT high 

intensity tillage (see text for explanation). Thick line, median; boxes, 

interquartile ranges (Q1–Q3); whiskers, non-outlier range; points, 

outliers

Fig. 52 Boxplot of difference in SOC stock for IT–HT in upper layer as 

affected by IT depth. IT intermediate intensity tillage, HT high intensity 

tillage (see text for explanation). Thick line, median; boxes, interquar-

tile ranges (Q1–Q3); whiskers, non-outlier range; points, outliers
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of primary research. Primary research authors should see 

secondary synthesis in the form of systematic maps and 

systematic reviews as a valuable demonstration of impact 

of their research outputs. Such activities seek to combine 

research outputs to examine patterns across scales that 

would likely be impossible within current constraints of 

funding, resources and administration.

General conclusions
In this review, we compare tillage treatment effects on 

SOC concentrations and stocks in the upper layers of agri-

cultural soils that have accumulated over at least a decade. 

�is can be of importance for a number of ecosystem ser-

vices, such as climate mitigation and nutrient retention. 

Whether observed positive changes in these measures 

correspond to positive absolute changes in total SOC over 

time has not been investigated here but will be subject 

to a subsequent meta-analysis for a subset of studies for 

which time-series measurement are available [98]. How-

ever, for mitigation of climate change, site-specific relative 

changes in SOC following certain management practices 

Fig. 53 Forest plot for meta-analysis of stock data for IT–HT comparison in full soil profile. IT intermediate intensity tillage, HT high intensity tillage 

(see text for explanation). The summary effect estimate diamond is centred on the summary effect estimate for the meta-analysis, with the points 

of the diamond representing the 95% confidence intervals. Numbers in the right hand column are summary effect estimates [lower 95% CI, upper 

95% CI]

Fig. 54 Boxplot of difference in SOC stock for IT–HT in full soil profile 

as affected by soil class. IT intermediate intensity tillage, HT high 

intensity tillage (see text for explanation). See text for explanation of 

tillage groups and soil classes (USDA classification). Thick line, median; 

boxes, interquartile ranges (Q1–Q3); whiskers, non-outlier range; 

points, outliers
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Fig. 55 Meta-regression of difference in SOC stock for IT–HT against 

study duration in full soil profile. IT intermediate intensity tillage, HT 

high intensity tillage (see text for explanation). Point size represents 

study weighting in the analysis (inverse variance)
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Table 10 Commonly missing meta-data and data from the evidence base within this review

Missing information No. of studies % of evidence Description

Soil description 37 11 Studies lacking any description of soil type

Study duration 1 0.3 Study lacks any description of how long the experiments lasted

Study timing 20 6 Studies lacking information on when the experiments started and ended

Study design 29 8 Studies lacking information about the experimental design (i.e. randomisation, blocking, 
split-plot, strip-plot, latin square, paired design, purposive)

Spatial replication 18 5 Studies lacking details of how many true spatial replicates were sampled

Temporal replication 3 0.9 Studies lacking information of how many samples were taken over time

Soil sampling depth 1 0.3 Studies lacking information on how many soil samples were taken and at what depth

Tillage description 108 31 Studies lacking information on the type and intensity of tillage treatments

Measure of variability 196 56 Studies failing to report a measure of variability around treatment means

�llage alone

52%

�llage and amendment

6%

�llage and crop rota�on

25%

�llage and fer�liser

6%

�llage and 2 or more prac�ces

11%

Fig. 56 Pie chart of the key farming practices investigated alongside tillage. Practices are followed by the percentage of the evidence base

are very important since absolute changes are mainly 

determined by initial SOC states rather than treatments 

imposed in a specific experiment [99]. �e environmental 

impact of tillage needs to be considered for a number of 

factors influencing both farmers (crop production, future 

soil fertility) as well as society.
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standard deviation; SE: standard error; SED: standard error of the difference.
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