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Summary
The loss of carbon (C) from agricultural soils has
been, in part, attributed to tillage, and the promotion of less intensive tillage practices aims to
mitigate negative impacts on soil quality and to
preserve soil organic carbon (SOC). The evidence
on the impacts of tillage on soil carbon is conflicting, however, and there was a need for a comprehensive systematic review on the topic. We systematically reviewed relevant research in boreotemperate regions following on from a recently
completed systematic map on the impacts of farming on SOC. Searches were updated, evidence
was screened, and synthesis was performed on
extracted data. Meta-analyses were performed to
investigate the impact of reducing tillage – from
high-intensity (HT) to intermediate-intensity
(IT) or no tillage (NT) and from IT to NT – on
SOC concentrations and stocks, both in the upper
soil and in deeper layers. A total of 351 studies
were included in the systematic review. The SOC
concentration in the upper soil layer (0-15 cm)
was significantly higher under NT relative to
both IT (1.18 ± 0.34 (SE) g/kg) and HT (2.09 ±
0.34 g/kg); it was also significantly higher under
IT than under HT (1.30 ± 0.22 g/kg). However, in
deeper layers (15-30 cm), the SOC concentration
was 0.89 ± 0.20 g/kg lower under IT than under
HT. The stocks of SOC down to a depth of 30 cm
were significantly higher under NT than under
either HT (4.61 ± 1.95 (SE) tonnes/ha) or IT (3.85
±1.64 tonnes/ha). No other differences were significant, and no effects of changed tillage were
detected in the full soil profile. The results sup4

port and extend those from several previous studies and reviews that NT and IT increase SOC in
the topsoil.

Soil organic carbon important for
climate and soil fertility
Globally, soil layers down to one metre below
ground contain about three times as much carbon as plants that grow above ground, and twice
as much as the atmosphere. Farmland covers
approximately 35 percent of the Earth's surface
and contains about 12 percent of all terrestrial
carbon. There is therefore a great potential for
storing carbon in agricultural land, thus mitigating climate change. With the right farming
methods and systems, agricultural land can be
transformed from a source of greenhouse gases
to a carbon dioxide sink. An increase in the global soil carbon storage of 0.04 % per year would
be enough to counteract a large part of today's
greenhouse gas emissions to the atmosphere.
In addition to counteracting climate change, an
increase of soil organic carbon in farmland
contributes to increased diversity and activity of
soil organisms, which in turn increases nutrient
cycling and provides a favourable soil structure.
This can result in greater crop yields, but it also
improves the capacity of farmland to store water
and helps to enhance the resistance of crops to
various pests and diseases.
Tillage prepares the soil for cultivation and eliminates weeds that would otherwise compete
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with crops and reduce the yield. It has long been
considered to improve soil structure and enable
harvest residues to be incorporated into the soil.
Historically, tillage has contributed to increased
yields, but also to losses of carbon from farmland
through decomposition, leaching or surface runoff of organic matter

Reduced tillage a way forward?
There are methods that can reduce the losses of
carbon from arable land despite continued farming activities. One way is to reduce tillage, especially if this is combined with other methods
for increasing the carbon content in the soil.
There are also no-tillage practices, known as direct drilling, where only the surface of the soil is
treated in preparation for sowing.
For the farmer, methods that increase carbon
storage in the soil mean improved soil fertility
and more efficient use of nitrogen-based fertilisers. Another advantage of avoiding more intensive tillage methods is a decreased risk of generating a so-called plough pan (compacting the soil
immediately beneath the tilled layer).
Greenhouse gas emissions from farming machinery will also be reduced under reduced tillage,
due to lower fuel consumption. However, there is
a risk that these benefits could be partly counteracted by an increased dependence on pesticides
used to suppress weeds, and by an increase of nitrous oxide emissions due to the soil becoming
wetter and more compact.

Synthesis of extensive knowledge
base
Several reviews have already compared notillage management with intensive tillage. Some
of these reviews found a positive effect of
no-tillage farming on the amount of soil organic
carbon; others found no significant effect. One
reason why the results vary between studies may
be that some researchers measured the amount
of carbon in the top soil layers only, whereas oth-

ers examined the entire soil profile.
We have taken a broader approach by conducting
a systematic review, quantitatively synthesising
published findings on how different intensities of
tillage affect the amount of soil organic carbon at
different depths in arable soil. Our hypothesis
was that less intense tillage practices counteract
losses of soil organic carbon, but perhaps only in
the top soil layers (down to the level to which the
plough reaches in intensive tillage). Therefore,
we also compared the impact of reduced tillage
on carbon storage at different soil depths.
In 2015 Mistra EviEM published a systematic
map of four broad categories of cultivation
methods – soil amendment (addition of matter to
the soil, like manure), crop rotation, fertilisation
and tillage – and their effects on soil organic carbon in arable land in temperate or boreal zones.
Searches for literature were conducted in
September 2013, and we found a total of 306 studies that examined various forms of tillage. Prior
to conducting the now completed systematic review, we repeated the searches, looking for more
recently published studies. This resulted in a total of 351 studies, published in 288 articles.
Earlier studies indicate that long-term experiments are required to detect differences in the
amount of soil organic carbon caused by altered
tillage methods. Therefore, studies were included
in the systematic review only if they covered at
least ten years. Most studies included in this review were conducted in the United States (142
studies), especially in the southeastern part of
the country, which is located in a humid subtropical climate zone (123 studies). Other countries
with many studies were Canada (46), Spain (42),
Brazil (25), Australia (21) and Germany (17). The
Nordic countries were represented by seven studies from Denmark, four from Finland, three
from Sweden and one from Norway.
Most of the studies compared no tillage (NT)
with high-intensity tillage (HT), while
5
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Types of tillage studied.
Number of
Type of cultivation

Description

Zero tillage (NT)

Also described as direct drilling. Light ground preparation may occur.

NT vs HT

200

Reduced (intermediate
intensity) tillage (IT)

The soil is processed to a maximum depth of 30 cm
using a plate tool and/or a cultivator. Tools that turn
the soil upside down (e.g. mouldboard plough) are
not used.

IT vs NT

101

High-intensity tillage (HT)

Soil cultivation is done using a mouldboard plough
that turns the soil upside down. Ploughing without a
mouldboard is also included if the depth is more
than 40 cm.

HT vs IT

50

comparisons between no tillage and reduced
tillage or between reduced tillage and high-intensity tillage were less common. About half of
the studies examined different forms of tillage
only, while the remaining studies also covered
other aspects of cultivation such as crop rotation
or soil amendments.
The majority of studies had a set-up where different agricultural fields were assigned to treatments based on a split-plot or block design. The
number of replicates of each treatment was usually three or four. In most cases, carbon was only
analysed in the uppermost soil layers. Only a
third of the studies attempted to estimate concentrations or amounts of carbon more than 15
cm beneath the surface.

More soil carbon with reduced
tillage and no tillage
Overall, the studies analysed in this review show
that soils with no-tillage practices have higher
concentrations of soil organic carbon than soils
with intensive tillage. Concentrations were significantly higher under no tillage than under
high-intensity tillage (a difference of 2.09 ± 0.34
g/kg) but also compared with reduced tillage
(difference: 1.18 ± 0.34 g/kg). Even reduced
tillage resulted in significantly higher carbon
concentrations than high-intensity tillage (diffe6

comparative studies

rence: 1.30 ± 0.22 g/kg). Effects of reduced
tillage were usually only visible in the uppermost
soil layer, i.e. down to 15 cm below the surface.
Further down in the soil profile – 15 to 30 cm and
more than 30 cm below the surface – we generally found no differences between carbon concentrations. The only exception was a higher concentration of carbon at 15 to 30 cm depth under
high-intensity tillage compared with reduced
tillage.
When we analysed the amounts (stocks) of carbon in the top soil layer (0 to 30 cm depth), we
What is a systematic review?
In this review we have used a systematic methodology to synthesise the available evidence on
reduced tillage. Systematic reviews are entirely
based on existing studies – in this respect, they
do not differ from ordinary literature reviews of
scientific questions. The difference lies, instead,
in the rigour. A systematic review is characterised by meticulous planning, methodical procedures and a transparent, objective and complete documentation of all assessments carried
out in the course of the work. This approach is
designed to increase reliability and repeatability,
avoid bias and facilitate meta-analysis (quantitative conclusions based on data from several
different studies).

Impact of reduced tillage of arable land on soil organic carbon | SR10

also found a clear positive effect of no tillage: this
practice led to significantly larger stocks of soil
carbon than both high-intensity and reduced
tillage (differences: 4.61 ± 1.95 and 3.85 ± 1.64
tonnes per hectare, respectively). However, in the
soil profile as a whole, from 0 to 150 cm depth,
we found no difference in soil carbon amounts
between the different practices.
Previous studies have argued that arable land
has a great potential for carbon storage if less intensive cultivation methods are used. This would
allow farmers to help combat global warming.
For example, in the United States it has been estimated that reduced tillage can contribute to an
accumulation of 400 kg carbon per hectare and
year in the soil. Our meta-analyses confirm that
no-tillage practices result in greater carbon
stocks than high-intensity tillage; on average, 4
600 kg of carbon per hectare is accumulated in
the top soil layer over a period of ten to a hundred
years. The variation between studies is very lar-

ge, however, as reflected by a wide confidence interval: 780 to 8 430 kg of carbon per hectare.

Reasons why the results vary
Carbon stocks in arable soil change only slowly
when agricultural practices have been altered.
Therefore, only studies that had lasted longer
than ten years were included in the systematic
review. The longer the studies had lasted (up to a
hundred years), the more carbon had been stored
at 0 to 15 cm depth in soil managed without
tillage (compared to high-intensity tillage). On
the other hand, we found no clear increase in carbon storage over time in deeper soil layers. This
is likely due to a large variation between studies
or to carbon being stored at a lower rate further
down into the soil profile.
The soil type generally did not affect carbon
storage. However, there were indications that
more carbon is stored at 15 to 30 cm depth in

Impacts on carbon concentration in arable soil.
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Impacts on carbon amounts in arable soil.

The diagram is based on meta-analyses of data from a large number of studies. The
positions and widths of symbols indicate means and 95% confidence intervals, respectively.
If a symbol is not crossed by the dotted zero line, the effect is significant.

sandy clay loam and silty clay with no tillage
compared to high-intensity tillage. The carbon
stock in the entire soil profile (0 to 150 cm depth)
responded more positively to a shift to no-tillage
practices at northern latitudes than further
south. This could at least partly be due to the
temperature dependence of the decomposition of
soil organic matter.

Other effects of changed tillage
practices
Tillage practices do not only affect carbon storage in the soil. They can also have other consequences that need to be taken into account in assessments of whether a certain practice is useful
or not.

•

8

Soil erosion. By minimising tillage, it is often possible to reduce soil erosion. Such a re-

•
•

•

duction is desirable for several reasons, but
erosion may actually lead to higher carbon
retention at the landscape scale.
Yields. Crop yields are also affected by
tillage practices. A reduction of tillage can
result in decreased yields, unless it is combined with other management activities.
Greenhouse gases. Nitrous oxide (N2O) is an
important greenhouse gas that is often released from soils. A higher bulk density of the
soil may lead to higher emissions of this gas.
Today it is unclear to what extent changes of
tillage practices affect soil density.

Implications for policy and
management
Our review and meta-analyses have shown that
reduced-tillage practices contribute to the storage of more carbon in the upper soil layer than
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high-intensity tillage. However, we still cannot
detect effects of different tillage practices on carbon stocks in the full soil profile.
It is clear that there is a strong interest among
farmers to find ways to use their land more sustainably, both from economic and environmental
perspectives. The United Nations Food and
Agriculture Organization (FAO) has launched the
Global Soil Partnership, which could raise the
need for such activities to an intergovernmental
level. However, there are currently no explicit
guidelines concerning soil tillage within the EU
policy for agriculture (CAP), although the requirements of good agricultural and environmental
conditions (GAEC) include the maintenance of
soil organic matter.

Implications for further research
FFarming requires skills across a range of different management methods. A decision to reduce
tillage intensity is often combined with changes

in fertilisation, soil amendments, and farming
infrastructure and technology. There is therefore
an urgent need to study combinations of management methods to promote soil carbon sequestration, such as reduced tillage combined with soil
amendment or crop rotation.
Our review provides quantitative support to the
claim that changes in the content of organic carbon in arable soil cannot be detected if studies
last less than ten years. It is thus crucial for research funding to support longer-term experiments. The scale of the experiments is important
too. Most studies in our review included only a
small number of replicates of each trial, which
means that calculated mean values are not as reliable as they might otherwise have been.
When screening potentially relevant articles, we
had to exclude a number of studies because of a
lack of background information. For example, information about where the study was conducted,
how long farming practices had been in place,

The diagram is based on meta-analysis of a selection of the database. The symbols'
location and width indicate mean and 96% confidence interval respectively. If the symbols are not crossed by the dashed node line, the effects are significant.
A screenshot of the map database for our review, which presents all of the studies found in an interactive atlas.
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and a detailed description of experimental
methods were often missing. Many of the studies
included in the review also lacked complete data
about sampling depth, SOC concentrations, bulk
density and variability measures, which meant
that we could only use them in overall analyses.
If researchers were to provide raw data along
with their research articles, their studies could
be more readily included in quantitative syntheses. Therefore, Mistra EviEM has created a database where researchers can record raw data and
background information regarding studies on agriculture and soil organic carbon (www.eviem.se/
projekt/Formular-radata_en/). In this database,
all information from our systematic map and the
new systematic review is collated. Our intention
is that the database will be kept comprehensive
and up-to-date enough to benefit future reviews.

of tillage published from September 2013 onwards.
Since a large number of duplicates were identified
in the original systematic map, we limited the searches to four academic literature databases
(Academic Search Premier, Pub Med, Scopus and
Web of Science (see SR10 report for precise details
of the databases searched)). We also searched
using Google Scholar, which has proven to be an
effective tool for identifying both scientific literature and reports in the so-called grey literature. In
addition to articles in English, we also included articles written in Danish, French, German, Italian
and Swedish.

Most of the 1376 articles we found could be excluded as irrelevant based on title or abstract, but 298
potentially relevant articles were read in full. A total of 242 articles were removed after critical appraisal. Some 56 relevant articles remained from
How the review was conducted
which we extracted meta-data (descriptive information). In the systematic map we had previously
This systematic review was initiated and funded by extracted data from a further 232 articles. A large
the Mistra Council for Evidence-Based
amount of evidence had been published in the 2
Environmental Management (EviEM). The review years since 2013: 19 percent of all articles in this
was conducted as a project by a specially appointed review were published between September 2013
research group chaired by Katarina Hedlund, pro- and September 2015. In total, the systematic refessor at the Center for Environmental and Climate view included a total of 351 experiments published
Research (CEC) at Lund University. The project
in 288 articles.
was led by Neal Haddaway, EviEM. Stakeholders
deemed relevant to farming practices and soil orThe meta-analyses we conducted were designed to
ganic carbon in arable land were invited to discuss determine the size of the average differences in
the scope and focus of the review prior to conducconcentration and/or amount of soil organic carting the systematic review SR4 in June 2013. The
bon in arable land that had been tilled under diffefinal design of this systematic review was
rent intensities during at least ten years. No tillage
established in a detailed protocol published in
cultivation was compared with reduced tillage and
January 2016.
conventional tillage, and the latter two were also
compared to each other. In these analyses, statisOur point of departure were the searches for reletics took into account the effects of climate zone,
vant literature that were conducted in September
latitude/longitude and soil type by including them
2013 for the systematic map of how soil organic
as covariates in the meta-analyses. We also reporcarbon is affected by different cultivation methods ted the effects of these covariates on soil organic
including reduced tillage (SR4). In September
carbon, regardless of the type of cultivation
2015, we conducted new searches for relevant lite- method studied in the experiment. Studies that
rature, aiming to collate evidence on various forms had measured the amount and/or concentration of
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carbon at several different depths and therefore
could be expected to report more reliable results
were given greater importance in the meta-analysis than less extensive studies.

Free access to full report
The full report on this systematic review has
been accepted in the journal Environmental
Evidence (http://environmentalevidencejournal.
biomedcentral.com/). The report is available on
EviEM's website (www.eviem.se).

Overview of literature search and article screening

27 relevant abstracts
from Google Scholar
search

2 338 articles found
by search update

962 duplicates
removed

1 376 articles
screened on title

636 articles excluded
after screening on title

740 articles
screened on abstract

455 articles excluded
after screening
on abstract

312 articles to be
screened on full text

20 articles
could not be retrieved

292 articles
screened on full text

235 articles excluded
after full-text screening

6 articles/7 studies
from bibliographic
checking

Meta-data extraction
of 57 articles/64 studies

232 articles/288 studies
included from the
systematic map

288 articles/351 studies
included in the
systematic review
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EviEM Summary
Soil tillage can affect the amount of carbon stored in agricultural soils,
and it can thus influence climate change. We have systematically
reviewed relevant research in boreo-temperate regions to examine the
impact of transitions to less intensive tillage. Soil carbon concentrations
and stocks were generally higher under intermediate-intensity tillage or
no tillage compared to high-intensity tillage, but the relationships varied
with depth in the soil.
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