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Summary
In view of the threat that climate change constitutes, many strategies are being assessed to
ameliorate the problem. One such strategy involves carbon (C) sequestration, and as the soil is a big C
reservoir, several ideas to sequestrate carbon in the soil arose. Conservation tillage has been studied
as an agricultural practice that could contribute to soil carbon sequestration.
The study aims to determine the effect of conservation tillage (no tillage (NT) or reduced tillage (RT))
versus conventional tillage (CT) on soil organic carbon stocks in temperate zones. In order to do this,
firstly, other previously published studies on the effects of tillage on carbon sequestration were
reviewed and summarized. This helped to see what had already been done, and what was important
to do in the analysis. The methodology consisted in a meta-analysis: data of field experiments were
extracted from published studies and analysed altogether to find common patterns. These studies (19
in total) were obtained from a database of publications about effects of agricultural practices on
carbon sequestration. Between treatments, three comparisons were established: reduced tillage
versus conventional tillage (29 experiments), no tillage versus conventional tillage (40 experiments),
and no tillage versus reduced tillage (19 experiments).
For the whole soil profile (0-40 cm), no significant differences on soil organic carbon (SOC) stocks
were found in any of the treatment comparisons. In addition to the whole soil profile, different soil
layers were analysed. Again no significant differences were found between no tillage and reduced
tillage, except for the most superficial layer (0-10cm), in which no tillage presented 1.56 tC ha-1 more
than reduced tillage. Reduced tillage and no tillage, both compared to conventional tillage, show a
similar pattern. In the first layers of the soil (0-10 cm and 0-20 cm), soils under reduced tillage and no
tillage presented higher SOC stocks than conventional tillage. In the layers from 20 to 40 cm, the
opposite occurs, as conventional tillage has more SOC stock than reduced and no tillage. On the overall,
the results obtained are similar to results obtained in previous studies.
The lack of significance when the whole soil profile is analysed, are probably due to the C
distribution between soil layers (top layers would compensate deeper ones). The difference in results
between layers are probably caused by conventional tillage, which mixes the soil, burying the carbonrich top layer. That would explain why in the layers from 20 to 40 cm depth more carbon is found in
conventionally tilled soils. Tillage could also affect carbon sequestration through soil temperature and
soil structure: soil temperature is likely to be higher in conventionally tilled soils, while soil would be
looser, both variables contributing to more root growth deeper in the soil. The carbon decomposition
rate is also expected to be lower in the top layer of soils under reduced or no tillage, because lower
temperature reduces soil respiration
Other ecosystem properties or agricultural management practices might influence the effect of
tillage on SOC. This influence was analysed through a main factor analysis, which assumes that the
factor analysed is the only one influencing the results, and quantifies that influence. For this analysis,
reduced tillage and no tillage were considered as the same treatment, conservation tillage, and
compared to conventional tillage. Duration of the experiment significantly influences the results, so
that by each added year under conservation tillage SOC increases approximately 0.10 t ha-1. Initial SOC
stock was not available for most of the studies. Instead, SOC stocks under conventional tillage at the
end of the experiment were used as a reference of initial soil carbon levels. The results show an
inversely significant influence, thus, as SOC reference is higher, less carbon is accumulated in the soil.
Between corn and other cereals, corn seems to contribute more to carbon sequestration than other
cereals. Regarding the type of rotation, monoculture has a positive influence on the results, while
rotation with legumes does not seem to contribute to SOC increase. The influence of yield on the
1

relationship between tillage and SOC was tried for the first time, and as expected, higher yields
significantly contribute to carbon sequestration. Ploughing depth, which refers to the depth of
conventional tillage, was also tested for the first time, and although the results were not significant,
shallow ploughing seemed to favour SOC increase. Finally, climatic variables and soil texture did not
significantly influence the results.
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1. Introduction
1.1 Background
The threat of a changing climate due to the increase in greenhouse gas emissions is one of the main
issues of our times. Carbon dioxide is the most abundant greenhouse gas in the atmosphere, and
several efforts are carried out in all economic sectors to reduce its concentration (FAO, 2017a). Soils
act as reservoirs of carbon, containing two to three times more carbon than the atmosphere (Minasny
et al., 2017). Application of agricultural measures that increase the Soil Organic Carbon (SOC) content,
is one of the “climate smart” agricultural approaches that sequester CO2 from the atmosphere (FAO,
2013).
Primarily composed of carbon, soil organic matter is one of the main characteristics of soil structure
and fertility. In fact, the SOC decrease is considered a soil threat by the European Union Thematic
Strategy for Soil Protection (CEC, 2006), and (topsoil) SOC content is recognised as an important
indicator of soil status in Europe (Panagos, Hiederer, Van Liedekerke, & Bampa, 2013). This is because
organic matter influences soil physical, chemical and biological properties. By creating aggregates with
the mineral particles, numerous pores with different sizes are generated (Roth, 1985, as cited in FAO,
2005). This facilitates water infiltration while it helps to retain water in the small pores, therefore
reducing the risk of flooding, erosion, drought and crusting (FAO, 2005). Soil fertility is also enhanced
by organic matter, as it increases the cation exchange capacity (CEC), contributing to hold nutrients
necessary for plant growth (FAO, 2005). Finally, soil microbial community and structure is influenced
by SOC (FAO, 2017a), and microbial and fungal activity were found to be positively correlated with soil
organic matter (SOM) (De Vries, Bloem, van Eekeren, Brusaard, & Hoffland, 2007). An increase in SOC
is thus beneficial to the soil’s biodiversity (health) and soil structure and can increase crop yields, thus
playing an important role in tackling concerns such as land degradation, food security and soil
biodiversity loss (FAO, 2017a).
Soil carbon plays a double role regarding climate change. On the one hand it contributes to
adaptation by improving its physical properties, enhancing the resilience against climate extreme
events. On the other hand it can contribute to mitigation by sequestering CO2 from the atmosphere.
Furthermore, the increase of soil organic matter provides more stable and abundant yields,
contributing to food security (FAO, 2005; Lehtinen et al., 2014). Because of all the benefits of soil
organic matter, improving SOC content is considered as one of the means to contribute to the
achievement of the Sustainable Development Goals (FAO, 2017a).
Recently, the capacity of soils to sequester carbon from the atmosphere became a matter of global
interest, when at the COP 21 it was proposed that an annual increase on soil organic matter of four
per thousand, together with stopping deforestation, would be able to compensate the annual rise of
carbon dioxide in the atmosphere (De Vries, 2017; Minasny et al., 2017). Thus, the “4 Per Mille
Initiative” raised expectations that by applying good practices in agricultural management, the target
of SOC increase could be met.
Nevertheless, some flaws on the 4‰ promising idea were found quickly, and a lot of controversy
surrounds the initiative regarding its potential at a global scale. First of all, not all lands can increase
their carbon pool by management, for example mountains or deserts cannot be considered within the
manageable surface (Minasny et al., 2017). Secondly, plants need great quantities of nitrogen in order
to sequester the above mentioned amount of carbon, and it is highly improbable that such quantities
will be available in many non-fertilized lands, where N inputs by deposition are not evenly distributed
(De Vries, 2017; Van Groenigen et al., 2017a). Soussana et al. (2017) also contributed to this debate
arguing that the 4‰ initiative already considered the need for N, therefore the focus would be on
4

intensively managed lands, which could recover their initial C stock by using N surpluses, while in
extensively managed agricultural soils with lower initial SOC stock, the N fixed by legumes would be
enough to increase SOC stock by 0.4% per year. In the long term, according to Soussana et al. (2017),
the availability of phosphorus would be more problematic to achieve the 4‰ SOC increase than
nitrogen. Van Groenigen et al. (2017b), however, considers that lands with lower initial stocks are the
ones with higher potential for carbon sequestration. A third difficulty to reach the 4‰ SOC increase
goal has to do with the fact that many of the good practices that enhance carbon sequestration are
already applied in some countries (e.g. manure fertilization in France), and hence in these cases no
additional carbon sequestration is expected (Minasny et al., 2017). Fourthly, the increase on soil
carbon is not linear but tends to have a saturation limit at which the carbon pool stabilises (Stewart,
Paustian, Conant, Plante & Six, 2007; Poulton, Johnston, Macdonald, White & Powlson, 2018).
Laying aside the debate around the feasibility of the 4 per mille initiative, it is clear that in order to
increase soil carbon sequestration the key is management, since soils can act both as sinks and sources
of carbon dioxide. Management measures that increase soil carbon inputs or decrease soil respiration
stimulate carbon sequestration in soils (Smith et al., 2008). Conservation tillage (i.e. no tillage or
reduced tillage) is one of the practices that has been associated with carbon sequestration through the
reduction of soil respiration (Smith et al., 2008). Results differ though, depending on the depth to
which the soil is analysed, being usually positive when shallow layers are considered, but neutral when
the soil carbon content is analysed further than the plough layer (Baker, Ochsner, Venterea & Griffis,
2007). Therefore, Yang, Drury, Wander and Kay (2008) recommend to sample the soil further than the
plough layer, in order to unmask a possible depth bias favouring conservation tillage in terms of carbon
sequestration.
Moreover, many other aspects, such as climate or soil type, influence the processes that regulate
carbon sequestration (Minasny et al. 2017). For example, high soil temperature is associated with
increases in CO2 emissions (Meijide, Cárdenas, Sánchez-Martín & Vallejo, 2010). These other factors
influencing the carbon cycle could affect SOC in a similar way independently of the type of tillage
applied. However, results from some studies suggest that they might have different effects. For
instance, Gregorich, Rochette, VandenBygaart and Angers (2005) who conducted a study on no tillage
across Canada, found that this practice was beneficial for carbon storage only in western Canada, while
in eastern Canada no effect on SOC was found. Gregorich et al. (2005) stated that the root for this
difference might be the influence of the tillage depth, moisture soil levels, type of crop and soil fauna.
Therefore the measures should be context specific (Lal, 2016). But for that to happen, it is necessary
to know the influence of agro-ecosystem properties on the effect that conservation tillage has on soil
organic carbon. In the following section, a summary of the information obtained in previous metaanalyses is presented, including the assessment of the influence of other factors on the results.

1.2. Literature review: effects of tillage on soil carbon sequestration
A literature review was performed to synthesize information derived from previous meta-analysis
studies on the effect of tillage in carbon sequestration. Another objective of this review was to
understand which agro-ecosystem properties have an influence on the relationship between tillage
practices and SOC. The first results to be presented are from meta-analyses that did not mention or
consider the soil depth to which the primary studies analysed carbon (that is, they mixed results from
studies to different depths, considering that each study analysed the soil to an appropriate depth to
appreciate possible changes in SOC). Secondly, meta-analyses that considered depth and give results
for only one soil layer are presented. Thirdly, studies presenting results for several soil layers are
discussed. Finally, the results about the influence of different agro-ecosystem properties on the
impacts of tillage practices are presented.
5

Impacts of tillage practices at different soil depths
Studies without depth differentiation
A) Smith, Powlson, Glendining and Smith (1998) compiled the results of 14 European studies, ranging
from a duration of 2 to 23 years. Results of the experiments included in the analysis varied from 18 to
30cm, but an overall depth of 25 cm was considered, assuming that no SOC change due to tillage
occurred in the 25-30 cm layer. The meta-analysis results are positive for no tillage, with a SOC increase
of 0.73 ± 0.39 % in comparison to conventional tillage (Smith et al., 1998).
B) VandenBygaart, Gregorich and Angers (2003) conducted a study across Canada and found no
significant differences between no tillage and conventional tillage (0.05 ± 0.16 tC ha-1 y-1). They
assumed that each study included in the analysis reported the appropriate depth to account for the
differences in SOC between tillage treatments. A finer analysis, differentiating between Eastern and
Western Canada, showed contrasting results, with a positive carbon sequestration rate in the last area
(0.32 ± 0.15 tC ha-1 y-1) and no significant effects in Eastern Canada (–0.07 ± 0.27 tC ha-1 y-1).
VandenBygaart et al. (2003) identified several possible reasons for that difference: the type of
conventional tillage (deeper and with soil inversion in Eastern Canada), soil surface humidity (higher in
Eastern Canada), different crops in the two areas (which affects the lignin content of the residues as
well as the effects of tillage on yields) and the presence of certain soil organisms, such as earthworms,
which could only be found in Eastern Canada.
C) Puget and Lal (2005) carried out a non-weighted meta-analysis of 56 no tillage-plough tillage paired
comparisons, and they did not find significant differences between the two treatments (confidence
interval from -16.2 tC ha-1 to 30.8 tC ha-1).
D) Cooper et al. (2016) assessed the effect of reduced tillage on yields, weeds and soil carbon in organic
farming. The results of a non-weighted meta-analysis indicated that yields tend to decrease and weeds
to increase under reduced tillage compared to deep inversion tillage, while carbon soil stock had
increased by 1.43 tC ha-1 in the reduced tillage plots (analysis to a depth of 15 to 35 cm) (Cooper et al.,
2016).
Studies considering one soil depth
E) Paustian et al. (1997) was one of the earliest meta-analysis carried out, where 39 studies comparing
no tillage to ploughing in temperate climates were compiled to find common patterns. The soil depth
considered for the analysis was below the plough layer, obtaining a gain of 2.85 tC ha-1 in the no tilled
soils (8% more C under no tillage than under conventional tillage) (Paustian et al., 1997).
F) Virto, Barré, Burlot and Chenu (2012), found a significant increase on SOC under no tillage compared
to inversion tillage (based on 92 paired comparisons), when taking into account the first 30 cm of the
soil profile (3.4 tC ha-1 more under NT).
Studies considering more than one layer
G) Kern and Johnson (1993) performed a meta-analysis based on 17 experiments comparing no tillage,
reduced tillage and conventional tillage. They found no significant changes in carbon between the notill and reduced tillage treatments, while when comparing conventional tillage to no-till, changes could
only be detected above 15cm depth (Kern & Johnson (1993) as cited in West & Post (2002)). It is also
interesting to note that the changes were higher in the 0-8 cm than in the 8-15 cm soil layer (Kern &
Johnson (1993) as cited in West & Post (2002)).
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H) Similar results to Kern & Johnson (1993) were found by West and Post (2002), who selected 67
experiments from all over the world, where tillage treatments were applied for a minimum of five
years. No differences were found between reduced tillage and zero tillage. However, no tillage showed
a significant increase on SOC of 4.82 ± 0.87 t ha-1 and 0.73 ± 0.57 t ha-1 in comparison to conventional
tillage in the 0-7 and 7-15 cm layers, respectively (West & Post, 2002). Below 15 cm, in the 15-25 cm
and 25-35 cm, as in Kern and Johnson (1993), no significant changes were found (West & Post, 2002).
When considering the whole profile from 0 to 30 cm, the rate of carbon sequestration under no tillage
was 0.48 ± 0.13 tC ha-1 y-1 (West & Post, 2002). It is important to note that the results for the whole
profile were expressed to a depth of 30 cm, but the depths of the primary studies were not normalised.
This means that it was assumed that no changes in SOC occurred below the sampled layer, and the
results from all the studies for the whole soil profile were averaged disregarding their differences in
soil depth. Therefore, the figure for the whole soil profile should be taken cautiously.
I) Six et al. (2002) combined studies from both temperate and tropical soils. After years under no tillage,
SOC stocks of both tropical and temperate soils were increasing compared with conventional tillage
for the 0-10 cm layer, but the sequestration rate was much higher for tropical soils (0.43 tC ha-1 yr-1
compared to 0.16 tC ha-1yr-1 for temperate soils). For the 0-30 cm layer, however, a similar
sequestration rate of 0.325 ± 0.113 tC ha-1 yr-1 was found for the two soil types. Finally, for the 0-50
cm layer, soil organic carbon increased approximately 3 tC ha-1 after 20 years of zero tillage (Six et al.,
2002).
J) Angers and Eriksen-Hamel (2008) performed a detailed meta-analysis, including 47 comparisons of
no tillage and full-inversion tillage treatments, with SOC results to a depth of at least 30 cm. Analysing
per soil layer, they obtained a significant increase on SOC in the surface (0 to around 10 cm) under NT,
but a significant decrease in SOC under NT for the layers 20-25 cm and 25-35 cm (Angers & EriksenHamel, 2008). When considering the whole soil profile (0-30 cm), 95.4 tC ha-1 were found under fullinversion tillage, versus 100.3 tC ha-1 for no tillage, which implies a significant increase of SOC under
NT of about 4.9 tC ha-1 (Angers & Eriksen-Hamel, 2008).
K) Luo, Wang and Sun (2010) conducted a study, also differentiating results per soil layer, and selecting
69 studies where soil was analysed to a depth of more than 40 cm. The results per layer were very
similar to those obtained by Angers and Eriksen-Hamel (2008): significantly more SOC under NT than
under conventional tillage for the top 10 cm of the soil (mean difference of 3.15 ± 2.42 tC ha-1), the
opposite for the 20-30 cm and 30-40 cm soil layers (-2.40 ± 1.05 tC ha-1 and -0.90 ± 0-60 tC ha-1
respectively) and no significant differences for layers below 40 cm (Luo et al., 2010). When the whole
soil profile was considered, a positive sequestration was found to a depth of 30 cm (0-30 cm), but not
for deeper layers (from the surface to more than 40 cm deep) for which SOC presented an insignificant
increase of 2.8% (Luo et al., 2010).
L) Blanco-Canqui and Lal (2008) carried out an analysis of long-term (4 to 30 years) no tillage farmers’
plots in Eastern US. They compared the results with adjacent fields ploughed as usually done by
farmers, which is not always mouldboard plough, but sometimes chiselling or disking (Blanco-Canqui
& Lal, 2008). The use of fertilizers, crop rotations, use of cover crops also varied along the experiments,
and as the plots were not necessarily flat, so that the conditions were the real conditions under which
tillage practices take place in a big scale (Blanco-Canqui & Lal, 2008). The soil profile was analysed until
60 cm depth and significant differences between the two tillage practices were only found in the
shallow layers (0-5, 0-10 cm), while for the whole profile not significant results were obtained (and in
three locations the SOC was even higher in the ploughed plots) (Blanco-Canqui & Lal, 2008). Some
hypothesis proposed by Blanco-Canqui and Lal (2008) for the higher SOC concentration under
ploughing are: (1) buried crop residues take longer to decompose because they are protected from
7

erosion and microbial attack (VandenBygaart et al., 2003), (2) root deep growth is favoured in
ploughed soils (Qin, Stamp & Richner, 2006) and (3) buried organic carbon by association with the soil
matrix becomes more stable (Angers et al., 1997 and Tisdall & Oades, 1982, both as cited in BlancoCanqui & Lal, 2008).
M) Finally, Haddaway et al. (2017) performed a very complete and detailed meta-analysis of 351
studies assessing the influence of different intensities of tillage (no tillage, intermediate intensity and
high intensity) on soil carbon concentration and stock. For the concentration, the soil profile was
divided in three layers (0-15 cm, 15-30 cm and more than 30 cm), getting significant results for the
upper layer for the three comparisons: no tillage versus high intensity (average of 2.09 g kg-1, pval<0.001), intermediate intensity versus high intensity (average of 1.18 g kg-1, p-val<0.001) and no
tillage versus intermediate intensity (average of 1.23 g kg-1, p-val<0.001) (Haddaway et al., 2017). Not
significant differences were found for deeper layers, with the exception of the layer 15-30 cm, where
the high tillage intensity treatment presented a significantly higher carbon concentration than the
intermediate tillage intensity treatment (average -0.9 g kg-1, p-val<0.001) (Haddaway et al., 2017).
When the carbon was analysed as stock, the soil was considered as the whole profile (to 150 cm depth),
and also to 30 cm depth. Considering only the upper layer (to 30 cm), no tillage showed higher SOC
stocks than high intensity (4.61 t ha-1, p-val=0.018) and than intermediate tillage intensity (3.85 t ha-1,
p-val=0.019), while no significant differences were found between the high and intermediate tillage
intensity (1.72 t ha-1, p-val=0.07) (Haddaway et al., 2017). For the whole soil profile, significant
differences were not detected for any of the comparisons (Haddaway et al., 2017).
In conclusion, when only shallow layers are considered, the results show that conservation tillage tends
to increase SOC, but when deeper layers are included in whole-profile analysis, the results are
inconclusive. Analysing per soil layer, shallow layers show more SOC under conservation tillage, while
deep layers (around 20-40 cm) show an opposite trend, with higher SOC stocks under conventional
tillage. Therefore, it can be hypothesised that under conservation tillage, organic carbon accumulates
in the soil surface, while under conventional tillage, organic carbon is less abundant in the surface
because it tends to accumulate in deep layers of the soil. This would explain the differences of the
results obtained depending on the soil depth of the analyses.
Influence of management and agro-ecosystem properties on the impacts of tillage practices
As a summary, Table 1 provides the basic information about agro-ecosystem properties found by each
study, which is explained in more detail in the text below.
Experimental duration: The duration of the experiment was found to significantly and positively
influence the results on the studies performed by Angers & Eriksen-Hamel (2008) and Haddaway et al.
(2017), while Luo et al. (2010) could not find a significant influence of the length of the experiment.
Initial SOC: As discussed above, organic carbon in the soil tends to have a saturation level after which
the application of practices to increase it have little effect (Stewart et al., 2007; Poulton et al., 2018).
Therefore, when the initial SOC level is high, the expected SOC increase is low, and vice versa. In line
with this idea, VandenBygaart et al. (2003) found that soils with low initial SOC sequestered more
carbon than soils with high initial levels of SOC. Puget & Lal (2005) and Angers & Eriksen-Hamel (2008),
however, found no discernible influence of the initial SOC on the carbon sequestration capacity of no
tillage practices.
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Table 1. Influence of different agro-ecosystem properties on the impacts of tillage practices
West & Post
(2002)

VandenBygaart
et al., 2003

Puget &
Lal (2005)

Duration
Inversely
related

Initial SOC

No effect
found

Angers & EriksenHamel (2008)

Luo et al. 2010

Positive

No effect
found

Virto et al. 2012

Positive

No effect found

Temperature

No effect found

No effect found

Precipitation

No effect found

No effect found

Aridity index

No effect found
No effect
found

Climate

No effect found

Latitude

Positive

Soil texture

Positive for
coarse

Crop

Positive for
corn and
sorghum

Rotation
Double
cropping

Rotation >
monoculture

Monoculture >
rotation

No effect found

No effect found

Positive for sandy
clay loam and
silty clay soils

Monoculture >
rotation
Positive

Crop residue
inputs
N
fertilization

Haddaway et al.
2017

Positive
No effect
found

Climate: The influence of climate was tested by comparing climate zones (Luo et al., 2010; Haddaway
et al., 2017), analysing the possible effects of both annual precipitation and mean annual temperature
(Angers & Eriksen-Hamel, 2008; Virto et al., 2012), as well as the influence of the aridity index (Virto et
al. 2012), and none of the analysis found a significant influence of climate parameters on carbon
sequestration under conservation tillage. Nonetheless, latitude was positively correlated to changes in
the carbon stocks for the whole soil profile (0-150cm) in Haddaway et al. (2017), and the rate of SOC
increase in the surface layer (0-10cm) under no tillage was found to be higher in tropical soils (0.43 tC
ha-1 yr-1) than in temperate soils (0.16 tC ha-1 yr-1) (Six et al., 2002).
Soil texture: The influence of soil texture was also assessed by several studies, obtaining different
results. Significant increases in SOC were found in coarse-textured soils by Puget & Lal (2005), while in
the analysis performed by Haddaway et al. (2017), sandy clay loam and silty clay soils (USDA
classification) presented significantly higher carbon concentrations than other soil textures in no-tilled
compared to high intensity tilled plots. Angers & Eriksen-Hamel (2008) and Virto et al., (2012) also
analysed texture influence, but they found no discernible texture effect.
Crop type: Different crops are expected to contribute differently to the organic carbon in the soil, due
to differences in their crop residues. Puget & Lal (2005) was the only publication analysing this
9

influence, and they found significant increases in SOC in experiments with corn and sorghum
monoculture (considered crops with high residue inputs).
Rotations: Not only the type of crop but also the combination of crops over the time in the same plot
might have an influence in the SOC change under different tillage practices. West & Post (2002) found
that in all rotation systems analysed, except from wheat-fallow, soils under conservation tillage
increased their SOC. The increase rate was higher for rotation systems than for monocultures, being
the highest for corn-soybean rotation (0.90 ± 0.59 tC ha-1 y-1) (West & Post, 2002). In contrast with
West and Post (2002), VandenBygaart et al., (2003) found that plots under monoculture have a higher
carbon sequestration rate than rotations. Similar results were obtained by Luo et al., (2010), who
analysed the influence of rotation complexity, and found that as the complexity increases, less C is
accumulated in the surface, and the decline in deeper layers is also higher. This leads to an overall
worse result for no tillage in complex rotations, with a 4.69% SOC increase for monoculture, 3.20% for
two crops in rotation and even a negative result for three crops in rotation, -2.94% (Luo et al., 2010).
Double cropping: The number of crops being grown at the same time also seems to have an influence.
Luo et al. (2010) found a significant SOC increase of 10.94% (0-60 cm layer) under no tillage compared
to conventional tillage in double cropping, while no differences were found between these treatments
when only one crop was grown at a time.
Crop residue inputs: Differences on crop residue inputs were found to be significantly and positively
correlated with increases on SOC under no tillage, although unfortunately they were only analysed by
Virto et al., (2012). Their influence was very high and explained 30% of the variability in the data from
Virto et al., (2012). This justifies the importance of considering type of crop and rotation when
analysing tillage practices, as these factors are related to the crop residues, and could be used as
indicators when information about residues is not available.
Nitrogen fertilization: The influence of N fertilization was only analysed by Luo et al., (2010), and no
significant results were found.
Figure 2 gives a visual representation of different agro-ecosystem properties and other management
practices that might influence the relationship between tillage practices and soil organic carbon.
Based on the information obtained from the previous studies, several hypotheses can be derived:


Duration of the experiment influences the level of carbon sequestration, so that the longer the
conservation tillage is applied, the higher the SOC level in comparison with conventionally tilled
plots (at least in the soil surface), until the soil reaches its carbon saturation limit (Stewart et al.,
2007; Poulton et al., 2018).



When SOC reaches its equilibrium, the higher the initial SOC stock, the lower the differences
between treatments are, as soils with high SOC are already at their saturation limit, or close to it.



Climate variables do not influence SOC, as they probably affect in the same way soils under
conservation and conventional tillage.



Corn positively influences carbon sequestration under conservation tillage.
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Figure 2. Diagram of ecosystem properties and other management practices possibly affecting the relationship between tillage
and soil organic carbon changes

1.3. Purpose and scope of the study
The study aims to determine the effect of conservation tillage (no tillage or reduced tillage) versus
conventional tillage on soil organic carbon stocks in temperate zones, considering the influence of
agro-ecosystem properties on this relationship. To achieve this objective the following main research
question (RQ) is answered:
 What is the effect of conservation tillage practices on soil organic carbon stock in temperate zones,
considering the influence of agro-ecosystem properties?

The Global Agro-Ecological Zones (GAEZ) developed by the Food and Agriculture Organization of the
United Nations (FAO) and the International Institute for Applied Systems Analysis (IIASA) were used as
a framework to identify temperate climate zones (Figure 3). The GAEZ classification was considered
the most appropriate climate classification for this study, as it concerns the interaction between
climate and crops.
This main RQ can be addressed by answering the following sub-research questions:
RQ1. What is the effect of tillage practices on soil organic carbon at different soil depths?
RQ2. What is the influence of agro-ecosystem properties on the relationship between tillage
practices and soil organic carbon?
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Figure 3. Global Agro-Ecological Zones (FAO, 2017b)

RQ1 was answered with a meta-analysis of the effects of tillage practices, while RQ2 was answered
with a main factor analysis of individual agro-ecosystem properties. This analysis shows the individual
effect of each agro-ecosystem property on the relationship between tillage practices and SOC. Metaanalysis is a methodology that, by using statistical procedures, intends to better estimate the strength
on the relationship between two variables (called the effect size), combining literature available
regarding that relationship (Borenstein, Hedges, Higgins & Rothstein, 2009). It also provides
information about the measures of variation of results between all the papers considered in the
analysis, and the origin of that variability: whether it is due to random error (e.g. due to different
sample sizes between studies) or true heterogeneity in the data (Borenstein et al., 2009). In this study,
the effect size measures the strength of the relationship between tillage practices and soil organic
carbon. Three comparisons were made:
A. Reduced tillage versus conventional tillage (RT vs. CT);
B. No tillage versus conventional tillage (NT vs. CT); and
C. No tillage versus reduced tillage (NT vs. RT).
Therefore, the SOC of plots where either reduced or no tillage was applied was compared to the
SOC where conventional or reduced tillage was practised. For this study, conventional tillage is defined
as mouldboard ploughing (with or without secondary tillage); no tillage is zero tillage, with minimal soil
disturbance for seeding; and reduced tillage includes several tillage practices with intermediate soil
disturbance, such as disking, chiselling, sweeping, harrowing or roto-tillage.
When the effect of a treatment, in this case conservation tillage, varies widely across the studies,
and meta-analysis determines that at least part of this variability comes from true heterogeneity in the
data, other factors influencing carbon fluxes were considered (Borenstein et al., 2009). A main factor
analysis was carried out to derive the extent to which each of these factors individually affects the
results.
Due to data availability, the analysis eventually included as possible influencing factors: duration of
the study, precipitation, temperature, yield difference, SOC reference, soil texture, crop type and
rotation type. Yield difference is the difference in yield between treatments (conservation tillage minus
conventional tillage) in Mg C ha-1, and SOC reference is the soil organic carbon stock in the
conventionally tilled soils (control plots). With respect to the recently published meta-analysis from
12

Haddaway et al. (2017), the main added value of this thesis is the inclusion of yield difference, crop
type and rotation as possible influencing variables. Considering the influence of these variables will
contribute to a more accurate prediction of the soil management consequences on carbon
sequestration depending on the characteristics of each site, the crop grown and the agricultural
practices applied. Thus, all the actors involved in soil carbon sequestration, from policy makers to
farmers, could make better informed decisions regarding management and soil carbon sequestration.
The ‘priming effect’, which is the effect of the addition of easily decomposable organic matter on
the rate of SOM mineralization, has a great influence in the long term balance of carbon sequestration
(van der Wal & de Boer, 2017). However, since its mechanisms are not straightforward, and more
research is needed to fully understand them, the priming effect was not considered in this study (FAO,
2017a).
In the following section, the methodology used to answer the RQs is explained in detail. Then, the
results are presented and discussed, and finally conclusions are drawn.
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2. Methodology
The methodology applied to investigate the research question was meta-analysis. Firstly a literature
review of papers recorded in a database by Haddaway et al. (2015) was carried out. Therefore a search
with keywords was not performed, as Haddaway et al. (2015) already mapped the available studies.
Then the data for the analysis was selected from the papers and recorded in a database, to be
eventually analysed following the meta-analysis procedure.

2.1. Data collection
A meta-analysis combines the results from a number of existing studies to find patterns in the response
variable (SOC in this study) and influencing factors. Therefore the input data for the analysis was
collected from published studies, following the next steps:
A.

Define criteria to select papers;

B.

Define data to be collected from each paper;

C.

Collect primary studies;

D. Data treatment; and
E.

Harmonize data from various soil sampling depths.

2.1.1. Criteria for selection of studies
The following criteria were applied to select papers:


The study measures SOC in response to a no-till or reduced tillage management practice as
compared to the control or reference plot (under either conventional or reduced tillage);
 The results of the papers must be based on field experiments;
 The climatic conditions of the site where the experiment was carried out should be temperate.
The Global Agro-Ecological Zones (GAEZ) (FAO, 2017b) were used to define the climate type,
that must be temperate cool, temperate cold or temperate very cold;
 The duration of the experiment should be at least five years, because this is the minimum
expected time to achieve high carbon sequestration rates in the soil after application of notillage (West & Post (2002)). Other meta-analyses (Paustian et al. (1997); Virto et al. (2012))
also set five years as the minimum experiment length to select studies;
 The crops grown in the field experiments should be:
o Corn (corn or fodder corn);
o Cereals (any cereal except from corn);
o Grassland; and
o Root crops (potatoes and sugar beet).
When the experiments present crop rotations, at least 50% of the crops included in the
rotation must belong to the previous list. These groups of crops were chosen because they are
common in temperate zones in Europe, and they are expected to have different behaviour
regarding carbon content in the soil: grassland is expected to have high SOC; cereals are
expected to contribute moderately to carbon sequestration; corn is expected to have higher
carbon returns than other cereals (Puget & Lal, 2005); and finally potatoes and sugar beet,
being root crops might present low carbon sequestration rates; and
 The soil must be sampled to a depth of at least 40 cm. This was decided based on the literature
review done at the beginning of the thesis, and following the recommendations of Yang et al.
(2008).
Apart from these criteria, in order to conduct the meta-analysis, studies must report SOC mean,
measures of statistical dispersion and number of replicates for the different tillage practices applied.
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2.1.2. Data collected from each paper
The data to be collected from each paper was organized in a database and included general
information about the study, the site of the experiment, the climate, the soil properties, yield, other
practices applied (e.g. fertilization and crop management), details about tillage for the treatment and
control, and the results obtained for the response variable. All the details about specific data collected
for each of the previous categories can be found in the overview in Annex 1.
Data from the papers was organised in the database, and the SOC for each soil layer reported in the
studies was recorded. For papers only reporting data in graphs, Plot Digitizer software was used to
extract numerical values. The additional information (e.g. precipitation and soil type) available for each
study was different, and sometimes it was necessary to check other publications referenced in the
original study to complete the data. When latitude and longitude coordinates were not given in the
paper, Google Maps was used to locate the site and find the coordinates. Official websites of
Universities and Research centres were also used to find the geographical coordinates of experimental
plots. Moreover, ArcGIS was used in order to know under which GAEZ climate zone the experiments
were conducted.
The average annual precipitation and temperature, when mentioned, were obtained from the paper.
Otherwise, when enough information about the experimental location was provided, they were
derived from the Climate Research Unit global database (CRU) (New, Hulme & Jones, 1998). The CRU
database contains monthly gridded data on temperature and precipitation at global scale for the
period 1901-2016 on a 0.5° × 0.5° grid basis (New, Hulme & Jones, 1999; Mitchell & Jones, 2005; Harris,
Jones, Osborn & Lister, 2014). Those monthly data were recalculated to a yearly basis. A comparison
of results thus obtained with data given in the papers is shown in Annex 3. In the majority of the cases,
precipitation and temperature from both sources were very similar. Only in a few cases there were
considerable disparities (around 100mm difference for precipitation and more than 1.5°C for
temperature) between those sources. In these cases, the data given in the papers was used for the
analysis. However, if only temperature or only precipitation were mentioned in the paper, both values
were taken from the CRU database for the analysis.
Similarly, when data on clay, silt and sand contents were lacking in the papers, they were derived by
an overlay of the coordinates with data in the SoilGrids project (ISRIC, 2017). SoilGrids contains a
collection of soil properties at a global scale at 1 km and even 250 m spatial resolutions produced by
automated soil mapping based on machine learning algorithms (Hengl et al., 2014; Hengl et al., 2017;
Shangguan, Hengl, Mendes de Jesus, Yuan & Dai, 2017). The data in SoilGrids represent predictions at
points in 3D; thus at the centre of a grid cell and at standard depths (0, 5, 15, 30, 60, 100 and 200 cm)
(Hengl et al., 2014).
Based on clay, silt and sand contents, soil texture was defined and classified in four categories (clay,
loam, sand and silt), following the approach by Zavattaro, Costamagna, Grignani and Bechini (2014),
and according to the USDA classification (Figure 4). Therefore the texture was considered:
 Clay for the categories clay, silty clay and sandy clay
 Loam for the sandy clay loam, clay loam, loam and silty clay loam
 Sand for the sandy loam, loamy sand and sand; and
 Silt for the silty loam and silt
For the textural classes used in the analysis, no disparities were found between the information
provided in the papers and the data obtained from SoilGrids.
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Figure 4. Soil texture categories according to USDA classification (Zhao & Vrijling, 2016).

2.1.3. Collection of primary studies.
Primary studies were selected from a database previously published by Haddaway et al. (2015), which
includes articles studying the effect of different agricultural management measures on soil carbon in
boreo-temperate systems. Haddaway et al. (2015) performed a thorough systematic search for
literature on this topic, by using three search engines, seventeen academic citation databases, and
twenty-five websites of organizations. Therefore, it was considered that this database covers the
studies about effects of tillage on SOC published until 2014. Due to time constraints, this analysis
focuses only on the papers recorded in the database published by Haddaway et al. (2015).

2.1.4. Data treatment
2.1.4.1. Standardization of dispersion measures
Initially, the data from each study was collected in the units used in the original study. However, in
order to analyse the data, it was necessary to standardize all means to the same units and to convert
different dispersion measures to just one, in this case standard deviation.
Firstly, several studies provide dispersion measures different than standard deviation. Therefore,
standard errors (SE), confidence intervals (CI) and Least Significant Differences (LSD) were converted
into standard deviation. The following formulas were applied:
𝑆𝐷 = 𝑆𝐸 ∙ √𝑛
𝐶𝐼 = 𝑡𝛼;𝑛−1 ∙
2

𝑆𝐷
√𝑛

Therefore,
𝐶𝐼 ∙ √𝑛
𝑆𝐷 =
𝑡𝛼;𝑛−1

EQ1
EQ2

EQ3

2

Where:
n is the number of replicates of each treatment; and
tα/2;n-1 is the t value for n-1 degrees of freedom and 95% confidence.
In the case of LSD, it was necessary to assume that both treatment and control had the same standard
deviation, and a few more steps were needed to find the standard deviation. The formula of LSD is:
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1

1

𝐿𝑆𝐷 = 𝑡𝛼;𝑁−𝑚 ∙ √𝑀𝑆𝐸 ∙ (𝑛 + 𝑛 )
1

2

2

EQ4

Where:
N is the total number of replicates (considering all the treatments) for which the dispersion measure
was calculated;
n1 and n2 are the number of replicates of treatments 1 and 2 respectively;
m is the number of treatments (the control is also considered a treatment); and
tα/2;N-m is the value of a Student distribution with N-m degrees of freedom, for an α level of significance
(assuming two tails).
MSE is the mean square error, calculated as:
𝑛
̅ 2
∑𝑚
𝑆𝑆𝐸
𝑖=1 ∑𝑗=1(𝑋𝑖𝑗 − 𝑋𝑖. )
𝑀𝑆𝐸 =
=
𝑁−𝑚
𝑁−𝑚

EQ5

Where:
SSE is the sum of squares between each sample and its group mean (it quantifies the variability within
the groups, within the samples receiving the same treatment, and represents the variability due to the
error);
Xij is the value of the sample for group i and replicate j; and
̅̅̅
𝑋𝑖. is the average of group i.
Therefore, from LSD we can obtain the MSE:
𝑀𝑆𝐸 =

𝐿𝑆𝐷2
1
1
𝑡𝛼;𝑁−1 2 ∙ (𝑛 + 𝑛 )
1
2
2

EQ6

Knowing the MSE, N and m we can obtain SSE:
𝑆𝑆𝐸 = 𝑀𝑆𝐸 ∙ (𝑁 − 𝑚)

EQ7

Then, the Sum of Squares due to the factor (SSF), which quantifies the variability between the groups,
and represents the variability due to the treatment, can be calculated as the sum of squares between
each group’ mean and the mean of all the groups, by applying the formula:
𝑚

𝑛

̅̅̅𝑖. − 𝑋̅.. )2
𝑆𝑆𝐹 = ∑ ∑(𝑋

EQ8

𝑖=1 𝑗=1

Where:
𝑋̅.. is the average of all the groups’ averages.
After that, the variance (V) can be calculated as:
𝑉=

𝑆𝑆𝐸 + 𝑆𝑆𝐹
𝑁−1

EQ9

And therefore standard deviation (SD):
𝑆𝐷 = √𝑉

EQ10
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Yang et al. (2008) present minimal detectable difference (MDD) instead of LSD. They use a formula
from Zar (1996) to calculate MDD:
2 ∙ 𝑚 ∙ 𝑀𝑆𝐸 ∙ ∅2
𝑀𝐷𝐷 = √
𝑛

EQ11

Where:
m is the number of treatments;
MSE is the mean squared error;
∅ is the critical value based on α = 0.05, β = 0.20, and the number of degrees of freedom; its value
(2.02) is already given by Yang et al. (2008); and
n is the number of replicates of each treatment.
From EQ11, MSE was calculated, and then the steps defined above to calculate standard deviation
were followed.
Finally, Rasmussen and Rohde (1988) present a split-plot design with tillage as the main treatment
(applied to big plots) and fertilizing (six different rates of ammonium nitrate) as sub-treatment (applied
to sub-plots within the big plots). For the meta-analysis the interest is in the tillage treatments,
therefore each of the subplots with fertilizing treatments were considered replicates for the tillage
treatment, and the standard deviation was calculated considering each sub-plot as a sample, and
applying the following formula:
∑𝑛 (𝑥𝑖 − 𝑥)2
𝑆𝐷 = √ 𝑖=1
𝑛−1

EQ12

Where n is the number of samples for each treatment, xi is the value of each sample and x̅ is the mean
of the sample.
2.1.4.2. Soil carbon stock conversion
It was decided to analyse the data expressed in soil carbon per area basis (i.e. tC ha-1). Therefore, it
was necessary to convert all studies expressed in a mass basis (e.g. gC kg-1) to an area basis, considering
the depth of the soil layer and its bulk density:
𝑆𝑂𝐶

𝑔𝐶 1𝑡𝐶
1𝑘𝑔
𝑔
104 𝑐𝑚2 104 𝑚2 𝑆𝑂𝐶 ∙ 𝐵𝐷 ∙ 𝑑
∙ 6
∙ 3 ∙ 𝐵𝐷
∙
𝑑(𝑐𝑚)
∙
∙
=
𝑡𝐶/ℎ𝑎
𝑘𝑔 10 𝑔𝐶 10 𝑔
𝑐𝑚3
1𝑚2
1ℎ𝑎
10

EQ13

Where BD is bulk density (expressed in g cm-3) and d is the thickness of the soil layer (expressed in cm).
As the tillage practice may also affect bulk density (BD), most of the papers giving the results in SOC
content also report the BD of the treatment and control plots for each soil layer. There were two
papers, Cade-Menun, Carter, James & Liu (2010) and Lal (1999), for which bulk density was provided
for both treatment and control but only until 24cm and 20cm depth respectively. In this case it was
assumed that the bulk density remains constant from the deepest layer reported (16-24cm for CadeMenun et al. (2010) and 10-20cm for Lal (1999)) until 40cm depth. Another paper, Toosi, Castellano,
Singer & Mitchell (2012), did not report bulk density at all, and it was necessary to derive it from clay
and SOC content, by using a transfer function from Hoekstra and Poelman (1982), as cited in De Vries,
Reinds, Posch & Kämära (1994):
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𝐵𝐷 =

1000
(0.625 + 0.05 ∙ 𝑆𝑂𝐶 + 0.0015 ∙ 𝑐𝑙𝑎𝑦)

EQ14

Where:
BD is the bulk density of either the control or the treatment in kg/m3;
SOC is the soil organic carbon content of the control or the treatment expressed in %; and
Clay is the clay content expressed in %.
Finally, Rasmussen and Rohde (1988) did not report bulk density nor clay content, so that it was
necessary to estimate the clay content (~10%) from the textural class (coarse-silty), by using the soil
texture triangle according to USDA particle sizes. After that, the formula from Hoekstra and Poelman
(1982) was applied to obtain bulk density for treatment and control.
The value of the standard deviation of the mean was recalculated by multiplying it for the same factor
used to change the units of the mean, in order to have a standard deviation in accordance with the
mean expressed in tC ha-1.

2.1.5. Harmonizing data from various soil sampling depths
As previously said, the data was recorded per soil layer in the database, and each paper gives different
layer intervals (e.g. 0-20cm & 20-40cm or 0-10cm, 10-25cm & 25-45cm). However, to analyse the data,
the layers have to be comparable and therefore it was necessary to calculate the mean SOC and SD for
unified soil layers. Several layers were calculated: 0-10cm, 0-20cm, 0-30cm and 0-40cm.
The first layer calculated was the one considering the biggest depth, 0-40cm. As the results were
expressed in stock (tC ha-1), the mean SOC stocks of individual layers were summed to obtain the total
SOC stock up to 40cm depth.
𝑏

𝑆𝑂𝐶0−40𝑐𝑚 = ∑ 𝑆𝑂𝐶𝑎

EQ15

𝑎=1

Where:
SOC0-40cm is the SOC stock (tC ha-1) to a depth of 40cm;
SOCa is the SOC stock (tC ha-1) of the soil layer a; and
b is the total number of soil layers in which the data was presented.
In some cases, the deepest layer presented went further than 40cm depth (e.g. 30-45cm), and it was
necessary to recalculate the SOC stock of a thinner layer with a lower limit of 40cm. In order to do that,
when the results were originally presented in content (gC kg-1), the SOC stock of the last layer was
recalculated by multiplying per BD and thickness, applying the formula presented above, but now using
a reduced thickness of the soil layer to a lower limit of 40cm. In the case of Huggins, Clapp, Lamb &
Randall (2007) and Dolan, Clapp, Allmaras, Baker & Molina (2006), the results were originally presented
in stock, so it was necessary to do the reverse calculation (i.e. calculate the SOC content of the last
layer with the bulk density and the given thickness) and then recalculate the stock to a lower limit of
40cm. It was assumed that the content was constant in these layers, and for Huggins et al. (2007),
which provides BD without differentiating treatment and control, it was assumed that BD was not
affected by tillage.
One exception had to be made with the data from Machado (2011), because it was given for only one
layer (0-60cm) as SOC stock and bulk density was not given. In this case it was assumed that the mean
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SOC stock (0-40cm) was 5/6 of the mean SOC stock (0-60cm), and the same reduction factor was
applied to the standard deviation (SD0-40=5/6 x SD0-60).
For the rest of the papers, a pooled standard deviation (SD) was calculated for the 0-40cm layer by
applying the formula from De Gruijter, Brus, Bierkens and Knotters (2006):
ℎ𝑑𝑒𝑝𝑡ℎ 2

2
𝑆𝐷 = √∑𝐻
ℎ=1 [(𝐻𝑑𝑒𝑝𝑡ℎ) ∙ (𝑆𝐷ℎ ) ]

EQ16

Where:
h is each layer of the soil profile to 40cm, and hdepth is the thickness of layer h;
H is the layer comprising the total depth to be calculated (0-40cm), and Hdepth is the thickness of layer
H; and
SDh is the standard deviation of the SOC stock of layer h.
The same calculations were followed for the 0-10cm, 0-20cm and 0-30cm data, but only papers
reporting different soil layers could be used for this finer analysis. When the soil layers reported by the
study did not match the layers we calculate, it was necessary to incorporate data from other layer (e.g.
0-7.5cm 7.5-15cm for the calculation of 0-10cm), but it was calculated only when the data taken from
other layer (in the example the 7.5-15cm layer) did not involve more than 2.5cm.
In the case of Dimassi, Cohan, Labreuche and Mary (2013), it was assumed that the stock from 0-9cm
depth was the same as 0-10cm depth, and the stock from 0-29cm was the same as 0-30cm.

2.2. Meta-analysis
As already said, the methodology used to process the data was meta-analysis. In this study, the
effect size measures the strength of the relationship between tillage practices and soil organic carbon.
Therefore the SOC of plots where conservation tillage was applied is compared to the SOC where
conventional tillage was practised. This was done for every study included in the analysis, by calculating
the individual effect size and its precision (Borenstein et al., 2009). Then, the results of all studies in
the analysis were combined to calculate the summary effect (a weighted average of individual effect
sizes) (Borenstein et al., 2009). The confidence intervals and p-value, were also obtained to assess the
precision of the summary effect (Borenstein et al., 2009). The individual effect size of each study
(including the confidence interval), as well as the summary effect were then presented in graphs called
forest plots. The forest plots can be found in Annexes 4 and 5.
In this study, two different effect sizes were chosen to show how tillage is related to soil organic
carbon. These effect sizes are the raw mean difference (RMD) and the log response ratio (LRR). The
raw mean difference is useful to identify the absolute difference on the quantity of organic carbon
found in soils that are managed differently. This effect size allows to express the results in tons of
carbon per hectare additionally found in soils under conservation tillage in comparison to conventional
tillage. On the other hand, the LRR was used because values generally follow a log-normal distribution.
The LRR was calculated back to be expressed in the original units, obtaining the response ratio (ratio
of the means). The response ratio is what is presented in the results, as it expresses the relative gain
in carbon of soils under conservation tillage.
𝑅𝑀𝐷 = 𝑥̅𝑡 − ̅̅̅
𝑥𝑐
𝐿𝑅𝑅 = 𝑙𝑛

𝑥̅𝑡
𝑥𝑐
̅̅̅

EQ17
EQ18
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Where 𝑥̅𝑡 is the mean of the treatment, and ̅̅̅
𝑥𝑐 is the mean of the control.
The random effects model was used to calculate the summary effect. This model, unlike the fixed
effects model, assumes that the variability between individual effect sizes originates not only from
sampling error, but also from the influence of other variables over the response (e.g. the influence of
whether crop residues are removed from the soil or not) (Borenstein et al., 2009). The weight given to
each study when calculating the summary effect is influenced by the above-mentioned assumption
(Borenstein et al., 2009). The summary effect is the estimated the average of a distribution of effect
sizes for the random effects model, while for the fixed effects model it is the estimate of the common
effect size (as this model assumes there is only one true effect size, because only the treatment and
random error influence the result) (Borenstein et al., 2009). Because the SOC is influenced by several
factors (not only by tillage), the random effects model was the one chosen for this meta-analysis, and
the default weights for the random effects model (which are inversely proportional to variance) were
applied.
For the calculations, I assumed that each paper has a different random error, so that experiments
from the same paper are considered to have the same random error, but between publications, the
random error distribution is considered to be different. All these calculations were carried out by the
R software (version 3.3.1), using the “metafor” package (Viechtbauer, 2010).
Finally, the research quality was assessed by applying most of the criteria proposed by Philibert,
Loyce & Makowski (2012) for meta-analysis in agricultural studies. The followed criteria are:
a) The selection of publications included in the meta-analysis is described in detail so that it can
be repeated. The database from Haddaway et al. (2015) was published, and all the studies in
that database fulfilling the above mentioned criteria for selection were included in the
analysis. At the same time, Haddaway et al. (2015) gives a complete description of the search
terms and engines they used to collect the papers included in their database, so that the
procedure can be repeated;
b) References used for the analysis are listed;
c) An assessment of the sources of variability in the data was carried out. Thus, the sources of
heterogeneity were tested with the significance of the Q test, which indicates whether the
variability is due to random error (variability within studies) or to other factors creating
variability between experiments (Borenstein et al., 2009). When this test was significant, the
influence of other variables (agro-ecosystem properties) was checked through a main factor
analysis, as explained in section 2.3. ;
d) A sensitivity analysis against the observations and methods was carried out. Regarding the
observations, outliers were checked for, and four experiments were left out of the analysis:
two from the paper Dolan et al. (2006) (experiment codes 46 (NT vs. CT) and 47 (RT vs. CT))
and two from Rasmussen and Rohde (1988) (experiment codes 68 and 69, both comparing
reduced with conventional tillage). About the methods, other assumptions of random error
distributions were tried to see how the results were affected by this assumption;
e) The studies included in the meta-analysis were weighted according to their accuracy. The
default weighting procedure for random-effects model was followed, as mentioned above;
f)

The dataset obtained in the study is available; and
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g) The program used for the statistical analysis (above-mentioned) is available. The script with
the code that yielded the results presented in this study is also available.
Therefore, the only quality criterion not included in the analysis was the assessment of publication
bias.

2.3. Influence of agro-ecosystem properties: main factor analysis
As listed in Annex 1, the database was designed to collect as much information as possible from
each experiment, to be able to analyse the influence of agro-ecosystem properties in the results. In
order to have more data to analyse each variable, the main factor analysis assumed reduced and no
tillage as the same type of treatment compared to conventional tillage. From the information available,
the assessment focused on:
 Duration of the experiment (years)
 Climate: represented by mean annual precipitation (mm yr-1) and mean annual temperature (°C)
 Soil properties, including SOC reference (t ha-1) and soil texture (categories defined above).
 Agronomic variables: yield difference (tons ha-1), type of crop, type of rotation and ploughing
depth.
Ideally, initial SOC would be used to see how carbon sequestration (through conservation tillage) is
influenced by the level of carbon initially found in the soil (or by how close to the carbon equilibrium
the soil was when the treatment started). Unfortunately, only a few papers report the initial SOC stock,
and therefore the SOC stock of the conventionally tilled plots was used as a reference.
Yield difference was calculated as the yield obtained in plots under conservation tillage minus the yield
obtained in the control (under conventional tillage). Tillage practices are associated to changes in SOC
through soil respiration (Smith et al., 2008), but they may also affect yield (Ogle, Swan & Paustian,
2012). Evaluating the influence of yield difference on carbon sequestration is a way to estimate how
much of the change in SOC is due to changes in crop residues instead of soil respiration.
The type of rotation was classified as monoculture, rotation with legumes or rotation without legumes
(when no legumes were present in the rotation), and the ploughing depth was classified into two
categories: deep when it was to 25cm or more, and shallow when it was less than 25cm, following the
approach of Cooper et al. (2016).
The influence of these agro-ecosystem properties on the relationship between type of tillage and
soil organic carbon was analysed through main factor analysis. Thus, the influence of each variable was
analysed individually, to see whether they significantly influence the carbon sequestration process,
assuming that the variable under analysis is the only external factor affecting the relationship between
tillage and SOC. Therefore, all the variability between experiments is assumed to come from the factor
under analysis and the error. The results of the main factor analysis indicate, the increase in the effect
size for each additional unit of influencing variable. For example, for duration, the result shows the
increase in SOC mean difference for one additional year of conservation tillage. The formula for the
general linear regression is:
𝑆𝑂𝐶 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝑎 + 𝑏 ∙ 𝑥

EQ19

Where:
a is the estimate of SOC increase for conservation tillage versus conventional tillage when zero amount
for the influencing variable (factor) is considered (tC/ha);
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b is the increase of SOC when an additional unit of the factor is considered (assuming this is the only
external factor affecting the relationship between tillage and SOC); and
x is the number of units of the factor (e.g. mm, for annual precipitation).
Note that a is zero for some of the variables, for example duration of the experiment. For categorical
variables, a is also removed of the equation, and b changes depending on the category, while x is
always one.
A logarithmic model (natural logarithm) was also tried for duration and SOC reference, and the general
formula in that case is:
𝑆𝑂𝐶 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝑎 + 𝑏 ∙ log(𝑥)

EQ20

It is important to keep in mind that in order to obtain a good estimate of SOC increase based on the
influence of other variables, they should all be considered in the same equation, so that b would
become bi and x would turn into xi, being i the number of influencing variables. If all the variables are
considered to influence in a linear way, the formula would be:
𝑖

𝑆𝑂𝐶 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝑎 + ∑(𝑏𝑖 ∙ 𝑥𝑖 )

EQ21

1

Otherwise we are just ignoring that other factors also influence, all at the same time, the carbon
sequestration process (not just one by one as in the main factor analysis). However, the main factor
analysis is still an indication of whether the factor may have an influence or not, and due to time
constraints a full multiple regression was not possible to obtain.

2.4. Subsets: A different analysis for continuous variables
A different way of observing trends is subsetting the data. That is, making subgroups of data for
continuous variables. For example, the data about duration can be divided into “short” (from 5 to 15
years), medium-length (16 to 30years) and long experiments (31 to 65 years). Thus, the data were
subset as shown in Table 2:
Table 2. Classification of continuous variables into subgroups.

Duration

Temperature

Precipitation

SOC reference

short
medium
long
low
medium
high
low
medium
high
low
medium
high

Between 5 and 15 years
Between 16 and 30 years
Between 31 and 65 years
Between 2 and 7°C
Between 7.1 and 10.5°C
Between 10.6 and 14°C
Between 400 and 625mm
Between 626 and 900mm
Between 901 and 1100mm
Between 20 and 60 tC ha-1
Between 60.1 and 100 tC ha-1
Between 100.1 and 140 tC ha-1
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In order to form the previous subgroups, I considered that (a) the number of experiments in each
subgroup were similar, and (b) the ranges of data were balanced, following expectations based on the
literature review of previous studies.
Once the data was divided into groups, two types of analysis were carried out:


Subset analysis: provides the average SOC increase (tC ha-1) for each group. For example, for
duration, it would provide the average SOC increase in short, medium-length and long
experiments. Considering that duration has a positive influence in the results, it is expected
that the short group has a lower average than the medium-length group, and this one also
lower than the long group; and



Main factor analysis of subset groups: provides the additional SOC increase (tC ha-1) for each
extra unit of the continuous variable in each group. For instance, in the case of duration, for
the group “short experiments”, the result of the main factor analysis indicates how much SOC
increases for each additional year of experimental duration, within the range 5 to 15 years.
The same applies to the groups medium-length and long experiments. Therefore, if the
variable has a linear influence, similar results (increases per extra unit) would be expected for
the main factor analysis, as the gradient is the same regardless of the level of x (variable under
analysis). If to the contrary, the trend is logarithmic, the groups for lower values of the variable
(e.g. short and medium-length for the variable duration) would be expected to have higher
estimates (more change per extra unit, representing a higher gradient) than the groups with
high values of the variable (with a lower gradient).

By subsetting the data, the analyses are carried out with less data (for each subgroup). Therefore the
results lose statistical power and validity when compared to the analysis that considers all the data.
This is especially important when the number of experiments is not very large, as is the case for this
thesis.

24

3. Results
First, the results of the literature review are presented, and the characteristics of experimental data
are described. Then, the results of the simple meta-analysis model (without moderators) are presented
for two of the three comparisons analysed: reduced tillage versus conventional tillage, and no tillage
versus conventional tillage. The results of the comparison between no tillage and reduced tillage are
shown in Annex 4, because no significant differences were found for this comparison (no tillage versus
reduced tillage), except for the first 10 cm of the soil profile, and the amount of data available for this
comparison was quite limited. For each of the comparisons, the results are presented per soil layer (010cm, 10-20cm, 20-30cm, 30-40cm), as well as for the whole soil profile (0-40cm, 0-30cm and 0-20cm),
and for the two effect sizes previously specified (forest plots are shown in Annexes 4 and 5).
Then, the main factor analysis of each potentially influencing variable is presented. In this section (the
main factor analysis), no difference was made between reduced and no tillage. Thus, all the data from
reduced and no tillage was combined for the main factor analysis, and compared to conventional
tillage. This allows the inclusion of some variables for which few experiments provided data, and as no
significant differences were found between no tillage and reduced tillage, the approach seems valid.
Therefore, the influence of the agro-ecosystem properties was evaluated considering conservation
tillage (i.e. reduced tillage or no tillage) versus conventional tillage.
Finally, the results of the subsets analysis are presented, and in this case reduced and no tillage were
also merged into conservation tillage, to be compared to conventional tillage.

3.1. Characteristics of experimental data
The review of papers collected by Haddaway et al. (2015) yielded 19 papers that fulfilled the abovementioned requisites to be selected for the meta-analysis, while 238 other studies about tillage found
in the database were discarded for several reasons. A list of the selected 19 references can be found
in Annex 2. From these studies, a total of 88 paired comparisons considering a depth of at least 40 cm
were obtained (376 paired data for depth intervals), of which 40 compare no tillage with conventional
tillage, 29 compare reduced tillage with conventional tillage and 19 compare no tillage to reduced
tillage. When different depths were analysed, the total number of paired comparisons varied: 68 for
the 0-10cm layer, 61 to a depth of 20cm, 49 to a depth of 30cm; and per layers: 57 between 10 and
20cm, 38 for the 20-30cm layer and 44 for the deepest layer (30-40cm). The following tables
summarize this information:

Table 3. Number of experiments available for each treatment comparison.

19 papers, 88 paired comparisons
Reduced tillage compared to conventional tillage

29

No tillage compared to conventional tillage

40

No tillage compared to reduced tillage

19
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Table 4. Number of paired comparisons available per soil layers.

Per layers
0-10cm

68

10-20cm

57

20-30cm

38

30-40cm

44

For the different variables analysed, it is important to consider the range of data available, and this
is presented in Table 5. The yield was considered as the difference between the yield in the treatment
and the control plots. However, the data about yield was only available for 16 paired comparisons (5
for RT vs. CT and 11 for NT vs. CT), and therefore the results must be taken cautiously.
Table 5. Range of values found in the data for continuous variables.

Minimum
value

Maximum
value

Duration of the experiments

5 years

65 years

Temperature (annual average)

2.7°C

14°C

Annual precipitation

400mm

1051mm

Yield difference (Treatment – control)

-0.96 tC ha-1

1.09 tC ha-1

SOC reference

21.94 tC ha-1

134.97 tC ha-1

Only two of the four types of crop defined were found in the experiments, corn and cereals. No
grassland or root crops were found in the papers that fulfilled the criteria for selection. Between the
different types of rotation, there were only four experiments with rotations not involving legumes:
two for comparisons of no tillage and conventional tillage and two for comparisons between no tillage
and reduced tillage. Because of the limited data, the results about rotation without legumes will not
be further discussed. The soil texture was, as explained above, divided in four groups (clay, silt, sand
and loam), but none of the selected experiments were conducted in clay soils, and only one in a sandy
soil. Most of the soils were loamy for the three comparisons. Finally, the ploughing depth of the
conventional tillage was divided into shallow (<25cm) and deep (25cm or more). And most of the
experiments (45) ploughed the soil to less than 25cm, while only 14 went further than the mentioned
depth. Table 6 shows the number of experiments available for each variable and comparison.
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Table 6. Number of experiments for each categorical influencing variable.

RT vs. CT

NT vs. CT

NT vs. RT

Corn

16

28

13

Cereals

13

8

6

Type of crop

Rotation type

Grassland

0

Root crops

0

Monoculture

13

10

4

Rotation without legumes

0

2

2

Rotation with legumes

16

28

13

silt

4

14

2

loam

25

25

17

sand

0

1

0

Soil type
clay
Ploughing
depth

0

Shallow

45

-

Deep

14

-
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3.2. Meta-analysis
A general overview of the results of the meta-analysis can be found in the summarising Figure 5 for
mean difference, and in Figure 6 for response ratio. The results will be discussed following the order
shown in Figure 5, except from no tillage compared to reduced tillage (NT vs. RT). This comparison will
not be elaborated upon because no significant differences were found for any layer (with the exception
of 0-10cm). Figure 5 shows:
a)

On the left the comparisons between treatments, disclosed per layers as well as for the whole soil
profile (0-40cm);

b)

On the centre the bars represent the weighted average SOC increase (conservation tillage minus
conventional tillage following EQ17) of each comparison, expressed in Mg C ha-1. The limits of the
bars are the confidence intervals (95%) and the centres are the estimated SOC increase for each
comparison. The vertical line in the zero represents no difference between treatment and control,
while the estimates to the right of that line represent an increase in soil organic carbon due to the
treatment, and the negative estimates with bars to the left of the zero line show there was more
SOC in the control than in the treatment. When the bars cross the vertical line, the results of the
comparison are not significant; and

c)

On the right, n is the number of experiments on which the average (estimate) is based on.

Figure 5. Overview of meta-analysis results expressed as mean difference.

Figure 6 follows the same structure as Figure 5, but their results were obtained using equation
EQ18 and converting it to response ratio. Thus, if the same result was obtained in the treatment and
the control, then the response ratio is 1 (the vertical line). When the response ratio is higher than
one, the treatment has more SOC than the control and vice versa. On the right, the estimate was
transformed to percentage change.
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Figure 6. Overview of meta-analysis results expressed as response ratio..

3.2.1. Impacts of reduced tillage vs conventional tillage for different soil depths
As explained above, the results will be presented first per soil layer and then for the whole soil
profile.
0-10cm
In the most superficial layer of the soil, based on 19 observations, reduced tillage shows a significant
increase on SOC of 4.03tC ha-1 (p-val<0.0001). In relative terms, the increase in SOC was 17% (effect
size of 1.17, p-val<0.0001). The Q test shows that there is significant heterogeneity (Q=198, pval<0.0001), and therefore other variables influence the relationship between tillage and SOC.
10-20cm
In the second layer of the soil, reduced tillage still tends to increase carbon in the soil compared to
conventional tillage, but in a much reduced quantity (1.23tC ha-1), and the difference is only
moderately significant (p-val=0.037) when the effect size is mean difference. In relative terms, the
increase is estimated in 4%, in this case close to significance (p-val=0.076). This analysis was based on
17 experiments, therefore the results should be taken cautiously, and it is likely that significance would
increase if more data were available. It is also important to highlight that two of the experiments with
higher weight here (both from Rasmussen & Rohde (1988)), were found to be outliers for the whole
soil profile, and their individual effect sizes point to no change in SOC due to the treatment. Therefore,
leaving those experiments out also for the analysis per layers would increase the effect size and its
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significance. The heterogeneity test is significant (Q=67, p-val<0.0001), indicating the presence of
other influencing variables.
20-30cm
The results change completely in this layer, as conventional tillage shows 3.59tC ha-1 more than
reduced tillage (p-value=0.016), which represents a decrease of 17% of carbon under reduced tillage
(effect size of response ratio is 0.83, p-val=0.0007). Here as well, significant heterogeneity was found
in the data (Q=50, p-val<0.0001). It is necessary to highlight though, the low number of observations
from which these results were drawn, as only 8 observations were available for this layer.
30-40cm
As in the 20-30cm layer, in this layer the SOC stock is significantly higher for conventional tillage
than for reduced tillage (effect size -0.65tC ha-1, p-val=0.0001). In relative terms this implies 6% less
SOC under reduced tillage (response ratio=0.96), but for the response ratio effect size the results are
not significant (p-val=0.29). The Q test also differs depending on the effect size: it shows significant
heterogeneity for response ratio (Q=18, p-val=0.03), but non-significant for the mean difference
(Q=15, p-val=0.11). The differences between the two effect sizes might be that strong because for this
layer only 10 observations were available, therefore, it is not recommended to draw conclusions from
it.
0-40cm
The soil organic carbon is not significantly different in plots under reduced tillage compared to plots
under conventional tillage when the whole soil profile is considered. The mean difference is 3.94 tC
ha-1 more under reduced tillage, but the 95% confidence intervals exceed zero, so that no conclusive
results can be drawn from this comparison. The Q test shows significant heterogeneity (Q=942, pval<0.0001), reflecting the presence of other variables affecting the relationship, and thus the need to
include other factors in the model. The same conclusions are obtained from the response ratio,
showing a non-significant 3% increase in SOC under reduced tillage, with significant heterogeneity
(Q=968, p-val<0.0001).
0-30 and 0-20cm
Reduced tillage increases the SOC in 8.06t ha-1 if we consider the shallowest 30cm of the soil profile.
However, this result is based on only 10 observations, and even though it is close to significance (pval=0.06) it must be taken cautiously. The confidence interval of the estimate (-0.39, 16.51), also show
the variability of the data. In relative terms this implies an 8% increase in the SOC stock, and for the
response ratio the p-value shows moderate significance (p-val=0.04).
Moving towards more superficial layers, the results get clearer. Reduced tillage shows a very
significant increase in carbon, with an estimate gain of 6.11tC ha-1 compared to conventional tillage
(based on 17 observations), which represents an increase of 11% (p-value for both mean difference
and response ratio is lower than 0.0001).

3.2.2. Impacts of no tillage versus conventional tillage for different soil depths
0-10cm
The difference between no tillage and conventional tillage in the upper layer of the soil was, based
on 34 observations, even higher than for reduced tillage, with a significant estimate of 4.17tC ha-1 (pval<0.0001), which represents an increase of 17% of SOC with respect to conventional tillage (pval<0.0001). In the forest plots (available in Annexes 4 and 5), the experiments obtained from Mishra
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et al. (2010) show very broad confidence intervals. The reason behind this is that this paper compares
three treatments (no tillage, conventional tillage and woodland), and does not report variability for
each treatment but combined for the three treatments. Therefore, as in the woodland SOC in the top
layer of the soil is really high, the variability reported is also very high, but this does not affect the
individual effect size obtained for these experiments. The only consequence is that in the calculation
of the overall effect size, much less weight was given to these experiments, because they present high
variance.
The Q test also shows that there is significance heterogeneity due to other variables affecting the
data (p-value of Q test <0.0001).
10-20cm
The results for no tillage in the 10-20cm layer, based on 28 observations, show a very low nonsignificant increase of 0.29tC ha-1 (p-value=0.72), which represents a gain of 1% of SOC (ratio of
means=1.01, p-val=0.66). The Q test showed significant heterogeneity in the data (Q=230, pval<0.0001). In the forest plot the (Figure 24, in Annex 4), it can be observed that the experiments
from van Doren et al. (1986) have a high weight in the calculation of the effect size. This is the case
because they have low variability and their individual effect size is similar to the majority of the other
observations, so that leaving out these experiments would give a similar estimate with lower
significance.
20-30cm
Following the same trend as reduced tillage, the results are negative in this layer (20-30cm) for no
tillage. Thus, no tillage presents 3.83tC ha-1 less than conventional tillage, although in this case the
outcome is not significant for the mean difference (p-val=0.11). This represents a decrease of 18% in
SOC under no tillage, and the results are significant for the response ratio (p-val=0.009). The results
are based on 23 observations, and the heterogeneity test shows the influence of other variables
(Q=222, p-val<0.0001).
30-40cm
As in the 20-30cm layer, the results for no tillage follow the same trend as reduced tillage in the
deepest layer analysed (30-40cm). The SOC is lower for no tillage than for conventional tillage (0.35tC ha-1), but the difference is not significant (p-val=0.12). This implies a 10% reduction of SOC
under no tillage for this layer (RR=0.9, p-val=0.09), based on 25 observations. As in all the other
analyses presented, the Q test shows significant heterogeneity for the 30-40cm layer (Q=85, pval<0.0001).
0-40cm
As when comparing RT and CT for the whole soil profile, the results are also not significant (pvalue=0.14) for no tillage versus conventional tillage, with 2.28 tC ha-1 more no tillage, and significant
heterogeneity (Q=2398, p-val<0.0001). When the results are analysed in relative terms, a nonsignificant 2% increase is expected under no tillage (p-value=0.26), with exactly the same values as
mean difference for the Q heterogeneity test.
0-30 and 0-20cm
In the 0-30cm profile, no tillage shows an increase in SOC of 4.19t ha-1, which represents a gain of
5% of SOC (based on 29 observations), but in this case, unlike for reduced tillage, the difference with
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conventional tillage is not significant for any of the effect sizes (p-valMD=0.09, p-valRR=0.15).
Heterogeneity is significant for both no tillage and reduced tillage.
Similarly to reduced tillage, the results for no tillage increase significance when only superficial layers
are considered (0-20cm), although the estimate (5.64tC ha-1, a 10% SOC increase) is more moderate
than for reduced tillage, but still significant (p-valMD=0.0053, p-valRR=0.0018). The results for no tillage
are based on 31 observations.
In conclusion, a common pattern is found for no tillage and reduced tillage, when compared to
conventional tillage. This pattern consists of SOC increase in the upper two layers of the soil (0-10 &
10-20cm), and the opposite, a SOC decrease in layers 20-30 & 30-40cm. When the whole soil profile is
considered (0-40cm), no significant differences could be found for any of the comparisons. In general,
higher levels of significance were obtained for reduced tillage despite having less data available than
no tillage. Finally, if no tillage is compared to reduced tillage, no significant differences can be found,
except for the most shallow soil layer (0-10cm).
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3.3. Influence of individual agro-ecosystem properties on tillage impacts: main factor
analysis
In the previous section, the presence of other variables affecting the relationship between the
treatments and the control was analysed through the Q test. In all cases, this test was significant,
showing that other variables are affecting the results. Therefore, in this section the influence of
moderator variables was checked. In particular, duration of the experiment, reference SOC, yield,
precipitation, temperature, crop type, rotation, depth of ploughing and soil texture were analysed for
the whole soil profile (0-40cm). Each moderator was tested independently, through a main factor
analysis, to see whether it was influential in the results. Figure 7 shows an overview of the main factor
analysis. The factors significantly influencing the results were marked with asterisks according to the
following code: *** means p-value<0.0001, ** p-value<0.01, *p-value<0.05. The number of data used
for each study is indicated as (n), and the estimate means, for example for duration, that for each
additional year under conservation tillage the soil gains 0.10tC per ha.

Figure 7. Overview of the results of main factor analysis

3.3.1. Duration of the experiment
The duration of the experiment, although not strictly an agro-ecosystem property, is expected to
have an influence in the difference on SOC stock. First, a linear approach was tried, and the results
showed a very significant influence of duration, with an estimated increase of SOC of 97.9kg ha-1 year1
(p-val<0.0001) (Figure 8). In Figure 8, the dots represent the predicted values of SOC increase with
time, following a linear adjustment, and the blue lines represent the 95% confidence interval of the
predicted values.
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Figure 8. Predicted increase in SOC depending on the time that conservation tillage was applied. Linear model based on the
data from the experiments.

However, the influence of duration of the experiment is expected to be logarithmic, as the SOC
tends to reach an equilibrium after which it stabilises (Campbell, Zentner, Selles, Liang & Blomert,
2001, as cited in West & Post, 2002). Therefore, a logarithmic approach was also tested for duration,
and the results obtained were also significant (p-val<0.0001), with an estimate of 1.75. This estimate
should be understood as:
𝑆𝑂𝐶 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 1.75 ∙ log(𝑥)

EQ22

Where log is a natural logarithm, and x is the number of years. Figure 9 presents predicted values of
SOC increase with time, according to a logarithmic adjustment (blue lines show the confidence
intervals).

Figure 9. Prediction of influence of duration of the experiment based on the experimental data (logarithmic model)
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3.3.2. Climate variables: precipitation and temperature
None of the climate variables tested, precipitation and temperature were shown to have a
significant influence in the relationship between conservation tillage and carbon sequestration. In the
case of precipitation, 61 data were available for the analysis, but the test of moderators shows a pvalue of 0.82, with the estimate ranging from -0.01 to 0.01 (95% confidence intervals). Temperature is
also not significantly influencing the SOC stock, its p-value for the test of moderators is 0.29, with the
estimate ranging from -0.10 to 0.34. The results shown are for a model with intercept, but without the
intercept both variables show also a non-significant influence (p-valP=0.24, p-valT=0.16).

3.3.3. Soil properties: texture and SOC reference
The analysis of moderators shows a non-significant influence of soil texture in the results (pval=0.21). In Figure 7 it can already be observed that there are not significant differences between the
loamy and silty soils.
To the contrary, SOC reference presents a very significant influence in the carbon sequestration
process under conservation tillage (p-value<0.0001). In relative terms, Figure 10 shows the percentage
change obtained for the different levels of SOC reference available in the dataset, calculated as:
% 𝑐ℎ𝑎𝑛𝑔𝑒 =

(𝑆𝑂𝐶𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑆𝑂𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙 )
∙ 100
𝑆𝑂𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙

EQ23

The different sizes of the dots represent the accuracy of the data (and therefore the weight of each
data point in models).

Figure 10. Percentage change obtained for different levels of SOC reference.
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Based on raw data, no conclusions can be drawn. Therefore, a linear model was tried, and the trend
became clear (as well as significant): the higher SOC reference, the lower the change, and therefore
less carbon increase due to conservation tillage is expected.
Following the linear model, in absolute terms, the estimate is negative (-0.2), showing that soils with
higher SOC reference tend to have a smaller increase in SOC than soils with low SOC reference. The
intercept for SOC reference is 18.12tC ha-1, so that the equation obtained if SOC reference were the
only influential variable would be:
𝑆𝑂𝐶𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 18.12 − 0.2 ∙ 𝑆𝑂𝐶𝑟𝑒𝑓

EQ24

Figure 11 shows the trend predicted by the previous function (black dots forming a line), as well as the
95% confidence intervals of the estimates (green dashed lines). The figure contains values from 22 to
153tC/ha of SOC reference, as the function is based on the data available, and the database contains
SOC reference within that range.
It could be also extracted from the analysis that, based on our data, the turning point at which
conservation tillage would release carbon instead of benefitting carbon sequestration is when SOC
reference is higher than 90tC ha-1, with a 95% confidence interval for this estimate of around 65 to 115
tC ha-1.

Figure 11. Predicted SOC change in absolute terms as a function of SOC reference (linear model)

As the stock of carbon in the soil tends to an equilibrium, a logarithmic model was also tried, and the
results obtained were significant too. The model for absolute terms would follow the function:
𝑆𝑂𝐶𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 39.92 − 8.78 ∙ log(𝑆𝑂𝐶𝑟𝑒𝑓 )

EQ25

Based on this logarithmic model, Figure 12 shows the trend SOC increase would follow (black line), as
well as confidence intervals (green dashed lines) and real data (dots, representing the size of the dot
the influence of each data point).
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Figure 12. Predicted SOC change in absolute terms as a function of SOC reference (logarithmic model).

It can be observed that also in the logarithmic model, the trend becomes negative (SOC decreases).
However, in this case the estimate of SOC reference at which applying conservation tillage becomes
counterproductive for carbon sequestration purposes, is higher than for the linear model, with an
estimate of around 95tC ha-1, and confidence intervals between 60 and 155tC ha-1, approximately.

3.3.4. Agronomical properties: type of crop, yield, type of rotation and ploughing depth.
From the crop categories present in the data, three groups were formed: one for corn, one for
cereals, and one for corn and other cereals in the same rotation. As shown in Figure 7, only four
observations were available for the mixed group, and therefore the results for corn and cereals in the
same rotation will not be analysed further. For the other two groups, only corn shows a moderate but
significant influence on SOC, with an estimate of 4.17 (p-valcorn=0.04) that could range from 0.11 to
8.23 (95% confidence intervals). For cereals, the estimate is of -0.46 (p-valcereals=0.89), which could
range from -6.75 to 5.83 (95% confidence intervals).
The influence of yield on SOC is very significant (pval<0.0001), with an estimated increase of 6.22tC
ha for each ton of yield extra in the treatment (conservation tillage) compared to the control
(conventional tillage). This estimate was based on 16 observations, and its confidence intervals (95%)
range from 5.3 to 7.2 tC ha-1. Figure 13 shows negative values for yield difference, this implies that the
yield in the control was higher than in the treatment; when increase of SOC is negative, the organic
carbon under conventional tillage was higher than under reduced or no tillage. The equation for SOC
increase depending on yield difference assuming that only error and yield are the sources of SOC
variability is:
-1

𝑆𝑂𝐶𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 0.18 + 6.22 ∙ 𝑦𝑖𝑒𝑙𝑑𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

EQ26

Based on the previous function, the black line in Figure 13 was drawn, and the confidence intervals of
this function are presented as green dashed lines.
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Figure 13. Influence of yield difference on SOC increase.

The type of rotation was also tested for its influence in the results. As mentioned above, because of
the lack of data in the rotation without legumes (only 2 experiments comparing conservation tillage to
conventional tillage followed this type of rotation), the influence of this type of crop combination could
not be analysed. For the other two categories, based on 63 data, none of the types of rotation shows
a significant influence (p-valuemonoculture=0.07, p-valuerotlegumes=0.16). The estimate for monoculture is
3.12tC ha-1, with confidence intervals between -0.28 and 6.52 tC ha-1, while rotations including legumes
show an average SOC increase of 2.41 tC ha-1, and the 95% confidence intervals range from -0.98 to
5.79 tC ha-1.
Similar results were found for ploughing depth. The influence of shallow conventional tillage on
carbon sequestration is close to significance (p-valueshallow=0.06), with an estimate of 3.81 tC ha-1 (95%
confidence intervals between -0.09 and 7.72tC ha-1). Deep ploughing shows less clear results based on
14 observations, with an estimate of 2.30 tC ha-1 (p-valuedeep=0.26), and 95% confidence intervals
ranging from -1.71 to 6.31 tC ha-1.
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3.4. Subsets: A different analysis for continuous variables
After having analysed all the data together for continuous variables, a different way of observing trends
was tried by subsetting the data. Then, as explained in the methodology section (2.4. Subsets: A
different analysis for continuous variables), two types of analysis were carried out: subset analysis and
main factor analysis of subsets. The results for both are presented below.

Figure 14. Subgroup analysis of quantitative agro-ecosystem properties.

Figure 14 shows the results of the subset analysis. The centre of each bar represents the weighted
average SOC increase (conservation tillage minus conventional tillage) found for each subgroup, the
limits of the bars are the confidence intervals (95%) and the n is the number of experiments on which
the average (estimate) is based on.
Figure 15 shows the results of the main factor analysis per groups, that is, the change in SOC for each
additional unit of the variable under study, and within the range of values of each subgroup.
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Figure 15. Main factor analysis of subsets.

3.4.1. Duration of the experiment
According to the main factor analysis, duration is expected to have higher averages as the experiment
gets longer. Between the first two groups, this difference cannot be appreciated in the subset analysis,
however, the subset for long experiments has a much higher average than the groups short and
medium-length, while the accuracy of this average is low.
Regarding the main factor analysis of subsets, duration shows the expected logarithmic trend, as the
gradient decreases as the duration increases. This means that short experiments show a high increase
of SOC, while for medium-length the growth is slightly smaller, and the very long experiments show a
much lower increase in SOC per year.

3.4.2. Climatic variables
According to the subset and main factor analysis of subsets, temperature seems to have a negative
influence on enhancing the carbon sequestration under conservation tillage. The SOC average is
reduced as the annual temperature increases. The change in SOC per Celsius degree is also high and
positive for low temperature, but it decreases until it gets negative for the subset with high
temperature (10.5-14ºC), indicating that for each additional degree of average annual temperature,
conservation tillage would lead to a decrease of 0.04tC ha-1.
Precipitation, in contrast, does not show a clear trend. This is in line with the findings from the main
factor analysis with all the data (shown in section 3.3.2. Climate variables: precipitation and
temperature), which indicated that no significant influence could be found for precipitation.
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In fact, also for temperature no significant influence could be found in the main factor analysis with all
the data, and that analysis is more accurate than the one obtained by subsetting. As only temperature
was considered and the amount of data with temperature is quite limited, it could be the case that
other influencing variable is the one causing the change. For example, the subset with high
temperature is mostly composed by short experiments (with less time to increase SOC), while the
medium temperature group contains many long term experiments (with in average higher SOC
increase). Therefore, no conclusions should be drawn for climatic variables.

3.4.3. SOC reference
In the subset analysis, it can be seen how the groups with low and medium SOC reference follow the
expected trend of less carbon sequestration as the SOC reference is higher (because the soil is closer
to its carbon stock equilibrium level). However, the average for the subset with high SOC reference is
higher than the medium level, but its estimate is quite imprecise, with very broad confidence intervals.
Surprisingly, the trend is exactly the opposite in the main factor analysis of subsets. According to that
type of analysis, SOC would decrease under conservation tillage when SOC reference is low (20 to 60
tC ha-1), keep the same for medium levels of SOC reference, and increase when SOC reference is high.
In view of the contradictory findings from different analyses, the main factor analysis considering all
the data together (presented in section 3.3.3. Soil properties: texture and SOC reference prevails,
because it is based on more data and can therefore be relied on more.
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4. Discussion
Following the same structure as in the previous section, the overall results are discussed first,
distinguishing between layers and then for the whole soil profile. This is followed by a discussion of
the influence of agro-ecosystem properties and other management practices on tillage impacts.
Finally, the limitations of the study are discussed.

4.1. Impacts of tillage practices
Reduced tillage compared to conventional tillage
The shallowest layer of the soil (0-10cm) was found to have 4.03 t ha-1 more organic carbon under
reduced tillage than under conventional tillage, and the difference was significant. This figure is similar
to the 4.82t ha-1 obtained by West & Post (2002) for the 7 shallowest cm of the soil, especially
considering that the estimate for the next layer considered by West & Post, 7 to 15cm, was 0.73tC ha1
. Haddaway et al. (2017) also found a significant SOC increase for reduced tillage in the 0-15cm layer,
but for this layer the results were only given in carbon content (1.18gC/kg).
The second layer (10-20cm) presents a moderately significant SOC increase of 1.23t ha-1, which is a
higher estimate of that obtained by West & Post (2002) for the 7-15cm (0.73tC ha-1). Deeper layers,
20-30cm and 30-40cm, obtained significant decreases on SOC stock of 3.59 and 0.65t ha-1 respectively.
Haddaway et al. (2017) also found less SOC under reduced tillage compared to conventional tillage in
the 15-30cm layer of the soil, with an estimate of 0.9g kg-1.
For the whole soil profile analysed, to 40cm depth, no significant changes in SOC stock were identified,
which is consistent with the findings from Haddaway et al. (2017).
No tillage compared to conventional tillage
Zero tillage presents 4.17tC more per ha than conventional tillage in the first 10cm of the soil, and the
difference is significant. For the same layer, positive significant results were also found by Angers &
Eriksen-Hamel (2008) and Blanco-Canqui & Lal (2008). Luo et al. (2010) obtained a lower estimate of
3.15±2.42tC ha-1, but their value is within the confidence intervals calculated in this thesis (2.08 to
6.26tC ha-1). Haddaway et al. (2017) also found a significant increase of 2.09g kg-1 under no tillage
compared to conventional tillage in the 0-15cm layer.
For the second layer analysed, 10-20cm, no significant differences were found between no tillage and
conventional tillage, which is in accordance to the findings from Luo et al. (2010). However, Luo et al.
(2010) found significant decreases in SOC for the layers 20-30cm and 30-40cm (-2.40 and -0.90tC ha-1
respectively), and Angers & Eriksen-Hamel (2008) also found carbon losses under no tillage between
20 and 35cm depth, while no effect was found for these layers in our meta-analysis.
When the layers were considered altogether from 0 to 40cm depth, no significant differences could be
identified. Neither did Luo et al. (2010), Puget & Lal (2005), Blanco-Canqui & Lal (2008) and Haddaway
et al. (2017) find significant differences when pooling all the layers.
In contrast, Virto et al. (2012), Angers & Eriksen-Hamel (2008) and Paustian et al. (1997) obtained SOC
increases of 3.4, 4.9 and 2.9 t per hectare for the 0-30cm profile (below the plough layer for Paustian
et al.), while no changes were identified to 30cm in our analysis. Six et al. (2002) and Smith et al. (1998)
found SOC increases to 30 and 25cm depth respectively, but they expressed the results as carbon
sequestration rate.
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No tillage compared to reduced tillage
Significant differences between zero and reduced tillage could only be identified for the shallowest
layer (0-10 cm), with 1.53 t of carbon more per hectare of no tillage. Previous meta-analyses
considered as upper layer 0-15cm and found either no effect (Kern & Johnson, 1993) or an increase of
1.23gC kg-1 under no tillage (Haddaway et al., 2017). For deeper layers, no differences were found,
which is in line with the results obtained by West & Post (2002) for the 0-30cm profile, but contrasts
with the analysis of Haddaway et al. (2017), who found an increase of 3.85tC ha-1 under no tillage
compared to reduced tillage.
Overall effects
The general trend for conservation tillage practices (i.e. no tillage and reduced tillage) compared to
conventional tillage is to obtain significant increases in SOC for shallow layers under conservation
tillage, but the opposite for deeper layers (20-30 and 30-40 cm). The inversion of the soil (with the
shallow C-rich layers being buried to deep soil horizons), could be a possible reason for this
redistribution of soil carbon under conventional tillage practices (VandenBygaart et al. 2003; Luo et al.
2010).
Additionally, Baker et al. (2007) and Blanco-Canqui & Lal (2008) suggest that tillage effects on soil
temperature and strength could be the origin of differences on root-growth patterns between tillage
practices. According to Baker et al. (2007), soil temperature would be higher in tilled soils, due to a
higher soil heat flux (Shen & Tanner, 1990, as cited in Baker et al. 2007) and a lower albedo, and root
growth is influenced by soil temperature. Moreover, tillage loosens the soil making it more suitable for
deep root development (Baker et al. 2007; Blanco-Canqui & Lal, 2008; Luo et al., 2010). In fact, for
maize and winter wheat, a high root-length density was found in the soil surface under no tillage, while
in tilled soils high root-densities were found in deep layers (Qin, Stamp & Richner, 2004; Qin, Stamp &
Richner, 2005, Qin et al. 2006).
Different carbon decomposition rates could also be related to differences in the distribution of SOC
between soil layers. The lower temperature in the surface of no tilled soils might also lead to a lower
organic carbon decomposition rate (Duiker & Lal, 2000). At the same time, tillage is associated with
higher carbon decomposition rates, due to the destruction of aggregates that leaves more surface
available to be accessed by microbes (Beare, Hendrix & Coleman, 1994; Six Elliott & Paustian, 1999).
Some authors (VandenBygaard et al., 2003; Blanco-Canqui & Lal, 2008) point out that buried SOC under
conventional tillage might decompose more slowly than SOC left in the surface (when no tillage is
applied). Nonetheless, Coopens, Garnier, Findeling, Merckx and Recous (2007) found that when
organic carbon is incorporated into soil layers by ploughing, it is decomposed faster than when it is left
in the soil surface, which was explained by a higher moisture level in deep layers of the soil.
No significant results were obtained for the 0-40cm soil profile, which could be related to the fact that
the SOC increase in shallow layers is balanced out by its decrease in deep layers. Nonetheless,
alternative reasons for the absence of deep soil whole-profile significant results are that (1) carbon
concentration at deep layers is low, and therefore finding differences between treatments is difficult;
and (2) deep soil layers are not homogenised due to absence of tillage, and therefore more variability
exists in all the soil properties (Robertson, Crum & Ellis 1993), including carbon, which might lead to
misinterpretation of the results (Syswerda, Corbin, Mokma, Kravchenko & Robertson, 2011). However,
in our analysis as well in the results from Luo et al. (2010), significant differences were found in deep
layers. The lack of significant results arises when the whole soil profile is considered. In this sense,
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Kravencho and Robertson (2010) defend the comparisons between treatments per soil layers, and the
construction of soil profiles only with the soil layers that showed significant differences, to avoid the
mentioned issues (as layers not showing significant differences due to either low C concentration or
high variability in the soil, would not be considered for the whole-profile analysis). They highlight that
when no significant results are found for the whole soil profile, the possibility to make a type II error
should be considered, as “the absence of evidence is not evidence of absence” (Kravencho & Robertson,
2010, p. 240).

4.2. Influence of agro-ecosystem properties
Duration
The duration of the application of conservation tillage practices was found to have a significant effect
in the results, so that longer studies achieve higher carbon sequestration. This conclusion was also
found by Angers & Eriksen-Hamel (2008) and Haddaway et al. (2017), while Luo et al. (2010) could not
find evidence of the influence of duration.
As previously mentioned, the accumulation of SOC with time follows a logarithmic curve, so that the
rate of SOC increase is not uniform (Poulton et al., 2018). The results of this thesis (main factor analysis
with a logarithmic model, as well as main factor analysis of subsets) confirm the logarithmic trend. Six
et al. (2002) observed an initial decline of SOC in the upper 30cm of the soil when no tillage is applied,
and a change of this trend into SOC increase for the same soil layer after 6 to 8 years of no tillage. In
the same line, Franzluebbers and Arshad (1996) found no change in soil microbial biomass in the first
five years after no tillage and conservation tillage was applied, but in the sixth year an increase with
respect to conventional tillage was found for both treatments. The highest carbon sequestration rate
occurs between the fifth and tenth year of conservation tillage, according to West & Post (2002). The
main factor analysis of subsets carried out in this thesis, points at the same trend, with short
experiments between 5 and 15 years long having the highest estimate of SOC increase (0.15tC ha-1)
per year. The time at which a SOC equilibrium is reached due to conservation tillage practices was
estimated by several authors, and it varies from 15-20 years (West & Post, 2002; Campbell et al., 2001,
as cited by West & Post, 2002) and 25-50 years (Kimble, Follet & Cole, 1998, as cited in West & Post,
2002).
Climate
Annual precipitation and mean annual temperature were tested as climate parameters possibly
influencing carbon sequestration, but no effects were found. The same was found by all the previous
meta-analyses that checked the influence of climate (Angers & Eriksen-Hamel, 2008; Luo et al. 2010;
Virto et al., 2012; Haddaway et al., 2017). Climatic variables do influence carbon decomposition and
crop growth, but maybe their influence is the same for both tilled and no tilled soils, and that would
explain that no effect is found. It is also possible, as pointed out by Virto et al. (2012), that the annual
averages used to evaluate climatic influence do not provide sufficient details to observe the influence
of these variables. Moreover, many of the studies provide data about average precipitation and
temperature, but not necessarily the average for the years during which the experiments were carried
out. The same applies for the data obtained from the CRU, which is not specific for the years of the
experiment. This is a limitation of the study that might hide an influence of climatic variables.
Soil properties: texture and SOC reference
Nor Angers and Eriksen-Hamel (2008) neither Virto et al. (2012) found a significant influence of soil
texture on the relationship between tillage practices and SOC, and the results of this study were also
inconclusive regarding soil texture. It is important to note that the database did not contain clay or
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sandy soils, and therefore there is less variation in the soil texture data. If more different types of soils
were available for the analysis, the results could have been otherwise. In fact, two other meta-analyses
obtained different and somehow opposite findings. Haddaway et al. (2017) found significantly higher
increases of SOC in deep layers for sandy clay loam and silty clay soils under conservation tillage. The
clay in these soils (with an average content between 30 and 45%) would associate with organic matter
creating aggregates that make decomposition difficult (Haddaway et al. 2017). On the other hand,
Puget & Lal (2005) found that coarse soils benefited carbon sequestration under zero tillage. As
discussed above, loose soils facilitate root growth, and this could also explain why under no tillage,
coarse textures could be favourable for the development of the roots, leading to SOC increases.
Following the logarithmic trend for SOC accumulation presented in the duration section, it is expected
that initial SOC has a negative influence in carbon sequestration, with higher SOC increases the lower
the initial SOC, as soils with low SOC are farer from their equilibrium on carbon stock. This is what was
found by VandenBygaart et al. (2003), and also in this study SOC reference (as an estimate for initial
SOC) was inversely related to carbon sequestration. Haddaway et al. (2017) also used SOC reference
and found that it significantly influences SOC changes in deep layers (more than 30cm) for no tillage
and reduced tillage compared to conventional tillage. They estimated that for a concentration of less
than 5gC kg-1, no tillage increases SOC, but if the initial concentration is higher the SOC tends to
decrease under zero tillage (Haddaway et al., 2017). VandenBygaart et al. (2003) estimated that SOC
increases under no tillage occurred mainly when SOC stock was under 45tC ha-1. Our estimate is higher,
around 70tC ha-1 for the linear model (confidence intervals between 45 and 95 tC ha-1), and around 95
tC ha-1 for the logarithmic model (confidence intervals between 60 and 155 tC ha-1). But all these figures
are based on SOC reference (SOC measured in control plots at the end of the experiment), as a
reference of initial SOC, because initial SOC is not reported in the vast majority of the experiments.
However, even in the control plot, SOC fluctuates, and such fluctuations could be big in long
experiments. This is one of the main limitation of this study, and could also explain the differences
obtained between meta-analyses.
Agronomical properties: crop type, yield and type of rotation
VandenBygaart et al. (2003) found that SOC tended to increase under zero tillage in western Canada,
while no significant changes were found in SOC for the same treatment in eastern Canada. In western
Canada wheat (with high lignin content) is predominant, while in eastern Canada agriculture is mostly
based in corn systems, therefore they discussed that being lignin a form of organic matter that is slowly
decomposed, this could be one of the reasons behind this difference (VandenBygaart et al. 2003).
However, in our analysis, between the two crop types present in the database, corn has significantly
higher SOC under conservation tillage than under conventional tillage, while for cereals the outcome
is not conclusive. Likewise, Puget and Lal (2005) divided the types of crop according to amount of
residue biomass (with wheat, soybean and corn for silage as low biomass, and grain corn and sorghum
and high biomass return) and found that the high biomass return group presented significant increases
in SOC under no tillage. Nonetheless, the residue quality or amount of biomass return cannot explain
the SOC difference between the tillage treatments for different crops. It is necessary to check whether
the type of tillage applied has a different effect by crop type, in either the amount of residues produced
or the decomposition of these residues.
It is usually assumed that yield, as an indicator of carbon inputs, has an influence in carbon
sequestration. This could be confirmed in this analysis, where the difference in yield between
treatment and control was positively correlated with SOC increases. Virto et al. (2012), assessed crop
residues as an influencing variable for SOC under no tillage, and they also found a significantly positive
correlation. Therefore, as Virto et al. (2012) pointed out, it is sensible to promote the use of
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conservation tillage in areas where yield is not affected by the reduction or lack of tillage, but more
research is needed to understand the relationships between all the variables influencing yield (climate,
soil, crop…). In many cases, yield is reduced when conservation tillage is applied (Ogle et al. 2012;
Cooper et al. 2016), and weed infestation as well as higher susceptibility to disease have been
suggested as possible causes for it (Ogle et al., 2012).
Monoculture was found to lead to higher SOC under conservation tillage than rotations (Luo et al.,
2010; VandenBygaart et al., 2003; Paustian, Collins and Paul, 1997, as cited by Paustian et al., 1997;
Havlin, Kissel, Maddux, Claassen and Long, 1990). In contrast, West & Post (2002) found that rotations
obtained more SOC increase than monoculture. In our analysis, monoculture was compared to rotation
with legumes, and no significant differences were found between them.

4.3. Limitations of the study.
Some of the limitations of the study, such as (a) the use of SOC reference instead of initial SOC, (b)
the use of climatic data non-specific for the years of the experiment, and (c) the limited variability of
the database in terms of crops or soil textures, were already discussed in section 4.2. Influence of agroecosystem properties. Therefore, this section will focus on methodology-related aspects.
Meta-analysis assesses whether the variability of the data is due to random error or to true
heterogeneity (because of other influencing factors). However, the results of that assessment depend
on how the random error is assumed to be distributed. In this study, I assumed that experiments
published in the same paper had the same random error, but that different papers had different
random errors. Other distributions of random error, such as a different error for each experiment, and
the same error for all experiments were also tested, and the results obtained differed depending on
the error structure. However, under these other possible error structures, the differences in weights
between experiments were very high, so that a few experiments (sometimes with effect sizes quite
different from the overall non-weighted effect size) strongly dominated in the weighted average.
Moreover, other authors, such as Haddaway et al. (2017) also chose this error distribution. The main
influence of this error distribution is that it assigns part of the variability to the paper, so that when
the influence of other factors is analysed, there is less variability left to be assigned to the different
factors. Nevertheless, the results obtained in this study are in line with the results from other authors
considering influencing factors. Therefore, this assumption, even when it influences the results, seems
a reasonable one.
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5. Conclusion
Replying to RQ1, I can conclude that in shallow layers of the soil, conservation tillage (reduced and
no tillage) leads to SOC increase, but deep in the soil, more carbon is accumulated under conventional
tillage than under conservation tillage. When the whole soil profile is considered, no significant
differences in carbon sequestration were found for different tillage practices. These findings are in line
with general literature knowledge. Based on these results, conclusions cannot be drawn regarding the
effect of tillage on carbon sequestration to a soil depth of 40 cm. Conservation tillage cannot be
conclusively recommended as a measure to increase soil carbon, because its effectiveness on the
whole soil profile was not demonstrated.
The influence of other factors in the relationship between tillage and SOC was analysed to reply
RQ2, and several conclusions can be drawn. Longer experiments tend to have accumulated more
carbon than short ones, while the rate of carbon sequestration is higher between the years 5 to 15
(approximately) of conservation tillage than later in the experiment. Yield also seems to have an
influence on carbon sequestration, so that SOC increases with yield. SOC reference (which is SOC stock
under conventional tillage, as an indicator for initial SOC stock) has an inverse relationship with carbon
sequestration: the higher SOC reference, the lower SOC increase, to get even negative when SOC
reference exceeds a certain value (being the estimate of that value 95 tC ha-1, for the logarithmic
approach). Consequently, if conservation tillage were applied for carbon sequestration purposes, focus
should especially be put on soils with low soil organic carbon, taking care of maintaining high yield
levels. No significant results were found for climate, soil texture, ploughing depth, crop type and type
of rotation. However, the results indicate that corn significantly increases organic carbon.
In conclusion, according to the findings of this study, conservation tillage improves carbon content
in the superficial layers of the soil, but not deep in the soil, and therefore it is not proved to be an
appropriate measure for carbon sequestration.
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38.50'N
38.28'N
45° 42’ N
42°24′N
39°45′N
40°35′N
41°11′N
40°25′N
40°20′N
41°29′N

2°23'3"E
93°84'59"W
97.55°W
99.19°W
101.46°W
118° 35'60'' W
85°24′W
83°36′W
81°79′W
83°47′W
83°15′W
81°84′W
84°09′W

39°4'57.06"N
45°11'24"N
43°38'27"N

83°0'1.8"W
19°30'0"E
80°24'19"W

44°04'N
44°45'N
44°45'N
43°38'27"N
42°52'N
43°52'N

93°32'W
93°04'W
93°04'W
80°24'18"W
80°31'W
80°21'W

CRU

From the paper
T
P

T

P

◦C

mm/yr

◦C

11.7
8.5
13.8
12.4
11.8
1.4
4.2
13.2
10.7
13.6
14
10.7
13.6
#N/A
#N/A
13.3
11.9
10.5
#N/A
#N/A
8.6
7.8
7.8
10.5
2.7
10.5
#N/A
#N/A

645.6
862.1
795.6
587.7
483.3
358.7
928.6
1015.1
1051.3
904.7
973.3
1051.3
938.7
#N/A
#N/A
1029.5
617.2
923.5
#N/A
#N/A
794.2
785.4
785.4
923.5
1029.5
923.5
#N/A
#N/A

10.8

#N/A

#N/A

mm/yr

650
889
580
440
400
920

11.2
10

10.5
9.5
8.7

999
845
950
645

11.1

608

6.3
6.4
7

824
879
820

9.1

905
416
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Annex 4. Forest plots of mean differences
Reduced tillage compared to conventional tillage
0-10cm

Figure 16. Mean difference RTvsCT 0-10cm.

10-20cm

Figure 17. Mean difference RT vs. CT 10-20cm.
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20-30cm

Figure 18. Mean difference RT vs. CT 20-30cm.

30-40cm

Figure 19. Mean difference RT vs. CT 30-40cm.

60

0-40cm

Figure 20. Mean difference RT vs. CT 0-40cm.

0-30cm

Figure 21. Mean difference RT vs. CT 0-30cm.

61

0-20cm

Figure 22. Mean difference RT vs. CT 0-20cm.

No tillage compared to conventional tillage
0-10cm

Figure 23. Mean difference NT vs. CT 0-10cm.

62

10-20cm

Figure 24. Mean difference NT vs. CT 10-20cm.

20-30cm

Figure 25. Mean difference NT vs. CT 20-30cm.
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30-40cm

Figure 26. Mean difference NT vs. CT 30-40cm.

0-40cm

Figure 27. Mean difference NT vs. CT 0-40cm.
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0-30cm

Figure 28. Mean difference NT vs. CT 0-30cm

0-20cm

Figure 29. Mean difference NT vs. CT 0-20cm.
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No tillage compared to reduced tillage
0-10cm

Figure 30. Mean difference NT vs. RT 0-10cm.

10-20cm

Figure 31. Mean difference NT vs. RT 10-20cm.
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20-30cm

Figure 32. Mean difference NT vs. RT 20-30cm.

30-40cm

Figure 33. Mean difference NT vs. RT 30-40cm.
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0-40cm

Figure 34. Mean difference NT vs. RT 0-40cm.

0-30cm

Figure 35. Mean difference NT vs. RT 0-30cm.
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0-20cm

Figure 36. Mean difference NT vs. RT 0-20cm.
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Annex 5. Forest plots response ratios.
Reduced tillage compared to conventional tillage
0-10cm

Figure 37. Response ratio RT vs. CT 0-10cm.

10-20cm

Figure 38. Response ratio RT vs. CT 10-20cm.
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20-30cm

Figure 39. Response ratio RT vs. CT 20-30cm.

30-40cm

Figure 40. Response ratio RT vs. CT 30-40cm.
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0-40cm

Figure 41. Response ratio RT vs. CT 0-40cm.

0-30cm

Figure 42. Response ratio RT vs. CT 0-30cm.
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0-20cm

Figure 43. Response ratio RT vs. CT 0-20cm

No tillage compared to conventional tillage
0-10cm

Figure 44. Response ratio NT vs. CT 0-10cm.
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10-20cm

Figure 45. Response ratio NT vs. CT. 10-20cm.

20-30cm

Figure 46. Response ratio NT vs. CT 20-30cm.
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30-40cm

Figure 47. Response ratio NT vs. CT 30-40cm.

0-40cm

Figure 48. Response ratio NT vs. CT 0-40cm.
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0-30cm

Figure 49. Response ratio NT vs. CT 0-30cm.

0-20cm

Figure 50. Response ratio NT vs. CT 0-20cm.
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No tillage compared to reduced tillage
0-10cm

Figure 51. Response ratio NT vs. RT 0-10cm.

10-20cm

Figure 52. Response ratio NT vs. RT 10-20cm.
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20-30cm

Figure 53. Response ratio NT vs. RT 20-30cm.

30-40cm

Figure 54. Response ratio NT vs. RT 30-40cm.
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0-40cm

Figure 55. Response ratio NT vs. RT 0-40cm.

0-30cm

Figure 56. Response ratio NT vs. RT 0-30cm.
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0-20cm

Figure 57. Response ratio NT vs. RT 0-20cm.
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