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Summary
Agricultural management practices, including crop management, not only affect crop yields,
but also influence soil properties and environmental quality. Improper crop management can
degrade agricultural soils by losing nutrients and soil organic carbon (SOC). Increased SOC
improves soil quality, decreases nutrient loss, reduces soil erosion and enhances crop
production. Crop management practices can increase in SOC (carbon accumulation), but if this
also enhances the SOC-decomposition rate by microorganisms, SOC may ultimately be
decreased. This will release CO2 into the atmosphere. How crop management practices affect
soil-organic-carbon sequestration depends on the duration of management practices
(experimental duration) and on site factors, such as temperature, precipitation, soil texture,
soil depth and crop type.
My study aims to quantify the impacts of crop management on crop productivity, soil quality
and environmental quality. Earlier meta-studies were systematically reviews and their reported
effect sizes on different crop management practices, such as crop rotation and multi-cropping,
incorporation of crop residues, legumes in rotation and the use of cover crops. Based on this
review, I summarized crop management impacts in terms of the rate of the annual change or
relative change on productivity indicators (i.e. crop yield, nitrogen (N) uptake, N use efficiency
(NUE), phosphorus (P) uptake, and P use efficiency (PUE)), soil quality indicators (i.e. SOC
content, soil N content, soil P content and soil compaction) and environmental variables (i.e.
CO2 emissions, N2O emissions, NH3 emissions, nitrate leaching and N surplus). My results
showed that improvements in crop rotation generally increased crop production, increased
SOC content and reduced N2O emissions. I found no meta-studies that reported crop rotation
impacts on CO2 emission. Some meta-studies demonstrated that crop residue return lead to
increased CO2 and N2O emissions, while it reduced N surplus by nitrogen immobilization in the
soil. Furthermore, my results demonstrated that crop residue return positively effects on the
sequestration of SOC, with the annual SOC sequestration rate increasing by 0.06% to 1.35%
compared with crop-residue removal. Adoption of legumes in crop rotations did not affect crop
yield ranging between -0.10% and 0.12% per year but it substantially reduced nitrate leaching
between 8.00% and 38.00%. A rotational cover crop generally decreased crop yields but
enhanced SOC (between0.07 and 0.62% yr-1), soil N (between 0.12% and 0.20% yr-1) and soil P
(by 0.06% yr-1) contents. In addition, CO2 and N2O emissions slightly increased under cover
crop in rotation, but the N- surplus decreased significantly (p-value < 0.01).
My study also aimed to quantify the effects of site factors, including soil properties and climatic
factors, on impacts of crop management practices on SOC content. As with the literature
review of existing meta-studies, four comparisons were made for my own meta-analysis: croprotation management relative to monoculture (CR-rot), crop residue returned versus crop
residue removal (CR-res), number of crops in rotation (NC-rot) and cover crops in rotation (CCrot). Noted that the number of crops in rotation refers to any rotation over monoculture. My
meta-analysis determined the impacts of agriculture practices on carbon sequestrations and
further investigated the effects of site factors. The resulting meta-analysis database was
developed by recording information from published field studies gathered by Haddaway et al.
(2015a), the Catch-C project database, and an online literature search (using the Scopus
database). In addition, data of crop management interventions, crop types, climate variables,
soil properties and descriptive statistics (mean of treatment and control group, measures of
5

variation, and number of observations) were recorded. When data on climate variables and
soil properties were incomplete, they were added from the Climate-Research-Unit databases
(i.e. temperature, precipitation) and the Soil-Grids database (i.e. bulk density, SOC reference
and soil pH). To calculate SOC from each field study, I converted SOC content into SOC stocks.
Results of effect sizes in terms of actual C change were shown in (i) absolute terms by the mean
difference (SOC in the treatment minus the SOC in the control) and (ii) relative terms by the
response ratio (i.e. SOC in the treatment divided by the SOC in the control). My results showed
overall positive effects on SOC sequestration under four crop management interventions,
although significant difference between control and treatment groups under CR-rot relative to
monoculture did not occur. CR-res and NC-rot resulted in significant changes of 3.94ton C per
ha and 2.77ton C per ha, respectively. In terms of response ratio, CR-res increased SOC by 11%.
The NC-rot increased SOC by 9%; CR-cc increased SOC by 5% and CR-rot increased SOC by 3%.
To explore the sources of heterogeneities after my meta-analysis, the subgroup was used to
analyze to investigate the influence of site factors as co-variables. The analysis’s results
demonstrated that an experimental duration between 15 and 30 years accumulated more C
compared to between 0 and15 years and experiments longer than 30 years under cover-crop
rotation or crop-residue management. This is most likely due to that the carbon accumulation
rate is reduced after 20 years when the soil system reached a new equilibrium. For
temperature, the range between 7°C and 14°C is most favorable for the accumulation SOC in
all crop management activities because soil respiration declines rapidly with colder
temperature. This leads to less SOC loss. With respect to precipitation, the range between 750
and 1000mm showed the highest SOC stock under all crop management practices. As expected,
soils with a lower initial SOC had a higher SOC change in response to an improved crop
management practice. Especially in NC-rot, initial SOC between 3.75 and 20g per kg, this lead
to higher SOC changes than initial SOC was larger than 50g per kg. The effects of medium clay
content (between 18% and 35%) is linked to increased SOC under all crop management
treatments. Higher clay contents are expected to improve soil aggregation and give rise to
enhanced SOC sequestration in response to improved crop management compared to lower
clay contents. In general, legume crops in rotation significantly increased SOC stocks by 1.50ton
C per ha (a relative change of 14 %) compared to a crop rotation without legumes since legume
crops may promote microbial growth and soil aggregation.
In conclusion, according to the findings of this study, crop residue management practices
improve carbon stocks. Despite that crop residue management is favorable to SOC
sequestration, it also contributes to CO2 and N2O emissions compared with other crop
management practices. Therefore, developing efficient strategies to reduce the environmental
impact of farming practices are urgently needed when applying crops residue management
practice.
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1 Introduction
1.1 Impacts of crop management on soil quality, crop yield and nutrient losses to the
environment
Agroecosystems effect not only on food supplies but also produce a variety of ecosystem
services, such as the regulation of soil and water quality, carbon sequestration and biodiversity
support (Power, 2010). However, rapid population and economic growth in recent years has
caused more food requirements and further increased the use of phosphorus (P) and nitrogen
(N) resources to ensure crop yields. Consequently, intensification of P mining and overuse of
N fertilizer may lead to disturbances such as P and N loss in agricultural runoff. Combined with
other issues such as carbon loss and soil erosion due to more intensive human activities, these
trends have depleted soil productivity and lessened the ability to produce food sustainably
(McNeill & Winiwarter, 2004), with further effects on environmental quality (Shah, 2019). For
instance, Davidson (2009) found that the deposition of animal excreta during grazing,
application of manure and fertilizers, and decomposition of crop residues represent direct
sources of N2O emissions.
Crop management practices can either sustain or degrade the environment. Crop rotation
plays a vital role in managing soil fertility in terms of improving soil physical properties and
increasing soil biological diversity. Conservational cropping systems promoted an increase in
organic matter and aggregate stability, which can maintain or improve the presence of pores
for infiltration (Reeves, 1997). For instance, Fageria et al. (2005) indicated that cover crops in
vegetable rotation contributed to significant benefits in improving soil physical, chemical, and
biological properties and consequently lead to improved soil health and yield of principal crops
in the Northeastern US. On the other hand, benefits of provisioning services depend on
different crop management. For example, Holderbaum et al. (1990) reported that crop rotation
had significantly positive effects on sorghum yield but cover crops did not. Growing legumes
in rotation may serve as the primary source of nitrogen to subsequent crops and fix
atmospheric N2; thereby adding external N to the crop-soil ecosystem is a distinct benefit of
legume cultivation. As a result, nitrogen fixation by crop legumes reduces the need for fertilizer
nitrogen (N) and emissions of nitrous oxide. However, the exception can be found from other
study. Chen et al, (2017) indicated that when legumes are grown in maize-soybean interacting
system lead to decrease yields comparing to continuous cropping.
Crop residues in rotation can improve soil structure, increase organic matter content in the soil,
reduce evaporation, and help fix CO2 in the soil (Jarecki & Lal, 2003). When crop residues are
returned to the soil, there may be both positive and negative effects on crop production and
the environment (Kumar & Goh, 1999). For instance, decomposition of biomass by soil
microbes produces humus and retains organic carbon in the soil while resulting in carbon loss
as CO2 from soil due to microbial respiration. Therefore, tradeoffs among different impacts of
crop management must be investigated, and finding the correct and optimal combination of
these practices are crucial for maintaining a balance between crop production, soil quality, and
environmental protection.
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1.2 Effects of site factors on the impacts of crop management on soil organic carbon
sequestration
Soil organic matter (SOM) is composed of approximately half of carbon (Pribyl, 2010), and
serves as a reservoir of nutrients, profoundly affecting physical, chemical and biological
properties of soil. In agroecosystems, SOM (or soil organic carbon, SOC) contributes to at least
four significant ecosystem services: erosion prevention, soil water retention, soil fertility, and
soil biodiversity (Haddaway et al., 2015b). Therefore, soil carbon is a fundamental indicator for
soil quality. Decomposition of SOM produces organic acids (e.g. humus) and accelerates
mineralization to provide essential nutrients needed for plant growth and soil microorganisms.
As one of the major binding agents of soil aggregation, SOM is linked to improved soil structure,
positively affecting soil moisturizing capacity, carbon sequestration and soil resilience (Olson,
et al., 2017).
In addition, soils can contribute to reducing atmospheric CO2 emission by capturing and
sequestrating carbon, which depends on how the soil is managed. Inappropriate management
may result in degradation of agricultural soils and affect the provision of ecosystem services in
response to poor soil drainage, insufficient supply of nutrients, and loss of organic matter
(Kibblewhite et al., 2008). Soil organic carbon (SOC) is the main carbon pool of terrestrial
ecosystems, thus playing a major role in regulating carbon balance (Yan, Zhou, Jiang, &Luo,
2017). Increasing soil carbon content enhances soil nutrient availability and creates a more
suitable environment for crop growth, which promotes agricultural production at the same
time (NAGASAKI, 2010). Therefore, soil organic carbon sequestration has been regarded as a
win-win strategy to not only improve environmental issues such as climate change but also
food security (Aguilera et al., 2013).
In 2015, a number of NGOs and researchers launched the 4 per mille initiative in France, with
the goal of reducing deforestation and adjusting agricultural practices
(https://www.4p1000.org/). To reduce anthropogenic CO2 emissions and mitigate climate
change, the 4% initiate aims to increase organic matter content and soil carbon sequestration
by changing agricultural production and applying management adapted to local situations,
which are environmentally sustainable and socio-economically appropriate.
Due to the potential of soil organic carbon sequestration for climate change mitigation and
food security, it will be necessary to have integrated agricultural management practices that
are compatible with increasing SOM management and scavenging soil residual nutrients such
as cover crops (Komatsuzaki &Ohta, 2007). Various Recommended Management Practices
(RMPS) have been proposed to help restore carbon stocks in arable soils and reduce GHGs
emission, such as crop rotation, non-inversion tillage, and compost application. However,
recent studies have reported that increased C input can stimulate soil, having potentially
negative impacts on atmosphere CO2 concentration (IPCC, 2007). For example, the amount of
soil respiration from litter decomposition increases soil carbon emissions in temperate forests
due to priming effects (Sulzman et al., 2005). Therefore, identifying the impacts of crop
management practices on SOC can be beneficial to the environment as well as sustainable
development.
The temporal evolution of SOC is a key parameter in many soil functions due to soil is regarded
as carbon reservoir in the environment (Gubler, Wächter, Schwab, Müller, &Keller, 2019). It is
9

essential to take into account with time of C turnover and C accumulation which may affect
SOC sequestration. Increased total soil C concentrations over time improves soil productivity.
For example, long-term effects (10 years) under straw return management and the statistical
results showed that winter wheat and summer maize yields were significantly and positively
correlated with SOC storage in China (Chen et al., 2016). West &Post (2002) suggested that
long-term field experiment (40–60 years) increase SOC under crop rotation practices which
enhances residue input and composition. Furthermore, more complex crop rotation may reach
new equilibrium in a long time and benefit on SOC contents/stocks.
Reported crop management effects on SOC sequestration have been approved from previous
studies, but the impacts varied greatly depending on agro-ecological conditions or site factors
such as climate (temperature and precipitation), soil properties (e.g. pH, soil texture), crop
species, and sampling depth.
Climate factors
The impacts of carbon cycling in agro-ecosystems through the adoption of agricultural
practices varies with different climate conditions. By crop management intervention, climate
factor effects on SOC sequestration are linked to soil decomposition and soil respiration
(Ingram &Fernandes, 2001). For instance, López-Garrido et al. (2014) denoted that SOC
decomposition increased at high temperature and intensive precipitation which frequently
accelerated microbial activity and organic matter oxidation under crop rotation management.
Some studies use climate classification to compare the response of SOC to crop management
practices in Europe. In their meta-analysis, Lehtinen et al. (2014) indicated that SOC was
increased under a continental climate following crop residue incorporation on the long term
(> 20 yr). In addition, the same author also demonstrated that the Nemoral climate’s cool
temperatures is favorable for the accumulation of C. Precipitation is usually linked to soil
moisture and soil water content. Temperature and precipitation greatly influence soil C storage
through the effect of microbial activity under crop residue management. Li et al. (2018a)
indicated that straw return enhances soil carbon storage under moist climate condition in the
long term (>20 yrs).
Soil properties
Soil properties includes soil texture and soil pH that affects carbon dynamics under crop
management. Soil texture is especially important because it is related to many other properties,
such as water holding capacity, nutrient availability. Several studies indicated that higher clay
content in soil (fine–textured) can protect organic matter from mineralization due to high
surface activity under crop management intervention (Lal, 1997). Therefore, SOC
concentration was shown to generally increase with greater clay content (clay content >35 %)
under crop residue management compared with clay content between 18 and 35% (Lehtinen
et al., 2014). In other words, SOC stocks tends to decrease with lower clay content (<18%) in
soil (e.g. coarse-textured) under crop rotation, but increase in the medium-textured soils (clay
content 18-35%) (Spiegel et al., 2014).
However, there is no clear correlation in literature between soil pH and SOC sequestration
under crop management. Although it was shown that soil organic matter had the greatest
influence at pH 6.0–6.5 under high clay content soil (Nelson et al., 2010), still there is no
10

significant evidence that SOC varies by pH within crop treatments. Overall, soil texture plays
direct and indirect roles in the mechanism of carbon dynamics.
Crop species
Crop species and crop residues influence the rate of SOC turnover, linked to variation in the
degradation of cover crop residues when incorporated into the soil (Johnston, Poulton, &
Coleman, 2009). Qiao et al. (2018) suggested that SOC turnover depends not only on the
amount of organic C inputs, but also on the quality of initial C. Crop residue leads to C input to
the soil by varying cropping practices. Fuentes et al. (2010) found a faster SOC turnover with
wheat than with maize after 16 years following crop residue retention management.
The number of crops in rotation practices have impacts on agricultural biodiversity. Huggins et
al. (1998) assessed SOC dynamic in treatments of corn-soybean sequences, finding that C
returned to the soil from corn was on average 40% higher than C returned from soybean.
Reductions in the number of crops in rotation or the replacement of rotations by monocultures
are responsible for overall loss of SOC. Especially cover crops in rotations sustain soil quality
and yield productivity due to the amount of aboveground and belowground biomass produced
by cover crops, making them a cornerstone for sustainable agroecosystems. Cover crop species
are regarded as important to SOM formation due to the close association between roots,
microbes, and minerals which can directly affect the decomposer community and of SOM
stabilization (Silver &Miya, 2001). Therefore, selecting cover crops species to increase SOC
requires an adequate knowledge of the quality and quantity of plant biomass produced and
its rate of decomposition in soil (Kuo et al., 1997). For example, compared with rye or other
annual ryegrass cover crops, the residues of continuous corn and sorghum management had
a smaller effect on SOC content (Kuo et al., 1997).
Another important influence of cover crops in rotation may be linked to type of legume crop.
Stagnari et al. (2017) confirmed that including legumes in crop rotation might preserve the
optimal level of humus and increase organic carbon relative to no legume crop rotation. Other
crop species also have specific impacts under various cropping systems. Long-term effects of
grass-clover leys in crop rotation resulted in increased topsoil organic carbon contents on a silt
loam soil in a cold climate (Jarvis et al., 2017). Thus, considering the existing evidence, it is
essential to consider the characteristics of crop types under different crop management in
order to maximize total soil C gains.
Soil depth
Different sampling depth should be included as factors of crop management in the assessment
of SOC dynamics. The vertical distribution of SOC was examined quantitatively by different soil
depth classes (topsoil versus subsoil) and levels of other environmentally relevant soil variables
(e.g. bulk density). Previous meta-studies have indicated that soil depth is crucial for soil
carbon content (Liu et al., 2014). Yang & Kay (2001) found that continuous alfalfa practices
have the greatest average SOC concentration under certain depths (0-40 cm). Another study
also reported that within 0 to 45 cm depth carbon is sequestered (22% or 22Mg C ha -1) under
corn rotation management relative to continuous corn (Congreves et al., 2014). However,
medium soil depth (0-20 cm) also have a positive effect of rotational cropping on SOC
compared to monoculture. For instance, during a 9-year crop rotation experiment in the
Chinese Mollisol, Liu et al. (2014) found that integrated wheat straw treatments into wheat11

sweet clover and wheat-soybean rotation significantly altered SOC concentration more than
the commonly used wheat-soybean rotation with wheat straw removed, particularly in the 0–
17cm horizon. Meanwhile, authors also showed that the wheat-sweet clover rotation
increased SOC content in overall soil depths (Liu et al., 2014). Additionally, integrated crop
rotations with inorganic fertility sources increased SOC by 9% compared to conventional
control management from 0 to 20 cm depth (Ugarte et al., 2014). Olson et al. (2010) concluded
that in the topsoil SOC concentration is enhanced the most under cover crop rotation
management due to the effects of SOC accumulation at the surface.
With the drastic changes in the global climate and a variety of existing agricultural
management practices, soil organic carbon fluxes need to be carefully examined along with
the mechanisms behind it. It is especially important to take into account different site
properties and agro-ecological conditions when assessing the impacts of agricultural
management.

1.3 Aim of the study and research questions
1.3.1 Problem statement
Some scientific studies have illustrated the effects of agricultural management on soil organic
carbon. However, most studies consider potential factors of agro-ecological properties and
tend to vary in experimental design (e.g. study duration) and sampling design (e.g. sampling
depth). Besides comparability among studies, a uniform approach to determine the
influencing factors in the relationship between management and SOC response is lacking. In a
previous MSc thesis, Lessmann (2019) synthesized the literature on crop management impacts
on SOC by merely two management groups (rotation and residue management). Further metaanalysis on site factors were not performed. My thesis will therefore focus on diversified crop
management impacts on SOC sequestration. Haddaway et al. (2015a) already collected data
on agro-ecological factors to systematically map long-term experiments sites (LTEs) that
investigate agricultural management and SOC. Although crop management has a significant
impact on SOC, this map database did not further investigate nor analyze the impact on soil
organic carbon via crop management practices.
1.3.2 Objectives and research questions
The overall effects of crop management
To gain insight into on productivity, soil quality and environmental impacts, a systematic
inventory was made of meta-analysis results on the overall impacts of crop management on
(1) crop yield, (2) soil quality in terms of SOC, P and N retention in the soil, and (3)
environmental impacts in terms of N losses to air (ammonia, nitrous oxide) and N and P losses
to water. Therefore, question 1 was answered with literature review by synthesizing
information from existing meta-analysis studies on the effects of crop management in carbon
sequestration, productivity and environment. Also, this review was aimed at identifying what
the potential effects of site-properties are on the relationship between crop management and
the impacts.
The specific research question (RQ) is:
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RQ1. What are the reported effects of crop management on yield, soil quality (C, N and P) and
environment (N and P losses to air and water) from existing meta-analysis studies?
Quantify the impacts of SOC sequestration
The second objective in this thesis is to quantify the impacts of SOC sequestration on crop
management from individual field experimental studies. Also part of this was to investigate the
influence of site factors or agro-ecological properties within the impacts of crop management
practices on carbon sequestration. By combining meaningful and reliable data from many field
studies on SOC changes, the interacting effects on crop management will be assessed firstly.
Afterwards, all site factors are sub-grouped into categories to make a comparison between
them and gain insights into the most promising agricultural management under different
conditions. With this, I tested the hypothesis that the following site factors are effective to SOC
sequestration under crop management practices:








SOC accumulation over time with long term experiment;
SOC increased under cold temperature and dry region due to low decomposition rates;
Most residue decomposition occurs near surface soil;
Lower pH due to lower decomposition rates;
Higher clay content due to lower decomposition rates;
Lower initial SOC contains higher SOC potential capacity; and
Legumes crops store more SOC due to N-fixing ability.

I categorized into four crop management practices: crop rotation (CR-rot), number of crops in
rotation (NC-rot), crop residue management (CR-res) and cover crops in rotation (CC-rot).
Including variables for site effects will contribute to a more accurate prediction of crop
management consequences on carbon sequestration depending on the characteristics of the
agriculture practices applied (see Figure 1). Additionally, this study assessed soil organic carbon
balance (soil C change) in terms of absolute impact (ton C ha-1 yr-1) and relative (%) change.

Figure 1. Diagram of site-effect factors possibly affecting the relationship between crop management and soil
organic carbon changes.

The specific research question is:
RQ2. What are the effects of site factors on SOC sequestration under crop management from
recent field study data?

13

In the following sections, the methodology used to answer the RQs was explained in Chapter
2. Then, results of literature review and my own meta-analysis were presented in Chapter 3
and Chapter 4, respectively. Finally, discussion (in Chapter 5) and conclusion (in Chapter 5)
were drawn in detail.
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2 Methods
2.1 Review of meta-studies on impacts of crop management on yield, soil quality and
environment
The scientific literature was reviewed to synthesize information from previous meta-analysis
studies on the effect of crop management in response to crop productivity, soil quality and
environmental impacts. The method for collecting data from meta-studies is a part of PhD
trajectory focused on evaluating agricultural management with the goal of improving crop
growth/soil quality indicators and reducing environmental impacts.
Ph.D. candidate. Madaline Young and I chose meta-analytical studies containing effect sizes for
major crop, soil, and environmental indicators in response to cropping management practices.
A literature search was conducted by constructing search strings in the online ISI Web of
Science database (http://apps.webofknowledge.com) for meta-analysis studies on agriculture
including a logical combination of terms representing crop management treatments in Table 1
and indicator responses as summarized in Table2. Additional studies were found by inspecting
the reference lists of related literature. Treatment across the cropping situation and regions
were used to construct the database that have potential effects on SOC storage and
quantification.
Table1: Classification of crop management in the review

Management practices (treatments)
Rotation or multi-cropping
Cropping
Cover or catch crop in rotation
Legume in rotation
Crop residue incorporation
Table 2: Selection and description of indicators for meta-studies included in the review

Indicators with reported effect sizes
Productivity

Soil quality
Air emissions
Environment
Losses to water

Crop yield
Nitrogen use efficiency (NUE) or N uptake
Phosphorus use efficiency (PUE) or P uptake
Soil organic carbon (SOC)
Soil organic nitrogen (TON)
Soil phosphorus content (TP)
Carbon dioxide emissions (CO2)
Nitrous oxide emissions (N2O)
Nitrogen leaching or surplus (NO3-)

We further described studies that addressed on climate, crop, soil, management and
experimental design covariates assessed as well as the methods used to quantify them.
Reported response ratios and raw mean differences were extracted from study results and
converted into a common unit of relative or absolute change. Data was only taken from studies
with clear reporting of an effect size or regression coefficient explaining influence on the effect
size.
15

2.2 Meta-analysis of effects of site factors on impacts of crop management on soil
organic carbon
Meta-analysis, a comprehensive approach to quantify and standardize the results of metastudies and uses statistical techniques as a tool for analysis. Quantitative research results can
be quantified and become a standard common unit of comparison so-called "effect size" (ES)
to represent any relationship between two variables (Borenstein et al., 2009). Due to
dispersion of effect sizes from study to study, it is necessary to assess the variety of effect sizes
due to random-error (e.g. due to different samples sizes between studies) or true
heterogeneity in the data (Borenstein et al., 2009).
In this study, a meta-analysis was carried out to quantify the summary effect size between crop
management and SOC sequestration from individual field experiment. Afterwards, subgroup
analysis examined on the influence of site factors in the relationship between SOC stocks and
crop management practices.
2.2.1 Data collection
Data were compiled by previous studies on the effect of crop management on SOC using two
primary database and online search, also following strict quality criteria for a study to be
included in the meta-analysis.
Collection of primary field studies and studies search
Individual field studies were retrieved from preliminary database. I collected data mainly from
systematic map database established by Haddaway et al. (2015a) and academic database of
project Catch C (http://www.catch-c.eu/index.php/81-info/80-welcome) and searched in
peer–reviewed literature for publications using Scopus.
(1) Systematic map database
The systematic database (Haddaway et al., 2015a) was one of the resources on systematic
reviews and meta-analysis. In the literature, systematic map database aimed to provide field
studies on the impacts of agricultural management interventions on SOC across the includible
climate zones. Database composed of seventeen academic citation databases, 3 search
engines and 25 organizational websites for literature (academic and grey) using search strings
to investigate the relevant topic. Haddaway et al. (2015a) presented five broad categories of
interventions and calculated number of studies in each category to investigate the impact of
agricultural practices on SOC: amendments (286 studies), crop rotations (238 studies),
fertilizers (307 studies), tillage (306 studies), and multiple interventions (55 studies). Therefore,
for my interested in stock changes here, I filtered interventions on crop rotation and multiple
interventions from systematic database, further examined the quality of data from each
studies to correspond with this thesis topic.
(2) Catch-C online database
The other meta-data sources were selected from Catch-C project. In order to promote
productivity, mitigate climate change and enhance soil quality, Cath-C project assessed the
compatibility of Best Management Practices’ (BMPs) and set a goals of sustainable soil
management. The aim of Catch–C project was to evaluate the management impacts on carbon
sequestration and mitigate GHGs emission via a comprehensive analysis on the effects of
16

different agricultural management options. Database collected a comprehensive literature
review of management practices and derived data from long-term field experiment (LTEs) in
Europe. Furthermore, database revealed the experiments on the management practices
including rotation, catch or cover crop, green manure, no tillage, compost, cattle slurry and
incorporation of crop residues. Spiegel et al. (2014) compared assumed improved
management practices (BMP) with conventional management based on Catch-C online
database to analysis relative response ratio (RR) for SOC contents/ stocks and relative
differences for climate change indicators such as CO2, N2O, CH4 emissions. In this thesis, field
studies were derived from Catch-C online database on the treatment of crop management
including crop rotation, catch/cover crop in rotation and residue incorporation management.
(3) Online search
A search updated after the year of 2015 was undertaken using online Scopus (Elsevier). Search
terms has been adopted depending on the relevant subject of arable soils or agricultural
management, management intervention and the relevant outcomes referred to Soil C
measures. In addition, searches were restricted from 2015 onwards and filtered agricultural
region to correspond with the criteria of temperate zone. Here, I performed a search term of
Scopus using search terms:
TITLE ( soil OR arable OR crop* OR farm* OR agricultur* OR cultivat* OR ( field AND ( experiment OR
stud* OR observation* ) ) ) AND TITLE ( "crop rotat*" OR "crop residue*" OR "crop divers*" OR "crop* system"
OR "cover crop*" OR "catch crop*" OR "multi* crop*" OR monoculture OR fallow* OR intercrop* ) AND
TITLE ( "soil organic carbon" OR "soil carbon" OR "soil C" OR "soil organic C" OR "SOC" OR "carbon pool" OR
"carbon stock" OR "carbon concentration" OR "carbon storage" OR "soil organic matter" OR "SOM" OR
"carbon sequest*" OR "C sequest*" OR "carbon content" )

Selection criteria
The following criteria for which literature was used:


The studies measure SOC in response to crop management practice with four pair
treatments as compared to control or reference group. In this study, I classified crop
management into the four classifications, which were crop rotation relative
monoculture (CR-rot), residue return relative residue removal (CR-res), number of
crops in rotation/ any rotation over than monoculture (NC-rot) and cover crop in
rotation relative to no cover crop in rotation (CR-cc);



The study type must be based on long-term field experiments (> 5 years);



The climatic conditions of the site where the experiment was carried out should be
temperate zone, which climate type can be defined by The Global Agro-Ecological Zones
(GAEZ) (FAO, 2017);



Studies report SOC mean, measures the dispersion of a dataset relative to its mean, and
number of replicates; and



At least one of the crops grown in the field:
o Grain crops
o Maize; and
o Root crops
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Data extraction and database development
A meta-analysis database was developed from peer-review literature of SOC in response to
long term crop management practice. Data was extracted from the selected papers into a
database which was formulated in accordance to the objectives of this study and the
requirements of meta-analysis. In addition, data with descriptive statistic was also collected
for meta-analysis including: treatment mean, standard deviation, and number of replicates.
Selected papers usually reported either in the table or by text. For papers only reporting data
in graphs, Plot Digitizer software was used to extract numerical values.
In Table 3, information of selected papers was recorded into several categories: study name
(study ID), site location (latitude, longitude), experimental duration, climate conditions, crop
types, crop treatment and soil sampling depth. Furthermore, several soil variables were
considered: soil texture (clay, silt, and sand, %), soil bulk density (g cm-3), soil pH. These input
factors were considered to have significant influence on the effect size of response variable by
preformed in SOC, TOC, OC or SOM stock/content.
Table3: Overview on Input data used for the meta-analysis

Input data
field study
information

Source
Systematic map
database (Haddaway et
al., 2015);
Catch C database; and
Online search

Variable name
sample

Unit
-

study ID

-

Study code
Citation
Pub year
Continent
Country
Latitude

Experimental duration
Sampling depth

year
decimal
degrees
decimal
degrees
years
cm

Soil layer depth

cm

Paired crop
managements
Climate zone

-

TMP

°C

PRE

mm yr-1

Longitude

Climate
properties

Köppen-Geiger
classification
CRU (Climate Research
Unit)

Description
unique code/number
for each measurement
Identifier for each
study (author(s) + year)

publication year

latitude of experiment
location
longitude of
experiment location
field study duration
sampling depth of
measured SOC
sampling depth
interval; upper and
lower sampling depth
four crop management
pairs

Daily Mean
Temperature
Mean Annual
Precipitation
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Input data

Source

Variable name
PET

Unit
mm yr-1

Soil
properties

SoilGrids

Sand, silt and clay
content
bulk density

weight%

Crop type

Response
variable

FAO crop data

Calculated in this study

kg m-3

Cation Exchange
Capacity
Soil Organic Matter
pH-H2O

cmol / kg

pH-KCl

%

Grain crops

-

Legumes

-

Root crops
Other crops
SOC stock change

ton ha-1

g kg-1
%

%

Description
Potential
evapotranspiration
bulk density of the fine
earth fraction <2 mm

soil pH measure in H2O
solution
soil pH measure in HCl
solution
barley, wheat, maize,
cereal, sorghum,
ryegrass, corn, rye,
oats, durum
soybean, chick peas,
lupine, lentil, fafa bean,
alfalfa, clover, vetch
potato, sugar beet
cotton
Mean difference of
stock
Response ratio

Add data on site properties
General information was directly recorded from field study as above-mentioned. With some
incomplete information reported by each paper were be taken or calculated from other data
sources. When the information of latitude and longitude coordinates were not given in the
paper, Google Maps was used to locate the site and find the coordinates.
(1) Climate properties
Selected studies usually provided climate data such as temperature, precipitation, which can
be directly extracted. For few studies reported incomplete climate information but included
accurate experimental location, value of temperature and precipitation were derived from the
Climate Research Unit global database (CRU) for the analysis (New et al., 2000). 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 et al., 2000; Mitchell & Jones, 2005;
Harris et al., 2014).
CRU used thine-plate splines through a function of latitude, longitude and elevation to
interpolate field experiment data-precipitation (PRE) mean, maximum and minimum
temperature (TMP, TMX, TMN). Furthermore, climate variables were classified in terms of
climate zone based on the Köppen- Geiger system classification, which is one of the most
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commonly used climate classification system on global scale. This classification of KöppenGeiger climate zone was developed with a large global dataset of long-term monthly
precipitation and temperature station over time series (Peel, Finlayson, &McMahon, 2007). In
this thesis, the criteria of Köppen -Geiger climate zone was setting under the condition of
temperate zone. Therefore, in Table 4 showed that the main regions of experiment were
located in groups C (temperate) and D (cold) climate zones, this two zones are further subdivided at 2nd level from s to f and 3rd level from a to c based on seasonal precipitation and
temperature patterns.
Table 4: Classification of Köppen- Geiger climate zone in temperate/ Europe

1st
C

2nd

3rd

s
w
f
a
b
c
D
s
w
f
a
b
c
d

Description
Temperate
-Dry Summer
-Dry Winter
-Without
dry
season
-Hot Summer
-Warm Summer
-Cold Summer
Cold
-Dry Summer
-Dry Winter
-Without
dry
season
-Hot Summer
-Warm Summer
-Cold Summer
-Very cold winter

Criteria*
T hot>10 & 0<Tcold<18
Psdry< 40 & Psdry<Pwwet/3
Pwdry<Pswet/10
Not(Cs)or(Cw)
Thot≥22
Not (a) & Tmom10≥4
Not (a or b) & 1≤Tmom10<4
Thot>10 & Tcold<0
Psdry< 40 & Psdry<Pwwet/3
Pwdry<Pswet/10
Not(Ds)or(Dw)
Thot≥22
Not (a) & Tmom10≥4
Not (a, b or d)
Not (a or b) & Tcold<-38

*Thot = temperature of the hottest month, Tcold = temperature of the coldest month, Tmon10 = number of months
where the temperature is above 10, Pdry = precipitation of the driest month, Psdry = precipitation of the driest month
in summer, Pwdry = precipitation of the driest month in winter, Pswet = precipitation of the wettest month in summer,
Pwwet = precipitation of the wettest month in winter.

(2) Soil properties
Using SoilGrids (ISRIC, 2017) to reduce the gap between soil data requirement and availability
based on experiment locations and average sampling depths for experiment. SoilGrids
provided soil properties in aspect of organic carbon (OC), bulk density (BD), Cation Exchange
Capacity (CEC), soil pH and soil texture fractions. A collection of soil properties in SoilGrids
database were produced by automated soil mapping based on machine at a global scale at 1
km and even 250 m spatial resolutions (Hengl et al., 2014). This method was used to further
define and calculate soil textures (% clay, loam, sand and silt) according to a coarser soil texture
classification following the approach suggested by (Pecio &Jarosz, 2016), as depicted in figure
2. With that, soil texture was classified into five categories:
o
o
o
o
o

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;
Silt for the silty loam and silt; and
Unknown was defined when no data on mineral composition could be provided.
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`
Figure 2: Soil texture classes based on percentage clay, silt and sand contents(Pecio &Jarosz, 2016)

(3) Crop types
Indicative Crop Classification (ICC) was used to distinguish various crop species in crop rotation
sequences and cropping systems. ICC is consistent with the classification of commodities used
in FAO’s on-line database (FAO, 2005). Due to each field station contains different main crop
types, the crop classification needs to be adapted. In this study, crop types were divided by
grain crops, root crops, legume and others. When the crops mentioned are not grain, root crop
or legume, the rest of crops were categorized in ‘others’ groups.
2.2.2 Data treatment
Standardized of dispersion measures
As mentioned before, quantitative data was derived from each selected field studies. However,
each studies reported the value with different dispersion measure. To analysis the data, it is
necessary to standardize all measures into the same unit and convert dispersion measure in to
one as well. In this study, I converted variance (var) and standard error (SE) into standard
deviation (SD) as following formula:
SD = √variance

EQ1

SD = SE × √n

EQ2

Where n is number of comparisons.
Note that in equation 2 the standard error must be of means calculated from within an
intervention group instead of computed between intervention groups.
Soil organic carbon conversion
The amount of soil organic carbon generally was represented in the unit of per area basis (i.e.
t C ha-1; kg C m-2), mass basis (g C kg-1) or percentage (%). In order to analysis changed of SOC
stocks after applying treatment intervention, it is important to convert carbon content into
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stock (t C ha-1). SOC stock was estimated by multiplying SOC content, soil bulk density, and soil
depth interval, according to the following equation:
SOC stock = BD × D × SOC contet

EQ3

Where: BD is bulk density (kg m-3), D is soil layer thickness (m), SOC content is soil organic
carbon content (g kg-1) and SOC stock (g m-2) or SOC stock × 0.01 (ton ha-1)
Most of long term experimental studies on crop management did not report value of soil bulk
density, thus this study used value of bulk density extrapolated from SoilGrids database to
convert soil organic carbon content into stocks.
Additionally, some studies assessed the effects of crop management on total organic carbon
(TOC). Therefore, it is essential to transfer TOC to SOC in this case. About 58% of mass of
organic matter exists as carbon based on the method from Pribyl (2010), here I applied the
conversion factor 0.58 to estimate SOC content (%; g/kg) from TOC as depicted in equation 4.
Totol organic carbon = organic matter × 0.58

EQ4

This conversion factor varies in different soils, but in this case 0.58 provides a reasonable
estimate of SOC for most purposes.
Harmonizing data from various soil sampling depth
Depth of soil layer was recorded from each selected studies. However, each experiment in the
same study sampled at different layer interval (e.g. 0-20cm & 20-40cm or 0-5 & 5-15cm). In
order to analysis data in comparable layer interval, SOC was estimated in three soil layers: 015 cm, 0-30 cm and 0-40 cm, which were used as standard profile segments in this report.
Firstly, value of each depth interval, upper and lower depth were recorded by each experiment
and calculated for SOC contents/stocks. Afterwards, all SOC content were converted into SOC
stocks (see equation 3) and summed up the thickness of total soil layer. For example, the SOC
stocks in 0-30 cm layer can be measured from two depth intervals that summed up SOC stock
in 0-15 cm and 15-30 cm. Similarly, SOC stocks on 0-40 cm were summed up from 0-15cm, 1530 cm and 30-40 cm.
In some studies, soil depth layer was presented deeper than 40 cm depth (e.g. 0 –60 cm) or
reported soil interval which didn’t match one of the three depth category (0-15, 0-30 or 0-40
cm). Thus, soil depth adjustment is necessary, it directly affects the absolute amount of SOC
change. To solve incomparable depths, soil layer was divided into few vertical SOC distribution
patterns up to maximum 60 cm, with 5 cm as intervals in each group (totally 12 categories): 05, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-45, 45-50, 50-55, 55-60. Thus, SOC stocks
can be calculated by reduction factor with constant bulk density which was assumed in each
soil layer in the same experiment. For example, if the depth layer up to 50cm were be
calculated into depth group 0-40 cm, the formula was: SOCstock (0-40 cm) = SOCstock (0-50 cm)
/12 × 8 and standard deviation: SOC SD (0-40 cm) = SOC SD (0-50 cm) / 12 × 8.
Constantin et al. (2010) provided a special case where the stock from 0.0-23.5 cm depth that
in this study was assumed the same interval as 0-20 cm depth group. The same calculation was
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used in Tian et al. (2013) who measured soil depth between 0-24 cm would be grouped in 020 as well.
However, SOC stocks in few experimental studies cannot be calculated since they did not
measure for all depth intervals (e.g. study sampled 2.5-5.0 cm & 5-10 cm without 0.0-2.5 cm).
In addition, studies reported vertical SOC distribution beyond 60 cm depths (n=11) and below
15cm (n=10) were be extracted to minimize uncertainties caused by depth adjustment.
2.2.3 Meta-analysis
Meta-analysis helps to quantify and to standardize results of selected field studies and uses
statistical techniques to estimate the overall effect. Effect size (ES) based on means providing
information about the magnitude and direction to represent the impact of an intervention
(Borenstein et al., 2009). In this study, meta-analysis will be used to compare the overall effects
of fields experimental studies on the impacts of crop management measures on the soil carbon
balance (SOC changed).
There are two main ways of representing effect sizes to estimate the impacts of crop
management on soil organic carbon. One is expressed as mean difference (MD) for SOC
changed in terms of SOC stocks- C ton ha-1. This effect size can only be used when all studies
in the analysis used precisely the same scale. Here, MD was estimated from means of reference
or control group (SOC_ref) and means for the respective treatment group (SOC_treat) on SOC
stock using equation 5.
MD= SOC_treat − SOC_ref

EQ5

The other effect size is reported by relative C changed- response ratio. Response ratio (RR) is a
commonly used as quantitative measure of a phenomenon and is unlikely to be zero
(Borenstein et al., 2009). In this study, RR demonstrated the relative proportionate changed
on SOC under different crop management practice. Relative SOC changed was obtained by
dividing the SOC in the treatment and SOC in the control group (see formula 6). Computations
of value were generally carried out in a log-normal distribution to maintain symmetry in the
analysis- the log response ratio (LRR) as depicted in Equation 7. Finally, the results were
converted back to a risk ratio to correct value.
RR =

SOC_treat

EQ6

SOC_ref

LRR = ln(

SOC_treat
SOC_ref

)

EQ7

Due to dispersion of effect sizes from study to study, assess the possibility of random-error (e.g.
due to different samples sizes between studies) or true heterogeneity in the data (Borenstein
et al., 2009) is needed. Random effect model is used to calculate not only calculate the
summary effect size but also reduce heterogeneity and assess the strength of findings between
studies and within studies (Philibert, Loyce, &Makowski, 2012). Compared to the random
effect model, fixed effect model only calculates sampling error within studies without
estimating the variance between studies. In this study, random effects model was applied for
meta-analysis to test for differences in response between agricultural management and the
amount of SOC sequestration.
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Finally, conducting meta-analysis in R software with the “metafor” package including the
function for fitting random effects models (R Package). The package was used to calculate
outcome measure and visualize via forest plot. Summary effect size was performed by forest
plots that compared estimate of SOC stocks changed with relative SOC changed under four
pair crop management practices. Moreover, to measure the heterogeneity in meta-analysis,
simply Cochran’s Q-test (Cochran, 1954) was calculated as the weighted sum of squared
differences between individual study effects and the pooled effect across studies, with the
weights being those used in the pooling method.
2.2.4 Influence of site factors as covariates
To explore the sources of heterogeneity which mentioned above, subgroup analyses was
applied. This study performed sub-group analysis to investigate the influence of site factors on
the relationship between types of crop management and SOC changed. Site factors were split
into subgroups according to several variables: experimental duration, sampling depth,
temperature, precipitation, soil pH, soil texture, SOC references and crop types (see table 5).
The range of subgroup was determined by similar numbers of studies for each grouping within
a logical range on each variable.
If subgroup analyses demonstrate that the treatment is more or less effective for certain
subgroups of variables, results could provide valuable insight into which site factors have
significant influence on SOC in crop management practices. Due to less data was carried out in
subgroup analysis, I reclassified the subgroups to reduce lower statistical power and validity
when compared to analysis all data. For example, crop type divided into grain, maize, legume
in meta-database while under subgroup analysis were only divided into legume and without
legume crop. Same structure was conducted in a category of clay content which divided by
fine (<18%), medium (18-35%) and coarse (>35%) in subgroup analysis.
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Table 5. Classification of explanatory variables into subgroups.

Duration

Sampling depth

TMP

PRE

Soil pH

Soil texture

short
medium
long
topsoil
subsoil
deepsoil
low
medium
high
low
medium
high
acid
neutral
alkaline
coarse
medium
fine

SOC reference

crop types

low
medium
high
crop with legume
crop without legume

5-15 yr
15-30 yr
>30 yr
0-15 cm
0-30 cm
0-40 cm
Between 1 and 7°C
Between 7.1 and 14°C
Between 15 and 21°C
Between 202 and 750mm
Between 750 and 1000mm
>1000mm
pH <7
pH: 7
pH> 8
including coarse, sand, less than 18%
clay
including medium, loam, 18-35% clay
including fine, clay, greater than 35%
clay
Between 3.75 and 21 C g/kg
Between 21 and 50 C g/kg
Over than 50 C g/kg
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3 Results of literature review
36 meta-analysis studies were collected for the literature review on the impacts of crop
management on crop yield, soil quality (C, N, P content) and air emissions (CO2 emissions, N2O
emissions) and nutrient losses to water (N leaching or NO3–surplus). In Annex 1, an overview
of literature is given by the relationship between different cropping systems and their impacts
on crop yields, soil quality (including SOC changed) and environment. Site-specific factors are
also recorded such as crop variables, climate variables and other factors (e.g. soil sampling
depth, experimental duration). Overall effects of indicators under different crop management
practices were expressed by quantitative data mainly in the unit of % year-1. The results are
depicted in Table 6a, Table 6b, Table 6c and Table 6d for rotation and multi-cropping (more
than two crops in rotation), residue management, legumes in rotation management, and cover
crop /catch crop in rotation management, respectively. Negative values were marked in red,
which means that several impacts of variable indicators are reduced under crop management
practices.
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Table 6a: Impacts of crop rotation or multi-crop management derived from meta-studies `
Crop
Converted final
management Impacts
Indicator
Geographic
Original unit unit
Crop yield
Productivity
N-uptake
/NUE

Soil C
Rotation or
multi-crop
Soil quality

Soil N

Environment

Soil P
Soil
compaction
N2O
emissions
NO3- surplus

Average
duration

Main effect
size (ES)

Main SD

Main n

Reference

-11.21
5.19
0.35
0.06
2.38
0.06

24.95
0.12
0.37
0.01
16.63
0.01

134.00
137.00
244.00
9.00
158.00
4.00

-0.19
0.74
0.20
0.13
0.13

0.38
0.90
0.86
0.02
0.01

47.00
70.00
367.00
48.00
48.00

16.90
0.20
29.80

2.10
1.11
34.71

7.00
85.00
35.00

Gardner & Drinkwater 2009
Himmelstein et al. 2017
Verret et al. 2017
Zavattaro et al. 2014-2015
Gardner & Drinkwater 2009
Zavattaro et al. 2014-2015
Congreves et al. 2014
Congreves et al. 2014
King & Blesh 2018
King & Blesh 2018
McDaniel et al. 2014
Spiegel et al. 2014
Spiegel et al. 2014
Ugarte et al. 2014
VandenBygaart et al. 2010
West and Post 2002
Gardner & Drinkwater 2009

Global
Africa
Global
Europe
Global
Europe
Ontario
Ontario
Global
Global
Global
Europe
Europe
U.S.
Global
Global
Global

%
kg ha-1
%
%

%
Mg ha-1 yr-1
% yr-1
% yr-1

%
Mg C ha-1
%
%
%
%
%
%
%
Mg ha-1
ton ha-1
%

% yr-1
Mg C ha-1 yr-1
% yr-1
% yr-1
% yr-1
%
% yr-1
% yr-1
% yr-1
Mg C ha-1 yr-1
ton ha-1
%

Global
Europe
Europe
Europe

%
%
%
%

%
% yr-1
% yr-1
% yr-1

18, listed
per year
16.79
12.13
16.25

5.30
0.06
0.09
5.17

14.76
0.01
0.01
1097.14

200.00
24.00
3.00
137.00

McDaniel et al. 2014
Pecio et al. 2014
Zavattaro et al. 2014-2015
Pecio et al. 2014

Europe

%

% yr-1

15.00

0.04

0.02

3.00

Guzmán et al. 2015

Global
Europe

%
%

% yr-1
% yr-1

6.00
16.20

-0.65
-0.02

8.63
2.66

31.00
5.00

Han et al. 2017
Zavattaro et al. 2014-2015

9.00
2.59
16.20
16.20
16.24
16.24
14.00
14.00
18.00
7.50
7.50
10.00
19.67
26.00

27

Table 6b: Impacts of crop residue return compared to crop reside removal derived from meta-studies
Crop
Converted
Average
management Impacts
Indicator
Geographic Original unit final unit
duration
China
%
% yr-1
11.96
China
%
% yr-1
15.00
Global
%
% yr-1
3.74
Productivity
Crop yield
Europe
%
% yr-1
21.57
Global
%
% yr-1
3.74
Global
%
% yr-1
5.14
Europe
%
% yr-1
21.57
China
Mg ha-1 yr-1 Mg ha-1 yr-1
15.09
Europe
%
%
18.14
China
%
% yr-1
24.40
Soil C
China
%
% yr-1
8.88
Europe
%
% yr-1
17.99
Europe
%
% yr-1
17.99
Soil quality
China
Mg ha-1
Mg ha-1 yr-1
13.13
Residue
Europe
%
% yr-1
20.19
management
Soil N
Europe
%
% yr-1
16.14
Soil P
Europe
%
% yr-1
19.29
Soil
Compaction
Europe
%
% yr-1
12.16
Europe
%
%
18.14
CO2 emissions
Europe
%
% yr-1
7.6
Global
%
% yr-1
Europe
%
%
18.14
Europe
%
%
18.14
Environment N2O emissions
Global
%
% yr-1
Europe
%
% yr-1
5.95
Global
%
% yr-1
3.74
Global
%
% yr-1
3.74
N leaching/
NO3- surplus
Europe
%
% yr-1
21.57

Main effect
size (ES)
1.12
1.07
0.51
0.05
-0.47
0.02
0.05
0.35
0.34
0.00
1.35
0.06
0.06
0.05
0.05
0.06
0.05

Main
SD
1.64
1.26
0.32
0.02
0.36
0.01
0.01
0.33
0.37
0.01
1.10
0.01
0.01
0.09
0.00
0.01
0.00

Main n
75.00
85.00
247.00
27.00
87.00
87.00
3.00
172.00
220.00
13.00
159.00
220.00
243.00
139.00
26.00
4.00
1.00

Reference
Han et al. 2018
Li et al. 2018b
Wang et al. 2018b
Zavattaro et al. 2014-2015
Wang et al. 2018b
Wang et al. 2018b
Zavattaro et al. 2014-2015
Han et al. 2018
Lehtinen et al. 2014
Li et al. 2018a
Lu 2015
Spiegel et al. 2014
Spiegel et al. 2014
Zhao et al. 2015
Pecio et al. 2014
Zavattaro et al. 2014-2015
Pecio et al. 2014

0.06
3.86
0.21
0.01
14.89
4.96
0.90
2.03
-0.50
-0.66
-0.57

0.11
2.76
0.07
0.01
14.34
5.24
1.48
0.51
0.59
0.28
2.06

22.00
7.00
24.00
15.00
30.00
7.00
109.00
102.00
129.00
33.00
3.00

Guzmán et al. 2015
Lehtinen et al. 2014
Spiegel et al. 2014
Chen et al. 2013
Lehtinen et al. 2014
Lehtinen et al. 2014
Shan & Yan 2013
Spiegel et al. 2014
Wang et al. 2018b
Wang et al. 2018b
Zavattaro et al. 2014-2015
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Table 6c: Impacts of legumes in rotation relative to no legumes in rotation derived from meta-studies
Crop
Converted
management Impacts
Indicator
Geographic
Original unit final unit
Average duration
Global
%
% yr-1
3.00
Global
%
%
per year, each
Crop yield
annual observation
treated as a unique
Productivity
Global
%
%
pair
Global
%
% yr-1
2.59
N-uptake/
NUE
Global
kg yield kg-1 kg yield kg-1
P-uptake/
PUE
Global
kg yield kg-1 kg yield kg-1
Global
%
% yr-1
14.00
Soil C
Legume
Global
%
% yr-1
18.00
Soil quality
Global
%
% yr-1
18.00
Soil N
Global
kg ha-1
kg ha-1
-

Environment

N
leaching/
NO3surplus

Global

%

% yr-1

Global

%

%

Global

%

%

3.00
per year, each
annual observation
treated as a unique
pair
per year, each
annual observation
treated as a unique
pair

Main effect
size (ES)
-2.77
16.13

Main
SD
1.06
6.06

Main n
10.00
171.00

Reference
Quemada et al. 2013
Schütz et al. 2018

-10.00
0.35

21.31
0.31

206.00
67.00

Tonitto et al. 2006
Verret et al. 2017

5.70

3.25

143.00

Schütz et al. 2018

7.54
-

4.52
-

126.00
-

Schütz et al. 2018
King & Blesh 2018

0.30
0.27
44.20

0.06
0.43
56.60

117.00
66.00
521.00

McDaniel et al. 2014
McDaniel et al. 2014
Schütz et al. 2018

-5.16

2.19

20.00

Quemada et al. 2013

-7.86

42.25

10.00

Tonitto et al. 2006

-37.73

28.55

8.00

Tonitto et al. 2006
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Table 6d: Impacts of cover crop in rotation relative to no cover crop in rotation derived from meta-studies
Crop
Original
Converted
management
Impacts
Indicator
Geographic
unit
final unit
Average duration
US and
Canada
%
% yr-1
10.00
Global
%
% yr-1
3.00
Crop yield
Global
%
%
Productivity
Nordic
%
% yr-1
2.70

over crop in
rotation

Main effect
size (ES)

Main
SD

0.12
-0.26
-3.00
-1.10

0.04
0.06
12.76
2.77

Main
n
268.0
0
10.00
69.00
19.00

Europe

%

% yr-1

10.06

0.10

0.06

41.00

N-uptake/ NUE

Europe
Global

%
%

% yr-1
%

10.06
18.00

0.10
0.47

0.05
0.48

Soil C

Global
Europe
Europe
Global
Europe

ton ha-1
%
%
%
%

ton ha-1
% yr-1
% yr-1
%
% yr-1

11.70
16.09
16.09
18, listed per year
5.00

0.32
0.07
0.62
12.80
0.20

0.94
0.01
1.11
11.09
0.00

5.00
81.00
139.0
0
7.00
13.00
34.00
2.00

Europe
Global
Europe
Europe
Global
Global
Europe
Global
Global
Nordic

%
%
%
%
lnR
%
RR
%
%
%

% yr-1
%
% yr-1
% yr-1
lnR
% yr-1
% yr-1
% yr-1
%
% yr-1

8.60

2.70

0.12
1.95
0.06
0.16
1.77
-0.84
0.22
-0.37
-7.32
-18.08

0.06
18.06
0.00
0.04
0.12
9.45
0.10
1.77
32.06
10.07

5.00
1.00
2.00
3.00
33.00
61.00
7.00
59.00
69.00
29.00

Europe

%

% yr-1

10.06

-0.57

0.03

5.00

Soil quality
Soil N

Soil P
CO2 emissions
N2O emissions
Environment
N leaching/ NO3surplus

16.25
7.50
6.00
8.18
3.00

Reference
Marcillo and Miguez
2017
Quemada et al. 2013
Tonitto et al. 2006
Valkama et al. 2015
Zavattaro et al. 20142015
Zavattaro et al. 20142015
McDaniel et al. 2014
Poeplau & Don 2015
Spiegel et al. 2014
Spiegel et al. 2014
McDaniel et al. 2014
Pecio et al. 2014
Zavattaro et al. 20142015
Hallama et al. 2019
Pecio et al. 2014
Spiegel et al. 2014
Basche et al. 2014
Han et al. 2017
Spiegel et al. 2014
Quemada et al. 2013
Tonitto et al. 2006
Valkama et al. 2015
Zavattaro et al. 20142015
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3.1 Impacts of crop rotation or multi-crop rotation on yield, soil quality and
environment
Crop rotation management has impacts on productivity in terms of crop yield and N-uptake.
At the Europe scale, annual crop yield change is reported at 0.06 % yr-1 (Zavattaro et al., 2014,
2015), which is lower than reported on a global scale by 0.35% yr-1 (Verret et al., 2017). While
only one meta-study (Gardner & Drinkwater, 2009) reported that applying less N reduced crop
yields by 11.3% on average under grain crop in rotation management. In general, under crop
rotation have positive effects on N-uptake at rate of 0.06-0.73 % yr-1. On global scale, annual
soil quality changes in response to crop rotation management range between 0.2 and 0.74%
yr-1. Especially, King and Blesh (2018) concluded that annual rate of SOC changes at 0.74 % yr1 following perennial cropped rotations relative to grain-only rotations. Relative soil N
increases under crop rotation management that was reported with maximum value of 29.8%
by Gardner & Drinkwater (2009) and minimum value of 5.3% by McDaniel et al. (2014). Where
Pecio et al. (2014) found no significant effects of soil N under crop rotation management under
short term (< 5 years) and long term experiment (11-20 years) and soil depth deeper than
10cm. For environmental impacts, Han et al. (2017) indicated that rotation management
compared to monoculture decreased N2O emission at rate of 0.65% yr-1. Furthermore, NO3leaching was reduced 0.02% by intercropping rotation relative to monoculture on a Europe
scale (Zavattaro et al., 2014, 2015).

3.2 Impacts of crop residue management on yield, soil quality and environment
In China, the influence of residue management on crop yield has been found by Han et al.
(2018) and Li et al. (2018b), with annual yield increased 1.12% yr-1 and 1.07% yr-1, respectively.
Wang et al. (2018b) reported that crop residue returns stimulated crop yield by 0.51% yr-1. In
the same study, NUE increased by 0.02% yr-1 in paddy fields and decreased by 0.47 % yr-1 in
upland fields following crop residue retention relative to residue removal. In addition,
Zavattaro et al. (2014, 2015) indicated that incorporation of crop residue caused a reduction
in yield in badly-structured soils but an increase in yield and N uptake when burning cereal
straws in sandy soil.
Residue management has positive impacts on SOC in general. For impacts on soil quality, the
annual SOC changes between 0.06 and 1.35 % yr-1 varying by different geographic scales
(Spiegel et al., 2014; Zhao et al., 2015; Lu 2015). However, Li et al. (2018a) found no difference
between crop residue returned and residue removal. Furthermore, in China, mean SOC
increases following straw incorporation compared with straw removal at a rate of 0.35 Mg ha1 yr-1 (Han et al., 2018) and 0.05Mg ha-1 yr-1 (Zhao et al., 2015) under residue retention
integrated with no tillage management. Two meta-studies provided annual soil N values raging
between 0.05 and 0.06 % yr-1 (Pecio et al., 2014; Zavattaro et al., 2014, 2015). For the impacts
on environment, a number of meta-studies showed the impacts on CO2 emissions, N2O
emissions and nitrate leaching at a global and Europe scale. On average, N2O emission was
decreased under crop residue management with the annual change between -0.09 and -14.9%
yr-1 and N leaching was also decreased between -0.57 and -0.66% yr-1.

3.3 Impacts of legumes in rotation on yield, soil quality and environment
Meta-studies on the impact of legumes in rotation management remain limited. Reported with
the effect of legumes in rotation on crop yield varies across previous meta-studies relative to
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non-legume cover crop rotation management. Schütz et al. (2018) found a positive influence
on crop yield of 16.13% under crop residue management with the application of microbial
inoculants (bio-fertilizers). Where Tonitto et al. (2006) indicated that yields under non-legume
cover crop management were not significantly different from bare fallow systems. For the
impacts of legumes in rotation management on soil property, McDaniel et al. (2014) found that
soil carbon pool increased when adding a legume as cover crop in rotation with an annual
carbon change of 0.30% yr-1, and soil N change of 0.27 % yr-1. Overall, legume crops in rotation
management reduce NO3- surplus by annual -5.16 % yr-1 compared with no-legumes crop in
rotation management. In addition, Tonitto et al. (2006) reported that there was a reduction of
nitrate leaching found under non-legume cover crop relative to bare fallow systems.

3.4 Impacts of cover crops in rotation on yield, soil quality and environment
A few findings presented that the increase of crop yields were determined by crop species
under cover crop in rotation management. Hallama et al. (2019) demonstrated that cover
cropping has the potential to tighten nutrient cycling in agricultural systems under different
conditions resulting in increasing crop P nutrition and yield. Marcillo and Miguez (2017) found
an overall positive contribution (0.12% yr-1) of winter cover crops to corn yields. In this case,
although grass cover crop had no effect on yield productivity, a cover crop with legume results
in higher corn yield either at lower fertilizer rates or under no tillage. However, Valkama et al.
(2015) assessed the effects of different types of catch crops on grain yields and showed a
decreased annual rate of -1.10 %yr-1. With respect of the impacts on soil quality have been
observed by several studies. Aguilera et al. (2013) revealed that cover crops reduced SOC by
10 % but adding external organic amendments with cover crops had positive impacts on C
sequestration by average 0.27Mg C ha−1 yr−1 compared no cover crop in rotation. In particular,
Aguilera et al. (2013) also investigated the response of crop types in C sequestration under
cover crop management which showed that horticulture has the greatest effect by 48%. In
general, results show that under cover crops in rotation have significant impacts on reducing
N2O emissions and NO3- leaching. Han et al. (2017) reported that replacing bare fallow with
cover or cash crops growth periods reduced N2O emissions and mitigates NO3- leaching.
Quemada et al. (2013) indicated that on average 35% of nitrate leaching was reduced by using
cover crop but contradictory effects were observed depending on different cover crop types.
For the impacts on CO2 emission, Spiegel et al. (2014) showed a positive rate of 0.16 % yr-1 on
CO2 emissions under the growing of catch and cover crops.
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4 Results of meta-analysis
4.1 Overview of the dataset
In total, 48 studies were included in meta-analysis, providing 221 observations. Firstly, 238
studies were filtered from the systematic map database focusing on crop management or crop
intervention. However, most of studies did not provide enough information and meet all
criteria (as mentioned in Chapter 2). For those studies were not included in the meta-database,
52 papers did not report measures of variance; 12 papers carried out incomparable treatment
and control group; 8 studies conducted only pre and post treatment, while short-term
experiments was one of the major excluding factors (e.g. <5 years). Therefore, only 11 papers
were taken from the systematic map database based on the requirements.
From the Catch C database, 14 studies were retrieved. Field studies were discarded from the
Catch C database because of the treatment group was conducted under different preconditions. For example, crop management combined different amount of N application
between reference and treatment group. Furthermore, 23 papers were included out of 191
results in Scopus. The main reason for papers being excluded was that those individual
experiments focused on other agricultural management besides crop management and other
cropping systems (e.g. irrigated rice-based cropping system, a double paddy cropping system).
Table 7 showed a total of 48 peer-reviewed papers based on 221 paired comparisons for four
main crop management practices. The study identification (ID) was defined as a unique crop
management practice in each paper (e.g. in crop rotation differences between wheat-maizewheat and wheat-maize-maize) and the observations included all experimental results for
those study IDs (e.g. results on SOC changes at different depths) in the publications. Results of
data collection show that most studies focused on the influence of crop rotation management
and less attention on the influence of cover crop in rotation and crop residue incorporation
practices. A detailed list of references used for meta-analysis is given in Annex 2.
Table 7: Number of experiments available for each treatment

Categories of crop
management
CR-rot
NC-rot
CR-res
CR-cc
Total

Description
crop rotation versus monoculture
number of crops in rotation/ any
rotation over monoculture
crop residue return versus removal
cover crop in rotation

Number of
study ID
21

Number of
observation
107

11

55

9
7
48

32
27
221

4.2 Meta-analysis
An overview of selected field studies for the meta-analysis is depicted in Annex 3. A total of 48
studies are used to analyze crop management impacts on SOC. Results of SOC content from
field studies are all converted into SOC stock changes (as described under Chapter 2.2.2).
Summary effect size of four pair crop managements can be found in Figure 3 for mean
difference, and in figure 4 for response ratio. Figure 3 is arranged and explained as follows:
a) On the left side, the four comparisons of crop management are shown;
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b) In the middle of the forest plot, the center of the bar represents mean SOC changes for
each comparison, expressed in ton C ha-1 with 95% confidence interval of the result
displayed as the horizontal line. The vertical line at zero means that no SOC change
between control and treatment group was observed. If the confidence interval crosses
zero, it implies that the null value lies within it. In addition, if the mean SOC lies to the
right it means SOC changed more in the treatment group compared to control group.
For example, Figure 3 shows no statistical significance of SOC changed following crop
rotation vs monoculture (CR-rot) (Q= 75, p> 0.05); and
c) Estimate of SOC stock is the outcome of meta-analysis (mean difference between
treatment and control) shown on the right-hand side. The number of observations are
shown in parentheses. In addition, positive estimates represent SOC increased under
crop intervention, and vice versa. Therefore, results show that SOC stocks increased by
1.31ton C ha-1 for crop rotation management; by 2.77ton C ha-1 for number of crops in
rotation; by 3.94ton C ha-1 for crop residue return; and by 2.44ton C ha-1 for cover crop
in rotation.

Figure 3. Overview of meta-analysis results of crop management practices on changes in SOC pools expressed as
SOC pools in treated plots minus control plots. The dot represents mean SOC changes and the horizontal line the
95% confidence interval of these changes based on the number of observations (n). CR-rot is crop rotation versus
monoculture; NC-rot is number of crops in rotation; CR-res refers to crop residue return versus removal, and CRcc is cover crop in rotation

In Figure 4, the effect size is calculated by response ratio. Relative C change and 95%
confidence intervals of the back-transformed response ratios are also presented. Moreover,
the vertical line at 1 means that there is no difference on SOC changed under crop
management. Therefore, result in Figure 4 reveals that C did not change significantly in the
treatment relative to the control group for crop rotation management. SOC increased by 12%
for residue retained, followed by 9% for number of crops in rotation (any rotation over
monoculture), 5% for cover crops in rotation, and 3% for rotation management.
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Figure 4. Overview of meta-analysis results of crop management practices on changes in SOC pools expressed as
a response ratio of treated plot divided by a control plot. The dot represents mean response ratios for SOC and
the horizontal line the 95% confidence interval of the response ratios based on the number of observations (n).
CR-rot is crop rotation versus monoculture; NC-rot is number of crops in rotation; CR-res refers to crop residue
return versus removal, and CR-cc is cover crop in rotation

4.3

Subset analysis

To investigate the relationship between crop management, site-effect factors and SOC changes,
subgroup analysis was used to investigate which site effect factors have significant influence
on SOC sequestration by crop intervention. The following sections will display and explain the
effect of site factors on SOC stocks (tons C per ha) and relative terms (% C change) under
different crop management practices.
4.3.1 Effects of site factors on crop rotation versus monoculture
Figure 5 shows the impact of site factors on SOC under crop rotation management relative to
monoculture expressed as mean difference (a) and response ratio (b), respectively.
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Figure 5. Impacts of site factors on SOC stock changes, i.e. SOC pools in treated plots minus control plots (ton ha1
) (a) and response ratios, i.e. SOC pools in treated plots divided by control plots (%) (b) due to crop rotation
management practices relative to monocultures (CR-rot)

Crop rotation management increases SOC with significant estimate of 2.92t C ha-1 (p-val
<0.0001), which represents a significant increase of 8% of SOC (p-val<0.0001) compared to
monoculture in the long-term experiment (>30 years). However, for both effect size of mean
difference and response ratio, the results show no significant difference during 15-30 years (pval= - 0.80 by MD, p-val= -1% by RR) on crop rotation management relative to monoculture
management. For the climate variables, SOC increases under temperature at 7-14°C and
precipitation between 750mm and 1000mm with estimate SOC changed by 3.37 and 1.73t C
ha-1. However, monoculture management enhances more 0.23t C ha-1 than crop rotation,
which in relative terms also presents that 6% of SOC increases with low precipitation. In
addition, no significant differences have been found under with higher precipitation (more
than 1000m) by either actual estimate and percentage C. For SOC reference, SOC is significantly
decreases by -4% (p-val= 0.02) following rotation practices at a 3.75-21g/kg range but
enhances by 3% at values exceeding 50g/kg despite that no significant difference has been
observed (p-val= 0.09). With regard to soil properties, a significant positive effect on SOC
increases by 3.26t C ha-1 (p<0.001) and in relative terms by 10% at 18-35% clay content
following crop rotation management. Soil pH does not show significantly affected on SOC
changed after adopting crop rotation compared with controls. For sampling depth, result
shows that crop rotation practices have higher SOC at deeper soil (0-40 cm) compared to the
shallow soil depth ranges (0-30cm). For crop type, there are no significant impacts on SOC
under legumes and non-legumes in crop rotation practice.
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4.3.2 Effects of site factors on number of crop in rotation
A substantially different results between different subgroups of sit factors are depicted in
Figure 6 in response to estimate SOC stocks and relative SOC changed under number of crops
in rotation management.

Figure 6. Impacts of site factors SOC stock changes, i.e. SOC pools in treated plots minus control plots (ton ha-1)
(a) and response ratios, i.e. SOC pools in treated plots divided by control plots (%) (b) for different numbers of
crops in rotation (NC-rot)

SOC sequestration increases obviously over time under number of crops in rotation. Long term
(>30 years) practices has higher SOC based on number of crops in rotation with MD = 6.61t C
ha-1 and RR = 19%. Between 7-14°C, muliti-crops in rotation significantly increases 5.94t C ha1 (Q=91.50, p-val <0.0001) and 30% (Q = 43.63, p-val<0.0001) relative to less number of crops
in rotation management. With similar pattern of different subgroup of temperature factors,
SOC increases significantly in 750-1000 mm (RR= 24%, p-val< 0.0001) and merely increases
when precipitation at 202-705mm (RR = 9 %, p-val <0.05). Concerning initial SOC, at range
3.75-21g /kg SOC reference presents higher potential of SOC sequestration up to 3.29t C ha-1
and 9%. In general, higher clay content in soil increases SOC changed following muliti-crops in
rotation management. That is, in coarse-textured soil (clay content<18%), medium textured
soil (18-35%) and fine textured soil (>35%), number of crops in rotation practices stimulate
12%, 13%, and 15% C, respectively. For soil pH, SOC increased more under acid soil (pH>7) than
in pH > 7 following muliti-cropping system with effect size of mean difference by 3.45t C ha-1
and response ratio by 9%. Overall, deeper soil depth (0-30 cm) shows higher SOC sequestration
under muliti-crops in rotation management by 7t C ha-1 and in relative term by 21%. Finally,
SOC increased is pronounced in both legume and without legume by 2.86t C ha-1 and 2.49t C
ha-1 as MD; 7% and 4% as RR.
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4.3.3 Effects of site factors on crop residue return versus crop residue removal
SOC generally increased by crop residue return compared to crop residue removal as shown in
figure 7.

Figure 7 Impacts of site factors on SOC stock changes, i.e. SOC pools in treated plots minus control plots (ton ha-1)
(a) and response ratios, i.e. SOC pools in treated plots divided by control plots (%) (b) due to crop residue return
compared to crop residue removal (CR-res)

The positive effect on SOC sequestration can be found in categories of 5-15 years and 15-30
years (MD= 2.76t C ha-1, 4.79t C ha-1) under crop residue retained relative to residues removal.
However, a longer duration (>30 years) is less favorable to soil C sequestration under crop
residue management, which shows only 2.15t C ha-1 and 7% C changed. For climate variables,
at temperature 7-14°C and at precipitation at 75 –1000mm show higher SOC changed than
lower temperature and lower precipitation. In all groups of SOC reference, SOC showed overall
significantly increased under crop residue retained management relative to residue removal.
According to the relationship between SOC stock response ratio and initial SOC content from
crop residue return, the soil C retention is progressive increased by 17% for SOC reference
between 3.75- 21 g/kg, 16% at 21-50 g/kg and 3% at over 50 g/kg. The effect of soil texture on
SOC response to residue retuned is significant increased (p<0.05) especially when applied crop
residue management with clay content >35% by 17% and 6.31t C ha-1 (p<0.0001), compared
to lower clay content 18-35% by 15% and 4.50t C ha-1 and clay content less than 18% by 14%
and 1.18t C ha-1. In neutral soil (pH=7), there is no significant on SOC changed (p-val>0.05).
Regardless, SOC is affected after adopting residue returning compared to residue removed
under acid soils, and stimulatory effects is 3.26t C ha-1 and 15% C. Factors of three full depths
(0-15 cm, 0-30cm and 0-40cm) enhance SOC stock following the adaption of crop residue
returned management. SOC is significantly increased by 7.30t C ha-1 at a 0-15cm depth range,
by 3.50t C ha-1 at a 0-30 depth range, and by 2.05t C ha-1 at a 0-40 depth range. With legume
crops magnifies the higher response for residue management (RR= 9 %) relative to without
legume crops (RR= 7%).
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4.3.4 Effects of site factors on cover crop in rotation versus no cover crop in rotation
Due to less observations on cover crops in rotation management, some of groups of site factors
cannot be found such as duration>30yrs, temperature >21 and higher SOC reference >50 g/kg
as depicted in Figure 8.

Figure 8. Impacts of site factors on SOC stock changes, i.e. SOC pools in treated plots minus control plots (ton ha1
) (a) and response ratios, i.e. SOC pools in treated plots divided by control plots (%) (b) by including a cover crop
in rotation relative to no cover crop in rotation (CC-rot)

Results on the estimate of SOC changes 3.24t C ha-1 at long-term experiment, which is higher
than at short-term experiment duration (2.68t C ha-1) and both represents statistically
difference under cover crop in rotation compared with no cover crop included (both p-val<
0.01). The higher degree of temperature (15-21°C) improved more SOC by 3.00t C ha-1 and
24% following cover crop in rotation, while lower temperature (1-14°C) increases less SOC by
2.11t C ha-1 and 6%. For precipitation, in cover crop rotation, the MD of SOC stock is significant
difference by 1.95t C ha-1 at 202–750 mm, 3.87t C ha-1 at 750-1000mm. With respect to SOC
reference, SOC increases with higher initial SOC content. In the relative terms, result shows
that 9% of C increases at initial SOC 3.75-21g/kg and 13% of SOC changes at initial SOC 2150g/kg. In coarse (clay content<18%) and medium soils (clay content between 18-35%), cover
crop in rotation raises 2.04t C ha-1 and 3.80t C ha-1, which can be observed in the RR of 13% C
changed and 15% C changed under cover crop in rotation management. For soil pH, SOC
increases more in neutral soil than in acid soil (MD=2.64 in neutral soil; MD=2.32t C ha-1 in acid
soil), while no significant difference between control and treatment group at pH>7(MD=1.59,
RR=3%). Regarding to soil depth, a positive effect on SOC is shown in surface soil under cover
crop rotation management. In absolute terms, cover crop in rotation gains 3.64t C ha-1 in
topsoil (0-15cm), which represents a relative carbon change of 17%. Legume in cover crop
rotation increases SOC sequestration more than non-legumes. Result demonstrates that
legumes is beneficial to 2.52t C ha-1 changed and increases 14% of SOC under cover crop in
rotation management.
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5 Discussion
5.1 Impacts of crop management on productivity, soil N and P and environment
Productivity
Impacts of crop management interventions on productivity showed that the residue
management is generally more effective to increase crop yield (with annual rate of 0.05-1.12%
yr-1) when compares to crop rotation management and cover crop in rotation management.
Furthermore, results also showed that the amount of NUE and PUE increased by legume crops
in rotation due to nitrogen fixation and better access nutrients in legume cropping system. In
comparison, for cover crop in rotation, I found a variation in annual crop yield change of -0.010.12% yr-1 when switching from no cover crops in rotation to cover crop in rotation. This is
because crop yield change under cover crop rotation management is related to cover crop
species (e.g. N-fixing versus non-N fixing cover crops). For instance, Marcillo and Miguez (2017)
announced that legume winter cover crops contribute 30 to 33% higher corn yield compared
with no legumes in cover crop rotation.
Soil variables (soil N and soil P)
Results showed that overall positive impacts of crop management practices on soil N and soil
P. In particular, legumes crop in rotation management increased soil N. The main reason is that
legumes have evolved specific symbioses with N fixing rhizobia which making the stored
nitrogen available to subsequent crops (Schütz et al., 2018). In addition, legumes catch crops
can supplement N by fixing N2 from the atmosphere (Pecio et al., 2014). Similar to my results
also showed that an annual NO3- surplus reduce 5.16% yr-1 under legumes in rotation
management. Furthermore, I found that an annual soil N change rate of 0.5% yr-1 following
crop residue returned relative to residue removal. This finding was also supported by previous
meta-study (Zavattaro et al. 2014, 2015) reported that crop residues were as the role of
organic source which can help to maintain available of nitrogen and phosphorus.
For effects of soil P under cover crop management, soil P was increased because cover crops
enhance the soil microbial community by increasing soil biological activity and the protection
of soluble mineral P in strongly P-fixing soils (Hallama et al., 2019). Therefore, results of
literature review showed that higher annual P changed rate at 16.25% yr-1 following cover crop
management relative to no cover crop (Hallama et al., 2019).
Environmental impacts
From results of meta-studies review, N2O emission was reduced under crop rotation
management and cover crop management, but it increased in residue management. The
situation is explained by the stimulation of microbial respiration after residue return practices
which enhanced oxygen depletion and therefore promoted anaerobic conditions for N 2O
productions (Chen et al., 2013). I also found that cover crops in rotation management and crop
residue management are the two main crop managements contributing to higher CO2 emission,
in particularly under crop residue return showed higher CO2 emission compared to cover crop
in rotation management. The findings can be proved by Spiegel et al. (2014) pronounced that
crop residue return increased an average 5 fold of CO2 emission due to the soil microorganisms
decompose crop residues and release CO2 as a byproduct. In addition, N-surplus was
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decreased under overall crop management practices especially in cover crop rotation
management. Due to cover crops in rotation provides a variety of ecosystem functions,
including biological N fixation could maintain yields and reduce N losses (Tonitto et al., 2006).
During the literature review, previous meta-studies differently calculated the effect size
including response ratio, mean difference, and standard mean difference. Thus, to uniform the
diversified unit, I transformed effect size in annual changed unit (% yr-1). By doing this, metastudies collected different years from field studies could also be uniformed to reduce the
uncertainties of experimental duration factors.

5.2 Impacts of crop management on SOC
Impacts of SOC changed under crop management are compared the results of literature review
in Chapter 3 with the results of meta-analysis in Chapter 4. In this study, I found pronounced
effects on SOC sequestration under crop residue management and cover crop management
when compared to legume crops in rotation and muliti-crop rotation management. On the
other hand, due to only one study (McDaniel et al. 2014) reported main effect size on SOC
changed with annual rate by 0.3 % yr-1, it is difficult to make the conclusion on the impacts of
legume in rotation management.
In Chapter 3, the annual rate of SOC changed varied under rotation or multi-crop rotation
management between -0.19 and 0.74% yr-1. Corresponding with the results of Chapter 4, SOC
changed under crop rotation showed no significant difference relative to monoculture (CR-rot);
however, SOC increased significantly under any rotation over monoculture (NC-rot). The
reason is that changes of SOC under crop rotation management is influenced by the sequence
of cropping system and crop types in rotation management. For instance, a meta-study (King
& Blesh 2018) concluded that cover crops and perennial crops are benefits on SOC storage
than grain crops under crop rotation management.
Crop residue management presented annual SOC change rate of 0-1.35% yr-1, while in cover
crop in rotation management showed lower rate between 0.07 and 0.62% yr-1. Similar to the
results of my own meta-analysis in chapter 4, crop residue management (CR-res) gained
highest SOC by 3.94t C ha-1 and increased the highest RR value by 12% C relative to other crop
management. Depending on the legumes as cover crops in rotation, an annual carbon
sequestration at 0.30% yr-1can be achieved. With this, Ghimire et al. (2017) also suggested that
the optimal crop management was started with legume cover crops in the first year and the
following year implemented residue retained practices since legume crops enrich the soil with
N and their residues decomposition lead to improve carbon storage.

5.3 Influence of site factors on SOC sequestration
Duration
Experimental duration between 5-15 years and 15-30 years was found to have positive effect
of C sequestration by number of crops in rotation (NC-rot), crop residue management (CR-res)
and cover crop in rotation (CC-rot). Generally, longer studies achieve higher carbon
sequestration since the potential of SOC accumulation occurred over times by crop
management practices. Other study also showed that relative SOC concentration was
significantly greater in experiments with a duration 11-20yr compared with a duration<5yr
under return of crop residue (Cvetkov et al., 2010). However, SOC decreased under crop
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rotation relative to monoculture management between 15-30 years. The main reason is that
to sequester carbon need at least 20 years before reaching saturation points and new SOC
equilibriums (Robert J. Zomer et al., 2017). If a new equilibrium has been reached, no further
increases in SOC can be expected. Therefore, SOC is likely to decrease after 20 years and
eventually reach a new equilibrium under crop rotation management (Lützow et al., 2006).
Climate (temperature, precipitation)
As I expected that lower temperature (7-14°C) and precipitation (750-1000mm) increase SOC
under overall crop management practices. However, SOC decreased or lower C increased is
found when the temperature between 15-21°C and the precipitation higher than 1000mm.
This is probably because anaerobic conditions frequently persist in higher temperature and
rainfall leads to decomposition proceeds much faster and thus reduce SOC sequestration.
Especially with the temperature sensitivity influence the decomposition of soil organic matter.
One exception was found by Aguilera et al. (2013) who noted that in Mediterranean climate
conditions (higher temperature, summer droughts), by the adoption of combining external
organic amendments with cover crops in rotation management showed very good
performance in C sequestration. With respect to precipitation also influences on soil water
movement and soil moisture because of soil water content in pore system determines the
transformation of soil organic carbon. For instance, Dick et al. (1986) linked greater yield
responses of a corn cropping system to increased soil water contents, which in turn had a
positive effect on SOC sequestration under crop rotation management. Therefore, SOC
changed can be contributed to climate properties but should be also take into account on other
soil quality parameter such as soil water content.
SOC reference
Generally, lower initial SOC have more capacity for SOC storage, while regions with higher
initial SOC have generally less capacity for SOC change. Therefore, the results confirm my
hypothesis that SOC changed were increased with SOC reference at 3.75-21 g/kg under crop
residue management. The results are similar to the literature by Poirier et al. (2013) showed
that soils with a small SOC concentration have a greater capacity to accumulate C in the fine
fraction when large amounts of crop residues are added to the soil. However, medium initial
SOC (21-50g/kg) showed the higher SOC changed compared to lower initial SOC (3.75-21k/kg)
following crop rotation management. The possible reason is that less intervention under
monoculture management have positive effects on SOC sequestration with lower initial SOC
relative to crop rotation management.
Soil properties (soil pH, clay content)
Influence of soil pH on SOC varied under crop management practices. I found the positive
impacts on SOC under neutral soil due to the increased decomposition rates are more
favorable at soil pH=7 (Jones et al., 2017). Nevertheless, influence of soil pH on SOC
sequestration under crop management practices is not well documented from previous studies
that limits the evidence for my results.
As I expected, result presented that SOC increaseed when the clay content between <18% and
18 -35% under all crop management practices. Especially, applying cover crop rotation (CR-rot)
with 18-35% clay content soil enhanced SOC more than other crop management practices. The
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finding is similar to the results of Spiegel et al. (2014), who found that the RR of SOC stock
under crop rotation was increased in the medium textured soil (clay content 18 -35%), but
decreased in coarse textured soils (clay content <18%). The results can also be supported by
Giardina (2005), the author reported that the more clay content increased the water holding
capacity and reduced SOC decomposition rates following crop rotation management. For crop
residues management (CR-res), the results showed the significant SOC increased under highest
clay content soil (clay content>35%). The findings can be also supported by Lehtinen et al.
(2014) who found that under crop residue return, soil with clay content>35 % showed higher
C increased than soil with clay content between 18 and 35%.
Soil depth
Soil depth influences on SOC varied under different crop management applied. I found that
SOC stock has higher potential to sequester in the surface soil (0-15cm) under crop residue
management practices (CR-res) and cover crop in rotation (CC-rot). The findings support the
hypothesis that most decomposition occurs near the soil surface results in higher SOC content
under crop residue management (Spiegel et al. 2014). However, under crop rotation
management (CR-rot), my result shows that SOC increased in deeper soil depth. Previous
meta- studies also claimed that SOC stock increased by amount of 9.0±1.5Mg C ha-1 at 0 to
30cm following the treatment of perennial relative to annul cropping system. In comparison,
Ugarte et al. (2014) suggested that sampling depth from 0 to 20 cm improved SOC by 9% using
diversified crop rotation compared with deeper soil profile (0-30cm). In general, the different
effects of soil depth on crop managements was likely related to other factors such as bulk
density contributed similar amounts to model explained variance.
Legume crops
Overall, legume crops increases SOC more than without legumes crops under all crop
management practices. Due to legume crops itself plays a role as growing crop or as crop
residue resulting in the higher quality residues that promote microbial growth efficiency and
aggregation, thereby ultimately increase SOC (Stagnari et al., 2017). McDaniel et al. (2014) also
claimed that SOC increased at annual rate 0.30 % yr-1 under legume as cover crops in rotation
compared to one or more non-legume crops in rotation. In addition, the findings agree with
several previous studies that have shown when adding a legume in rotation significantly
increase soil C pools (Drinkwater et al., 1998; Spehn et al., 2000; Jarecki & Lal 2003).
Limitation of applying meta-analysis in this study is presented as followed. Firstly, studies
reported unclear information on control or reference status. Secondly, a lack of field
experimental studies conducted on the impacts of crop management practices. This ultimately
resulted in too few observations to assess the effects of site factors. Therefore, more field
studies are needed and more detailed climate and data must be reported by each field study,
giving more accurate representations of management effects and the influence of site
properties.
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6 Conclusion
Replying to RQ1, a systematic review of previous meta-studies on the impacts of crop rotation,
crop residue return, legumes in rotation and use cover crops on productivity (yield, NUE, PUE),
soil quality (N, P, C) and environmental indicators (N2O emission, CO2 emission and NO3- surplus)
showed the following results:
1. Crop residue management practices showed the most pronounced effect on crop yield
at a change of 0.05-1.12 % yr-1, while crop rotation showed the highest annual rate of
N-uptake by 0.06% yr-1;
2. With respect to impacts of soil quality, crop rotation management impacts were high
on soil P content, including an increase of 5.2% yr-1 which is relatively higher than under
crop residue management practices by 0.05% yr-1. Overall crop management has
positive effects on soil N contents, especially under legume crop practices showed large
effects (0.3% yr-1) followed by rotation crop management (soil N changed by 0.06-0.09
% yr-1), residue management (soil N changed by 0.05-0.06% yr-1), and cover crop in
rotation (soil N changed by 0.02-0.12% yr-1); and
3. With respect to environmental impacts, crop residue management and cover cop in
rotation contributed to an increase in CO2 and N2O emissions. Higher CO2 emissions of
0.21% yr-1 were reported for crop residue management relative to cover crop in
rotation management (by rate of 0.16%yr-1). Furthermore, N2O emissions showed a
large variation between -0.84 and 0.22% yr-1 in response to cover crops in rotation.
However, findings showed potential for reducing nitrate leaching under all crop
management practices, especially under cover cropping with the highest annual N2O
emissions reduction of up to -18% yr-1.
Results of meta-analysis showed impacts of different crop management practices on SOC
stocks and relative C changes. Four crop interventions, including crop rotation management
relative to monoculture (CR-rot), crop residue returned versus crop residue removal (CR-res),
number of crops in rotation/ any rotation over monoculture (NC-rot) and cover crops in
rotation (CC-rot), all have positive effects on SOC sequestration. Although results showed no
significantly different impacts of SOC under crop rotation management relative to
monoculture (CR-rot). Adoption of crop residue management showed the highest benefits on
SOC sequestration at 3.94 t C ha-1 (12%), follow by number of crops in rotation at 2.77 t Cha-1
(9%), cover crop in rotation at 2.44t C ha-1 (5%) and finally crop rotation management at 1.31
t Cha-1 (3%).
To reply to RQ2, subgroup analysis was used to investigate the influence of site-factors on the
relationship between crop management and SOC. Experimental duration between 15-30 years
tends to accumulate more C than shorter durations under number of crops in rotation (NCrot), crop residue management (CR-res) and cover crops in rotation (CC-rot), while crop
rotation management (CR-rot) decreased SOC. With regards to climate properties’ influence
on SOC sequestration, at the temperature range of 7-14°C was most favorable to increasing
effects of crop management intervention. In addition, SOC stocks decreased as precipitation
increased. For instance, applying crop residue management for precipitation of 750-1000mm
significantly increased SOC by 18%, and by 12% for precipitation over than 1000mm. For initial
SOC, crop management increased SOC under lower SOC reference value. This results can be
proved under crop residue management showed that lower initial SOC caused higher capacity
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of SOC accumulation. With respect to soil properties, the effects of medium clay content
(between 18-35%) and with neutral soil (pH=7) tend to increase SOC under all crop
management treatments. Generally, the topsoil depth (0-15cm) showed the highest SOC, in
particular following crop residue management (CR-res) and cover crops in rotation (CC-rot). As
expected, legume crops have overall substantial positive impacts on soil carbon stocks and
relative C change compared with non-legumes.
In conclusion, according to the findings of this study, crop residue management practices
improve carbon stocks, especially during longer time periods (15-30 years), at temperatures
between 15-21°C, precipitation between 750-1000mm, a lower initial SOC (3.75-21 g/kg), a
higher clay content (>35%), and a limited soil depth (0-15cm). Despite that crop residue
management is favorable to SOC sequestration, it also contributes to CO2 and N2O emissions
compared with other crop management practices. Therefore, developing efficient strategies
to reduce the environmental impact of farming practices are urgently needed when applying
crops residue management practice.
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Annex 1: Results of literature review
Table: Overview on selected meta-studies and reviews classified by crop management intervention, impacts and site-specific factors. Site specific factors are distinguished by soil variables, climate variables and other
factors such as study duration, sampling depth. Management classified into: Rotation or multi-crop rotation, Cover/catch crop in rotation, Legume crops and Residue management

Mediterran
ean
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Basche et
al. 2014

Global
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Chen et al.
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Global

Congreves
et al. 2014
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Environmental
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Legume

Coverage

Rotation or multi-crop

Reference

Crop variables

soil
variables

climate
variables

grain crop

other factors

experimental duration

×

×

×

C/N ratio residues,
residue C and residue N
input

soil
texture,
soil pH,
clay
content

experimental duration, amendment application

×

×

×

×

sampling depth

×

crop type: corn, spring
grains, winter grains

×

texture,
clay/Loam
/sand/ silt
texture

ENZ zones: N /
S/E/W

experimental duration, sampling depth
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Hallama et
al. 2019

Global

Han et al.
2017

Global

Han et al.
2018

China

Himmelstei
n et al.
2017

Africa

Hu et al.
2019

Global

King &
Blesh 2018

Global

Lehtinen et
al. 2014

Europe

×

×

Impacts

Site-specific factors (continuous or categorical)

×

N surplus / NO3-

NH3 emissions

CO2 emissions

Compaction

P content
×

×

Crop variables

soil
variables

climate
variables

other factors

maize crop, grain crop,
residue(C) input

soil
texture

temperature,
precipitation

experimental duration

soil
texture,
soil pH

climate zone :
tropical
climate/
subtropical

×

×

×

×

×

×

×

×

N2O emissions

Environmental

N content/pool

C content/pool

Soil quality

P uptake / PUE

N uptake / NUE

Productivity

Crop yield

Cover/catch crop

Residue management

Crop management

Legume

Coverage

Rotation or multi-crop

Reference

×

×

×

×

×

×

maize crop, crop type:
corn/wheat/miscellaneo
us grain
×

×

residue (C)input

experimental duration

amendment application

% clay

environmental
zone:
Temporal /
Atlantic /

experimental duration
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Impacts

Site-specific factors (continuous or categorical)

N surplus / NO3-

NH3 emissions

N2O emissions

CO2 emissions

P content

C content/pool

Compaction

Environmental

N content/pool

Soil quality

P uptake / PUE

N uptake / NUE

Productivity

Crop yield

Cover/catch crop

Residue management

Crop management

Legume

Coverage

Rotation or multi-crop

Reference

Crop variables

soil
variables

climate
variables

other factors

continental /
Mediterranean

Li et al.
2018b

China

×

Li et al.
2018a

China

×

Marcillo
and Miguez
2017

US and
Canada

×

McDaniel
et al. 2014

Global

×

Oladele &
Braimoh
2013

Africa

×

Pecio et al.
2014

Europe

×

×

×

×

×

×

×

×

×

×

×

maize crop, grain crop,
crop type:
corn/wheat/soy/soybean

amendment rate

×

×

×

soil
texture:
clay/loam/
sand/silt

ENZ zones: N /
S/E/W

sampling depth
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Qin et al.
2015

Global

×

Quemada
et al. 2013

Global

Schütz et
al. 2018

Global

Searle &
Bitnere
2017

Europe

×

Shan & Yan
2013

Global

×

Spiegel et
al. 2014

Europe

×

Thapa et al.
2018

Global

×

×

×

Impacts

×

×

×

×

×

×

Site-specific factors (continuous or categorical)

N surplus / NO3-

NH3 emissions

Compaction

CO2 emissions

N2O emissions

Environmental

P content

P uptake / PUE

C content/pool

N content/pool

Soil quality

N uptake / NUE

Productivity

Crop yield

Cover/catch crop

Residue management

Crop management

Legume

Coverage

Rotation or multi-crop

Reference

×

Crop variables

soil
variables

climate
variables

reference
SOC, soil
pH, soil P
content

climate zone:
tropical / dry /
continental /
oceanic;
temperate/
tropical

other factors

grain crop/ wheat

×

×

×

×

grain crop, root crop,
crop type:
cereal/corn/legume/veg
etables

×

soil
texture

experimental duration, amendment application

×

×

×

×

soil
texture,
%clay

ENZ zones: N /
S/E/W

experimental duration, sampling depth

×
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Tonitto et
al. 2006

Temperate

Ugarte et
al. 2014

U.S.

Valkama et
al. 2015

Nordic
(Finland,
Norway,
Sweden,
Denmark)

VandenByg
aart et al.
2010

Canada

×

Verret et al.
2017

Global

×

Wang et al.
2018b

Global

×

×

Impacts

Site-specific factors (continuous or categorical)

×

N surplus / NO3-

NH3 emissions

N2O emissions

CO2 emissions

Compaction

Environmental

P content

N content/pool

P uptake / PUE

C content/pool

Soil quality

N uptake / NUE

Productivity

Crop yield

Cover/catch crop
×

Residue management

Crop management

Legume

Coverage

Rotation or multi-crop

Reference

×

×

×

×

Crop variables

soil
variables

maize
crop, grain
crop, crop
type;
maize/soy
bean/vege
tables

climate
variables

other factors

amendment application

sampling depth

×

×

×

×

×

×

×

×

×

×

×
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Yu et al.
2016

Global

×

Zavattaro
et al. 20142015

Europe

×

Zhao et al.
2015

China

Impacts

Site-specific factors (continuous or categorical)

N surplus / NO3-

NH3 emissions

N2O emissions

CO2 emissions

Compaction

Environmental

P content

C content/pool

N content/pool

Soil quality

P uptake / PUE

N uptake / NUE

Productivity

Crop yield

Cover/catch crop

Residue management

Crop management

Legume

Coverage

Rotation or multi-crop

Reference

Crop variables

soil
variables

climate
variables

maize crop, grain crop,
root crop

soil
texture

ENZ zones: N /
S/E/W

other factors

×

×

×

×

×

×

×

×

×
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Annex 3: Selected individual field studies classified by management intervention, carbon change indicator and site factors
Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

×

×

×

×

sandy loam

(1993)

Crop types

experimental duration;

wheat

Dwa

Other factors

sampling depth

Gentile et al. (2005)

Grandy

&

×

Uruguay

×

USA

×

silty clay loam soil

×

×

×

Robertson. (2007)
Costantini

Dfc

Dfb

Dfa

Csb

Csa

Cfb

Cfa

ton ha-1

%

CR-rot

g kg-1

Canada

%

Monreal & Janzen.

CR-cc

Country

CR-res

Reference

NC-rot

contents

et

al.

(2007)

×

Argentin

×

×

a

TOC content; experimental

sorghum; barley;

duration

sunflower; wheat

TOC content; sampling

perennial crops; corn

depth

soybean; wheat

TOC content; sampling

maize; wheat; soybean

depth; experimental
duration

Manojlović et al.

×

Serbia

×

×

×

×

fertilizer application

corn; soybean; wheat

×

farmyards manure/straw

sugarbeet; spring

manure; sampling depth

barley; spring wheat

SOM concentration

grain; maize

(2008)
Tatzber et al. (2009)

Austria

×

×

×

percentage of clay,
sand and silt

Hanegraaf
(2009)

et

al.

Netherla
nds

×

×

percentage of clay,

×

sand and silt
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

×

×

(2011)

percentage of clay,

×

sand and silt

Dimitriou

et

al.

×

Sweden

×

×

(2012)
Poeplau

Other factors

Crop types

TOC content; experimental

cover crop; legume;

duration; sampling depth

forage-grain

various experimental

bioenergy

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfb

Cfa

ton ha-1

%

CR-rot

g kg-1

Brazil

%

dos Santos et al.

CR-cc

Country

CR-res

Reference

NC-rot

contents

duration; sampling depth
&

Axel.

(2013)

×

German

×

soil pH; soil bulk

y

density;

/Denma

of clay, sand and silt

×

various experimental

percentage

Miscanthus plantation

duration; sampling depth

rk
Holeplass

et

al.

×

Norway

×

percentage of clay,

(2004)

×

sand and silt

N application rate;

spring barley; wheat;

fertilization (farm yard

timothy; red clover

manure),TOC content;

meadow

sampling depth; land use
Thomsen

&

Christensen. (2004)

Denmar

×

×

sandy

k

loam;

×

percentage of clay,

experimental duration; soil

barley straw; ryegrass

sampling

catch crops; winter

sand and silt; soil pH
Cuvardic
(2004)

et

al.

Norway

×

×

×

soil pH; clay

wheat
×

land use (annual, perennial)

barley; barley; oats;
rape; potato; spring
wheat; ley
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

Buyanovsky

&

USA

×

×

×

silt loam

Wagner. (1998)

Other factors

Crop types

TOC concentration,

corn; wheat; clover

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfa

ton ha-1

%

g kg-1

%

CR-cc

CR-rot

NC-rot

Country

CR-res

Reference

Cfb

contents

experimental duration;
manure application; soil
sampling

Bell et al. (2012)

×

Canada

×

×

heavy

caly

×

humic

vertisol soils

fertilizer application,

alfalfa crop; wheat

experimental duration;
sampling depth

González-Chávez et

USA

×

×

×

al. (2010)
Hungria et al. (2009)

×

Brazil

×

percentage of clay,

×

silt and sand

Murage et al. (2007)

Canada

×

×

Brunisolic

×

Gray

Brown Luvisols

tillage management;

sorghum; wheat;

experimental duration

soybean

experimental duration,

soybean; wheat;

tillage management ; depth

maize; raddish; black

sampling

oat; lupin

experimental duration;

corn; tabaco; fall rye

conventional tillage;
sampling depth

Freixo et al. (2002)

Brazil

×

×

×

well-drained Rhodic
Ferralsol;
content

clay

×

experimental duration;

wheat; soybean; hairy

tillage management;

vetch; maize

sampling depth; TOC
concentration
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

Conceição

et

al.

×

Brazil

×

(2013)

percentage of clay,

×

silt and sand

Other factors

Crop types

experimental duration;

oat; maize; cowpea;

conventional tillage;

vetch

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfa

ton ha-1

%

g kg-1

%

CR-cc

CR-rot

NC-rot

Country

CR-res

Reference

Cfb

contents

sampling depth
Dou et al. (2008)

×

USA

×

percentage of clay,

×

silt and sand

experimental duration;

sorghum; soybean;

conventional tillage;

wheat

sampling depth
Zhou et al.(2019)

China

×

×

percentage of clay,

×

straw mulch treatment, no

silt and sand; soil pH
Tian et al. (2013)

China

×

×

rice; wheat

tillage, TOC content
×

type of land use

rice; wheat

(transitional flooding
cultivation); straw
mulching; experimental
duration; sampling depth
Autret et al.(2016)

×

France

×

CEC;

soil

pH;

×

percentage of clay,
silt and sand
Chen et al. (2015)

China

×

×

percentage of clay,

sampling depth;

cover crop; catch crop;

experimental duration

pea; wheat; corn;
rapeseed

×

winter wheat; maize

silt and sand; bulk
density;
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

Bolinder

et

al.

×

Sweden

×

bulk

(2010)

density;

×

clay

content

×

Other factors

Crop types

manure application ;

barley; forage; winter

experimental duration;

rye; potato; green

sampling depth

folder; fodder rap;

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfa

ton ha-1

%

g kg-1

%

CR-cc

CR-rot

NC-rot

Country

CR-res

Reference

Cfb

contents

peas
Lugato et al. (2006)

Italy

×

×

percentage of clay,

×

silt and sand; soil pH
Chirinda

et

al.

(2010)

Constantin et al.

×

Denmar

×

×

×

France

×

percentage of clay,

k

×

sampling depth;

maize; surgarbeet;

experimental duration

soybean

manure application ;

spring barley; faba

silt and sand; soil pH;

experimental duration;

bean; potato; cover;

CEC

sampling depth

ley

conventional tillage;

catch crop; mustard;

reduced fertilization

ryegrass; cereal

×

bulk density

2010

treatment; experimental
duration; sampling depth
Yang et al (2019)

China

×

×

clay-silt-gravel

×

sampling depth

formed
Kubar et al.(2019)

China

×

×

×

loam; soil pH; bulk
density

Oilseed rape; maize;
cotton

×

tillage management; straw
mulching; experimental
duration; sampling depth
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

Qiao et al.(2018)

×

×

percentage of clay,

Other factors

Crop types

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfb

Cfa

ton ha-1
×

×

China

%

CR-rot

g kg-1

Canada

%

Jarecki et al. (2018)

CR-cc

Country

CR-res

Reference

NC-rot

contents

experimental duration;

corn; alfalfa; soybean;

silt and sand; soil pH;

conventional tillage;

red clover; winter

silt loam,

sampling depth

wheat

experimental duration; soil

soybean; maize

×

×

sampling
Dou et al (2017)

×

China

×

×

percentage of clay,

experimental duration

maize; soybean

soil sampling

pea; wheat; soybean

tillage management(no

corn; soybean; wheat

silt and sand; soil pH;
clay

loam;

bulk

density; soil pH
Lehman et al (2017)

USA

Congreves (2017)

Canada

×
×

×

sand clay loam

×

clay loam soil

×
×

tillage, conventional tillage),
sampling depth
Poeplau et al (2017)

Italy

×

×

×

percentage of clay,

×

N application rate;

maize; soybean;

silt and sand; soil pH;

experimental duration;

potato, sorghum;

clay loam; soil pH

sampling depth;

winter wheat
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

×

×

×

percentage of clay,

Other factors

Crop types

land use (annual, perennial)

cereal; forage; barley;

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfb

Cfa

ton ha-1

%

CR-rot

g kg-1

Canada

%

Maillard et al (2016)

CR-cc

Country

CR-res

Reference

NC-rot

contents

silt and sand; bulk

timothy

density
Duval et al(2016)

×

Argentin

×

×

sampling depth

a
Chen et al (2016)

Triberti et al(2016)

soybean
×

China

×

×

Italy

×

×

×

percentage of clay,

×

silt and sand; soil pH
Plaza-Bonilla,

wheat; oat; vetch;

×

France

×

×

percentage of clay,

D.(2016)

sampling depth;

rice; wheat; oilseed

experimental duration

rape

sampling depth;

alfalfa; corn; wheat;

experimental duration

sugarbeet

sampling depth

sorghum; spring;

silt and sand; soil pH;

legume; spring pea;

CEC

durum wheat; vetch;
sunflower; mustard

Chowdhury et al

Austria

×

×

×

×

bulk density; pH

sampling depth

(2015)
Moreno-Cornejo et
al(2015)

wheat; canola; barley;
fafa bean

Norway

×

×

×

clay

content;

density; soil pH

bulk

×

sampling depth;
experimental duration
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Crop management

SOC change indicator

Site factors

Δ SOC

Soil variables

Δ SOC stock

Climate zone

×

clay content

×

content of clay, silt

al(2015)

×
×

and sand; soil pH

Other factors

Crop types

experimental duration

barley; oat; wheat

tillage management

durum wheat; fafa

(conventional tillage,

bean

Dwa

Dfc

Dfb

Dfa

Csb

Csa

Cfb

Cfa

CR-rot
×

ton ha-1

Italy

et

×

%

Laudicina

g kg-1

Sweden

%

Poeplau et al (2015)

CR-cc

Country

CR-res

Reference

NC-rot

contents

reduced tillage, no tillage);
experimental duration; TOC
content
Cong et al (2015b)

Drury et al. (1998)

×

China

Canada

×

×

×

soil pH

percentage of clay,
silt and sand; soil pH;

×

×

sampling depth;

wheat; maize; fafa

experimental duration

bean

sampling depth; nutrient

corn; oat; alfalfa

management

clay loam
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