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Global climate change stress has greatly influenced agricultural crop production which leads to the global problems such as food security. To cope with global climate change, nature based solutions (NBS) are desirable because these lead to improve our environment. Environmental stresses such as drought and salinity are big soil problems and can be eradicated by increasing soil organic matter which is directly related to soil organic carbon (SOC). SOC is one of the key components of the worldwide carbon (C) cycle. Different types of land use patterns have shown significant impacts on SOC stocks. However, their effects on the various SOC fractions are not well-understood at the global level which make it difficult to predict how SOC changes over time. We aim to investigate changes in various SOC fractions, including mineral associated organic carbon (MAOC), mineral associated organic matter (MAOM), soil organic carbon (SOC), easily oxidized organic carbon (EOC), microbial biomass carbon (MBC) and particulate organic carbon (POC) under various types of land use patterns (NBS), including cropping pattern, residue management, conservation tillages such as no tillage (NT) and reduced tillage (RT) using data from 97 studies on a global scale. The results showed that NT overall increased MAOC, MAOM, SOC, MBC, EOC and POC by 16.2%, 26.8%, 24.1%, 16.2%, 27.9% and 33.2% (P < 0.05) compared to CT. No tillage with residue retention (NTR) increased MAOC, MAOM, SOC, MBC, EOC and POC by 38.0%, 29.9%, 47.5%, 33.1%, 35.7% and 49.0%, respectively, compared to CT (P < 0.05). RT overall increased MAOC, MAOM, SOC, MBC, EOC and POC by 36.8%, 14.1%, 25.8%, 25.9, 18.7% and 16.6% (P < 0.05) compared to CT. Reduced tillage with residue retention (RTR) increased MAOM, SOC and POC by 14.2%, 36.2% and 30.7%, respectively, compared to CT (P < 0.05). Multiple cropping increased MAOC, MBC and EOC by 14.1%, 39.8% and 21.5%, respectively, compared to mono cropping (P < 0.05). The response ratios of SOC fractions (MAOC, MAOM, SOC, MBC, EOC and POC) under NT and RT were mostly influenced by NBS such as residue management, cropping pattern along with soil depth, mean annual precipitation, mean annual temperature and soil texture. Our findings imply that when assessing the effects of conservation tillage methods on SOC sequestration, SOC fractions especially those taking part in driving soil biological activities, should be taken into account rather than total SOC. We conclude that conservation tillages under multiple cropping systems and with retention of crop residues enhance soil carbon sequestration as compared to CT in varying edaphic and climatic conditions of the world.
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Introduction

The top three meters of world soil is believed to contain 2,344 billion tons of soil organic carbon (SOC), making it the biggest repository of terrestrial organic carbon (Jobbagy and Jackson, 2000). Since soil stores more carbon compared to plants and the environment combined, increasing SOC sequestration is one potential technique to prevent global warming caused by increased carbon dioxide emissions (Schlesinger, 1977; Rumpel et al., 2018). Since SOC directly affects the physical, chemical and biological properties of soil, it is crucial for increasing soil fertility and maintaining soil productivity (Lal, 2004; Rumpel et al., 2018). Considering these facts, SOC might serve as a substitute for evaluating the effects of various managerial and environmental factors on soil services.

However, due to high background SOC concentrations (Zhao et al., 2016) and the presence of recalcitrant C (non-labile C), variations in the SOC fractions are challenging to evaluate (Stockmann et al., 2013). The SOC, on the other hand, responds to management practices more quickly and can be used to measure the effects of management in a shorter amount of time (Liu et al., 2014b; Li et al., 2019b; Kim et al., 2020). They are also thought to be crucial for a variety of soil processes related to production and environmental toughness (Haynes, 2005). Mineral associated organic carbon (MAOC), microbial biomass carbon (MBC), dissolved organic carbon (DOC) and particulate organic carbon (POC) are typical constituents of SOC.

Particularly, DOC is believed to be the key source of energy for soil microbial activity and a sign of the availability of C to soil microbes (Kalbitz et al., 2000). Although it only makes up a minor portion of soil organic carbon (SOC), microbial biomass C has a big impact on various activities performed by microbes (Joergensen and Wichern, 2018). Particulate organic carbon, which is defined as organic C with a particle size ranging from 0.053 to 2 mm, has grown in popularity as a measure for labile SOM estimate due to its ease of quantification (Cambardella and Elliott, 1992). The oxidizable fraction of organic C is easily oxidizable organic carbon, while MAOC is associated with fine soil fractions (silt and clay having diameter of 0.053 mm) and mostly contain compounds of low molecular weight created from microbial and plant activities (Blair et al., 1995; Lavallee et al., 2020). Because these collectively represent a significant group of C fractions that reflect the complex dynamics and important processes in the soil, it has been proposed that these common SOC fractions serve as more sensitive measures for evaluating the effects of nature based solutions (NBS) such as changes in agricultural management practices e.g., conservation tillages.

As an alternate to intensive cultivation (conventional tillage), NBS such as cropping patterns and residue management under conservation tillage practices have been widely adopted in a variety of production systems and have gained popularity as research topics in soil science and agriculture on a global scale.

Numerous studies have indicated that different conservation tillage methods affetcs the typical SOC fractions (Chen et al., 2009; Tivet et al., 2013; Liu et al., 2014b; Somasundaram et al., 2017; Sarker et al., 2018; Bongiorno et al., 2019; Gao et al., 2019). Similarly, based on 10 European long-term field trials, Bongiorno et al. (2019) found that reduced tillage (RT) radically increased concentrations of EOC and POC. Chen et al. (2009) conducted a long term experiment on the Chinese Loess Plateau and found that the proportions of SOC under NT greatly increased in comparison to CT, and sensitivity followed the order EOC > POC > DOC > MBC.

During different experiments conducted in the southern hemisphere, the impact of 47 years of NT on SOC and the related C distribution was examined. The results indicated that the MAOC was 5–12 times higher than POC in the top 0.3 m of soil, and SOC concentrations and stocks were considerably higher under conservation tillages than under CT (Somasundaram et al., 2017).

After 23 years of CT in Brazil's tropical regions, the rate of loss of SOC fractions in the 0–0.2 m soil layer was 0.25 and 0.34 Mg C ha−1 year−1 for POC and MAOC, respectively (Tivet et al., 2013). In contrast, NT practices increased POC and MAOC concentrations by 0.23 to 0.36 and 0.50 to 0.70 Mg C ha-1 year-1, respectively, in a 8 years experiment (Tivet et al., 2013). The effects of different tillage methods on SOC percent has been extensively studied.

To our knowledge, no global meta-analysis has been carried out to aggregate results from different cropping systems. According to past global assessments, NT without residue retention only had a positive impact on the top 100 mm of the soil (Luo et al., 2010; Mondal et al., 2020). However, double-cropping and NT with residue retention were discovered to be advantageous for SOC in the 0–200 mm range in China after a comprehensive analysis (Du et al., 2017). In light of the published evidence demonstrating that NT is an effective conservation tillage practice, we established to carry out a detailed meta-analysis to determine (1) the effects of conservation tillages, cropping patterns and residue management on the extent and direction of changes in typical fractions of SOC and (2) the effects of different ecological and climatic conditions (e.g., temperature, precipitation and soil texture etc.) in enhancing SOC.



Materials and methods

To find relevant information, we searched peer-reviewed articles using the Web of Science and the Google Scholar by keywords including soil “carbon components,” “conservation tillage techniques” and “cropping patterns.” No tillage with residue retention (NTR) or without residue retention (NTo) and reduced tillage with residue retention (RTR) or without residue retention (RTo) were the specific conservation tillage techniques chosen for comparison in this study. Finally, 97 global papers (1989 to 2021) that satisfied the selection criteria were used in this meta-analysis (Figure 1). The information was manually gathered either from tables and texts in published papers or indirectly from figures by the Get-Data Graph Digitizer software (ver. 2.24, Russian Federation), which was then carefully verified. The final dataset had 283 values for MAOC, 223 values for MAOM, 231 values for SOC, 268 values for MBC, 163 values for EOC, and 219 values for POC concentration.
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FIGURE 1
 Distribution of 97 experimental sites around the globe from where the data was collected for the meta-analysis.



Meta-analysis

The data were homogenized into groups based on tillage and cropping patterns. If the study did not contain information on latitude and longitude, soil characteristics, or climatic conditions, this information was looked up online using the following search engine (https://www.whatsmygps.com). The GetData graph digitizer 2.20 program (http://getdata-graph-digitizer.com/index.php) was used to extract data from the figures. The chosen studies' mean annual temperatures (MAT) and mean annual precipitation (MAP) ranged from 3 to 23 °C and 131 to 880 mm, respectively, while the soil textures ranged from sandy loam to clay. We estimated the standard deviation (SD) value using the following formula:
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Where “n” represents the quantity of samples.

The reciprocal of the variance (V) considered as the weight (W) for each RR was calculated by the following formula (Lucas et al., 2011):
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Studies having more variance were given less weight in analysis compared to studies having less variance, according to a method suggested by Hedges et al. (1999).

The following formula was used to get the overall mean response ratio (RRE++) for both conventional and conservation tillage:
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The letters “n” and “m” stand for the number of treatments and comparisons, respectively, within each category. RRE++'s standard error was determined as follows:
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The mean effect size of bias-based bootstrap at 95% confidence interval was calculated using the random model MetaWin 2.1 (Sinaure Associate Inc., Sunderland, USA) to investigate the effects of conservation tillage methods on soil and field parameters (MAOC, MAOM, SOC, MBC, EOC and POC). Using the single observational approach of the Origin 2018, the impact of the conservation tillage practices was considered significant if the 95 % confidence interval did not cross the zero line. Regression analysis of RR to mean annual temperature (MAT) and mean annual precipitation (MAP) was conducted to determine how conservation tillage affects field characteristics as a result of differences in soil and climatic circumstances (OriginLab Corporation, USA).

Meta-analysis was conducted for each categorical sub group such as mean annual precipitation (dry <400 mm; normal, 400–600 mm and wet >600 mm), temperature regions (frigid <8°C; mesic, 8–15°C and thermic > 15°C), and soil texture (fine, medium and coarse) (Dlamini et al., 2016). Soil sampling depth was categorized into topsoil (0–150 mm) and subsoil (150–400 mm), which made up to 68% and 32% of the data groups used in this study, respectively.

Using the mean effect size (lnRR) and its 95% confidence interval, we performed a random-effects meta-analysis with bias adjustment (CI). To evaluate if the expected sample error considerably outweighed the heterogeneity among the lnRR of changes in soil parameters with conservation tillage treatments (Q), a Chi-square test was performed. The significance of group heterogeneity was assessed using a randomization analysis (QB) (Adams et al., 1997). To assess the statistical significance of within-group heterogeneity, chi-square testing was also utilized (QW). Using Rosenthal's Fail-Safe number (Rosenthal and Rosnow, 2008), publication bias was evaluated; if this number is >5n + 10 (where n is the number of observations) the result is regarded as a reliable estimate of the genuine effect (Toth and Pavia, 2007).




Results


Effects of NT on MAOC and MAOM

We collected 137 paired observations for MAOC and 148 for MAOM (Figures 2A,B). Data exhibited high heterogeneities as indicated by high Qt values of 127 and 144 for MAOC and MAOM, respectively. NT overall increased MAOC by 26.8% (P < 0.05) compared to CT (Figure 2A). Strong interactions were found between NT and crop residues. Among overall management practices under NT, the highest increase in MAOC was observed with NTR (38.0%), followed multiple cropping (29.7%) and mono cropping (27.5%) (P < 0.05). Sub soil had greater positive RR for MAOC compared to top soil. The RR of MAOC was greater positive under thermic compared to mesic MAT. Similarly, normal MAP showed greater RR of MAOC compared to dry and wet MAP. The RR of MAOC to overall management practices under NT compared to CT was significant with soil textures (Figure 2A), however, fine textured soils showed greater positive RR for MAOC.


[image: Figure 2]
FIGURE 2
 (A,B) The effect size of mineral associated organic carbon (MAOC) and mineral associated organic matter (MAOM) with NT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (NTR), and no residue retention (NTo).


Compare to CT, NT overall increased MAOM by 24.1% (P < 0.05) compared to CT (Figure 2B). Strong interactions for MAOM were found between NT and crop residues. Among overall management practices, the highest increase in MAOM was observed with NTR (29.9.0%), followed by multiple cropping (26.7%) and mono cropping (18.4%) (P < 0.05). Top soil had greater positive RR for MAOM compared to sub soil. Frigid MAT showed greater RR of MAOM compared to other temperatures. Normal MAP showed greater RR of MAOM compared to dry and wet MAP. The RR of MAOM to overall management practices under NT compared to CT was significant with soil textures (Figure 2B), however, coarse textured soils showed greater positive RR for MAOM compared to other soil textures.



Effects of NT on SOC and MBC

We collected 148 paired observations for SOC and 216 for MBC (Figures 3A,B). Data exhibited high heterogeneities as indicated by high Qt values of 141 and 197 for SOC and MBC, respectively. NT overall increased SOC by 16.2% (P < 0.05) compared to CT (Figure 3A). Strong interactions were found between NT and crop residues. Among overall management practices under NT, the highest increase in SOC was observed with NTR (47.5%), followed by multiple cropping (21.1%) (P < 0.05). Top soil had greater positive RR for SOC. However, subsoil had negative RR for SOC under NT. The RR of SOC was greater positive under frigid compared to other temperatures. Wet MAP showed greater RR of SOC compared to dry and normal MAP. The RR of SOC under NT compared to CT was significant with medium and coarse textured soils (Figure 3A), however, medium textured soils showed greater positive RR for SOC compared to coarse-textured soils. NT overall increased MBC by 27.9% (P < 0.05) compared to CT (Figure 3B). Strong interactions for MBC were found between NT and crop residues. Among overall management practices, the highest increase in MBC was observed with NTR (33.1%), followed by multiple cropping (28.78%), and mono cropping (20.6%) (P < 0.05). Top soil had greater positive RR for MBC compared to sub soil. Mesic MAT showed greater RR of MBC compared to other temperatures. Wet MAP showed greater RR of MBC compared to dry and normal MAP. The RR of MBC to overall management practices under NT compared to CT was significant with soil textures (Figure 3B), however, medium-textured soils showed greater positive RR for MBC compared to other soil textures.
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FIGURE 3
 (A,B) The effect size of soil organic carbon (SOC) and microbial biomass carbon (MBC) with NT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (NTR), and no residue retention (NTo).




Effects of NT on EOC and POC

We collected 112 paired observations for EOC and 113 for POC (Figures 4A,B). Data exhibited high heterogeneities as indicated by high Qt values of 107 and 110 for EOC and POC, respectively. NT overall increased EOC by 18.7% (P < 0.05) compared to CT (Figure 4A). Strong interactions were found among NT, crop residues and multiple cropping. Among overall management practices under NT, the highest increase in EOC was observed with NTR (35.7%), followed by multiple cropping (11.5%) (P < 0.05). Mono cropping also increased EOC but not significantly. Top soil had greater positive RR for EOC compared to sub soil. The RR of EOC was greater but not significant under mesic MAT, however, thermic MAT had positive but shorter RR compared to mesic MAT. Wet MAP showed greater RR of EOC compared to dry and normal MAP. The RR of EOC to NT compared to CT was significant in fine and coarse-textured soils but non-significant in medium-textured soils. Compare to CT, NT overall increased POC by 33.2% (P < 0.05) compared to CT (Figure 4B). Strong interactions for POC were found between NT crop residues and cropping patterns. Among overall management practices, the highest increase in POC was observed with NTR (49.0%), followed by multiple cropping (38.9%), mono cropping (31.0%) and (25.25) (P < 0.05). Top soil had greater positive RR for POC compared to sub soil. Mesic and thermic MAT showed almost similar RR for POC. Dry MAP showed greater positive RR of POC compared to wet MAP while normal MAP showed non-significant RR on POC. The RR of POC to overall management practices under NT compared to CT was significant with soil textures (Figure 4B), however, coarse textured soils showed greater positive RR for POC compared to other soil textures.
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FIGURE 4
 (A,B) The effect size of easily oxidized organic carbon (EOC) and particulate organic matter (POC) with NT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (NTR), and no residue retention (NTo).




Effects of RT on MAOC and MAOM

We collected 146 paired observations for MAOC and 75 for MAOM (Figures 5A,B). Data exhibited high heterogeneities as indicated by high Qt values of 139 and 68 for MAOC and MAOM, respectively. RT overall increased MAOC by 36.8% (P < 0.05) compared to CT (Figure 5A). Strong interactions were found between RT and crop residues. Among overall management practices under NT, the highest increase in MAOC was observed with multiple cropping (42.5%), followed by RTR (41.1%), and mono cropping (36.3%) (P < 0.05). Top soil had greater positive RR for MAOC compared to sub soil. The RR of MAOC was greater positive under mesic compared to other temperatures. Normal MAP showed greater RR of MAOC compared to dry and wet MAP. The RR of MAOC to overall management practices under RT compared to CT was significant with soil textures (Figure 5A), however, fine textured soils showed greater positive RR for MAOC. Compared to CT, RT overall increased MAOM by 14.1% (P < 0.05) compared to CT (Figure 5B). Strong interactions for MAOM were found between RT and crop residues. Among overall management practices, the highest increase in MAOM was observed with RTR (14.2%) followed by RTo (12.1%) and multiple cropping (11.7%) (P < 0.05). Sub soil had greater positive RR for MAOM compared to top soil. Thermic MAT showed greater RR of MAOM compared to other temperatures. Wet MAP showed greater RR of MAOM compared to dry and normal MAP. The RR of MAOM to overall management practices under RT compared to CT was significant with coarse-textured soils (Figure 5B).
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FIGURE 5
 (A,B) The effect size of mineral associated organic carbon (MAOC) and mineral associated organic matter (MAOM) with RT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (RTR), and no residue retention (RTo).




Effects of RT on SOC and MBC

We collected 83 paired observations for SOC and 52 for MBC (Figures 6A,B). Data exhibited high heterogeneities as indicated by high Qt values of 79 and 50 for SOC and MBC, respectively. RT overall increased SOC by 25.8% (P < 0.05) compared to CT (Figure 6A). Strong interactions with found between RT and crop residues. Among overall management practices under NT, the highest increase in SOC was observed with NTR (36.2%), followed by multiple cropping (27.1%) (P < 0.05). Sub soil had greater positive RR for SOC. The RR of SOC was greater positive under thermic compared to other temperatures. Wet MAP showed greater RR of SOC compared to dry and normal MAP. The RR of SOC under RT compared to CT was significant with fine and medium-textured soils (Figure 6A), however, fine textured soils showed greater positive RR for SOC compared to coarse-textured soils. Compare to CT, RT overall increased MBC by 25.9% (P < 0.05) compared to CT (Figure 6B). Strong interactions for MBC were found between RT and crop residues. Among overall management practices, the highest increase in MBC was observed with multiple cropping (39.8%) followed by NTR (28.9%) (P < 0.05). Top soil had greater positive RR for MBC compared to sub soil. Mesic MAT showed greater RR of MBC compared to other temperatures. Wet MAP showed greater RR of MBC compared normal MAP. However, dry MAP did not show positive RR for RT. The RR of MBC under RT compared to CT was significant with medium and coarse-textured soils (Figure 6B), however, fine textured soils did not show significant RR for SOC.
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FIGURE 6
 (A,B) The effect size of soil organic carbon (SOC) and microbial biomass carbon (MBC) with RT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (RTR), and no residue retention (RTo).




Effects of RT on EOC and POC

We collected 51 paired observations for EOC and 106 for POC (Figures 7A,B). Data exhibited high heterogeneities as indicated by high Qt values of 50 and 102 for EOC and POC, respectively. RT overall increased EOC by 18.7% (P < 0.05) compared to CT (Figure 7A). Strong interactions were found between RT, crop residues and mono cropping. Among overall management practices under RT, the highest increase in EOC was observed with multiple cropping (21.5%) followed by RTR (18.5%) (P < 0.05). Mono cropping also increased EOC but not significantly. Top soil had greater positive RR for EOC compared to sub soil. The RR of EOC was greater but not significant under thermic MAT, however, mesic MAT had positive but shorter RR compared to thermic MAT. Wet MAP showed positive RR of EOC compared to dry and normal MAP. The RR of EOC to RT compared to CT was significant with coarse and medium-textured soils but non-significant with fine-textured soils. Compare to CT, RT overall increased POC by 16.6% (P < 0.05) compared to CT (Figure 7B). Strong interactions for POC were found between RT crop residues and cropping patterns. Among overall management practices, the highest increase in POC was observed with RTR (30.7%), followed by multiple cropping (27.1%) (P < 0.05). However, mono cropping and RTo had positive RR but not significant. Top soil had greater positive RR for POC compared to sub soil. Mesic MAT showed greater positive RR for POC. Dry MAP showed greater positive RR of POC compared to wet MAP while normal MAP showed non-significant RR on POC. The RR of POC to overall management practices under RT compared to CT was significant with medium and coarse-textured soils while non-significant for fine-textured soils.
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FIGURE 7
 (A,B) The effect size of easily oxidized organic carbon (EOC) and particulate organic matter (POC) with RT compared to CT. If 95% confidence intervals (CIs) do not overlap with zero, there is a substantial difference in the effect size between treatments. Error bars display CIs. The sample size for each variable is displayed next to each bar. The acronyms stand for mean annual temperature (MAT), mean annual precipitation (MAP), retention of residue (RTR), and no residue retention (RTo).




Correlations of MAOC, MAOM and MBC to SOC

The RR of SOC for NT and RT increased linearly with the RR of MAOC (Figure 8). The rise in the RR of SOC for NT and RT practices can be attributed to 16.2 and 36.8% increase in the RR of MAOC, respectively. The RR of MAOM was also connected to the RR of SOC for NT and RT practices, such as a rise in the RR of SOC for conservation tillages can be attributed to 26.8% and 14.1% increase in the RR of MAOM, respectively.
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FIGURE 8
 (A,B) Correlations of the response ratio of MAOC, MAOM and MBC to that of SOC.


Similarly, the RR of MBC was related to that of SOC such as the rise in RR of MBC for NT and RT practices can be used to explain 16.2% and 25.9% increase in MBC under NT and RT practices, respectively.

The Pearson correlations between the response ratio (conservation tillages (NT, RT) vs. conventional tillage) of soil fractions including mineral-associated organic carbon (MAOC) and mineral-associated organic matter (MAOM), soil organic carbon (SOC), microbial biomass C (MBC), easily oxidized organic carbon (EOC) and particulate organic carbon (POC) under different types of land use (cropping pattern, residue management, CT, NT and RT) and climatic factors such as MAP and MAT has shown in Figure 9.
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FIGURE 9
 The Pearson correlations between the response ratio (conservation tillages (NT, RT) vs. conventional tillage) of soil fractions including mineral-associated organic carbon (MAOC) and mineral-associated organic matter (MAOM), soil organic carbon (SOC), microbial biomass C (MBC), easily oxidized organic carbon (EOC) and particulate organic carbon (POC) under different types of land use (Cropping pattern, residue management, CT, NT and RT) and climatic factors such as MAP and MAT. Correlation coefficients have designated by the color gradients.





Discussions


Responses of SOC sequestration under different management practices

In context of global climate change, increasing soil C sequestration through climate-smart agricultural practices has achieved a lot of interest. This consensus among the general public and the scientific community is reflected in a sizable body of literature on residue management (Liu et al., 2014a) and NT application (Luo et al., 2006), or both combined at the regional and global scales (Mondal et al., 2020). Previous research suggests that specific SOC fractions, as opposed to the entire SOC pool probably have a greater influence on soil microbial community, nutrient cycling and availability, and aggregation, making them a more accurate and trustworthy indicator of changes carried by management practices and environmental factors. POC (Cui et al., 2014) and MBC (Li et al., 2019a) are two soil C fractionation approaches that have been successfully introduced and verified using field data (Culman et al., 2012). Each SOC fraction metric's utility and sensitivity remain poorly understood, and it is unclear how different climatic, edaphic and field management conditions might interact with or affect these variables. By thoroughly investigating all key SOC fractions impacted by conservation tillage options using a global meta-analysis approach, we aimed to fill in these information gaps. Each average SOC percentage generally matched the overall SOC, and conservation tillage techniques resulted in higher SOC concentrations than conventional tillage techniques.

The RR of SOC was closely correlated with the RRs of several SOC fractions, including MAOC, MAOM, MBC, EOC, and POC (Figures 2–7) that supports past findings (Chen et al., 2009; Orgill et al., 2017). Whereas, these common fractions were significantly impacted by the agronomic and environmental factors that affected overall SOC concentrations (Figures 2–7). We were able to pinpoint variations among the numerous factors that influenced the different SOC percentages by fusing the Pearson's correlation analysis and subgroup meta-analysis. The conservation tillages (NT and RT) were consistently in good correlation with MAOC, MAOM, MBC, EOC and POC, were the cause of the higher SOC concentrations found in our study. Despite comprising up only 5% of the total amount of soil organic matter, soil MBC is responsible for a greater part of carbon sequestration (Figures 3, 6) than other SOC fractions for two reasons. First, MBC is more vulnerable to environmental and agronomic conditions (Tivet et al., 2013; Liu et al., 2014b; Zhao et al., 2016; Orgill et al., 2017). The current study also found that changes in EOC and POC have only a weak link with SOC changes, while percentage of SOC such as MAOC, MAOM, and MBC have a considerable impact on overall SOC changes (Figure 9). Additionally, soil microbes indirectly affect C cycling by promoting soil aggregation and the ensuing generation of POC (Six et al., 2000).

MBC is a promising component for regulating alterations in the soil C pool in this regard. Second, because it directly controls the activities of soil extracellular enzymes that are crucial for fostering SOC turnover, MBC is crucial for the turnover of different SOC fractions (Joergensen and Wichern, 2018). Since certain bacteria may be latent, high MBC concentrations may not always signify active bacteria. An extensive meta-analysis found that NT increased culturable microbial populations rather than more intricate elements like soil microbial diversity and community structure (Li et al., 2020). Furthermore, the priming effect and the entombing effect, two microbially produced C processes, were employed to regulate the variation of the stable soil C pool (Liang et al., 2017). On the other side, the entombing effect assumes that when microbes produce biomass, they synthesize new organic molecules, in this way some of their necromass are stabilized. The priming effect shows that C losses dramatic increase with the addition of fresh external C by accelerating the microbial breakdown of stabilized soil organic matter. Studies have revealed that microbial-derived C is widely distributed and fairly stable against breakdown when it is physically kept (Liang et al., 2017; Cotrufo et al., 2019).

We suggest that the application of NT/RT will increase SOC in cropland soils because less disturbance and/or residue addition directly or indirectly increased total soil microbial biomass by improving microclimatic and nutrient conditions (Figures 3, 6b). This is supported by the correlations and strength of relationships between the RR of SOC to that of MAOC, MAOM, MBC, EOC, and POC (Figure 9). Once stable forms of carbon (such as POC, that is protected from microbial destruction by aggregation) can be stored for a long period, increased SOC sequestration will be feasible (Figures 4, 7) (Six et al., 2000; Liang et al., 2017; Lavallee et al., 2020). However, more research is needed to back up the suggested procedure.

According to a previous meta-analysis on the effects of NT on SOC (Luo et al., 2010; Mondal et al., 2020), the concentrations of SOC decreased rapidly with increasing soil depth (Figure 3). This could be explained by the accumulation of organic material on the topsoil, which provides substrate sufficiency and a favorable habitat for soil microorganisms. According to Six et al. (2000) the concentrations of MAOC, MAOM, MBC, EOC, and POC in the topsoil under NT were boosted as a result of the increased labile SOC fractions in the topsoil (Figure 3). Our results qualitatively agree with findings from related studies (Liu et al., 2014b; Mondal et al., 2020). Due to decreased nutrient concentrations (Ashagrie et al., 2007), decreased water storage (Resck et al., 2008), and greenhouse gas emissions, the decline in SOC concentration has serious agricultural and environmental consequences because it is a key indicator of soil quality for the production of sustainable crops (Lal, 2004, 2006). In addition, tillage removes soil aggregates that serve as a physical barrier between SOC and microbial degradation (Tisdall and Oades, 1982; Beare et al., 1994). It is crucial to provide farmers with alternative soil management techniques that lessen SOC degradation and improve soil aggregation in dryland farming systems. Our finding suggest that RTR increased SOC concentration with crop residues left behind (Figure 6) and the results followed the previous findings (Halvorson et al., 2002).

Our finding suggest that NTR increased SOC concentration with crop residues left behind (Figure 3) and the results followed the previous findings such as NTR slower the rate of residue decomposition that may cause more SOC to accumulate in the topsoil (Figure 3) (Álvaro-Fuentes et al., 2008). Numerous investigations have shown that long-term conservation tillage application causes SOC building to be higher in semi-arid environments than when using conventional approaches (Álvaro-Fuentes et al., 2008; Hernanz et al., 2009; López-Fando and Pardo, 2011). Under RTR treatment, there was less physical disintegration of organic matter and more organic matter was present as crop residues (Figure 5), which resulted in accumulation of SOC (Figure 6) and a noticeably higher concentration of MBC (Figure 6).

The availability of organic matter as a source of energy for soil microorganisms has led to a larger level of microbial biomass in surface soil (Wright et al., 2005). Since soil MBC reacts quickly to changes in soil management, it has been hypothesized that it is a more sensitive indicator of changes in soil quality carried by different soil management practices (Filip, 2002; Biederbeck et al., 2005). Retention of residue greatly enhanced POC under RTR compared to RTo in the current research. POC grows as a result of agricultural waste products and wheat residual roots (Yoo and Wander, 2008). The POC percentage in this study ranged from 9.8 to 30.2 % of the total SOC, which is consistent with normal values of 10 to 30 % as described in the literature (Wander, 2004; Álvaro-Fuentes et al., 2008; Lammerding et al., 2011). Nevertheless, in spite of its small size, it significantly affects the soil's capacity to provide nutrients and preserve structural stability, making it an essential element of soil quality (Haynes, 2005). Continuing plowing and diminishing binding agent concentrations may be the cause for the loss in structural stability in CT as compared to NT and RT. Numerous studies found that tillage practices increased the probability of macroaggregates breakdown (Mikha and Rice, 2004; Ashagrie et al., 2007).



Effects of temperature and soil texture on SOC sequestration

In our study, SOC content was closely connected with MAT (Figures 3, 6), which has previously been proven by numerous studies demonstrating how climatic conditions greatly affected SOC contents (Kalbitz et al., 2000; Hermle et al., 2008; Bongiorno et al., 2019) such as temperature affects SOC turnover rate, plant development in response to heat unit building and microbial activities (Zhao et al., 2016). This may also be the cause of the insignificant variations in the RR of EOC between NT and CT when MAP > 1,000 mm (Figure 4). The lower RR of EOC and POC at frigid (8–15°C MAT) suggests that EOC and POC degrade more quickly than they generate at that temperature, which may be due to a variety of different causes such as fresh C resource inputs into the rapidly rotating SOM may result in residues at relatively low temperatures, trigger biological priming processes that speed up the breakdown of labile C resources (Kuzyakov et al., 2000). More microbial activity also encourages the immobilization of bioavailable C resources, such as EOC (Kalbitz et al., 2000). Both could result in additional EOC and POC losses.

This study showed that the physical elements of SOC, including POC and MAOC can be fairly stable over time. This may have been influenced by the accumulation of SOM, which is a source of POC (Filep and Rékási, 2011). Additionally, clay has a high capacity for holding water and a high affinity for POC adsorption, which minimizes POC leaching (Figures 4, 7) (Don and Schulze, 2008). Soil texture is a significant component that affects soil porosity and the soil's ability to maintain SOM. The essential physicochemical characteristics that are particular to some soil types control how well soils may hold different SOC fractions (Six et al., 2002).

This meta-analysis showed that the medium textured soils increased different C sources compared to fine and coarse textured soils (Figures 2, 3, 6, 7). In general, loamy soil reflects a soil texture that is well-balanced in terms of nutritional condition, microclimate sites, and hydraulic features (Soil Survey Staff, 2014). As a result, the application of NT and RT in this study considerably increased the RR of SOC fractions like MAOM, MAOC, MBC, EOC, and POC under medium textured soils. Conservation tillage strategies enhanced SOC concentrations in medium textured soils, and the total SOC was typically in agreement with each typical SOC fraction (Figures 2–7) (Abdalla et al., 2016).




Conclusion

Our meta-analysis found that the nature based solutions (NBS) such as non-removal of crop residues and multiple cropping under conservation tillages overall increased SOC concentrations and were mainly correlated with three SOC fractions such as MAOC, MAOM and MBC. Cropping pattern, soil depth, and MAT were the parameters that had the greatest influence on the SOC fractions among the numerous environmental and agronomic factors. The extensive use of these management practices in agricultural research as indicators of changes in soil health is the result of the well-documented sensitivity of various common SOC fractions. The previous few decades have seen extensive use of NT in numerous regions throughout the world. By providing details on the interactions between tillage management and distinct SOC factions, the study's findings contribute to filling in knowledge gaps. In particular, applying NT can potentially be a successful strategy for enhancing SOC pool within the 0–150 mm soil profile in medium-textured soil regions with 1,000 mm MAP and 8-15 °C MAT under multiple cropping systems. The increased SOC and SOM improve soil health and help to eradicate environmental stresses such as salinity and drought. This effect should primarily be attributed to the increased microbial derived organic C fractions.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This study is under the auspices of NSFC 42071267, the Program for Innovative Research Team (in Science and Technology) with the University of Henan, Henan Province (21IRTSTHN008) and the Scientific and Technological Research Projects in Henan Province (222102320472).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abdalla, K., Chivenge, P., Ciais, P., and Chaplot, V. (2016). No-tillage lessens soil CO2 emissions the most under arid and sandy soil conditions: results from a meta-analysis. Biogeosciences 13, 3619–3633. doi: 10.5194/bg-13-3619-2016


 Adams, D. C., Gurevitch, J., and Rosenberg, M. S. (1997). Resampling tests for meta-analysis of ecological data. Ecology 78, 1277–1283. doi: 10.1890/0012-9658(1997)078[1277:RTFMAO]2.0.CO;2

 Álvaro-Fuentes, J., López, M. V., Cantero-Martínez, C., and Arrúe, J. L. (2008). TillageQ15 effects on soil organic carbon fractions in Mediterranean dryland agroecosystems. Soil Sci. Soc. Am. J. 72, 541–547. doi: 10.2136/sssaj2007.0164


 Ashagrie, Y., Zech, W., Guggenberger, G., and Mamo, T. (2007). Soil aggregation, and total and particulate organic matter following conversion of native forests to continuous cultivation in Ethiopia. Soil Tillage Res. 94, 101–108. doi: 10.1016/j.still.2006.07.005


 Beare, M. H., Hendrix, P. F., Cabrera, M. L., and Coleman, D. C. (1994). Aggregate-protected and unprotected organic matter pools in conventional-and no-tillage soils. Soil Sci. Soc. Am. J., 58, 787–795. doi: 10.2136/sssaj1994.03615995005800030021x


 Biederbeck, V. O., Zentner, R. P., and Campbell, C. A. (2005). Soil microbial populations and activities as influenced by legume green fallow in a semiarid climate. Soil Biol. Biochem. 37, 1775–1784. doi: 10.1016/j.soilbio.2005.02.011


 Blair, G., Lefroy, R., and Lisle, L. (1995). Soil carbon fractions based on their degree of oxi- dation, and the development of a carbon management index for agricultural systems. Aust. J. Agric. Res. 46, 1459–1466. doi: 10.1071/AR9951459


 Bongiorno, G., Bünemann, E. K., Oguejiofor, C. U., Meier, J., Gort, G., Comans, R., et al. (2019). Sensitivity of labile carbon fractions to tillage and organic matter management and their potential as comprehensive soil quality indicators across pedoclimatic conditions in Europe. Ecol. Indic. 99, 38–50. doi: 10.1016/j.ecolind.2018.12.008


 Cambardella, C. A., and Elliott, E. T. (1992). Particulate soil organic-matter changes across a grassland cultivation sequence. Soil Sci. Soc. Am. J. 56, 777–783. doi: 10.2136/sssaj1992.03615995005600030017x


 Chen, H., Hou, R., Gong, Y., Li, H., Fan, M., and Kuzyakov, Y. (2009). Effects of 11 years of conservation tillage on soil organic matter fractions in wheat monoculture in Loess Plateau of China. Soil Tillage Res. 106, 85–94. doi: 10.1016/j.still.2009.09.009


 Cotrufo, M. F., Ranalli, M. G., Haddix, M. L., Six, J., and Lugato, E. (2019). Soil carbon storage informed by particulate and mineral-associated organic matter. Nat. Geosci. 12, 989–994. doi: 10.1038/s41561-019-0484-6


 Cui, S., Zilverberg, C. J., Allen, V. G., Brown, C. P., Moore-Kucera, J., Wester, D. B., et al. (2014). Carbon and nitrogen responses of three old world bluestems to nitrogen fertilization or inclusion of a legume. Field Crops Res. 164, 45–53. doi: 10.1016/j.fcr.2014.05.011


 Culman, S. W., Snapp, S. S., Freeman, M. A., Schipanski, M. E., Beniston, J., Lal, R., et al. (2012). Permanganate oxidizable carbon reflects a processed soil fraction that is sensitive to management. Soil Sci. Soc. Am. J. 76, 494–504. doi: 10.2136/sssaj2011.0286


 Dlamini, P., Chivenge, P., and Chaplot, V. (2016). Overgrazing decreases soil organic carbon stocks the most under dry climates and low soil pH: A meta-analysis shows. Agric. Ecosyst. Environ., 221, 258–269. doi: 10.1016/j.agee.2016.01.026


 Don, A., and Schulze, E.-D. (2008). Controls on fluxes and export of dissolved organic carbon in grasslands with contrasting soil types. Biogeochemistry 91, 117–131. doi: 10.1007/s10533-008-9263-y


 Du, Z., Angers, D. A., Ren, T., Zhang, Q., and Li, G. (2017). The effect of no-till on organic C storage in Chinese soils should not be overemphasized: A meta-analysis. Agric. Ecosyst. Environ. 236, 1–11. doi: 10.1016/j.agee.2016.11.007


 Filep, T., and Rékási, M. (2011). Factors controlling dissolved organic carbon (DOC), dissolved organic nitrogen (DON) and DOC/DON ratio in arable soils based on a dataset from Hungary. Geoderma 162, 312–318. doi: 10.1016/j.geoderma.2011.03.002


 Filip, Z. (2002). International approach to assessing soil quality by ecologically-related biological parameters. Agric. Ecosyst. Environ. 88, 169–174. doi: 10.1016/S0167-8809(01)00254-7


 Gao, L., Wang, B., Li, S., Han, Y., Zhang, X., Gong, D., et al. (2019). Effects of different long-term tillage systems on the com- position of organic matter by 13C CP/TOSS NMR in physical fractions in the Loess Plateau of China. Soil Tillage Res. 194:104321. doi: 10.1016/j.still.2019.104321


 Halvorson, A. D., Peterson, G. A., and Reule, C. A. (2002). Tillage system and crop rotation effects on dryland crop yields and soil carbon in the central Great Plains. Agron. J. 94, 1429–1436. doi: 10.2134/agronj2002.1429


 Haynes, R. J. (2005). Labile organic matter fractions as central components of the quality of agricultural soils: an overview. Adv. Agron. 2005, 221–268. doi: 10.1016/S0065-2113(04)85005-3


 Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of response ratios in experimental ecology. Ecology 80, 1150–1156. doi: 10.1890/0012-9658(1999)080[1150:TMAORR]2.0.C;2


 Hermle, S., Anken, T., Leifeld, J., and Weisskopf, P. (2008). The effect of the tillage system on soil organic carbon content under moist, cold-temperate conditions. Soil Tillage Res. 98, 94–105. doi: 10.1016/j.still.2007.10.010


 Hernanz, J. L., Sánchez-Girón, V., and Navarrete, L. (2009). Soil carbon sequestration and stratification in a cereal/leguminous crop rotation with three tillage systems in semiarid conditions. Agric. Ecosyst. Environ. 133, 114–122. doi: 10.1016/j.agee.2009.05.009


 Jobbagy, E. G., and Jackson, R. B. (2000). The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl. 10, 423–436. doi: 10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2


 Joergensen, R. G., and Wichern, F. (2018). Alive and kicking: Why dormant soil microorganisms matter. Soil Biol. Biochem. 116, 419–430. doi: 10.1016/j.soilbio.2017.10.022


 Kalbitz, K., Solinger, S., Park, J. H., Michalzik, B., and Matzner, E. (2000). Controls on the dynamics of dissolved organic matter in soils: A review. Soil Sci. 165, 277–304. doi: 10.1097/00010694-200004000-00001


 Kim, N., Zabaloy, M. C., Guan, K., and Villamil, M. B. (2020). Do cover crops benefit soil microbiome? A meta-analysis of current research. Soil Biol. Biochem. 142:107701. doi: 10.1016/j.soilbio.2019.107701


 Kuzyakov, Y., Friedel, J. K., and Stahr, K. (2000). Review of mechanisms and quantification of priming effects. Soil Biol. Biochem. 32, 1485–1498. doi: 10.1016/S0038-0717(00)00084-5


 Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food security. Science 304, 1623–1627. doi: 10.1126/science.1097396

 Lal, R. (2006). Enhancing crop yields in the developing countries through restoration of the soil organic carbon pool in agricultural lands. Land Degrad. Dev. 17, 197–209. doi: 10.1002/ldr.696


 Lammerding, D. M., Hontoria, C., Tenorio, J. L., and Walter, I. (2011). Mediterranean dryland farming: effect of tillage practices on selected soil properties. Agron. J. 103, 382–389. doi: 10.2134/agronj2010.0210


 Lavallee, J. M., Soong, J. L., and Cotrufo, M. F. (2020). Conceptualizing soil organic matter into particulate and mineral-associated forms to address global change in the 21st cen-tury. Global Change Biol. 26, 261–273. doi: 10.1111/gcb.14859

 Li, L.-J., Ye, R., Zhu-Barker, X., and Horwath, W. R. (2019a). Soil microbial biomass size and nitrogen availability regulate the incorporation of residue carbon into dissolved organic pool and microbial biomass. Soil Sci. Soc. Am. J. 83, 1083–1092. doi: 10.2136/sssaj2018.11.0446


 Li, M., Wang, J., Guo, D., Yang, R., and Fu, H. (2019b). Effect of land management practices on the concentration of dissolved organic matter in soil: A meta-analysis. Geoderma 344, 74–81. doi: 10.1016/j.geoderma.2019.03.004


 Li, Y., Zhang, Q., Cai, Y., Yang, Q., and Chang, S. X. (2020). Minimum tillage and residue retention increase soil microbial population size and diversity: Implications for conservation tillage. Sci. Total Environ. 716:137164. doi: 10.1016/j.scitotenv.2020.137164

 Liang, C., Schimel, J. P., and Jastrow, J. D. (2017). The importance of anabolism in microbial control over soil carbon storage. Nat. Microbiol. 2:17105. doi: 10.1038/nmicrobiol.2017.105

 Liu, C., Lu, M., Cui, J., Li, B., and Fang, C. (2014a). Effects of straw carbon input on carbon dynamics in agricultural soils: a meta-analysis. Glob. Change Biol. 20, 1366–1381. doi: 10.1111/gcb.12517

 Liu, E., Teclemariam, S. G., Yan, C., Yu, J., Gu, R., Liu, S., et al. (2014b). Long- term effects of no-tillage management practice on soil organic carbon and its frac- tions in the northern China. Geoderma 213, 379–384. doi: 10.1016/j.geoderma.2013.08.021


 López-Fando, C., and Pardo, M. T. (2011). Soil carbon storage and stratification under different tillage systems in a semi-arid region. Soil Tillage Res. 111, 224–230. doi: 10.1016/j.still.2010.10.011


 Lucas, R., Klaminder, J., Futter, M., Bishop, K. H., Egnell, G., Laudon, H., et al. (2011). A meta-analysis of the effects of nitrogen additions on base cations: implications for plants, soils, and streams. For. Ecol. Manag. 262, 95–104. doi: 10.1016/j.foreco.2011.03.018


 Luo, Y., Hui, D., and Zhang, D. (2006). Elevated CO2 stimulates net accumulations of carbon and nitrogen in land ecosystems: a meta-analysis. Ecology 87, 53–63. doi: 10.1890/04-1724

 Luo, Z., Wang, E., and Sun, O. J. (2010). Can no-tillage stimulate carbon sequestration in agricultural soils? A meta-analysis of paired experiments. Agric. Ecosyst. Environ. 139, 224–231. doi: 10.1016/j.agee.2010.08.006


 Mikha, M. M., and Rice, C. W. (2004). Tillage and manure effects on soil and aggregate-associated carbon and nitrogen. Soil Sci. Soc. Am. J. 68, 809–816. doi: 10.2136/sssaj2004.8090


 Mondal, S., Chakraborty, D., Bandyopadhyay, K., Aggarwal, P., and Rana, D. S. (2020). A global analysis of the impact of zero-tillage on soil physical condition, organic carbon content, and plant root response. Land Degrad Dev. 31, 557–567. doi: 10.1002/ldr.3470


 Orgill, S. E., Condon, J. R., Conyers, M. K., Morris, S. G., Murphy, B. W., and Greene, R. S. B. (2017). Parent material and climate affect soil organic carbon fractions under pastures in south-eastern Australia. Soil Res. 55, 799–808. doi: 10.1071/SR16305


 Resck, D. V. S., Ferreira, E. A. B., Figueiredo, C. C., and Zinn, Y. L. (2008). “Dinâmica da Matéria Orgânica no Cerrado,” in Fundamentos da matéria orgânica do solo: ecossistemas tropicais e subtropicais, eds G. A. Santos, L. S. Silva, L. P. Canellas, and F. O. Camargo (Porto Alegre: Metrópole), 359–417.


 Rosenthal, R., and Rosnow, R. L. (2008). Essentials of Behavioral Research: Methodsand Data Analysis, 3rd ed. New York, NY: McGraw-Hill.


 Rumpel, C., Amiraslani, F., Koutika, L.-S., Smith, P., Whitehead, D., and Wollenberg, E. (2018). Put more carbon in soils to meet Paris climate pledges. Nature 564, 32–34. doi: 10.1038/d41586-018-07587-4

 Sarker, J. R., Singh, B. P., Cowie, A. L., Fang, Y., Collins, D., Badgery, W., et al. (2018). Agricultural management practices impacted carbon and nutrient concentrations in soil aggregates, with minimal influence on aggregate stability and total carbon and nutrient stocks in contrasting soils. Soil Tillage Res. 178, 209–223. doi: 10.1016/j.still.2017.12.019


 Schlesinger, W. H. (1977). Carbon balance in terrestrial detritus. Annu. Rev. Ecol. Syst. 8, 51–81. doi: 10.1146/annurev.es.08.110177.000411


 Six, J., Conant, R. T., Paul, E. A., and Paustian, K. (2002). Stabilization mechanisms of soil organic matter: Implications for C-saturation of soils. Plant Soil 241, 155–176. doi: 10.1023/A:1016125726789


 Six, J., Elliott, E. T., and Paustian, K. (2000). Soil macroaggregate turnover and microaggregate formation: a mechanism for C sequestration under no-tillage agriculture. Soil Biol. Biochem. 32, 2099–2103. doi: 10.1016/S0038-0717(00)00179-6


 Soil Survey Staff (2014). Keys to Soil Taxonomy, 12th edition ed. Washington, DC: United States Department of Agriculture Natural Resources Conservation Service.


 Somasundaram, J., Reeves, S., Wang, W., Heenan, M., and Dalal, R. (2017). Impact of 47 years of no tillage and stubble retention on soil aggregation and carbon distribution in a Vertisol. Land Degrad. Dev. 28, 1589–1602. doi: 10.1002/ldr.2689


 Stockmann, U., Adams, M. A., Crawford, J. W., Field, D. J., Henakaarchchi, N., Jenkins, M., et al. (2013). The knowns, known unknowns and unknowns of sequestration of soil organic carbon. Agric. Ecosyst. Environ. 164, 80–99. doi: 10.1016/j.agee.2012.10.001


 Tisdall, J. M., and Oades, J. M. (1982). Organic matter and water-stable aggregates in soils. J. soil sci., 33, 141–163. doi: 10.1111/j.1365-2389.1982.tb01755.x

 Tivet, F., de Moraes, S. J. C., Lal, R., Borszowskei, P. R., Briedis, C., dos Santos, J. B., et al. (2013). Soil organic carbon fraction losses upon continuous plow-based tillage and its restoration by diverse biomass-C inputs under no-till in sub-tropical and tropical regions of Brazil. Geoderma 209–210, 214–225. doi: 10.1016/j.geoderma.2013.06.008


 Toth, G. B., and Pavia, H. (2007). Induced herbivore resistance in seaweeds: a meta-analysis. J. Ecol. 95, 425–434. doi: 10.1111/j.1365-2745.2007.01224.x


 Wander, M. (2004). “Soil organic matter fractions and their relevance to soil function,” in Soil Organic Matter in Sustainable Agriculture (Boca Raton, FL: CRC Press), 67–102.


 Wright, A. L., Hons, F. M., and Matocha, J. E. Jr. (2005). Tillage impacts on microbial biomass and soil carbon and nitrogen dynamics of corn and cotton rotations. Appl. Soil Ecol. 29, 85–92. doi: 10.1016/j.apsoil.2004.09.006


 Yoo, G., and Wander, M. M. (2008). Tillage effects on aggregate turnover and sequestration of particulate and humified soil organic carbon. Soil Sci. Soc. Am. J. 72, 670–676. doi: 10.2136/sssaj2007.0110


 Zhao, S., Li, K., Zhou, W., Qiu, S., Huang, S., and He, P. (2016). Changes in soil microbial community, enzyme activities and organic matter fractions under long-term straw return in north-central China. Agric. Ecosyst. Environ. 216, 82–88. doi: 10.1016/j.agee.2015.09.028




OPS/images/math_4.gif
@





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Climate change stress alleviation through nature based solutions: A global perspective



		Introduction



		Materials and methods



		Meta-analysis







		Results



		Effects of NT on MAOC and MAOM



		Effects of NT on SOC and MBC



		Effects of NT on EOC and POC



		Effects of RT on MAOC and MAOM



		Effects of RT on SOC and MBC



		Effects of RT on EOC and POC



		Correlations of MAOC, MAOM and MBC to SOC







		Discussions



		Responses of SOC sequestration under different management practices



		Effects of temperature and soil texture on SOC sequestration







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/math_3.gif
RRg, .

L1 21 WikR;j
Yy Wy

@)





OPS/images/math_2.gif
®





OPS/images/math_1.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Plant Science





OPS/images/fpls-13-1007222-g005.gif





OPS/images/fpls-13-1007222-g006.gif
o |






OPS/images/fpls-13-1007222-g003.gif
e iG]
e e W omes
o]
sasa)
i o

Feu 0
——— cwumy






OPS/images/fpls-13-1007222-g004.gif
o [ o
] . Egel

S e -

w -






OPS/images/fpls-13-1007222-g009.gif





OPS/images/fpls-13-1007222-g007.gif





OPS/images/fpls-13-1007222-g008.gif
Response ratio

No tilage

Reduced tillage

3 v )
ok SR

o 1 2

Response ratio of SOC.






OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Climate change stress alleviation
through nature based solutions:
A global perspective





OPS/images/fpls-13-1007222-g001.gif





OPS/images/fpls-13-1007222-g002.gif





