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[bookmark: _Hlk186154137]Abstract
[bookmark: OLE_LINK7][bookmark: _Hlk194100845]Soil carbon is crucial for plant growth, agricultural productivity, and ecosystem functions as it provides essential nutrients and improves soil structure. Land-use change is widely recognized to have a profound effect on the soil carbon pool. However, there remains a lack of comprehensive understanding regarding the global response of soil total carbon, which includes both organic and inorganic carbon, to such changes. Here, we present a thorough assessment of the impact of land-use change on soil total carbon through a pairwise comparative meta-analysis of 1033 paired observations from 73 sites across six continents. These sites encompass covering six major land-use changes: forest to cropland (FC), grassland to cropland (GC), cropland to forest (CF), cropland to grassland (CG), sandy land to forest (SF), and grassland to forest (GF). Contrary to expectations, FC and GC were not found to have a significant adverse effect on soil total carbon (lnRR++ < 0.05). Similarly, restoration from CF and CG did not result in the anticipated significant increase in soil total carbon (lnRR++ ~0.08), largely due to the offsetting effects of organic and inorganic carbon. Afforestation in sandy land (SF) significantly increased soil total carbon, whereas its impact on grasslands (GF) was not significant. The effects of SF and FC on soil total carbon become more pronounced with higher precipitation levels. Conversely, the effect of CF on soil total carbon diminishes with rising temperatures. Additionally, the impact of GC and CG on total carbon increased with both the depth and duration of the change. These findings underscore the complexity of soil total carbon responses to various land-use changes and environmental factors, and highlight the necessity of incorporating soil total carbon assessments in carbon storage evaluations and land-use change modelling, particularly in the context of intensifying climate change and human activities.
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1. Introduction
[bookmark: OLE_LINK8][bookmark: _Hlk186186517][bookmark: _Hlk194093518]Soil total carbon, which comprises both soil organic carbon and soil inorganic carbon, represents the largest carbon pool in terrestrial ecosystems (Batjes, 1996; Lal, 2004). Within the top 1 meter of soil, it is estimated that soil carbon stocks amount to 1425 Pg, while soil inorganic carbon stocks are approximately 686 Pg (Plaza et al., 2018). Comparatively, the carbon stored in soil exceeds the amount found in the atmosphere by over three times and surpasses that in vegetation by four times (Pütz et al., 2014; Lal, 2018). Thus, changes in soil total carbon are critical to the global carbon cycle. Land-use change is globally essential for mitigating the challenges arising from climate change (Arneth et al., 2014; Popp et al., 2014), overpopulation (Yang et al., 2023), and the expansion of agricultural and industrial activities (Lambin and Meyfroidt, 2011). Globally, land is distributed across various categories, with cropland covering approximately 1.57 billion hectares (ha), grasslands 3.23 billion ha, forest areas 4.06 billion ha, and deserts 1.75 billion ha (Chen et al., 2023; FAO, 2025). Within Asia, these figures are approximately 0.58 billion ha for cropland, 1.08 billion ha for grasslands, 0.62 billion ha for forests, and 0.65 billion ha for deserts. Land-use changes in these areas, are significantly impacting soil carbon pools (Song et al., 2022; Beillouin et al., 2023). Such changes, including the expansion of cultivation, large-scale ecological restoration and ambitious afforestation initiatives (Li et al., 2021), directly influence vegetation coverage, type, productivity, and basic soil physical and chemical properties. Consequently, these alterations, in turn, markedly affect the distribution patterns and stocks of soil carbon (Guo and Gifford, 2002; Shi et al., 2024). The intricate nature of carbon cycling across various land-use systems complicates the understanding of these dynamics. Although numerous studies have investigated the impacts of land-use change on soil organic carbon (Sanderman et al., 2017; Yang et al., 2019; Hong et al., 2020) and on inorganic carbon (Hong and Chen, 2022; Song et al., 2022; Liu et al., 2023b) separately, a comprehensive assessment of soil carbon dynamics under land-use change remains elusive. This challenge is primarily due to technical difficulties in accurately measuring and distinguishing between carbon pools, particularly inorganic carbon, throughout the soil profile. These challenges are especially pronounced in circum-neutral soils, where the interactions between land-use changes and soil total carbon are complex. Consequently, our understanding of the effects of land-use change on soil total carbon is limited. Despite these challenges, acquiring such knowledge is essential, as it can inform land-use and management strategies, providing insights and guidance for future carbon sequestration efforts.
[bookmark: _Hlk203225839]Previous research indicates that land-use change exerts distinct effects on soil organic and inorganic carbon. For example, the conversion of natural ecosystems to croplands typically results in significant losses of soil organic carbon (Don et al., 2011; Beillouin et al., 2023), while it may lead to the accumulation of soil inorganic carbon in specific regions (An et al., 2019). Soil inorganic carbon is formed from cations and dissolved inorganic carbon in the soil, which can also be re-dissolved in water and either run off or emit CO2 into the atmosphere through processes such as soil acidification and irrigation (Sanderman, 2012; Song et al., 2022). In contrast, transitioning from croplands to grasslands and forests may partially restore organic carbon stock (Yang et al., 2019) but may reduce inorganic carbon stocks (Liu et al., 2023a). While afforestation is widely recognized for enhancing organic carbon levels, some studies suggest it may also reduce soil inorganic carbon under certain conditions (Hong and Chen, 2022). These contrasting patterns in soil carbon dynamics associated with land use change have been substantiated by numerous meta-analyses, which consistently demonstrate that the conversion of natural ecosystems to cropland leads to substantial declines in soil carbon stocks (Guo and Gifford, 2002; Don et al., 2011; Deng et al., 2016; Tang et al., 2019; Huang et al., 2024). Conversely, ecological restoration and afforestation have been shown to increase soil carbon stocks, primarily focusing on the organic fraction (Shi and Han, 2014; Li et al., 2023; Tian et al., 2023; Guo et al., 2024; He et al., 2024). Although Liu et al. (2023a) considered both organic and inorganic carbon, their analysis was restricted to restoration scenarios and did not address the broader net effects of diverse land-use changes on soil total carbon. Such divergent effects are driven by a complex interplay of factors, including soil disturbance from tillage that accelerates organic carbon erosion and consumption (Juricová et al., 2025; Liu et al., 2025), irrigation that modifies soil moisture and ion composition (Entry et al., 2004), and alterations in vegetation structure and soil pH that regulate carbon stabilization processes and carbonate formation (Hong and Chen, 2022).
Despite this substantial body of work, individual studies have yet to fully elucidate the overall impact of land-use changes - such as cultivation, restoration, and afforestation - on the soil carbon pool, particularly concerning total carbon. This gap in understanding highlights the need for a comprehensive analysis that considers the simultaneous effects on both carbon pools. Additionally, numerous factors such as climate change (particularly changes in precipitation and temperature), lag times (duration of carbon losses/gains post-land-use change), and variability with soil depth (An et al., 2019; Tang et al., 2019; Hong et al., 2020; Tian et al., 2023), further complicate this uncertainty and can lead to contrasting effects on organic or inorganic carbon for the same land-use change. The specific regulation by these factors, modulating the effects of land-use change on soil total carbon remains unexplored, hindering our ability to predict the overall extent of changes in the carbon cycle driven by land-use change, and to develop appropriate management strategies.
[bookmark: OLE_LINK9][bookmark: _Hlk186473575][bookmark: _Hlk193635925]We hypothesize that the conversion of land to cropland will significantly reduce soil total carbon, while ecological restoration and afforestation will significantly increase it. To test these hypotheses, we conducted a synthesis of findings from 55 publications comprising 1033 observations, spanning all continents except Antarctica and encompassing a wide range of climate zones. Our comprehensive review, which included all pertinent literature available up to 2023, examined both organic and inorganic carbon responses to land-use changes. We also considered factors such as climatic conditions, soil depth (0-100 cm), and the duration following land-use changes to assess their impacts. From the database, we identified six primary types of land-use changes, including transitioning i) from grassland to cropland (GC); ii) from forest to cropland (FC); iii) from cropland to grassland (CG); iv) from cropland to forest (CF); v) from grassland to forest (GF); and vi) from sandy land to forest (SF). The objectives of this study were to: (1) examine the response of soil total carbon to land-use changes; (2) investigate how various factors influence the effects of land-use changes on soil total carbon; and (3) determine the key factors affecting the impacts of different land-use changes on soil total carbon.

2. [bookmark: _Hlk186153235]Materials and methods
[bookmark: _Hlk193965397]2.1 Data collection
[bookmark: OLE_LINK2][bookmark: _Hlk186478136][bookmark: _Hlk186477433]An extensive literature review was conducted for peer-reviewed journal articles published up to December 2022 using both the Web of Science and the China National Knowledge Resource Integrated databases. Our search strategy involved a comprehensive set of keywords, including ‘land use’ or ‘land-use change’ or ‘afforestation’ or ‘vegetation restoration’ or ‘cultivation’ or ‘land degradation’ or ‘farming’ or ‘grain-for-green’ or ‘grain-for-tree’ or ‘land desertification’ or ‘plantation’ and ‘soil inorganic carbon’ and ‘soil carbon’. This strategic selection ensures extensive coverage of studies examining the impacts of cropland expansion, ecological restoration, and afforestation on soil total carbon. Due to the limited literature on inorganic carbon, we excluded ‘soil organic carbon’ as a keyword to expedite the selection of studies on both organic and inorganic carbon. Articles were selected based on the following criteria: i) the soil organic, inorganic, and total carbon data for both experimental and control groups were explicitly reported in the literature and could be determined as data before and after land-use change at the same location; ii) the means and standard deviations or standard errors, coefficient of variation, and sample sizes could be extracted; and iii) multiple soil sampling depths and time since planting or restoration were considered as independent studies. When visual representations of data were utilized, the numerical information was extracted and digitized using the Get Data Graph Digitizer (version 2.24). We initially collected over 2,000 articles. To ensure the relevance and quality of the data, we retained only those articles that included empirical soil carbon stock data and control groups, while removing duplicates and studies lacking statistical data. After applying these criteria, we ultimately selected 55 peer-reviewed articles (Fig 1), encompassing a total of 1033 observations across 73 sites, which conformed to our stipulated criteria from various regions worldwide (Fig. 2). The number of soil samples per location is presented in Table S1. Due to the low inorganic carbon content in paddy field soil, this study primarily examined observations from upland fields (Table S2) and discussed the results accordingly.
Due to the similarity in history, topography, climate, soil formation processes, original vegetation, natural succession, or human disturbance between adjacent land and study land, and because adjacent land still retains its original vegetation and has a similar soil condition and initial condition to the original land, adjacent land is approximated as the soil state of the study land before land-use change. Therefore, the space-for-time substitution method was used to obtain the carbon response of the same land before and after land-use change. The literature selected in this study includes directly observed or indirectly obtained paired data of the three types of carbon using the space-for-time substitution method.
[bookmark: _Hlk206948212]For all peer-reviewed papers found, the compilation also collected the following information: data source, author, latitude and longitude, climate (climate type, mean annual precipitation [MAP], mean annual temperature [MAT], and potential evapotranspiration), land use conversion type, time since land-use change, soil depth, soil pH, and soil classification. For groups with different precipitation, temperature, soil depth and age, we used averages to homogenize soil carbon data. Given the diverse depth studied in the literature, we categorized them into two groups: 0-30 cm and 30-100 cm, to highlight the differences in responses between topsoil and subsoil. Six major types of land-use changes were filtered from all observations: GC, FC, CG, CF, GF, and SF. The major soil classifications and pH ranges across the reviewed studies are summarized in Table S3.

2.2 Data analysis
In our dataset, in addition to the directly available soil organic carbon, inorganic carbon, and total carbon stocks, other data provide the concentration, depth, and bulk density of soil carbon. The stocks of organic and inorganic carbon can be calculated using the following equations (Guo and Gifford, 2002):


where  and  are soil organic and inorganic carbon stocks (Mg ha−1);  and  are soil organic and inorganic carbon concentration (g kg−1); BD is soil bulk density (g cm−3); and D is the thickness of the horizon (cm). Furthermore, soil total carbon stock (Mg ha−1) was calculated using the following equation (3):

Responses of soil organic, inorganic and total carbon to land-use change were determined using meta-analysis (Fig. 3). The effect of land-use change for each observation was assessed using the response ratio (RR), defined as the natural logarithm of the ratio between the mean value of the variable in the treatment group and that in the control group (Hedges et al., 1999):

[bookmark: _Hlk193985499]where  and  are the mean values of the relevant variable in the treatment (current land use) and control (original land use) groups, respectively. The corresponding variance (V) of each RR is calculated as:

[bookmark: _Hlk193986046][bookmark: _Hlk206966011]where , , , , ,  are the standard deviation, sample size, and sample mean in the treatment and control groups, respectively (Hedges et al., 1999). The square of the sample mean is used as a coefficient for standardization. Although variations in soil carbon measurement techniques could influence the absolute values, calculating lnRR minimizes potential bias arising from different analytical methods when assessing effects across the reviewed studies.
A random effects model was used to estimate the average weighted response ratio for each pairwise comparison between the treatment and control groups,  (i = 1,2,3…m; j = 1,2,3…k) calculated as:

[bookmark: _Hlk193985789]where m is the number of groups (different land-use changes, soil sampling depth, precipitation, temperature, and time); k is the number of pairs (the number of lnRR); w is the inverse of the variance (wij  =  1 / Vij), which is also considered as the weight of lnRR (Borenstein et al., 2009). The formula for calculating the standard error of lnRR++ is:

The "metafor" package in R 4.3.2 was used to calculate the natural logarithm of lnRR for individual and combined treatments, while also providing the standard error and significance level of lnRR. The formula for calculating the proportion of variation in the variables is as follows:

The "rfPermute" package in R was then used to calculate the relative importance of each factor (MAP, MAT, soil depth, and time) under each type of land-use change, for soil organic, inorganic, and total carbon. 

3. Results
[bookmark: _Hlk153721703][bookmark: _Hlk193988413]3.1 Effects of six land-use changes on soil total carbon
Overall effects on soil total carbon varied across the six land-use changes (Fig. 4). FC or GC did not result in significant changes in soil total carbon (p > 0.05), indicating it remained relatively stable (lnRR = -0.02 and -0.03, respectively). Despite this overall stability, GC led to a significant decrease in organic carbon and a notable increase in inorganic carbon (p < 0.001). A similar pattern was observed for FC, where organic and inorganic carbon responded in opposite directions, but the total carbon change remained insignificant. Likewise, afforestation on grasslands and forest restoration on croplands did not show a significant change in total carbon (lnRR = 0.02 and 0.07, respectively). In contrast, other land-use changes had significant impacts on soil total carbon. CG led to a significant increase in total carbon (lnRR = 0.10, p<0.001). Afforestation significantly increased soil total carbon in sandy land (lnRR = 1.01), showing significant positive impacts on both organic and inorganic carbon (p<0.001).

[bookmark: _Hlk153722346]3.2 Analysis of factors modulating effects of different land-use changes on soil total carbon
[bookmark: _Hlk194022317]Conversion to cropland had a positive effect on soil total carbon in regions with lower precipitation, particularly on grassland receiving 160-250 mm of rainfall (lnRR = 0.23, p<0.001; Fig. 5a). However, at higher rainfall levels, soil total carbon decreased post-cultivation such as in forests with MAP > 1000 mm (lnRR = -0.44, p < 0.001). Furthermore, the effect on organic carbon shifted from positive to negative with increasing precipitation. In contrast, the effect on inorganic carbon was mainly positive under moderate precipitation, insignificant with low precipitation and negative with high precipitation levels. Conversion to cropland appeared to have a positive effect on total carbon in grasslands with temperatures between 7-12°C (lnRR = 0.26, p < 0.05), and in forests with temperatures ranging from 20-25°C (lnRR = 0.15, p < 0.01). The impact of cultivation duration on total carbon differed between grasslands and forests. In forests, the effect on total carbon increased over time (lnRR: -0.49 to 0.19; Fig. 5b), whereas in grasslands the effect remained relatively stable (lnRR: -0.03 to 0.01). The negative effect on organic carbon decreased over time in grasslands (lnRR: -0.37 to -0.07), but shifted from negative to positive in forests (lnRR: -0.49 to 0.32). In both ecosystems, the effects on inorganic carbon generally showed a decreasing trend over time. At a soil depth of one meter, the effect of conversion to cropland was consistent on total carbon, whereas in the subsoil (30-100 cm), the effects on organic and inorganic carbon exhibited reduced difference.
CG and CF had significant positive effects on soil total carbon under varying precipitation levels of 400-500 and 250-500 mm (lnRR = 0.09 and 0.32, respectively; Fig. 5c and 6c). Organic carbon increased with higher precipitation, while inorganic carbon initially increased but then decreased. MAT had minimal impact on the effect of grassland restoration, while forest restoration was found to promote soil total carbon at moderate temperatures of 8.5-12°C (lnRR = 0.28 and 0.09, p<0.001). CF exhibited a significant increase in organic carbon when MAT was above 8.5°C (p < 0.001), whereas inorganic carbon decreased significantly at temperatures exceeding 12°C (lnRR = -0.37, p < 0.001). The modulating effect of time since cropland abandonment on total carbon varied between grassland and forest restoration. As the time increased, the effect of grassland restoration on total carbon shifts from negative to positive (lnRR = 0.35, p<0.001), with a significant increase in organic carbon (lnRR: 0.13 to 0.61). Conversely, the effect of forest restoration on total carbon showed a decreasing trend with increasing organic carbon and decreasing inorganic carbon as time progressed. With increasing soil depth, the responses of organic, inorganic, and total carbon to the two land-use changes became nonsignificant.
Afforestation in grasslands showed a significant increase in total carbon only when MAP was <250mm or MAT was > 10°C (p<0.001, lnRR = 0.29 and 0.14, respectively; Fig. 6a). In the subsoil layer (30-100 cm), there was a negative effect on organic carbon (lnRR = -0.24). The positive effect of SF on total carbon increased with precipitation (lnRR: 0.51 to 1.35), which is associated with a decreasing effect on organic carbon and increasing effect on inorganic carbon (Fig. 6b). Afforestation had a less effect on all soil carbon components in the subsoil. Temperature has minimal influence on the positive effect on total carbon. The duration since afforestation positively modulates the effects on total carbon, with a significantly increasing effect on inorganic carbon (p < 0.001).

3.3 Importance and significance of factors modulating land-use change effects on soil total carbon
Throughout forest disturbance and restoration processes, climate is the primary driver of the effects on total carbon (Fig. 7b, d, and e). MAP had the most significant impact on the effects of afforestation (13%, p < 0.01) and deforestation (15%, p < 0.01), with both positive and negative effects increasing significantly with precipitation (p<0.001; β = 0.0021 and -0.0003, respectively). MAT was the most influential factor in CF (19%, p < 0.01), and the effect on soil total carbon decreased significantly with increasing temperature (p<0.001). For grassland land-use change, soil depth and time since the change were the primary drivers of effects of conversion to cropland (27%, p < 0.01) and restoration (22%, p < 0.01), respectively (Fig. 7a and c). The effects on soil total carbon significantly increased with depth and time (p<0.001; β = 0.0013 and 0.0089, respectively). After land-use changes, the average ranking of factors influencing the soil total carbon response ratio was observed as MAT > MAP > time > soil depth (17%, 16%, 14% and 13%, respectively; p < 0.01). Similarly, the ranked importance of factors influencing the organic and inorganic carbon response ratio is shown in Fig. S2 and S3. Precipitation is the most influential environmental factor affecting the response of organic carbon and inorganic carbon (47% and 48%, respectively; p < 0.01). As precipitation increases, the response of organic carbon decreases significantly (β = -0.0007; p < 0.001), while the response of inorganic carbon remains largely unchanged (p > 0.05).

4. Discussion
Our study investigates the effects of land-use change on soil total carbon pool by integrating both soil organic and inorganic carbon. The results demonstrate that six major land-use changes either maintain or increase soil total carbon due to the complementary or synergistic relationship between organic and inorganic carbon. The impacts of land-use changes were variably influenced by precipitation, temperature, time, and soil depth. Our analysis of soil total carbon changes following conversion to cropland revealed that these changes were small and not statistically significant. Restoration to forest and grassland resulted in increases that were lower than anticipated, specifically less than the increase in soil organic carbon, offering insights not provided by previous studies. However, our study has limitations compared to meta-analyses that focus on individual soil carbon components, particularly in terms of sample size, distribution range, and control of other management factors. Despite these limitations, our research serves as an exploratory analysis, laying the groundwork for a more accurate and comprehensive understanding of soil carbon dynamics.

4.1 Effects of conversion to cropland on soil total carbon
[bookmark: _Hlk186475399]Conversion to cropland showed no significant impacts on soil total carbon due to their mutual offsetting effects on organic and inorganic carbon (Fig. 5). This pattern can be explained by agricultural practices that simultaneously reduce soil organic carbon and increase inorganic carbon. The observed decrease in organic carbon under cultivation is consistent with previous studies showing that practices like tillage and harvesting accelerate carbon loss possibly through increased aeration, decomposition, and erosion (Juricová et al., 2025; Liu et al., 2025), while irrigation can enhance mineralization (Savadogo et al., 2007). Meanwhile, the increase in soil inorganic carbon might be due to enhanced carbonate precipitation driven by elevated soil CO₂ levels and irrigation water rich in calcium ions (Entry et al., 2004). Our results further indicate that the net effect of conversion to cropland may vary under different environmental conditions due to these counteracting processes. For instance, the overall effect on total carbon can shift from positive to negative with increasing precipitation, and from negative to positive over longer cultivation periods (Fig. 5b). Deng et al. (2016) reported that soil organic carbon may increase after thirty years of cultivation, while Powers et al. (2011) found significant organic carbon losses in tropical regions with higher rainfall, consistent with our observation that precipitation and time can modulate these dynamics. In regions with limited moisture, agricultural activities may improve poor soils, increase productivity and promote the accumulation of both organic and inorganic carbon. Conversely, in more humid grasslands, greater biomass increases soil organic carbon stocks naturally (Ren et al., 2023), so conversion to cropland may amplify these losses (Fig. 5a). Higher precipitation also increased leaching losses of inorganic carbon, especially in croplands with reduced vegetation cover that provided less interception of rainwater (Liu et al., 2018). Further studies on soil carbon dynamics following the conversion to cropland should consider both soil organic and inorganic carbon simultaneously.

4.2 Effects of restoration to grassland and forest on soil total carbon
Our results show that restoration to grasslands and forests does increase soil organic carbon but is often accompanied by a decline in inorganic carbon, resulting in a smaller net increase in soil total carbon than expected (Fig. 5c and 6c). This partially contradicts the common assumption that ecological restoration always leads to substantial gains in soil carbon. The decline in inorganic carbon may be attributed to the combined effects of lower pH, greater soil moisture, and stronger plant uptake of calcium, which limit carbonate formation (White, 2001; Yang et al., 2022). Moreover, in grassland restoration, the positive effect on organic carbon appears to intensify with time (Fig. 5c) as vegetation productivity, root biomass, and fine particle accumulation increase (Liu et al., 2017; Eze et al., 2023). Conversely, in the case of forest restoration, the total carbon benefit remains limited, likely due to a stronger offset between rising soil organic carbon and declining inorganic carbon. This pattern seems to be modulated by precipitation, temperature, and time (Fig. 6c).

4.3 Effects of afforestation on soil total carbon
[bookmark: _Hlk203053542][bookmark: _Hlk203054029][bookmark: _Hlk203053497]Afforestation on sandy land in our study led to a notable increase in both soil organic and inorganic carbon, resulting in a clear positive effect on total carbon stocks (Fig. 6b). This finding aligns with the expectation that afforestation in degraded sandy areas promotes carbonate accumulation due to improved sediment interception (Li et al., 2013) and ion availability (Wang et al., 2015). The increase in organic carbon can raise the partial pressure of carbon dioxide, driving the equilibrium to the right as shown in Equations (9) and (10) (Ferdush and Paul, 2021): 


The strength of this effect appears to depend on local conditions. For example, sandy soils in high precipitation areas inherently contain higher organic carbon content, rendering the effects of afforestation on organic carbon relatively less pronounced. Furthermore, organic carbon content reaches a state of equilibrium relatively quickly after afforestation typically within a decade. This equilibrium state may be attributed to the poor quality of sandy soils, where water and nutrient availability constrain microbial activities and plant photosynthesis (Berdugo et al., 2022). Inorganic carbon tends to increase with the years following afforestation, aligning with general trends observed in carbon dynamics (Gao et al., 2017; Zhu et al., 2024). However, afforestation in grasslands shows negligible effects on organic, inorganic, or total carbon content, consistent with recent research findings (An et al., 2019; Beillouin et al., 2023). Further analysis reveals total carbon levels remain relatively stable in most conditions, with minimal fluctuations (Fig. 6a). While practices such as irrigation and fertilization accompanying afforestation in more arid regions may promote soil organic carbon formation, the initial years of afforestation in grasslands may witness a decline in total carbon content. The deeper root systems of trees can cause the decomposition of soil organic carbon in the subsoil (Fig. 6a) due to potential rhizosphere priming effects (Yin et al., 2018).
Afforestation of sandy areas leads to a significant increase in total carbon; however, it may also lead to challenges such as soil moisture depletion and a reduction in groundwater resources (Feng et al., 2016; Zhu et al., 2024). The findings indicate that afforestation in grasslands, in particular, may not be a cost-effective strategy, as it does not significantly increase soil total carbon. Moreover, it can disrupt the natural grassland ecosystem, thereby reducing biodiversity and the provision of ecosystem services (Prangel et al., 2023). To optimize the carbon storage benefits of afforestation, it is advisable to focus on regions with suitable moisture conditions and to avoid areas that already possess abundant carbon stores.

[bookmark: _Hlk203336818]4.4 Key drivers and mechanisms modulating soil total carbon response
[bookmark: OLE_LINK3][bookmark: _Hlk202791084][bookmark: OLE_LINK1][bookmark: OLE_LINK4]For forest disturbance and restoration, climate emerged as the primary driver (Fig. 7b, d, and e): MAP had the most significant impact on both afforestation and deforestation effects (13% and 15% of total importance, respectively; p < 0.01), exhibiting positive and negative responses that increased with precipitation (p < 0.001). Given that forests in humid regions tend to exhibit higher productivity and organic carbon content (Toledo et al., 2011; Oliveira et al., 2022), cultivation and afforestation are more likely to induce significant changes in soil carbon stocks. In contrast, MAT was the most influential factor affecting forest restoration (19% importance; p < 0.01), with the effect on soil total carbon decreasing significantly with increasing temperature (p < 0.001). This inverse relationship may stem from warming-enhanced decomposition of biomass and soil carbon (Song et al., 2019), and temperature-facilitated carbonate leaching (Tan et al., 2014). While secondary to MAT, MAP also exerted considerable influence (14%, p < 0.01). Although higher precipitation generally enhances plant productivity, leading to increased soil organic carbon stocks, it can also intensify leaching processes. Such processes promote the downward movement and subsequent loss of soluble carbonates, ultimately reducing soil inorganic carbon. For grassland conversions, soil depth and time since conversion were identified as the dominant factors (Fig. 7a and c). The effect of conversion to cropland was mainly driven by soil depth (27% importance, p < 0.01), demonstrating a positive correlation between soil depth and soil total carbon. This suggests that tillage mainly disturbs the top 0-30 cm of soil, leading to losses of organic carbon in this layer, whereas the deeper soil horizons retain their carbon stocks. On the other hand, grassland conversion results indicated that irrigation might alter the distribution of inorganic carbon across soil depths. This is likely caused by increased leaching and the supply of calcium ions, which facilitate carbonate precipitation (Denef et al., 2008) and are further exacerbated by the relatively dry climate and alkaline environment typical of grasslands. The effect of grassland restoration was primarily time-dependent (22% importance, p < 0.01), as longer abandonment periods allowed organic carbon to accumulate and partially transformed into inorganic forms (An et al., 2019; Ren et al., 2024). Together, these results underscore the complex interplay between MAP, MAT, soil depth, and time since conversion in modulating the net effect of land-use change on soil total carbon, providing valuable insights into the underlying mechanisms that govern soil carbon dynamics.

4.5 Limitations and Prospects
While this study yields intriguing insights into the effects of land-use change on soil total carbon, it is important to acknowledge certain methodological and data limitations.
To investigate the scientific question of the net effect of land use change on soil total carbon, it was essential for the literature included in this study assessed both organic and inorganic carbon. This requirement led to a smaller sample size compared to meta-analyses that focus on individual carbon pools. Despite this limitation, there were sufficient samples to support our research question concerning the overall net effect of each land-use change. However, the data available for evaluating effects classified by factors such as precipitation, temperature, depth, and time remain limited. Our current results provide an exploratory analysis and highlight the necessity for further investigations into total carbon, especially in deeper soils (depth > 1 m), in future research.
The uneven spatial distribution of sampling sites may pose a limitation on the applicability of our conclusions to certain regions, such as Africa, South America, and Australia. Our study predominantly utilized samples from temperate and drylands areas, where research on inorganic carbon is more concentrated. Consequently, the conclusions drawn from this study are biased towards temperate and arid regions, potentially limiting their relevance and applicability to other geographical areas.
[bookmark: _Hlk186233135][bookmark: _Hlk186477523][bookmark: _Hlk186206822][bookmark: _Hlk186209873]Finally, the conclusions regarding the effects of land-use changes on soil total carbon are primarily applicable to upland fields. In humid regions, although paddy fields exhibit low soil inorganic carbon, they contain large amounts of dissolved inorganic carbon (He et al., 2015). Future research should consider integrated analyses of soil organic carbon, dissolved organic carbon, and dissolved inorganic carbon in these regions. The current experimental designs allow for testing differences in soil carbon between major land-use changes but do not disentangle the effects of irrigation and fertilizer application in croplands. We recommend that future studies explicitly separate the influence of irrigation and fertilization on soil total carbon changes to provide a clearer understanding of these factors.

5. Conclusions
[bookmark: _Hlk186235470][bookmark: _Hlk202462045][bookmark: _Hlk186234121]Our synthesis provides valuable new insights into the effects of land-use changes on the soil total carbon pool. After conversion to cropland, soil total carbon did not decline significantly as organic and inorganic carbon tend to counterbalance each other. CG and CF was less effective in enhancing soil carbon storage than previously assumed, especially in areas with MAP below 400 mm and MAT below 8.5 °C. The effects of conversion to cropland and ecological restoration on grasslands were closely linked to soil depth and the duration since intervention, both of which had significant positive impacts on the responses of soil total carbon. On the other hand, responses of total carbon in forests were more heavily influenced by MAP and MAT. Increased precipitation significantly enhanced the effect of SF while reducing the effect of FC. Notably, FC significantly reduced organic carbon, inorganic carbon, and total carbon in regions where annual rainfall exceeded 1000 mm. Given the limited amount of available data and the diverse methodologies employed in existing studies, these conclusions should be regarded as preliminary working hypotheses, which can serve as a foundation for designing future targeted investigations aimed at expanding the current database. A comprehensive assessment of land-use change effects on soil carbon dynamics would require simultaneous measurements of organic and inorganic carbon, which could lead to more reliable strategies for addressing climate change.
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Fig. 1. Soil total carbon meta-analysis literature searching PRISMA flow diagram.
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[bookmark: _Hlk193986970]Fig. 2. Locations of the experimental sites investigating land-use change effects on both soil organic and inorganic carbon stocks. The number of surveyed locations is 73.
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Fig. 3. Schematic representation of the approach used to quantify the responses of SOC, SIC and STC to changes in land use. The control and treatment group represent the carbon content (SOC/SIC/STC) before and after land-use change, respectively. Each dot represents one soil sampling site. Dots with the same color indicate that they share the same mean annual temperature, mean annual precipitation, time since land-use change or soil depth, and are categorized into different groups. This comparison involves assessing the differences in the variations of SOC, SIC, and STC changes between the periods before and after land-use changes. Meta-analytical techniques are applied to calculate the effect size for each comparison, represented as the natural logarithm of the response ratio (lnRR). Additionally, a weighted average effect size (lnRR++) was estimated using the inverse of the sum of within-group and between-group variances. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon.
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Fig. 4. Effects of land-use change on SOC, SIC, and STC, categorized by land-use change type. The error bars represent standard errors (se) and asterisks denote significant changes (*, ** and *** show p<0.05, p<0.01 and p<0.001, respectively). The x-axis shows the weighted response ratios (lnRR++) and the numbers on the right side are the sample size for each category. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon.
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[image: ]Fig. 5. Effects of MAP, MAT, time, and soil depth on SOC, SIC and STC after conversion (a) from grassland to cropland; (b) from forest to cropland; and (c) from cropland to grassland. The error bars represent standard errors (se) and asterisks denote significant changes (*, ** and *** show p<0.05, p<0.01 and p<0.001, respectively). The x-axis shows the weighted response ratios (lnRR++) and the numbers on the right side are the sample size for each category. The y-axis represents the grouping of different environmental factors, with the grouping range determined by the original data and classification. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon; MAT, mean annual temperature; MAP, mean annual precipitation; Time, duration after land-use change.
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Fig. 6. Effects of MAP, MAT, time, and soil depth on SOC, SIC and STC after conversion (a) from grassland to forest; (b) from sandy land to forest; and (c) from cropland to forest. The error bars represent standard errors (se) and asterisks denote significant changes (*, ** and *** show p<0.05, p<0.01 and p<0.001, respectively). The x-axis shows the weighted response ratios (lnRR++) and the numbers on the right side are the sample size for each category. The y-axis represents the grouping of different environmental factors, with the grouping range determined by the original data and classification. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon; MAT, mean annual temperature; MAP, mean annual precipitation; Time, duration after land-use change.
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Fig. 7. Ranked importance of influencing factors for STC response ratio (lnRR) (a1-f1) and regression of STC with the most significant external factors (a2-f2). Land-use changes include (a) grassland to cropland conversion, (b) forest to cropland conversion, (c) cropland to grassland conversion, (d) cropland to forest conversion, (e) sandy land to forest conversion, and (f) average. Asterisks indicate significant levels (* and ** show p<0.05 and p<0.01, respectively), and the x-axis indicates the degree of importance in a1-f1. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon; MAT, mean annual temperature; MAP, mean annual precipitation; Time, duration after land-use change.
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Fig. S1. Effects of land-use change on SOC, SIC and STC across all the pairs of control and experimental groups. The responses of SOC, SIC, and STC are shown in yellow, red and green. The error bars represent standard errors (se) and asterisks denote significant changes (*, ** and *** show p<0.05, p<0.01 and p<0.001, respectively). The x-axis shows the weighted response ratios (lnRR++) and the numbers on the right side are the sample size for each group. SOC, soil organic carbon; SIC, soil inorganic carbon; STC, soil total carbon.
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Fig. S2. Ranked importance of influencing factors for soil organic carbon response ratio (lnRR) (a1-f1) and regression of soil organic carbon with the most significant external factors (a2-f2). Land-use changes include (a) grassland to cropland conversion, (b) forest to cropland conversion, (c) cropland to grassland conversion, (d) cropland to forest conversion, (e) sandy land to forest conversion, and (f) average. Asterisks indicate significant levels (* and ** show p<0.05 and p<0.01, respectively), and the x-axis indicates the degree of importance in a1-f1. SOC, soil organic carbon; SIC, soil inorganic carbon; MAT, mean annual temperature; MAP, mean annual precipitation; Time, duration after land-use change.
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Fig. S3. Ranked importance of influencing factors for soil inorganic carbon response ratio (lnRR) (a1-f1) and regression of soil inorganic carbon with the most significant external factors (a2-f2). Land-use changes include (a) grassland to cropland conversion, (b) forest to cropland conversion, (c) cropland to grassland conversion, (d) cropland to forest conversion, (e) sandy land to forest conversion, and (f) average. Asterisks indicate significant levels (* and ** show p<0.05 and p<0.01, respectively), and the x-axis indicates the degree of importance in a1-f1. SOC, soil organic carbon; SIC, soil inorganic carbon; MAT, mean annual temperature; MAP, mean annual precipitation; Time, duration after land-use change.
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Fig. S4. Begg's test and funnel plots for soil organic carbon and soil inorganic carbon. SOC, soil organic carbon; SIC, soil inorganic carbon.


Supplementary Table 1. The number of soil samples per surveyed location.
	Site ID
	Latitude
	Longitude
	Number of soil samples

	1
	37.62
	107.09
	9

	2
	-34.00
	-62.00
	4

	3
	36.87
	115.17
	12

	4
	43.72
	4.02
	4

	5
	36.07
	109.20
	7

	6
	-31.56
	-65.4
	8

	7
	40.15
	-102.95
	10

	8
	40.5
	-101.6333
	8

	9
	35.8333
	108.6583
	5

	10
	44.116667
	88.05
	18

	11
	37.7
	107.2167
	10

	12
	37.9
	107.45
	15

	13
	44.0417
	116.3667
	6

	14
	40.666667
	80.666667
	3

	15
	40.666667
	81.25
	3

	16
	40.666667
	81.216667
	3

	17
	40.6583
	81.2333
	3

	18
	36.435
	109.33
	6

	19
	36.33
	108.75
	6

	20
	36.435
	109.33
	6

	21
	33.165
	74.6908
	13

	22
	43.13
	-88.87
	117

	23
	34.5583
	107.9333
	10

	24
	35.7333
	107.6333
	10

	25
	46.6316
	48.3892
	14

	26
	31.40
	-100.40
	4

	27
	31.50
	-96.90
	4

	28
	-34.10
	-63.70
	1

	29
	34.30
	-99.80
	1

	30
	-34.00
	-63.80
	8

	31
	-35.10
	-64.50
	4

	32
	36.60
	-101.60
	8

	33
	38.50
	-101.60
	8

	34
	-34.00
	151.00
	5

	35
	37.87
	110.18
	6

	36
	42.9167
	120.6833
	10

	37
	37.35
	100.0667
	8

	38
	38.3333
	109.7333
	12

	39
	36.2667
	106.425
	40

	40
	35.2333
	107.6833
	21

	41
	43.355
	115.435
	14

	42
	-28.1324
	26.9455
	2

	43
	-28.2543
	29.0318
	2

	44
	-29.2934
	27.0266
	2

	45
	44.4167
	88.0417
	19

	46
	38.8083
	110.3667
	30

	47
	51.00
	36.00
	22

	48
	47.025
	0.833333
	6

	49
	39.4
	100.35
	7

	50
	44.1
	88.0417
	8

	51
	45.68
	-95.75
	25

	52
	26.2624
	105.7741
	12

	53
	23.275
	92.3667
	6

	54
	45.8
	-119.55
	36

	55
	34.5583
	107.9333
	9

	56
	34.8
	108.15
	9

	57
	44.3342
	-95.5544
	12

	58
	39.2333
	100.1917
	6

	59
	42.0417
	86.4417
	15

	60
	42.05
	86.55
	3

	61
	42.1667
	86.5
	3

	62
	36.05
	108.5
	30

	63
	44.3333
	87.9063
	60

	64
	49.15
	19.59
	3

	65
	32.52
	94.07
	15

	66
	32.6333
	-86.3333
	9

	67
	44.4
	85.775
	30

	68
	38.28
	109.75
	6

	69
	44.7333
	123.7333
	28

	70
	36.85
	109.3167
	65

	71
	36.75
	109.25
	45

	72
	36.2167
	103.7833
	18

	73
	36.7333
	109.2417
	26




Supplementary Table 2. The management practices reported in the literature concerning cropland.
	Study
	Upland or paddy field
	Irrigation
	Type of crops
	Fertilization

	Song et al., 2020
	Upland
	No
	Wheat-maize rotation
	Yes

	Jelinski et al., 2009
	Upland
	\
	Maize-soybean rotation
	\

	Li et al., 2016
	Upland
	Yes
	Brassica campestris
	Yes

	Wang et al., 2019
	Upland
	Yes
	Cotton, maize, and wheat
	Yes

	Loke et al., 2019
	Upland
	\
	Wheat-maize rotation
	Yes

	Sartori et al., 2007
	Upland
	Yes
	Onion, potato, wheat, pea, and maize
	Yes

	Strock et al., 2022
	Upland
	No
	Maize
	\

	Mikhailova et al., 2006
	Upland
	\
	Soybean, red clover, barley, maize, sugar beet, winter wheat, and sunflower.
	Yes

	Papiernik et al., 2007
	Upland
	\
	Wheat, soybean, and maize
	\

	Bughio et al., 2016
	Upland
	Yes
	Wheat-maize rotation
	Yes

	Chang et al., 2012
	Upland
	No
	Wheat
	Yes

	Liu et al., 2014
	Upland
	\
	Wheat, oat and potato
	Yes

	Liu et al., 2016
	Upland
	\
	Maize
	\

	Yu et al., 2014
	Upland
	No
	Maize and soybean
	Yes

	Jia et al., 2019
	Upland
	\
	Wheat and maize
	Yes

	Hussain et al., 2019
	Upland
	\
	Maize-wheat/mustard
	\

	Zhang et al., 2018
	Upland
	No
	\
	Yes

	Juvinyà et al., 2021
	Upland
	\
	\
	\

	Cardinael et al., 2020
	Upland
	\
	\
	Yes

	Denef et al., 2008
	Upland
	Yes
	Wheat–maize–soybean rotation
	Yes

	Kim et al., 2020
	Upland
	Yes
	Wheat, maize, soybean, etc.
	Yes

	Zhang et al., 2013
	Upland
	Yes
	Maize and wheat
	Yes

	Geng et al., 2008
	Upland
	\
	Wheat
	\

	Niu et al., 2016
	Upland
	Yes
	Cotton, corn, and grape
	\

	Gong et al., 2017
	Upland
	Yes
	Cotton
	\

	Yan et al., 2016
	Upland
	Yes
	Cotton, corn, grape, etc.
	Yes

	Zhang et al., 2012
	Upland
	\
	\
	\

	Luo et al., 2017
	Upland
	Yes
	Wheat, maize, and grape
	Yes

	Wang et al., 2016
	Upland
	\
	Foxtail millet, maize, potato, and soybean
	\

	Han et al., 2018
	Upland
	No
	Maize
	Yes

	Qin et al., 2022
	Upland
	\
	Maize-Brassica napus rotation
	\

	Lan et al., 2021
	Upland
	\
	Potato, green onion, and millet
	Yes

	Sahoo et al., 2019 
	Upland and paddy field
	\
	Rice, banana, papaya, etc.
	Yes

	Deng et al., 2016
	Upland
	\
	Maize
	Yes

	Berhongaray et al., 2013
	Upland
	\
	Soybean, wheat, and maize
	\




Supplementary Table 3. Major soil classifications and pH ranges across the reviewed studies.
	Study
	pH
	Soil classification

	An et al., 2019
	8.8-9.2
	Arenosol

	An et al., 2016
	\
	Solonchak

	Berhongaray et al., 2013
	4.9-9.5
	Mollisol

	Bughio et al., 2016
	7.6-8.3
	Fluvic Cambisol

	Cardinael et al., 2020
	\
	Fluvisol

	Chang et al., 2012
	\
	Entisol

	Conti et al., 2014
	6.9-7.8
	Aridisol

	Denef et al., 2008
	6-7
	Mollisol

	Deng et al., 2016
	7.2-7.7
	Cambisol

	Deng et al., 2017
	7.5-9.5
	Solonchak

	Gao et al., 2018
	8.1-8.6
	Cambic Arenosol

	Gao et al., 2017
	8.0-9.0
	Quartzipsamment

	Geng et al., 2008
	6.4-7.9
	Mollisol

	Gong et al., 2017
	7.6-8.7
	Kastanozem

	Han et al., 2018
	\
	Cambisol

	Hussain et al., 2019
	6.5-7.2
	Entisol

	Jelinski and Kucharik, 2009
	7.1-7.5
	Entisol

	Jia et al., 2019
	\
	Cambisol

	Jin et al., 2014
	\
	\

	Juvinyà et al., 2021
	Neutral-alkaline
	Calcaric Regosol, Calcic Luvisol

	Kim et al., 2020
	\
	Mollisol

	Knowles and Singh, 2003
	8.9-9.3
	Vertosol

	Lan et al., 2021
	\
	Loessi-Orthic Primosol

	Li et al., 2013
	\
	Cambic Arenosol

	Li et al., 2016
	8.0-8.6
	Dark Chestnut soil

	Li et al., 2021
	7.7-8.1
	Aeolian Sandy soil

	Liu et al., 2014
	8.1-8.7
	Loessial soil, Mountain Gray Cinnamon soil

	Liu et al., 2017
	7.6-8.1
	Dark Loess soil

	Liu et al., 2020
	8.5-9.2
	Kastanozem

	Loke et al., 2019
	5.6-6.2
	Plinthosol

	Luo et al., 2017
	\
	Entisols, Aridisol

	Mao et al., 2018
	8.4-9.2
	Aridic Calcisol

	Mikhailova and Post, 2006
	5.8-7.8
	Hapludoll

	Nadal-Romero et al., 2016
	7.0-8.0
	Leptic Calcaric Regosol

	Niu et al., 2022
	8.3-9.0
	Wind-sand soil

	Niu et al., 2016
	8.5-9.0
	\

	Papiernik et al., 2007
	6.7-7.6
	Hapludoll

	Qin et al., 2022
	6.0-7.0
	Mollic Inceptisol

	Sahoo et al., 2019
	4.1-6.0
	\

	Sartori et al., 2007
	5.0-8.2
	Torripsamment

	Song et al., 2020
	7.0-8.5
	Anthrosol

	Strock et al., 2022
	6.6-8.0
	Eutrudept

	Su et al., 2010
	\
	Aripsamment, Calciorthid

	Wang et al., 2015a
	8.2-8.4
	Haplic Calcisol, Calcaric Cambisol

	Wang et al., 2015b
	8-9.4
	Haplic Calcisol, Calcaric Cambisol

	Wang et al., 2016
	7.9-8.3
	Haplustalf

	Wang et al., 2019
	7.5-9.9
	Aridisol

	Wasak and Drewnik, 2015
	4.3-7.9
	Hyperskeletic Leptosol

	Wu et al., 2008
	8.0-9.2
	Entisol

	Yao, 2020
	\
	Aeolian soil, Saline-alkali soil

	Yu et al., 2014
	7.8-9.3
	Salic Solonetz

	Zhang et al., 2012
	\
	Loessial soil

	Zhang et al., 2013
	8.8-9.4
	Sierozem

	Zhang et al., 2018
	~8.5
	Calcaric Cambisol

	Zhao et al., 2016
	8.4-8.6
	Calcaric Cambisol
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