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Is the Change of Soil Carbon Capacity Persistence Rising or Remain Stable With Maturity of Vegetation Restoration?
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Emerging consensus is that land-use change resulting through the “Grain for Green” project has had a significant impacted on soil organic carbon (SOC), thereby probably enhancing the carbon sequestration capacity of terrestrial ecosystems. However, it remains largely unknown whether a watershed acts as a source or sink of soil carbon during the later period of ecological restoration. This study comprehensively investigated the changes of SOC stock in 2005, 2010, and 2017 along different land-use types. It was aimed to evaluate the dynamics to SOC storage capacity over different vegetation restoration maturity in the Shanghuang Watershed, China. The results showed that restoration increased the accumulation of organic carbon pools in the early stage. Significant increases in SOC stock were observed in shrubland and grassland in comparison to that in other land uses, and these two land-use types represented the optimal combination for ecological restoration in the basin. The SOC stock did not increase indefinitely during the long-term vegetation restoration process, but rather first increased rapidly with vegetation planting and reached a peak, following which it declined slightly. Therefore, pure vegetation restoration cannot maintain a permanent soil carbon sink, some measures to maintain the stability of carbon and to prolong soil C persistence are essential to take.
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GRAPHICAL ABSTRACT. This study comprehensively investigated the dynamics to SOC storage capacity over different vegetation restoration maturity in the Shanghuang Watershed, China. The results showed that restoration increased the accumulation of organic carbon pools in the early stage. The SOC stock did not increase indefinitely during the long-term vegetation restoration process, but rather first increased rapidly with vegetation planting and reached a peak, following which it declined slightly. Therefore, pure vegetation restoration cannot maintain a permanent soil carbon sink, some measures to maintain the stability of carbon and to prolong soil C persistence are essential to take.


INTRODUCTION

The soil carbon pool accounts for a large proportion of the total global carbon pool, and is equivalent to more than twice the terrestrial vegetation carbon pool (1, 2), and three times the size of the atmospheric carbon pool (3, 4). As a sink or source for atmospheric C, soil carbon plays an active role in maintaining the global C balance (5). The processes of soil organic carbon sequestration and decomposition are regulated by several biological factors, such as land use conversion, as well as non-biological factors (6). Wang et al. (7) reported that SOC was significantly increased at the patch scale through the transformation of farmland to shrubland and grassland. Thus, land-use conversion may directly affect the sequestration or release of carbon from soil (8, 9). Similar to the effect of land-use conversion, restoration has been shown to improve soil carbon storage and the carbon sequestration capacity of the terrestrial ecosystem (10, 11). Therefore, the question remains over whether SOC stock will continue to increase indefinitely as the maturation of vegetation restoration increases or whether an SOC capacity peak occurs. Thus, it is significant to accurately evaluate the contribution of carbon sequestration, according to the land-use conversion and vegetation restoration maturity. That is beneficial to the research of sustainable development of soil ecosystem and global climate change.

Land-use has a distinct influence on SOC storage (12), and it has been demonstrated that land-use change rather than changes to the climatic is the main reason for the increase in annual net primary production (NPP) (13). Differences in land use can result in differences in the soil ecosystem material cycling processes that affects the input and decomposition rate of soil organic matter (14), soil properties and the distribution of carbon stocks (15). A study by Fang et al. (16) suggested that the cumulative SOC contents of natural grassland and shrubland were significantly higher than those of other land uses. After reviewing 33 related publications, Laganière et al. (17) found that the conversion of cropland to plantations resulted in a 26% increase in SOC stocks. Although past studies have shown land-use changes do had critical contribution to SOC sequestrations, the subsequent effects of vegetation restoration on soil carbon sequestration remains unclear.

Similarly, the maturity of vegetation restoration also greatly influences soil C stocks (10). Several studies have found that restoration improves soil carbon sequestration and increases soil nutrients (18, 19). Vegetation restoration projects in some region have been lasted many years and improve soil carbon sequestration. For example, Cheng et al. (20) found that SOC stocks increased with the shrub–dominated revegetation time which the higher SOC stocks in 26-year-old shrubland than 16-year-old shrubland. Vegetation patches can reduce the removal of litter, and the resulting accumulation of litter results in a concurrent accumulation of soil organic carbon (21). Nevertheless, the rapid growth of vegetation may lead to the depletion of soil nutrients through the action of soil microorganisms and root uptake, resulting in the deterioration of soil quality, or even the conversion of carbon sinks into carbon sources (22). Cao et al. (22) found that the amount of litter decreases with stand age, thus reducing the amount of nutrients released into the soil. Therefore, an accurate and reliable assessment of soil carbon storage during the later stage of vegetation restoration is required to facilitate rational planning of future plantation management (23).

A change to agricultural management in the Loess Plateau, China was required during the 1950s due to increasing population pressure. A series of ecological rehabilitation projects were practiced in small watersheds to prevent further deterioration of natural ecosystems (24). For example, the “Grain for Green” project has taken the lead in the conversion of all cropland with a slope >15° to green land in Shanghuang (25) and in the planting of large areas of shrubland in study area of the current study since the 1970s (7). Several studies have since been conducted to clarify the impact of land-use change and revegetation on soil C reserves. Various studies have examined SOC stocks under grassland and shrubland at different recovery times, with results showing either increases (26, 27), reductions (28), or no changes (29). Liu et al. (30) demonstrated an increase in the average percentage of the soil C pool from 20.59 to 32.24% along a 30-year grassland restoration chronosequence. Deng et al. (31) subsequently found that soil carbon stock decreased by 2 Mg ha−1 from the mature stage (~35 years) to the post-mature stage (~45 years). However, Liu et al. (29) found no relationship between plantation age and the dynamics of SOC stocks after afforestation. Thus, the estimation of the changes to SOC storage under different land uses during the later stage of vegetation restoration is required to evaluate the sustainability of the “Grain to Green” project and to maintain soil carbon sequestration.

The present study aimed to examine the dynamics of soil carbon storage resulting from land-use changes through vegetation restoration over a period of 50 years in the Shanghuang Watershed of the Loess Plateau. With consideration of previous research results, the current study had the following objectives: (1) identify the response of the soil organic carbon stock to land-use conversion and the optimal combination of land use for C storage; (2) determine whether the increase in SOC storage with increasing maturity of vegetation restoration results in a peak, and if so, whether SOC storage subsequently stabilizes or gradually declines.

To test these hypotheses, the current study investigated the status of soil C under different land-use types from 2005 to 2017. The results of the present study can provide information for determining whether soil carbon storage can continue to increase and can give an indication of the sustainability of the “Grain to Green” project during the later stages ofvegetation restoration in small watersheds on the Loess Plateau.



MATERIALS AND METHODS


Study Area

The Shanghuang Watershed is a small watershed experience nearly 50 years comprehensive management, that located in the hilly-gully region on the Loess Plateau, Guyuan, Ningxia Province (106°26′-106°30′ E, 35°59′-36°02′ N). The watershed covers an area of 8.19 km2, with an elevation ranging from 1,530 m to 1,822 m. The study area has a semi-arid climate with an average annual temperature of ~6.9°C. The annual mean precipitation of the watershed measured from 1982 to 2002 is 419 mm, of which 24% occurs in August, with the rainy season starting in July and continuing until October. The dominant soil type in the study area is classified as Loessal Cambisol by the Chinese Soil Taxonomy Research Group (32). A survey in 1982 found that the research area is characterized by broken topography, a degraded ecological environment and lagging agricultural productively (Figure 1). The loessal soil of the study area has weak cohesion, with slope runoff during the rainy season resulting in serious soil loss through water erosion (33). Soil and water conservation and vegetation restoration efforts have been conducted in the watershed since the 1970s (34), with the former achieved through land reclamation dedicated tocontrolling soil erosion and improving land quality. Since 90% of the watershed comprises of hilly land and the elevation of 51% of the watershed falls between 153.3 and 1,822.0 m, and watershed is closely dissected and sharp-edged with steep slopes (24, 35). Therefore, the land reclamation program relocated farmland situated on high slopes (>25° slope) to areas with lower slopes to facilitate the establishment of shrubland and grassland. The implementation of the “Grain for Green” program over 40 years resulted in the study area being transformed to such a degree as to be an example of successful land reclamation and comprehensive management. A field investigation in 2017 along with the study of satellite and remote sensing images determined the main land uses and vegetation species to include shrubland (Caragana korshinskii), cultivated grassland (Medicago sativa L.), and natural grassland (Artemisia gmelinii, Stipa bungeana, Artemisia scoparia, Artemisia stelleriana, Stipa grandis, Thyme, and Potentilla chinensis) (Figure 1). The presence of different land-use types is advantageous for ecological rehabilitation by improving the environment, soil and water conservation and the standard of living of the local inhabitants (35).


[image: Figure 1]
FIGURE 1. Land uses conversion in Shanghuang watershed from 1982 to 2017. (A) in 1982; (B) in 2005; (C) in 2010; (D) in 2017.


Analysis of land-use change was conducted in ArcGIS, with land-use data derived from digitized 1:10,000 scale topographic maps from 1982, color infrared photographs taken in 1990 and orthophotos of 2005 and land-use field studies conducted in 2010 (36). Landsat 8 remote sensing images, including Landsat bands 5, 4, and 3, were used for a precise validation of land-cover categorization for 2017. The identification of land use was improved through the use of sky map data (http://www.tianditu.gov.cn/) for comparison and supplementation. A land-use classification system was used to introduce uniformity and comparability in the study, with the primary categories including: (1) Shrubland; (2) cultivated grassland; (3) natural grassland; (4) farmland and; (5) abandoned farmland.



Soil Sampling and Laboratory Analysis

SOC data were collected by the same research team during 1987, 2005, and 2010 (Table 1). However, the sampling depths implemented differed among the different sampling periods due to differences in research aims. A total of 35 samples were collected from natural grassland in 1987, with a sampling depth of only 0–10 cm. Samples were collected at two soil depths of 0–20 cm and 20–40 cm in 2005. The sampling depths were 0–10 cm, 10–30 cm, and 30–60 cm in 2010 (42). A total of 36 samples were collected in the study area during July 2017 according to the different land use classes, with the number of samples determined by the proportion of the total area accounted for by each land use. As shown in Figure 1, most farmland was transformed to abandoned farmland with a sporadic distribution, as the distribution of shrubland was abroad. The number of samples taken from shrubland exceeded that taken from other land uses (Figure 2). Information on the location (sampling site coordinates) was recorded using a portable global positioning system (GPS) (Figure 2), with the basic information including land use, vegetation type and dominant vegetation species. A non-equidistant irregular grid method was used to collect samples, and 6–7 replicates were taken for each site using a 20 × 5 cm soil auger. A sampling depth of 0–40 cm was implemented, with the total depth divided into three layers, namely 0–5, 5–20, and 20–40 cm. Each fresh soil (1.5–2.0 kg) sample was placed into a plastic bag for laboratory analysis.


Table 1. Sampling strategies from 1987 to 2017.
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FIGURE 2. Location of the study area and distribution of sample sites. (A) 2010; (B) 2017.


All soil samples were passed through a 2 mm sieve after air dried at room temperature. The SOC content was measured by the potassium dichromate volumetric method (43). Soil bulk density in each layer was measured by applying the core ring method to 2–3 replicates using a stainless steel cutter with dimensions of 5.0 cm in diameter and 5.0 cm in length.



Statistical Analyses

The study analyzed the variances in the effects of the different land-use types and the maturity of vegetation restoration on SOC content using one-way analysis of variance (ANOVA) (33). A significant difference level of p < 0.05 was used. In this paper, repeated sampling was conducted according to the number of sampling during statistical analysis. The mean of organic carbon content and its standard error were calculated in the sampling results. The least-significant difference (LSD) test was used to conduct multiple comparisons of SOC among the different land-use types and vegetation restoration when a significant difference was observed. All statistical analyses were performed using the software program SPSS ver. 20.0 (SPSS Inc., Chicago, IL, USA). Since the study was not able to compare non-uniform SOC data, the indices of total quantity of SOC were compared to spatial SOC values, which can eliminate the influence of different sample numbers. At the same time, the two parameters in the equation, Hi and n, eliminated the effect on the soil depth and soil layers.

Therefore, the study selected SOC density (Dsoc) and SOC storage (Ssoc) for the analysis of the storage of SOC among the five land-use types. In general, Dsoc refers to the mass of SOC contained in soil per unit area at a specific depth, which can be calculated as (26):
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In Equation (1), Dsoc is soil organic carbon density (kg m−2), Ci is the gravel content on layer i (particle size >2 mm, volume%), Biis the soil bulk density in layer i (g cm−3), SOCiis the content of soil organic carbon in soil layer i (g kg−1), Hiis the thickness of the soil layer (cm), n is the number of total soil layers (cm).

Since there are non-uniform soil depth of SOC data, in order to make SOC density of 2010 comparable at the same sample depth, it is necessary to adjust the original SOC density to the top 40 cm using the depth functions. Specifically, the SOC density decreases with soil depth and the changes can be described by a function Equation (2). It could be converted to the Dsoc in the top 40 cm from the original Dsoc using Equation (3) (44, 45).
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In Equations (2) and (3), γ is the cumulative proportion of the SOC density from the soil surface to the depth d (cm), β is the relative reduction rate of decrease of the SOC density with soil depth which were adopted to calculate the value of 0.9786 (44), SOC40 is the SOC density adjusted to 0–40 cm soil layer (g m−2), d0 is the original soil depth available in 2010 (cm), SOCd0 is the original soil C density (g m−2).

Ssoc refers to the total SOC stock within the region (46). To assess the Ssoc of an area with a specific land use, the following formula was applied:

[image: image]

In Equation (4), Ssoc represents soil organic carbon storage (kg), Si is the area of land use and Dsoci represents soil organic carbon density (kg m−2).




RESULT


Land-Use/Cover Change

There were considerable changes to land use in the Shanghuang Watershed from 1982 to 2017. The dynamics of land use over the entire study period could be divided into three stages (36). The land-use structure of this watershed remained relatively simple prior to 1982, with natural grassland and cultivated land being the primary land uses, cumulatively accounting for 84.42% of the total area of the main land-use types and with the area of natural grassland being the largest (Figure 3). Cultivated land occupied the dominant position between 1982 and 2005, during which the area of cultivated land increased rapidly due to increasing population pressure (42), with the area of cultivated land reaching a maximum in nearly 40 years. The establishment of a scientific research base at the same time facilitated a long-term positioning experiment to be conducted, and as vegetation was gradually restored, the area of shrubland increased sharply at a rate of 12.09 ha per year (Figure 3). The increases in the areas of farmland and shrubland were mainly at the expense of natural grassland (36). As time progressed, the area of shrubland continued to increase whereas the areas of arable land and grassland decreased significantly from 2005 to 2010. The area of shrubland increased by a factor of 1.3 from 348.90 to 453.99 ha, whereas the area of natural grassland decreased by 30.39%. Shrubland became the major land use from 2010 to 2017 (Figure 3). The area of farmland increased by 24.67% during this period, whereas there were no significant changes in the areas of the other land uses, and the landscape pattern basically stabilized as a whole (36).


[image: Figure 3]
FIGURE 3. Change of land use structure.




Soil Organic Carbon Content and Analysis

The rank of land-use types in terms of mean SOC content was roughly (Table 2): natural grassland > shrubland > cultivated grassland > abandoned farmland > farmland. The one-way ANOVA showed that the SOC content in natural grassland and shrubland were significantly higher than those of farmland and abandoned farmland (p < 0.05). The SOC content decreased as soil depth increased among the different land-use types (p < 0.05). The highest SOC content of each soil layer occurred under the same land use. Shrubland and natural grassland showed the highest SOC content in the different soil layers in the topsoil compared with other land-use types.


Table 2. Content of SOC in 1987, 2005, 2010, and 2017.
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Soil Organic Carbon Density and Analysis

As shown in Figure 4, DSOC showed a trend of decreasing with increasing depth among maturing stages. The highest values of DSOC were found in natural grassland, shrubland and abandoned farmland in the early stages of vegetation restoration (Figure 4). Farmland showed the lowest DSOC, whereas cultivated grassland had a moderate DSOC. The change in DSOC from the surface soil to the deep soil layer was not significant, besides for natural grassland in 2010. Natural grassland showed the highest decrease in DSOC from 3.39 kg m−2 in the surface soil (0–20 cm) to 2.14 kg m−2 in the soil layer (20–40 cm), followed by shrubland, cultivated grassland, abandoned farmland, and farmland. Meanwhile, besides for natural grassland, the change in DSOC among the various land uses was also not significant. However, there were smaller differences in DSOC values among the various land uses in 2017 compared to those in 2005 and 2010.


[image: Figure 4]
FIGURE 4. Soil organic carbon density among the different land-use types in 2005–2017.




Soil Organic Carbon Storage

The study further investigated the SOC storage responses among different land-use types and maturity of vegetation restoration, with the results of the analysis shown in Figure 5. The greatest changes in SOC stock occurred during the earliest stage of artificial restoration due to extensive planting of cultivated grassland and shrubbery. The SOC stock of farmland showed a decreasing trend over a cultivation period exceeding 50 years. SOC stock slightly decreased with increasing plantation period from 34.20 × 106 to 29.34 × 106 kg between 2005 and 2010 (Figure 5B). Nonetheless, following afforestation, the increases in SOC stock did not continue indefinitely. This result demonstrated that the SOC stock was 26,443 t in 2017, indicating a loss in C from 2010 to 2017.


[image: Figure 5]
FIGURE 5. (A,B) Soil carbon storage of different land use types in 2005, 2010, and 2017.





DISCUSSION


Changes to Land-Use Coverage

Changes to land uses can occur through a conversion from one land use type to another or by increase or decrease in area within single land-use types (47). This study found that land use in the Shanghuang Watershed changed, with increases in the areas of shrubland and grassland due to artificial planting and natural restoration, whereas the area of farmland decreased due to the conversion resulting from the “Grain for Green” project.

The primary land uses was natural grassland before 1982 (Figure 1A). But, growing exploitation of farmland resources due to population growth over the last century in combination with poor land management practices has resulted in environmental challenges such as deforestation, overgrazing and over reclamation (48). A net loss rate of 32.05% of its natural grassland area for the periods 1982–2005, resulting in the serious soil erosion and accelerated nutrient loss (35). Considering the size lost by natural grassland, the total loss during 1987–2005 was estimated to be 1,062 t·yr−1 for the top 0–10 cm soil depth (Tables 1, 2). In order to solve the problem of soil erosion, Shanghuang Watershed constituted a pioneering experiment in starting large-scale cropland abandonment and vegetation restoration in the early 1970s, and established a research station in 1982 with support from the Chinese Government.

When the problem of soil erosion was solved, researchers began to focus on ecological benefits using carbon stocks as an evaluation system (17, 49). Numerous studies have shown that grassland and shrubland added more carbon to soil, while farmland caused more soil C loss to soil due to harvesting and plowing (50, 51). So after 2010, the land use pattern dominated by grassland and shrub land was gradually stabilized in Shanghuang Watershed (Figure 3). It can be concluded that the change in land-use types in Shanghuang was not only related to natural disasters, but also closely related to economy and policy and ecosystem restoration status. It is recommended that long-term monitoring using remote sensing and UAV technology can be used to strengthen monitoring and to establish a corresponding evaluation system (36, 47).



Spatial and Temporal Variation in SOC Storage

SOC content depends on the balance between carbon inputs and carbon mineralization. Different microclimates, soil changes and organic matter inputs exist among different land uses, which affect SOC decomposition (35). Soil acts either as a carbon source or as a carbon sink (52).

In this study determined that SOC content was highest in shrubland and natural grassland among all the studied land-use types (16). This finding is consistent with those of previous studies (20, 53), which showed that SOC increased with the increasing maturity of shrubland and grassland. This result can probably be attributed to aboveground biomass and fine root density of shrubland being significantly greater than those of other land-use types (10, 48). Carbon is fixed through the aboveground leaves via photosynthesis, following which C is transferred to soil via litter input, root turnover and soil microbial decomposition, which contributes to the accumulation of C in the soil (20). Conventional tillage results in loose soil that is vulnerable to water erosion, thereby resulting in serious soil erosion and carbon loss. In addition, harvesting of crops resulted in a large proportion of the carbon content of crops not being returned to the soil. These factors all result in reduced SOC stocks in cropland. Thus, soil acts as a C sink during restoration when farmland is converted to shrubland and natural grassland (10). Therefore, natural grassland and shrubland are optimal land-use types for ecological restoration in the Shanghuang Watershed (23).

A number of studies have shown that vegetation restoration can have a major effect on the soil C pool following afforestation (54, 55). Nevertheless, field studies have shown that carbon stocks respond differently depending on the maturity of vegetation restoration, with carbon stocks either increasing (19), decreasing (56), or remaining unchanged (57) with increasing maturity of vegetation restoration. The results of this study showed that since the initiation of the returning farmland into shrublands and grasslands 45 years ago, soil carbon stocks showed an initial increasing trend (35), followed by a decreasing trend after ~30 years (Figure 5B), thereby supporting the primary hypothesis of the present study. The frequently observed initial soil carbon sequestration following afforestation has been primarily attributed to reduced loss of soil C through reducing soil erosion (23, 58). Vegetation restoration also increases soil aggregate stability to reducing soil C losses and increases litter and roots input to improving soil C stocks (17, 21, 59, 60). An examination of the consumption of soil carbon by older plantations has shown that the large amount of carbon released from the soil may even offset the carbon supply of vegetation (28). Some studies have found that afforestation does not necessarily increase SOC stocks, but instead decreases SOC stocks during the later stages of succession (61). Similar findings were reported by a study on a shrub plantation situated on the Loess Plateau, China, during which SOC stocks decreased by almost 25% over a period of afforestation succession of 10–30 years (62). Moreover, a previous study has shown that although forests sequester C in the long term, the soil C stocks of shrubland and grassland had decreased significantly 30 years after having been converted from cropland (63). The results of our study showed that the soil carbon stocks of more mature vegetation restoration (>30 years) decreased slightly after reaching a peak, indicating a decreased vegetation productivity, a higher consumption of C through microbial decomposition, and relatively stable microclimate conditions in more mature vegetation restoration. A study by Peng et al. (64) revealed that depletion of SOC could also result from the restriction of drought conditions within restored vegetation older than 20 years, resulting in a reduction in the growth of forest and grassland, a decrease in soil organic matter content, and ultimately a reduction in soil carbon storage in the Loess Plateau. However, it is worth noting that further research should monitor the duration of the C reduction state and should determine whether subsequent plant diversity is likely to promote the absorption and storage of C in the ecosystem and soil (61).



Implications for Sustainability of Afforestation

The maturities of ecological restoration projects in some countries and regions have exceeded 20 years and have achieved enormous ecological benefits (22). The results of our study suggested that about 30 years of planting, the trend of increasing soil carbon pool was not sustained, and SOC stock decreased slightly as a saturated C state was reached (54). Moreover, previous studies have confirmed that a slight soil carbon stock loss due to a water deficit occurred in some shrublands (62). Meanwhile, a previous study found that the SOC of mature restored grassland generated by root and litter decomposition was insufficient to meet the needs of cultivated grassland microorganism, which led to an increased in the SOC consume in grassland soil (35). This result indicates that the improvement in land quality through revegetation is not permanent and that more attention should be focused on the sustainability of revegetation (13). As soil nutrients and water are limiting resources, nutrient should be supplied or vegetation should be harvested during the later stage of planting to maintain the sustainable development of the “Grain to Green” project in the Loess Plateau and other semi-arid or water-limited areas (20).




CONCLUSIONS

The return of farmland to shrubland and grassland can increase the accumulation of organic carbon pools. In particular, grassland and shrubland are the optimal land-use types for this purpose. Nonetheless, the results of this study showed that benefits were not maintained over the long term (>40 years). Thus, afforestation cannot maintain a permanent soil carbon sink, and more focus should be placed on identifying measures to prolong the persistence and stability of carbon in soil.
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