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Terraced fields increased soil
organic carbon content in
croplands of the loess plateau
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Terracing is widely distributed in mountainous and hilly areas worldwide to increase grain production,
control soil erosion, increase soil moisture, and improve soil quality, potentially impacting soil carbon
pools. This study investigates how agricultural activities and ecological restoration measures affect soil
carbon pools in terraced areas of the Chinese Loess Plateau. We established an observation system in
typical terraces and collected soil samples from 0 to 100 cm depth in terraces with different crops and
ecological restoration vegetation. Our results show that terracing effectively increases soil organic
carbon (SOC) content, with terraced cropland (7.7 g kg~*) having higher SOC than sloping cropland
(4.9 g kg™1), In the 0-100 cm layer, SOC content in terraced wheat fields was 1.5 times higher than in
sloping wheat fields, with the most significant increase in the top 0-30 cm. This increase is attributed
to improved soil and water conservation capacity and agricultural activities. Short-term abandonment
led to SOC loss, while replanting fruit trees and crops increased SOC. Our findings provides valuable
insights for agricultural management and ecological restoration in terraced areas of the Loess Plateau
and contributes to the development of effective carbon sequestration policies for terraced arable lands.
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Soil organic carbon is a key element of the global carbon cycle! and serves as a significant indicator for assessing
soil quality and land productivity?. In the context of global climate change, understanding SOC dynamics
in anthropogenic landscapes, is of great importance to is crucial for developing effective carbon sequestration
strategies while maintaining agricultural sustainability. Despite the importance of soil carbon, SOC reserves
have been declining worldwide?, highlighting the urgent need for management practices that can enhance
carbon storage while supporting agricultural production and ecological restoration.

Agricultural terracing is a crucial landscape engineering measure to reduce soil erosion, maintain soil
fertility, and increase agricultural productivity™®, which is one of the ways to achieve sustainable agricultural
development. The conversion of slopes into terraces significantly increases the cultivated area. Moreover, it helps
prevent erosion problems” and effectively increases food production®. Terraces are widely distributed and have
created environmental benefits in countries in East Asia, the Mediterranean, and Southeast Asia’. Terracing has
been practiced in China for millennia as a traditional agricultural technique, with some ancient terraces dating
back to the Han Dynasty over 2000 years ago. However, the widespread implementation of terraced fields in
the Loess Plateau region is relatively more recent, with approximately 85% of the current terraces constructed
between 1950 and 2000 as part of systematic soil and water conservation efforts. The terracing promotion
during this stage significantly altered regional soil organic carbon (SOC) dynamics: Surface SOC content and
carbon storage exhibited a phased accumulation trend under the synergistic effects of cultivation intensity,
cover management, and crop rotation practices, while the improvement of microbial habitats and aggregate
structure promoted carbon stabilization. Currently, terracing construction is transitioning towards more refined
management and enhanced ecological functions, gradually incorporating governance approaches that integrate
agroforestry complexes, energy-food coupling, and carbon sink function optimization. Terraced fields that were
established earlier typically have higher soil organic carbon content. This is because these older terraces have
undergone a longer process of soil organic matter accumulation, resulting in the accumulation of more fresh
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organic matter, which enhances soil organic carbon storage. This enhancement is primarily attributed to reduced
erosion, improved water retention, and the gradual accumulation of organic matter over time!®!'!. In contrast,
newly constructed terraces often have lower organic carbon content due to the removal of topsoil, which requires
a longer time for soil organic matter reconstruction'>!3. The construction process of terraces fundamentally
alters soil structure and carbon dynamics. During terrace establishment, the excavation of hillslopes and
redistribution of soil materials unavoidably disrupts the original soil profile, often resulting in topsoil removal
and subsoil exposure on terrace surfaces'?. This disturbance temporarily reduces SOC content and alters its
vertical distribution within the soil profile'>. However, over the long term, the enhanced water retention capacity
and reduced erosion rates of properly maintained terraces create favorable conditions for carbon accumulation
and stabilization. Research has shown that terraced soils can contain significantly more unprotected SOC (such
as coarse particulate organic carbon) compared to non-terraced soils, indicating enhanced potential for carbon
storage when appropriate management practices are implemented!®!”. During the construction of terraces, it is
inevitable to strip topsoil and expose deep soil, resulting in a large amount of new subsoil covering the surface
of the terraces. This severe soil disturbance may alter soil organic carbon dynamics'?, but the potential long-
term benefits of terrace construction are considerable!®. Nevertheless, many terraces are experiencing ridge
damage and collapse due to a lack of maintenance or land abandonment. This not only reduces soil and water
conservation benefits but also potentially increases erosion and carbon emissions’.

Beyond physical landscape modification, vegetation type plays a crucial role in determining SOC content
and distribution within terraced systems'®. Since 2000, significant land use changes have occurred across the
Loess Plateau region, through the implementation of ecological restoration programs, including the conversion
of arable land to woodland and grassland'®-2!. These vegetation changes have profound implications for carbon
sequestration, as different plant communities vary in their capacity to contribute organic inputs to soil and
influence microbial processes that regulate carbon cycling®?. Recent research has shown that natural vegetation and
afforested sites typically exhibit higher SOC storage compared to croplands, with variations in both the quantity
and quality of stored carbon?’. The integration of trees with crops in agroforestry systems has demonstrated
particular promise for enhancing SOC sequestration while maintaining agricultural production?*-2.

While previous studies have documented the general effects of terracing and vegetation type on topsoil
organic carbon, several critical knowledge gaps remain. First, most research has focused exclusively on surface
soils (0-30 cm), potentially overlooking significant carbon dynamics in deeper soil layers that may respond
differently to land management practices”. Recent studies suggest that deep soil carbon (below 30 cm)
constitutes a substantial portion of the total soil carbon pool and may exhibit distinct responses to management
interventions®®. Second, the interactive effects of terracing, abandonment duration, and vegetation succession
on SOC fractions remain poorly understood. Carbon fractions differ in their stability and turnover rates, with
implications for long-term carbon sequestration potential. Understanding how management practices influence
different carbon pools is essential for developing effective carbon management strategies®>. Third, there is limited
information on how specific management practices modify the carbon sequestration benefits of terracing'.
Therefore, we collected soil samples from terraced fields and slopes, including terraces with different land uses
and crop types. Our focus was on three main aspects: (1) to quantify and compare SOC stocks and vertical
distribution patterns (0-100 cm depth) across terraces under different land use types (cropland, grassland,
forest) and management regimes, assessing how these factors interact to influence carbon storage potential; (2)
to investigate the temporal dynamics of SOC following terrace abandonment by analyzing a chronosequence of
abandoned terraces, determining how carbon content and fractions change with abandonment duration and
vegetation succession; (3) to evaluate the relationships between different vegetation types and SOC fractions,
identifying mechanisms through which vegetation influences carbon stabilization and long-term sequestration
in terraced systems. This study provides innovative insights for comprehensively understanding the carbon
cycling processes in the terraced systems of the Loess Plateau, proposing targeted management measures to
promote the sustainable development of terraced agriculture and mitigate climate change.

Data and methods

Study area

Zhuanglang County is located in the central region of the Loess Plateau (Fig. 1). The area has a temperate
continental climate with an average annual precipitation of 542 mm, of which more than 60% occurs in
summer and autumn (July to October), and an average annual temperature of 7.5 °C. The area is characterized
by loess hilly terrain, with deeply incised gullies, complex topography, and an altitude of 1,521 to 1,784 m%.
The dominant soil type in this area is fine loessial soil, the natural vegetation is mainly herbaceous, shrubs,
coniferous forests, and locust trees, and the crops are wheat, maize, potatoes, and apple trees. The construction
of terraces in Zhuanglang County began in the 1960s as part of a large-scale soil and water conservation effort
aimed at controlling soil erosion and improving agricultural productivity. The terraces in the area are mainly
level bench terraces, constructed by cutting and filling hillsides to create flat planting surfaces with stable risers.
This terracing method has been systematically implemented throughout the county, resulting in one of the most
extensive and well-preserved terraced landscapes on the Loess Plateau. Due to the constraints of soil properties
and irrigation water sources in this region, the growth of crops depends on natural rainfall. In recent years,
however, there has been a significant increase in abandoned terraces, highlighting the widespread issue of terrace
abandonment in the Loess Plateau area.

Terraced soil sample collection

We carried out soil sample collection at the terrace observation system in Yangpota mountain, Dazhuang
Town, Zhuanglang County, with the sampling date being October 2020. The agricultural fields in the area had
been constructed in 1991. The main terracing structure built in the region is the horizontal terrace, which is
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Fig. 1. Study area. (This map data was downloaded from Google Maps and produced in ArcMap.)

an agricultural field with stepped sections along contours on the slopes of loess hills. The width of the terraces
varies from 1.6 to 6 m, and the height of the terrace steps varies from 0.3 to 0.8 m. The terraced slopes are slightly
counter-sloped to collect more precipitation and the slope ranges from 0% to 11%.

We randomly set up 84 sampling sites in the study area, with 77 terraced sampling sites and 7 slope sampling
sites. Crop type, cropping pattern, and agricultural abandonment all affect the soil carbon pool of the terraces,
so the terraces included sampling points for different cropping patterns of apple trees (9), number of sampling
points, vegetable (9), wheat (9), legume (9), potato (9), maize (9), apple tree-legume (3) and apple- potato (3)
(Appendix, Fig. S1). Five abandoned apple tree terraces were included in the terraces and the apple trees were
not removed from the terraces and there was a large amount of weed growth. Three types of restored vegetation
were planted on the terraces: Robinia pseudoacacia L. (4), Pinus tabuliformis Carr. (4) and Medicago sativa L. (4).
The seven slope sites included four wheat plantations and three natural grassland sites (Table 1).

Measuring SOC concentrations in the surface layer of the soil (10-20 cm) alone does not imply soil changes
due to tillage management, so we designed the sampling depth as 1 m. For each identified sample plot, a2x2 m*
area was randomly delineated, and soil samples were collected along the diagonal line at three points within
this area. For each soil layer (0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 c¢m, 50-60 cm, 60-70 cm, 70—
80 cm, 80-90 cm, and 90-100 cm), the three samples collected from the same plot were thoroughly mixed after
removing plant roots and debris to create a composite sample representative of that layer. This process resulted
in a total of 840 mixed soil samples (84 plots x 10 depth intervals).

The soil pH value data and soil organic carbon (SOC) distribution data are sourced from the National Tibetan
Plateau Scientific Data Center? (https://doi.org/10.11888/Soil.tpdc.270281).

Experimental analysis and data statistics

The collected soil samples were placed in sealed plastic bags and pre-weighed aluminum boxes. The soil samples
in the aluminum box were dried in the bake oven at 105 °C for 24 h to measure the soil moisture. After the
samples were completely air-dried at ambient temperature in a shaded laboratory area (to prevent direct sunlight
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Soil
Soil texture fractions moisture(%) | SOC(gekg™!)
Silt
Land types Planting method | Vegetation types Number of soil profiles | Soil depth(cm) | Clay(%) | (%) | Sand(%) | Mean | SD Mean | SD
Wheat 9 0-100 11.1 80.9 | 8.0 24.2 10.36 7.7 2.78
Apple trees 9 0-100 - - - 24.3 9.32 | 7.1 2.39
Potatoes 9 0-100 - - - 26.8 12.98 | 5.2 2.32
Legumes 9 0-100 - - - 23.2 1521 4.5 2.10
Single vegetation Maize 9 0-100 - - - 214 1035 |7.7 2.48
Terrace Robinia pseudoacacia L. | 4 0-100 10.8 79.4 1 9.8 18.2 592 |8.0 2.77
Pinus tabuliformis Carr. | 4 0-100 9.9 84.0 | 6.1 19.3 6.33 9.8 444
Medicago sativa L. 4 0-100 10.9 80.0 | 9.1 20.4 13.62 | 5.6 1.57
Vegetable 9 0-100 - - - 22.1 531 | 6.5 1.80
Apple tree- legumes 3 0-100 - - - 20.2 7.36 | 5.4 1.65
Multiple vegetation
Apple tree- potatoes 3 0-100 - - - 22.7 10.68 | 6.7 1.77
Wheat 4 0-100 10.0 78.0 | 12.0 21.3 13.44 | 4.9 1.07
Sloping land Single vegetation
Grassland 3 0-100 10.4 80.1 | 9.5 21.0 9.62 | 6.0 2.26
Abandoned terraces | Multiple vegetation | Apple trees and weeds | 5 0-100 10.6 78.5 | 10.8 237 |11.35 | 6.4 1.85

Table 1. Number of different types of sampling plots, vegetation types, number of samples, and soil property
data. Note: “~” represents not measured. All soil attribute data values are average values, average soil texture,
soil moisture, and SOC of the 0-100 cm profiles, derived from 10 samples for each profile (10-cm depth
intervals).

exposure that could affect organic carbon), gravels and plant roots were removed from the samples using a sieve
with a particle size of 2 mm. A 0.2 g soil sample was weighed and the concentration of SOC was measured using
a wet oxidation method with dichromate®!. The soil texture, including sand, silt, and clay content, was analyzed
through a laser diffraction technique utilizing a Mastersizer 2000 (Malvern Instruments, Malvern, England).

All data in this paper were analyzed by SPSS 21 statistical software. All collected data underwent normality
testing using the Kolmogorov-Smirnov test and were assessed for homogeneity of variance with Levene’s test,
ensuring P>0.05. Comparative analysis of various management types was performed utilizing a one-way
ANOVA, with significance considered at P<0.05.All data are expressed as means+standard deviation. Graphs
were made using Origin 2021 software.

Results

SOC characteristics of different land use types

The SOC content of the abandoned apple tree terraces (7.46 +0.76 g kg™') was lower than that of the in-use apple
tree terraces (8.16+ 1.02 g kg™!), with a difference of 0.7 + 1.27 g kg!. However, this difference was not statistically
significant according to ANOVA (F=0.01, p=0.92). The SOC content of the wheat-grown sloping fields was
significantly lower than that of the wheat-grown terraces, with the SOC content of the terraces being 1.5 times
higher than that of the sloping fields, with a difference of 3.8 g kg-1 between the two (7.7 g kg > 4.9 g kg'!).
ANOVA confirmed this difference was statistically significant (F=5.10, p=0.045). The SOC content of natural
grassland was slightly higher (6.0 g kg! > 5.6 g kg!) compared to planted grassland, although natural grassland
with weeds had not been terraced. Slopes with natural vegetation were higher in SOC (6.0 g kg™!) than those
under cultivation (4.9 gkg™!) (Table 1).

The vertical variation of SOC at 0-100 cm depth varied among land use types (Fig. 2). Except for the
abandoned land, all land use types showed an irregular decreasing change pattern from the surface layer to the
deep layer of the soil. In the 0-10 cm soil layer, the highest SOC content was found in terraces planted with wheat
and the lowest SOC content was found in terraces planted with M. sativa (ANOVA, F=8.24, p=0.007). Terraces
planted with fruit trees had significantly higher SOC content at 80-100 cm depth than terraces planted with
crops, M. sativa, and natural grassland (ANOVA, F=4.15, p=0.032). The vertical variation of SOC in sloping
fields and terraces planted with wheat was consistent, with their greatest SOC content occurring at 0-20 cm
depth and their smallest SOC content at 90-100 cm depth. In the abandoned terraces, SOC varied between 0
and 80 cm, with the smallest SOC content occurring in the 80 cm soil layer.

Bars denote the standard deviation of the mean, n represents the number of soil profiles.

Characteristics of SOC in terraces of different planting patterns
Differences in SOC were smaller in terraces planted with apple trees and greater between terraces planted with
a single crop (ANOVA, F=3.14, p=0.024). Among all crop types, legumes had the lowest SOC content (4.5 g
kg~1) and maize had the highest SOC content (7.7 g kg~!). The SOC content of concurrent apple tree - legumes
and apple tree - potatoes was higher than that of legumes and potatoes grown alone (5.4 gkg™! > 4.5 gkg™! and
6.7 gkg 1> 5.2 gkg 1) (Table 1).

The vertical distribution of SOC content across a depth of 0-100 cm showed a consistent decline from the
surface soil to the deeper layers for all crops. The SOC content (15.1 gkg™!) of wheat cultivated terraces was the
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Fig. 2. SOC Vertical variation of SOC content by land use type.

highest among all crops at the soil surface (0-10 cm). Terraces planted with apple trees, maize, or wheat had
higher SOC content in deeper soils (30-100 cm). Beans and potatoes had lower SOC content at 50-100 cm depth
than terraces planted with other crops. The difference in SOC content between potato terraces planted alone and
apple tree-potato terraces at 0-20 cm depth was not significant. However, below 20 cm depth, the SOC content
of the apple tree-potatoes combination was significantly higher than that of the terraces planted with potatoes
alone. This difference is also reflected in the legumes and apple tree-legumes (Fig. 3).

Bars denote the standard deviation of the mean, n represents the number of soil profiles.

Characteristics of SOC in terraces with different ecologically restored vegetation
Comparing the SOC characteristics of the three types of ecologically restored vegetation after terracing, the
average SOC content of terraces planted with trees 0-100 cm was higher than that of terraces planted with
forage (ANOVA, F=6.32, p=0.013) (Table 1). In the 0-10 cm surface layer, the SOC content under alfalfa
was significantly lower than that under the two tree species (ANOVA, F=7.18, p=0.009). This difference
became smaller in the 10-20 cm depth (ANOVA, F=2.86, p=0.073, not significant). However, the difference
increased again in the 20-60 cm depth (ANOVA, F=4.92, p=0.022). At 70-100 cm, the difference between the
three vegetation types became smaller, with their SOC contents converging (ANOVA, F=1.25, p=0.318, not

significant).
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Fig. 3. Vertical distribution of SOC content in different crop types.

The difference in SOC between different silvicultural species was higher in P. tabuliformis than in R.
pseudoacacia at 0~100 cm depth, with a difference of 1.83 gkg™! (ANOVA, F=9.78, p=0.006). The significant
difference in SOC between the two species was mainly at 0-70 cm depth, where P. tabuliformis had a higher
SOC content than R. pseudoacacia. The difference in SOC content between the two species became smaller at
the depth of 70-100 cm, and the SOC content of R. pseudoacacia was slightly higher than that of P. tabuliformis
(Fig. 4).

Bars denote the standard deviation of the mean, n represents the number of soil profiles.
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Fig. 5. Distribution of slope and soil organic carbon (SOC).

Effects of terrace construction and abandonment on soil properties
In the Loess Plateau area, the average SOC content of terraces 0-100 cm is 1.4 times higher than that of sloping
farmland (ANOVA, F=5.10, p=0.045) (Table 1). The SOC content decreases with increasing depth, as shown
in Fig. 5. The data show that areas with steeper slopes generally have lower soil organic carbon (SOC) content,
while areas with gentler slopes tend to have higher SOC content. Figure 5 demonstrates that the soil organic
carbon (SOC) content in the surface layer is significantly higher than that in the deeper layers. Compared to
sloping land, terraces have a higher content of both clay and silt in the soil.

(a): Slope; (b): Distribution of SOC at 0-5 cm; (c): Distribution of SOC at 5-15 cm; (d): Distribution of SOC
at 15-30 cm; (e): Distribution of SOC at 30-60 cm; (f): Distribution of SOC at 60-100 cm.
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A significant increase in SOC was observed in terraces compared to sloping lands, particularly in the 0-30 cm
soil layer (Fig. 6). The rate of SOC change was more pronounced in the surface layer (0-20 cm) compared to the
deeper layer (20-100 cm).

(a): Variation in surface morphology by terrace construction; (b): variation in SOC content; (d): variation in
soil moisture; (d), (e), and(f): variation in soil grades. The number of profiles is 9 for terraces and 4 for sloping
fields. Bars denote the standard deviation of the mean.
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Regarding terrace abandonment, we measured the physicochemical properties of the soil in terraced fields
with different usage statuses (Table 2). The results show that the soil bulk density in abandoned terraces is
significantly higher compared to the actively used ones (ANOVA, F=4.26, p=0.037). The soil pH in abandoned
terraces has also decreased compared to in-use terraces (ANOVA, F=3.95, p=0.042). The surface soil organic
carbon (SOC) content in abandoned terraced fields (0-15 cm) is significantly lower than that in actively used
terraced fields (ANOVA, F=5.73, p=0.018). After short-term abandonment, the terraced fields showed a special
change pattern at different depths. SOC content first decreased and then increased with increasing soil depth.
The vertical variation of SOC in abandoned terraces varied between 0 and 80 cm, with the smallest SOC content
occurring in the 80 cm soil layer.

Discussion

Effect of terrace construction on SOC

Our results demonstrate a positive feedback relationship between soil moisture and soil carbon in the terraced
systems we studied. The terraced fields showed higher soil moisture content (24.2% in terraced wheat fields
compared to 21.3% in sloping wheat fields, Table 1) along with higher SOC content. This positive relationship
occurs because increased soil moisture in terraces provides favorable conditions for plant growth, leading to
greater biomass production and subsequently more organic matter input to the soil. The increased organic
matter then enhances the soil’s water-holding capacity, creating a self-reinforcing cycle that benefits carbon
sequestration®. In the Loess Plateau, terraced farmland exhibits higher soil organic carbon content than sloping
farmland, with carbon levels decreasing with soil depth®*. This phenomenon can be explained by the fact that
horizontal terraces alter the surface morphology, prolonging the surface water retention time during rainfall,
which increases soil moisture in the rain-fed agricultural regions of the Loess Plateau?. There is a positive feedback
relationship between soil moisture and soil carbon?*. This may be due to the interception of precipitation by the
terraced fields, which provides water for plant growth, increases plant biomass, and subsequently enhances the
organic matter input into the soil. Additionally, the interception of rainfall by the terraces means that less soil
fine particles are washed away, leading to an increase in the clay content of the soil. Soil clay particles have a
larger specific surface area, allowing them to adsorb more soil organic carbon and enhancing the accumulation
of organic carbon®. Compared to sloping land, terraces have a higher content of both clay and silt in the soil.
The terraces therefore further contribute to carbon accumulation in the terraces by protecting the fine particles
in the soil. In a study on the Loess Plateau®®, the SOC content of 0-100 cm in unterraced date palm orchards was
2.6 g kg™, which was lower than the soc content of terraced orchards. This evidence further demonstrates the
positive effect of terracing on soil organic carbon sequestration.

The SOC varies significantly in terms of the amount of plant and animal residues entering the soil and the
depth of the soil under agricultural cultivation®”. The impact of agricultural activities on the surface soil levels
was stronger compared to the deeper soil levels®®. This is particularly significant because surface soil plays a
crucial role in agricultural productivity and ecosystem functioning. Therefore, the soil and water conservation
effect brought by terrace construction is limited, so for the soil depth increases, this effect will become smaller.
The impact of terracing on SOC sequestration diminishes as soil depth increases!'®. As soil depth increases,
the water stored in the terraces cannot penetrate deeper soils and deeper soils will maintain their properties.
Therefore, the management and conservation of terrace topsoil are important to ensure local food production
and enhance the carbon sink function®.

Effect of terraces abandonment on SOC

As in other parts of the world, industrialization and urbanization have led to a large population flock from
rural to urban areas as in China, resulting in the abandonment of a large number of productive potential
farmlands'>*°. Furthermore, climate change induced extreme weather events such as drought and heavy rainfall
can also accelerate soil erosion and loss of soil organic carbon in the abandoned terraces*!. Several mechanisms
appear to drive the SOC decline in abandoned terraces. First, the cessation of fertilization inputs removes a
significant source of organic matter. Second, the increased soil bulk density observed in abandoned terraces
likely restricts root growth and microbial activity, hampering organic matter incorporation and decomposition
processes. Third, the absence of active management may lead to increased erosion, particularly during the initial
abandonment phase before natural vegetation becomes established. However, climate change can also impact
the vegetation succession on abandoned terraces, which in turn affects the soil organic carbon dynamics*.
When the terraced fields were abandoned in this research, the SOC content of the abandoned terraces was
lower than that of the terraces in use. This is caused by the limited abandoned time. Abandoned terraces may
have accumulated a significant amount of organic matter during their previous use. However, due to a lack
of fertilization now, this organic matter is gradually being mineralized and decomposed, which reduces the
soil organic carbon (SOC) content**>. In contrast, terraces that are still in use maintain higher SOC levels
thanks to continual fertilization?*. Additionally, the abandoned terraces are more susceptible to climate change
induced soil disturbance and erosion, leading to the loss of nutrient-rich topsoil, which further decreases SOC
levels**. To produce significant environmental benefits, the land must remain abandoned for an extended
period to accumulate substantial amounts of both plant biomass and the species that constitute intact ecological
communities. This process can take decades to reach levels of carbon sequestration or biodiversity comparable
to those of undisturbed ecosystems*®*”. Due to the limited water resources available in semi-arid areas, a longer
natural or assisted recovery time is required. Therefore, the duration of land abandonment is a crucial factor
influencing the dynamic changes SOC***. In related studies in other regions, soil carbon stocks increased by 13%
and 16% in cropland abandoned for 15 and 35 years, respectively®’. However, outcomes are highly dependent on
field conditions. For example, nitrogen deficiency in abandoned sites can significantly limit vegetation recovery
and subsequent SOC accumulation®!, while climate limitations in semi-arid areas like the Loess Plateau often
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necessitate a longer natural or assisted recovery time. Therefore, the duration of land abandonment, along with
site-specific soil nutrient status and climatic factors, are crucial determinants influencing the dynamic changes
in SOC following abandonment®?. Therefore, ecological restoration of newly abandoned terraces should be
carried out as soon as possible. After short-term abandonment, the terraced fields showed a special change
pattern at different depths in this study. After short-term abandonment, the terraced fields showed a distinctive
vertical pattern of SOC change. Surface SOC content decreased primarily due to reduced agricultural inputs
such as fertilizers, while deeper soil layers (below 30 cm) showed some increase in SOC content. This deeper-
layer increase may be attributable to the downward transport of labile soil organic matter from surface layers
through leaching processes. This vertical redistribution mechanism becomes particularly important once the
plant root-derived organic matter is depleted, as it represents one of the few pathways for carbon to reach deeper
soil horizons in the absence of active root growth. Additionally, the death of crop roots following abandonment
can temporarily contribute to deep soil carbon as these roots decompose in situ.

Effect of vegetation type and planting patterns on SOC in terraces

As demonstrated by Xin et al. (2016)>, planted forests significantly influence soil carbon dynamics through
multiple mechanisms. Their study showed that forests reduce soil temperature, decrease soil moisture
evaporation, and minimize soil erosion while increasing both the quantity and quality of organic matter
inputs that compensate for carbon losses from previous crop cultivation. Vegetation types can influence SOC
by modifying the soil's physicochemical structure and altering both the input and decomposition rates of
SOC#3455, Our data shows that there are significant differences in soil pH values under different vegetation
types (Table 2). For instance, forested areas have higher pH values, while grasslands have lower pH values. This
could be an important factor contributing to the differences in SOC content among various vegetation types, as
pH levels influence the decomposition and stability of organic matter. Our study demonstrated that, compared
to terraced fields, the SOC content of afforested land at a 0-100 cm depth was higher and that the forest litter
biomass was more than that of farmland, which was the main reason for this difference. Planted forest land
reduces soil temperature, soil moisture evaporation, and soil erosion while increasing the quantity and quality of
organic matter input to compensate for carbon decomposition from crop cultivation®'. The soil bulk density in
forested areas is significantly lower than that in agricultural land, which is beneficial for the decomposition and
accumulation of organic matter (Table 2). The afforested land is terraced forests, and the effect of preventing soil
erosion is more significant. Some study shows that the SOC in immature forests (10 years old) is 17.91% higher
than that in terraced cropland.

Due to the problem of ecological degradation and soil erosion, various ecological measures have been taken
in the Loess Plateau area, such as returning farmland to forest and grass and planting trees??. Considering the
climate and soil quality factors, the main species selected in the Loess Plateau region are drought-tolerant types of
trees, and the carbon accumulation effect of different species selection also differs significantly®®. P. tabuliformis
has a higher SOC content than R. pseudoacacia, especially in the 0-50 cm soil layer. The conifer species selected
in this region is Chinese red pine (Pinus tabuliformis Carr.), which contributes a large quantity of pine needles
and cones to the soil during winter. This seasonal litter input increases the organic matter in the surface layer,
resulting in higher SOC content in the pine forests” surface soil (0-10 cm). Studies conducted in the Tibet region
of China show that fir (Abies) forests have the highest carbon density (144.80 t ha™) among all forest vegetation
types in this mountainous area®. Other studies have shown that tree species such as P. koraiensis, L. gmelinii, and
P tabuliformis increase soil organic carbon stocks more as silvicultural species??. The biomass of the herbaceous
plants themselves is much lower than that of trees, and the limited amount of organic matter entering the soil,
and the fact that M. sativa is mainly used as a source of fodder for the animals raised by farmers in the region,
leads to a lower SOC content in terraces planted with M. sativa than in those undergoing afforestation.

The SOC content of natural grassland at a depth of 0-100 cm is lower than that of terraced farmland in
our study area. This comparison refers specifically to natural grassland on slopes, not to agroforestry systems
or orchards that combine trees with grasses. Its important to note that grassland management practices
significantly influence SOC dynamics. In our study region, grasslands are typically used for grazing. This
management approach limits the return of organic matter to the soil. In contrast, terraced farmland areas,
particularly those planted with apple trees (which should be classified as orchards), benefit from higher organic
matter inputs as fallen leaves and pruned branches are often left to decompose on site. The lower pH value of
the soil in grasslands may be a significant reason for its lower SOC content (Table 2). Grassland is a sloping
land that has not been terraced, leading to slope erosion that removes a significant amount of organic matter
from the soil surface. As a result, the SOC content in grassland is lower than in terraced fields (Fig. 2). The
ecological advantages of sequestering SOC and enhancing soil fertility could be significant, largely thanks to the
widespread implementation of reforestation and various land use strategies in terraced fields across China and
numerous other mountainous areas globally?2.

Crops may differ in their ability to increase SOC content due to differences in their photosynthetic capacity
and root characteristics®”. The pattern of intercropping in this area is typical of Agroforestry systems (AFS),
where other crops are planted between the rows of apple trees. The SOC content of apple trees in combination
with other crops was higher than in monocultures, especially in the lower and middle layers of the soil (30—
100 cm). The amount of tree litter and root decomposition are important reasons for this®”. The fallen leaves of
fruit trees and decomposing fruits in the orchard are left in place, allowing these organic materials to incorporate
into the soil and contribute to soil organic carbon pools. Additionally, belowground carbon inputs occur through
the turnover of fine roots and the release of root exudates, which can contribute significantly to soil carbon
sequestration in orchard systems®. For soils below 30 cm depth, tree roots produce an important role in the
accumulation of soil organic carbon. When potato or legume crops are harvested, all the fruit and plant roots
are removed and these lands will be tilled to grow other crops, so the input of organic matter is very limited.
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Agroforestry systems increase the distribution of roots in the soil and increase the recalcitrant compounds which
slow the rate of mineralization through the input of organic matter.

Study limitations

While our study provides valuable insights into the effects of terracing on SOC dynamics, several limitations
should be acknowledged. Our analyses are based on field data collected over a relatively short period, which
may not capture long-term carbon accumulation processes. Due to the inherent complexity of field conditions,
the number of soil profiles in some comparative analyses was not entirely consistent across all land use types,
potentially introducing sampling bias. Additionally, we could not fully account for all factors known to influence
SOC in terraced systems, such as fine-scale variations in root biomass, detailed fertilizer management histories,
and specific tillage practices. To address sampling limitations, we incorporated high-resolution remote sensing
data into our analyses. However, this approach cannot fully replace comprehensive field measurements,
potentially affecting the representativeness of our results. Future research should expand the sampling frame,
particularly for abandoned terraced fields, and collect a wider range of soil physical, chemical, and biological
indicators to enable a more comprehensive assessment of the impacts of terracing and subsequent abandonment
on SOC dynamics. Further work is also needed to develop practical guidelines for optimizing carbon storage in
terraced systems while maintaining their economic viability and ecological functions in the Loess Plateau region.

Conclusions

The results showed that the SOC content in 0-100 cm of terraced fields planted with wheat was 1.5 times higher
than that of sloping fields planted with wheat. Compared with sloping land, terrace construction significantly
increased the SOC content of cultivated land, especially in the top soil layer (0-30 cm), and converting some
sloping land into terraces would enhance the carbon sequestration capacity. Abandonment, vegetation type and
planting structure affect the SOC of terraces. planting other crops between rows of apple trees can increase the
SOC content. Since vegetation restoration takes a long time, short-term abandonment will lead to a decrease
in terrace SOC, and some abandoned terraces can be planted with ecological restoration vegetation. Among
the ecologically restored plant species, the vegetation with the highest SOC content is Pinus oleifera. The SOC
content of terraces planted with artificial forage is lower than that of natural grassland, so it is necessary to
protect the natural grassland left behind and choose tree species with better ecological benefits when planting
trees. In the face of China’s huge food pressure and the goal of increasing carbon sinks to mitigate global climate
change, terraces have significance and importance. Continuous strengthening of terraces management will give
full play to their carbon sequestration role.
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