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Abstract Soil organic carbon (SOC) is central to the global carbon cycle, yet unsustainable cultivation has
resulted in a continuing SOC loss and has made it highly vulnerable to future climate change. In China, theWell‐
Facilitated Farmland Construction (WFC) initiative has sought to enhance soil conditions by integrating
farmland management units (FMUs) and adopting improved practices, including optimized irrigation, straw
incorporation, and targeted fertilization strategies. Since its launch in 2013, the WFC project has been
implemented across more than 50 million hectares of farmland. However, its spatio‐temporal impacts on SOC
remain poorly understood. To address this gap, we focused on three representative regions, Shunyi, Rudong, and
Dangtu, to examine the impact of farmland management unit integration. A total of 1,549 soil profiles were
compiled to calibrate the CENTURYmodel and simulate long‐term variations in topsoil (0–20 cm) SOC density
(SOCD) across Chinese farmlands. Results show that, following the WFC project, farmland fragmentation
decreased while SOCD increased, with strong negative correlations between fragmentation degree and SOCD.
These findings indicate that farmland patch integration contributes significantly to SOC sequestration.
According to the results of future simulation, the WFC practices would increase the farmland SOC storage
under the SSP1‐2.6 and SSP5‐8.5 climate scenarios during the 2030–2100. This sustained increase reflects the
CO2 fertilization effect, enhanced crop productivity through optimized irrigation, greater organic inputs from
straw incorporation, and reduced microbial decomposition under balanced nitrogen fertilization. In conclusion,
WFC demonstrates a sustainable pathway toward more resilient and climate‐smart food systems.

Plain Language Summary Soil organic carbon is vital for the carbon cycle, yet unsustainable
farming has led to widespread SOC loss. In China, the Well‐Facilitated Farmland Construction (WFC) initiative
has sought to enhance soil conditions by integrating farmland management units (FMUs) and adopting
improved practices. Since its launch in 2013, the WFC project has been implemented across more than 50
million hectares of farmland in China. However, its spatio‐temporal impacts on SOC remain poorly understood.
To address this gap, we used 1,549 soil profiles and the CENTURY model to analyzed farmland topsoil SOC
density (SOCD) dynamics. Results show that reduced farmland fragmentation correlated with increased SOCD,
indicating that farmland patch integration contributes to SOC sequestration. According to the results of future
simulation, the WFC practices would increase the farmland SOC storage under the SSP1‐2.6 and SSP5‐8.5
climate scenarios during the 2030–2100 in Chinese farmlands. This sustained increase reflects the CO2

fertilization effect, enhanced crop productivity through optimized irrigation, greater organic inputs from straw
incorporation, and reduced microbial decomposition under balanced nitrogen fertilization. In conclusion, WFC
demonstrates a scalable pathway toward more resilient and climate‐smart food systems.

1. Introduction
Agricultural soil health is profoundly influenced by anthropogenic activities, including cultivation, irrigation,
land resources integration, and other soil management practices (Chemnitz & Weigelt, 2015; Lal, 2013). Being a
critical indicator of soil health, soil organic carbon (SOC) serves multiple essential functions, such as enhancing
the water retention capacity, facilitating nutrient cycling, stabilizing the biochemical and physical environment,
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and contributing to climate regulation (Fontaine et al., 2007; Piao et al., 2010). These functions benefit soil quality
and crop growth (Bationo et al., 2007; Chen et al., 2022; Rawls et al., 2003; Wiesmeier et al., 2019). However,
global farmland SOC stocks have steadily declined under climate change and unsustainable management
(Lessmann et al., 2021; Smith, 2004), emphasizing the need for practices that conserve and enhance SOC storage.

Most studies on the impact of management concentrated on the regional and local scales with isolated man-
agement, such as field following green measure and straw incorporation. The influence of these managements on
SOC dynamics is generally achieved through improving carbon input and reducing the decomposition and
oxidation process (Crystal‐Ornelas et al., 2021; Davidson & Janssens, 2006; Hao et al., 2023; Liu et al., 2024).
However, the farmland SOC change and sequestration cannot be solely regulated by one type of management
approach, and are influenced by the comprehensive strategy. In China, the Well‐facilitated Farmland Con-
struction (WFC) Project is unique in being the largest coordinated farmland management initiative in the world
that explicitly integrates soil health, food security, and carbon sequestration at the national scale (National
Development and Reform Commission, 2021).

Unlike isolated or local interventions, WFC promotes systematic improvements through irrigation infrastructure,
systematic straw incorporation, precision fertilization, minimum soil thickness requirements, and consolidation of
fragmented farmland into unified management units (National Development and Reform Commission, 2021).
This integrated framework not only secures grain yield and resilience but also represents an unprecedented
opportunity for enhancing SOC storage across vast agricultural landscapes, positioningWFC as a potential model
for national‐scale soil carbon sequestration strategies. Yet, the long‐term SOC trajectories under WFC, partic-
ularly under climate change, remain uncertain, leaving a critical knowledge gap for both science and policy.

Assessing management impacts on SOC is therefore a priority for agricultural planning and environmental policy
(Katsalirou et al., 2010; Ouyang et al., 2014). Traditional monitoring methods, though precise, are costly, labor‐
intensive, and spatially limited (Falloon & Smith, 2002; Laskar &Mukherjee, 2016). Advances in remote sensing
and machine learning (ML) have enabled large‐scale SOC prediction (Mahmoudzadeh et al., 2020; Minasny
et al., 2024; Orton et al., 2014; Szatmári et al., 2021; Wang et al., 2024; Zhang, Chen, et al., 2023), but these
approaches depend on multi‐period sampling for training and face challenges with extrapolation, often producing
unrealistic spatial estimates. Process‐based models provide a complementary approach by simulating SOC dy-
namics based on carbon turnover mechanisms (Liu et al., 2021; Ogle et al., 2010; Yu et al., 2017; Zhang
et al., 2024). The CENTURY model, in particular, has been widely applied to farmlands, incorporating both
climate variables and management practices such as irrigation, fertilization, and crop type (Bhattacharyya
et al., 2007; Chen et al., 2025; Falloon & Smith, 2002; Parton, 1996; Zhao et al., 2023). This makes it a valuable
tool for exploring long‐term SOC responses to management and climate change.

This study is the first to integrate soil investigation data, remote sensing, and the CENTURY model to evaluate
large‐scale SOC dynamics under the WFC Project. Our objectives were: (a) to examine the relationship between
FMU integration and SOC dynamics, and (b) to compare projected SOC changes (2030–2100) under well‐
facilitated farmland versus traditional management systems across different climate scenarios. Linking national‐
scale farmland management with long‐term SOC projections, this work highlights the role of WFC not only in
sustaining agricultural productivity but also as a cornerstone of national carbon sequestration strategy. It thereby
offers a comprehensive understanding of how large‐scale climate‐smart agriculture impacts SOC dynamics,
which is crucial for formulating effective land‐use policies.

2. Materials and Methods
2.1. Study Area

2.1.1. Environmental Conditions and Farmland Distribution Across China

Situated in the eastern Eurasian continent (75°− 135°E, 3°− 50°N), China spans tropical, temperate, and cold
climate zones, dominated by the distinct monsoon and continental climate systems (Figure 1). The topography
across China is highly complex, transitioning from mountainous regions in the west to plains in the east, with
altitude dropping from over 4,000 m to below 30 m. The varied environmental conditions resulted in many
different soil types of farmland, such as Chernozem, Cinnamon soil, Red soil, Loess soil, and Paddy soil. The
complex interplay of climatic gradients, topographic features, and soil diversity creates distinct agroecological
zones that influence regional farming practices and crop productivity patterns. The farmland area of China covers
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approximately 1.8 million km2 and is mainly distributed in the eastern plains and southwestern basins (Figure 1),
notably the Northeast Plain, North Plain, Middle‐lower Yangtze Plain, and Sichuan Basin. The primary crops
across these regions include corn, wheat, and rice.

2.1.2. Well‐Facilitated Farmland Construction (WFC)

In the past, the farmland management system suffered from inconsistent practices, with traditional farmland
relying on empirical approaches that potentially degraded soil quality and limited crop productivity. To address
these issues, the Chinese government implemented the WFC project, an integrated strategy for food security and
agricultural modernization through standardized farmland management protocols (National Development and
Reform Commission, 2021). For better construction, the study area was divided into seven sub‐regions according
to the characteristics of the natural environment and agricultural activities, including the Huanghuaihai area
(HHH), Northeast area (NE), Northwest area (NW), Qinghai‐Tibet area (QT), Southeast area (SE), Southwest
area (SW), and Middle and Lower of the Yangtze River area (YZ) (Ding et al., 2019; Wang et al., 2023; Xiao
et al., 2024; Zhou, Wang, et al., 2025). Besides, the WFC project proposed scientific approaches for agricultural
operations to improve soil quality, enhance crop yield, and promote agricultural sustainability. Notably, the WFC
project suggested that the management should integrate the small plots of farmland, aiming to reduce the frag-
mentation of the farmland, which might directly or indirectly influence the SOC spatio‐temporal variation. Be-
sides, several practices emphasized improving the soil environment related to SOC evolution, including irrigation
systems to maintain optimal soil moisture levels, systematic straw incorporation to increase soil organic matter
(SOM) content, and regulated fertilization programs based on soil nutrient diagnostics.

2.2. Data Collection

This study aimed to explore the spatio‐temporal dynamics of soil organic carbon density (SOCD) using the
CENTURY model. To ensure robust model simulations, we collected the high‐quality data set: (a) the spatial
distribution of Chinese farmland derived from the China Land Cover Data set (CLCD); (b) soil information from
the National Soil Series Survey and Compilation of Soil Series of China (2009–2019) and China Soil Information
Grid; (c) future climate data obtained from ISIMIP3b. The details about these data sets are as follows.

Figure 1. The location of three case areas (Shunyi, Rudong, and Dangtu), the distribution of farmland in China and
construction sub‐regions divided into well‐facilitated farmland construction. The sub‐regions include Huanghuaihai (HHH),
Northeast (NE), Northwest (NW), Qinghai‐Tibet (QT), Southeast (SE), Southwest (SW), and Middle and Lower of the
Yangtze River (YZ).
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2.2.1. Farmland Data

The Chinese farmland was extracted from the CLCD, which represents one of the most accurate and compre-
hensive land cover products currently available for China (Yang & Huang, 2021). This data set was generated
through integrating China's Land‐Use/Cover Data sets (CLUD) and extensive reference data derived from the
visually interpreted samples from time‐series satellite data, Google Earth, and Google Maps. The Random Forest
classifier was trained and used to identify different land cover types, and then a post‐processing method incor-
porating spatial‐temporal filtering and a logical reasoning method was applied to carry out the proposed approach
to improve the spatio‐temporal consistency. Finally, the CLCD at a spatial resolution of 30 m was produced by
Random Forest using 335,709 Landsat images, with an accuracy of CLCD reaching 79.31 %. We selected
farmland extracted from CLCD as the base map, and the extent of farmland is shown in Figure 1.

2.2.2. Soil Data

The soil sampling data were collected from the National Soil Series Survey and Compilation of Soil Series of
China (2009–2019) (Chen et al., 2024; Liu et al., 2022). This data set contained detailed soil information,
including soil profile depth, SOC, bulk density (BD), soil pH, soil texture (sand, silt, and clay), and coarse
particles with a diameter of >2 mm. In addition, we also collected the digital map of soil properties from the China
Soil Information Grid, which was delineated by the Digital Soil Mapping technology using the National Soil
Series Survey and Compilation of Soil Series of China soil samples (Liu et al., 2022). In this study, these two soil
data sets were utilized to calibrate and test the model performance and simulate the SOC dynamics on all
farmland, respectively. We focused on the SOC changes in topsoil (0–20 cm) in farmland, as this soil layer is most
directly influenced by agricultural practices. Soil property data sets were recorded by soil horizons at various
intervals in profiles and contain the soil information of other land use types (e.g., farmland, forest, grassland and
others), so we first selected the sample site on the farmland based on the CLCD farmland distribution data; then
the equal‐area spline method was used to obtain soil information at 0–20 cm depth (Bishop et al., 1999; Odgers
et al., 2012).

2.2.3. Climate Data

Future climate data for driving the CENTURY model simulation were obtained from complementary sources
covering 2022–2100 and were obtained from phase 3b of the Inter‐Sectoral Impact Model Intercomparison
Project (ISIMIP3b), including five climate models (GFDL‐ESM4, IPSL‐CM6A‐LR, MPI‐ESM1‐2HR, MRI‐
ESM2‐0, and UKESM1‐0‐LL) which selected from the Coupled Model Intercomparison Project Phase 6
(CMIP6) (Lange, 2021). This future climate data set consists of three Shared Socioeconomic Pathways and
Representative Concentration Pathway (SSP1‐2.6, SSP3‐7.0, and SSP5‐8.5) (Meinshausen et al., 2020). SSP1‐
2.6 represented the Green road and sustainability development; SSP3‐7.0 was a Rocky Road, and the develop-
ment would be influenced by the regional rivalry; SSP5‐8.5 was the fossil‐fueled rapid development way. Under
these three climate scenarios, the global temperature would be warmer by 1.5°C, 2.5°C, and more than 4°C,
respectively. In this study, we selected the SSP1‐2.6 and SSP5‐8.5 climate scenarios, which not only represent the
lowest and highest SSP stabilizing the CO2 emission post‐2100, but also represent the sustainable development
pathway and rapid development pathway, respectively. In addition, we averaged the simulation results for each
representative scenario, aiming to minimize the differences among every climate scenario provided by the ISI-
MIP3b data set (Zhang, Ding, et al., 2023).

2.3. CENTURY Model

2.3.1. Brief Introduction

The CENTURY model was originally developed to simulate long‐term carbon dynamics in grassland and has
been extended to forest and farmland systems (Parton, 1996). This well‐developed model features a modular
structure comprising four submodels: the SOC submodel, plant biomass submodel, soil water balance submodel,
and N submodel. The SOC submodel incorporates surface and below‐ground structural and metabolic pools,
along with active, slow, and passive SOC pools (Bandaranayake et al., 2003). Given that the default parameters of
CENTURY v4.7 were calibrated based on US ecosystems, which may not be applicable to ecosystems in China.
Therefore, the localized parameters for crop rotation and tillage management (e.g., tillage, fertilization amount,
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irrigation rate, and harvest fraction) were collected (see Section 2.3.2) to adapt the model suitable for simulate the
SOC dynamics in China (National Development and Reform Commission, 2021).

2.3.2. The Key Parameters Setup Under Different Farmland Management

The differences of future (2030–2100) SOCD dynamics in traditional farmland and well‐facilitated farmland
were compared by adjusting the specific key parameters regarding management practices (Table 1). According to
the WFC project plan, irrigation, harvest, and fertilization were the primary changing factors influencing SOCD
in farmland. Therefore, these three critical management parameters were adjusted in the CENTURY model: (a)
irrigation (IRRI), defined as the fraction of available water holding capacity triggering automatic irrigation; (b)
harvest (HARV), the fraction of aboveground live that will not be affected by harvest operations; (c) fertilization
(FERT), the amount of nitrogenous (N) fertilizer to be application rate. In this study, the parameters set for
traditional farmland were based on field investigation, expert experience, and related references, while the pa-
rameters set for well‐facilitated farmland were based on the references and recommendations based on the
relevant documents from the agriculture department, which are most suitable for crop growth and soil envi-
ronment. The parameter settings were referenced from the following literature and the statistical yearbook (Liang
et al., 2023; Lu et al., 2009; Ren et al., 2022; Wang et al., 2025; Yin et al., 2020; Yu et al., 2022). Taking the
parameters in HHH sub‐region as an example, the parameter of irrigation for traditional farmland were 0.30 and
0.55 for wheat and corn, which means the irrigation would be carried out when available water holding capacity
below 30% for wheat and 55% for rice; the parameter of the harvest was 0.10, meaning that only aboveground
lives of 10% were left (straw incorporation) and others were harvested; the fertilization parameter indicated the
accounts of fertilizer utilization for crop growth, which was the 15 g N m− 2 for wheat and 13 g N m− 2 for corn.

The CENTURY model could simulate carbon cycling dynamics in soil and vegetation systems under climatic
drivers. Firstly, the spin‐up procedure was conducted to make the SOC dynamics stable; then the calibrating
parameters related to soil properties, agricultural practices, and crop rotation systems were input to the CEN-
TURY model, and the model was applied with future climate data to project the spatio‐temporal variation of
farmland SOC in this study.

Table 1
The Key Parameters of Traditional Farmland and Well‐Facilitated Farmland for the CENTURY Model Simulation

Area Farmland management Irrigation Harvest Fertilization

HHH Traditional farmland 0.30 (wheat)
0.55 (corn)

0.10 15 (wheat)
13 (corn)

Well‐facilitated farmland 0.80 (wheat)
0.70 (corn)

0.40 22 (wheat)
20 (corn)

NE Traditional farmland 0.25 (corn) 0.10 8 (corn)

Well‐facilitated farmland 0.65 (corn) 0.40 15 (corn)

NW Traditional farmland 0.30 (wheat) 0.10 10 (wheat)

Well‐facilitated farmland 0.80 (wheat) 0.40 18 (wheat)

QT Traditional farmland 0.25 (highland barley) 0.10 10 (highland barley)

Well‐facilitated farmland 0.70 (highland barley) 0.40 15 (highland barley)

SE Traditional farmland 0.30 (wheat)
0.7 (rice)

0.10 4 (wheat)
10 (rice)

Well‐facilitated farmland 0.80 (wheat)
0.9 0 (rice)

0.40 10 (wheat)
15 (rice)

SW Traditional farmland 0.30 (wheat)
0.70 (rice)

0.10 10 (wheat)
8 (rice)

Well‐facilitated farmland 0.80 (wheat)
0.90 (rice)

0.40 15 (wheat)
10 (rice)

YZ Traditional farmland 0.30 (wheat)
0.70 (rice)

0.10 6 (wheat)
10 (rice)

Well‐facilitated farmland 0.80 (wheat)
0.90 (rice)

0.40 16 (wheat)
10 (rice)
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2.3.3. Model Calibration and Validation

In this study, the CENTURYmodel simulations were optimized for every sub‐region. Soil samples were collected
from each sub‐region with the following distribution: HHH (n = 178), NE (n = 247), NW (n = 177), QT (n = 8),
SE (n = 176), SW (n = 322), and YZ (n = 441). For each sub‐region, the samples were randomly split into a
calibration data set (70%), and a testing data set (30%), and were applied to evaluate the model performance by
comparing the year of observations with the same year of the CENTURY simulation results. The coefficient of
determination (R2) and the root mean square error (RMSE) were selected to evaluate the CENTURY model. The
equations are as follows:

R2 = 1 −
∑

n
i ( ŷi − yi)

2

∑
n
i ( yi − y)2 (1)

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i ( ŷi − yi)

2

n

√

(2)

where n represents the number of samples, yi and ŷi are the observations and predictions for sample i, respec-
tively. y is the average of observations. These indicators were calculated in R 4.2.1 (R Core Team, 2022).

2.4. Farmland Management Unit

This study explores the relationship between the consolidation of FMUs and variations in SOCD. An FMU is
defined as a contiguous area of farmland or a set of discrete patches under unified management (Zangue
et al., 2022; Zhang et al., 2010; Zhao et al., 2024). In our study regions, a transition from “small farmland” to
“large farmland” occurred under the WFC project, where managers consolidated fragmented plots into larger
FMUs. Following guidance from the Ministry of Agriculture and Rural Affairs of the People's Republic of China,
we selected three representative areas undergoing this transition. The CENTURY model was employed to
simulate SOCD changes at an annual time step from 2018 to 2025 within these case areas. To do this, farmland
patches were delineated through visual interpretation of Sentinel‐2 imagery (10 m spatial resolution). Images
from May to September with the least cloud cover were selected annually to optimize the clarity of patch
boundaries, as illustrated in Figure S1 in Supporting Information S1. The patches density (PD) is used to evaluate
the fragmentation degree of FMU, and the equation of PD is as follows:

PD =
N
A

(3)

where the N and A are the number of the FMU and the area of total farmland; the PD (patches km− 2) represents the
density of farmland, the larger the value, the more scattered and fragmented the patches are.

3. Results
3.1. The Descriptive Statistics of Soil SOCD in the 2010s

The descriptive statistics of soil properties on the national scale and each sub‐region are shown in Table 2 and
Table S1 in Supporting Information S1, respectively. The SOCD of all farmland in China ranged from 0.06 to
18.90 kg m− 2, with an average value of 3.34 kg m− 2. The mean value in QT was 5.14 kg m− 2, which was much
higher than the other sub‐regions, following the SOCD in NE (4.20 kg m− 2), and the lowest SOCD area was
HHH, with the average value of 2.47 kg m− 2. The coefficient of variation of SOCD was 56.9%, and the skewness
and kurtosis values were 2.13 and 9.66, respectively, representing substantial spatial heterogeneity. Soil pH
averaged at 6.74 with skewness and kurtosis of − 0.17 and − 1.00, suggesting that the soil exhibited slight acidity.
The range of BDwas between 0.45 and 2.06 g cm− 3, with an average of 1.30 g cm− 3. The mean sand, silt, and clay
were 30%, 47%, and 24%.
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3.2. The Variation of FMU and SOCD From 2018 to 2023

To explore the relationship between the number of FMUs and spatio‐temporal variation in SOCD, we analyzed
three case areas: Shunyi, Rudong, and Dangtu. These areas completed major farmland consolidation projects in
2022, 2023, and 2021, respectively, and the entire construction period was within one or two years. We delineated
FMUs and simulated SOCD changes between 2018 and 2023 using Sentinel‐2 imagery and the CENTURY
model. Results showed that from 2018 to 2023, the number of FMUs decreased in Shunyi (101–29) and Rudong
(44–25), but notably increased in Dangtu (44–56) (Table S2 in Supporting Information S1). Soil organic carbon
density trends corresponded with these changes; SOCD increased where farmland fragmentation was reduced
(Shunyi and Rudong), indicating an inverse relationship between PD and SOCD (Figure 2).

Table 2
The Descriptive Statistics of Topsoil Soil Properties in 0–20 cm

Soil properties Number Min Max Mean SDa CVb (%) Skewness Kurtosis

SOCD (kg m− 2) 1,549 0.06 18.90 3.34 1.90 56.9 2.13 9.66

pH 1,549 3.02 10.57 6.74 1.37 20.3 − 0.17 − 1.00

BD (g cm− 3) 1,549 0.45 2.06 1.30 0.17 13.1 − 0.14 1.92

Sand (%) 1,549 0.10 95.75 29.64 0.20 66.7 0.77 − 0.10

Silt (%) 1,549 0.25 92.58 46.58 0.17 36.2 − 0.13 − 0.56

Clay (%) 1,549 0.66 93.77 23.78 0.12 50.0 1.08 2.19
aSD: standard deviation. bCV: coefficient of variation.

Figure 2. The variation of patches density and soil organic carbon density in the Shunyi (a) and (b), Rudong (c) and (d), and
Dangtu (e) and (f) from 2018 to 2025.
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3.3. Model Performance

The CENTURY model simulations of SOCD in Chinese farmland were conducted using comprehensive input
data, including soil properties, climate data, and tillage management practices. Model parameters were subse-
quently calibrated for each sub‐region to account for regional variations in natural environments and agricultural
management practices. The model successfully captured the SOCD variations across Chinese farmland with an R2

of 0.53 and RMSE of 0.81 kg m− 2, and the observations and simulations were well aligned around the 1:1 line
(Figure 3). The sub‐regions analysis revealed variation in model performance, with YZ exhibiting the best
performance (R2 = 0.70 and RMSE = 0.53 kg m− 2), while the QT showed the lowest accuracy (R2 of 0.02 and
RMSE of 0.60 kg m− 2). This discrepancy primarily reflected the challenge of SOCD simulation based on sparse
soil sampling in the high‐altitude area and the few farmlands distributed in the QT sub‐region. Besides, the
accuracy in the other sub‐regions was between 0.33 and 0.55. Consequently, the model performance was
acceptable and could reflect the SOCD spatio‐temporal dynamics.

Figure 3. The performance of the CENTURYmodel for predicting the soil organic carbon density (SOCD) for each construction sub‐region, with linear fits indicated by
purple solid lines and 95% uncertainty intervals represented by shaded range.
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3.4. Future Spatial‐Temporal Variation of SOCD

Future SOCD dynamics were projected using the CENTURY model to contrast two management scenarios:
traditional practices (Figures 4a–4f) andWFC implementation (Figures 4g–4l), each under both the SSP1‐2.6 and
SSP5‐8.5 climate pathways. The analysis revealed a persistent spatial pattern across all scenarios, with the highest
SOCD values consistently found in the northeast (NE) and the lowest in the northwest (NW). However, the
simulations highlighted two critical differences. First, for any given management practice, the high‐emissions
SSP5‐8.5 pathway resulted in higher SOCD levels than the SSP1‐2.6 pathway, a gap that became particularly
pronounced in the NE by 2100 (e.g., Figure 4c vs. Figure 4f). Second, WFC practices consistently stored more
carbon than traditional methods under the same climate scenario. For example, SOCD in 2100 under SSP1‐2.6
was substantially higher in WFC farmland compared to its traditionally managed counterpart (Figure 4i vs.
Figure 4c).

4. Discussion
4.1. The Relationship Between the FMU and SOCD Variation

Our analysis revealed a strong negative correlation between PD and SOCD, with correlation coefficients of
− 0.88, − 0.94, and − 0.52 (Table 3). This inverse relationship affirms the trends observed before and after the
WFC project (Figure 2), indicating that consolidating fragmented FMUs significantly enhanced SOC storage.
This finding is consistent with previous research showing that integrating management units can decrease
greenhouse gas emissions, improve food security, and increase agricultural profits (Deng et al., 2024; Duan
et al., 2021; Hao et al., 2023; Lu et al., 2025). For instance, Liu et al. (2024) indicated that reducing fragmentation
could buffer soil carbon against the negative effects of agricultural intensification. The primary mechanism is the
improvement of farm practices; land consolidation facilitates mechanized farming and boosts crop productivity,
which in turn increases carbon input from plant residues (Pingali, 2007; Qing et al., 2019; Verma, 2006).
Therefore, while reducing farmland fragmentation does not directly increase carbon input, it enables management
changes that indirectly lead to a significant increase in SOC.

4.2. The Influence of the WFC Project on Future SOC in Farmland

The implementation timeline of the WFC project, initiated in 2013, varied across regions, with nationwide
completion targeted for 2030. Therefore, this study designated 2030 as the critical transition point between
traditional and well‐facilitated farmland regimes. Comparative analysis of SOCD changes under different
management and climate scenarios revealed a substantially greater SOC sequestration potential in well‐facilitated
farmland compared to traditional farmland, evident under both SSP1‐2.6 and SSP5‐8.5 climate pathways
(Figures 5b–5e). Quantitatively, the WFC scenario is projected to increase cumulative SOC stocks by 3.34 Pg
(0.048 Pg C yr− 1) under SSP1‐2.6 and 2.86 Pg (0.041 Pg C yr− 1) under SSP5‐8.5. This stands in stark contrast to
the traditional management scenario, which projects a net loss or negligible gain (− 0.107 Pg and 0.014 Pg,
respectively) over the same period (Table 4).

The influence of climate change on SOC was highly dependent on the management system. Firstly, the SOC
stocks would increase in the future under these two climate scenarios, and in a well‐facilitated farmland system,
both SOCD and SOC stocks were higher than in traditional farmland under both climate scenarios. This is likely
due to the CO2 fertilization effect, where elevated atmospheric CO2 enhances plant productivity and subsequent
soil carbon input (Harrison et al., 1993). Secondly, it was noted that SOC accumulation under SSP5‐8.5 was lower
than under SSP1‐2.6. This discrepancy could be linked to the soil carbon saturation effect, where carbon storage
efficiency declines or reaches zero once the soil nears its saturation threshold (Chen et al., 2019; Stewart
et al., 2007). Additionally, previous studies have shown that elevated CO2 concentration and climate warming can
have counteracting effects, accelerating carbon decomposition and reducing SOC contents (Kirschbaum, 2000;
Lin & Zhang, 2012). Therefore, the combined influence of soil carbon saturation and counteracting effects likely
outweighed the benefits of CO2 fertilization, leading to reduced SOC stocks accumulation under the SSP5‐8.5
scenario.

Besides, the FMU was integrated and carried out the unified management practices, the irrigation, straw incor-
poration, and fertilization also contributed to the SOC sequestration. Adequate irrigation water could improve the
SOC, especially in the topsoil (Emde et al., 2021). Furthermore, precision irrigation could balance the microbial
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Figure 4. Spatial distribution of soil organic carbon density with traditional farmland management (a–f) and well‐facilitated farmland construction management (g–l) in
2040, 2070 and 2100 under low and high carbon emission pathways (SSP1‐2.6 and SSP5‐8.5).
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activities and improve biomass production, thereby resulting in higher carbon
input to the soil in the form of roots and dead plant material (Entry et al., 2002;
Kochsiek et al., 2009; Roldán et al., 2005; Trost et al., 2013). Straw incor-
poration was an important way of carbon input in farmland and was influ-
enced by anthropogenic management (Liu et al., 2014; Xin et al., 2024). Since
the 1980s, the straw incorporation rate has increased from less than 20% to
more than 40% (Liang et al., 2023). According to the study by Xin
et al. (2024), SOC in Chinese farmland increased, and the increased rates of
SOC on wheat, rice, and maize were 15.88%, 12.70%, and 12.42%, respec-
tively. Well‐Facilitated Farmland Construction farmland implemented the
Soil Testing and Formulated Fertilization, it could accurately control and

optimize nitrogen availability, reducing the microbial decomposition of SOM and increasing carbon sequestration
(Li et al., 2017). Meanwhile, straw incorporation and nitrogen fertilization had synergistic effects as nitrogen
fertilization potentiates the carbon sequestration benefits of straw incorporation (Alvarez, 2006).

In conclusion, the integrated strategies mandated by the WFC project are critical for transforming China's
farmland into a reliable carbon sink. This framework not only boosts SOC sequestration far beyond traditional

Table 3
The Correlation Analysis Between SOCD and PD in Shunyi, Rudong, and
Dangtu Counties

PD‐ Shunyi PD‐Rudong PD‐Dangtu

SOCD‐Shunyi − 0.88a \ \

SOCD‐Rudong \ − 0.94a \

SOCD‐Dangtu \ \ − 0.52
aRepresents significance at the 0.01 level.

Figure 5. Spatial changes in topsoil (0–20 cm) soil organic carbon density (SOCD) during 2030–2100 under traditional
farmland management (a) SSP1‐2.6 and (b) SSP5‐8.5) and well‐facilitated farmland construction management (c) SSP1‐2.6
and (d) SSP5‐8.5). Changes in SOCD are represented by the slope, with positive values indicating an increasing trend and
negative values indicating a decreasing trend.
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methods but also builds resilience against the complex and sometimes
counterintuitive effects of future climate change.

4.3. Limitations and Perspectives

While this study provides valuable insights, we acknowledge two limitations
that present clear opportunities for future research. First, our reliance on the
CENTURY model, a classic C pool‐based model, is a methodological
constraint. The field is advancing toward models based on measurable carbon
pools, which can be more directly validated with empirical data and may offer
more robust simulations (van de Broek et al., 2025; Zhang et al., 2021). Future
work should therefore employ these next‐generation models to refine our
projections. Second, our analysis was intentionally focused on topsoil (0–
20 cm), the layer most directly influenced by agricultural management.
However, as carbon dynamics in the topsoil are linked to those in deeper
layers, a crucial next step is to extend our simulations to the entire soil profile
(Zhou, Wei, et al., 2025; Zhu & Davis, 2025). This will provide a more ho-
listic understanding of how WFC practices impact total ecosystem carbon

sequestration. Finally, the process‐based model involved many parameters that related to the soil properties,
climate changes, crop growth, and others, so how to initialize the critical parameters remained a significant
challenge for large‐scale modeling. In the future study, we would try to use the knowledge‐guided ML to explore
these issues.

5. Conclusion
Restructuring agricultural landscapes through land consolidation represents a powerful, yet often overlooked,
strategy for climate change mitigation. Our research demonstrates that China's vast farmlands, which exhibit
significant baseline variability in SOC, can be transformed into a more potent carbon sink. We establish a strong
inverse relationship between farmland fragmentation and SOCD, showing that the consolidation of management
units under the WFC project directly enhances SOC sequestration. This finding provides a mechanistic link
between landscape structure and soil health, confirming that policies targeting land tenure can yield significant
biogeochemical benefits.

The future potential of this strategy is globally significant. Our projections indicate that the nationwide imple-
mentation of WFC practices could sequester an additional ∼3 Pg of carbon by 2100, turning a substantial portion
of the nation's agricultural land into a net carbon sink. This remarkable potential is driven by a suite of synergistic
improvements in management, including optimized irrigation, systematic straw incorporation, and precision
fertilization, which together enhance carbon inputs while limiting decomposition losses.

Crucially, our findings reveal that the effectiveness of these interventions is tightly coupled with future climate
pathways. The interplay between management intensity and climate drivers suggests that under the WFC system,
the benefits of a high‐emissions future may be constrained by soil carbon saturation and accelerated warming‐
induced decomposition, making a low‐emissions pathway potentially more favorable for long‐term carbon
storage. This highlights the critical need to pursue land management and climate mitigation goals in concert.

Ultimately, China's WFC project serves as a compelling model for sustainable agricultural intensification. By
addressing land fragmentation, it creates a triple‐win scenario: strengthening national food security, improving
soil health, and making a substantial contribution to global climate change mitigation. This approach offers a
scalable pathway for other nations grappling with the dual challenges of agricultural productivity and environ-
mental sustainability in a changing world.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Table 4
The Variations in SOC Storage (Pg) Under the Different Scenarios From
2030 to 2100

Area

SSP1‐2.6 SSP5‐8.5

TFa WFb TF WF

HHH − 0.036 0.959 − 0.064 0.450

NE − 0.023 0.579 0.206 0.916

NW 0.023 0.301 − 0.100 − 0.005

QT − 0.002 0.041 − 0.007 0.029

SE − 0.008 0.172 0.001 0.204

SW − 0.032 0.680 − 0.070 0.581

YZ − 0.029 0.604 0.048 0.688

China − 0.107 3.336 0.014 2.864
aTF: traditional farmland. bWF: well‐facilitated farmland.
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