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Abstract

Conventional static approaches to cultivated land quality (CLQ) assessment often fail
to capture the rapid spatial restructuring of cultivated land in urbanizing regions. This
study takes Chengdu, China, as the study area and employs multi-source and multi-
indicator datasets from 2010, 2017, and 2023 to assess CLQ using an integrated AHP-CRITIC
weighting approach, combined with obstacle degree and constraint factor analyses. The
results show that the mean CLQ score increased from 0.520 in 2010 to 0.695 in 2023, reflecting
the continuous improvement in stable cultivated land quality. Constraint factors also shifted
from natural endowment limitations to engineering- and management-related disturbances:
converted land was mainly constrained by climatic and topographic conditions, newly
added land by soil moisture and fertility after land-use conversion, and stable land by
compound soil-water and terrain constraints. These findings provide scientific evidence
and practical references for high-standard farmland construction and refined cultivated
land governance in rapidly urbanizing grain-producing regions.

Keywords: cultivated land quality; AHP-CRITIC weighting; obstacle degree model;
spatiotemporal evolution; multi-source data; Tianfu Granary

1. Introduction

Cultivated land is the material foundation of agricultural production and a strategic
resource for food security. In China, the implementation of the strategy of “storing grain in
land and technology” has shifted farmland protection from a focus on quantity alone to-
ward the coordinated protection of quantity, quality, and ecology. However, cultivated land
resources remain under dual pressure from continuous occupation by construction land and
the deterioration of soil and ecological functions [1,2]. Globally, urban encroachment pref-
erentially displaces crop production from fertile peri-urban soils, with the compensatory
land demand substantially exceeding the area directly converted [3], and global cultivated
land spatial transformation has entered a phase of net contraction since 2005, with quality
differentiation intensifying across regions [4]. Sustainable intensification has emerged as
a critical strategy to reconcile food security with land conservation in rapidly urbanizing
regions [5], with urban-rural transition dynamics in rapidly growing metropolitan areas
further confirming the vulnerability of peri-urban agricultural land to urban expansion
pressures [6]. High-quality cultivated land is being lost in many rapidly urbanizing re-
gions, while the potential for developing reserve cultivated land is increasingly limited [7].
Intensive land use, soil contamination, erosion, and fragmentation further weaken the
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productive and ecological functions of farmland, making scientific and dynamic CLQ
assessment a prerequisite for sustainable farmland protection [8].

CLQ evaluation has evolved from single-factor assessments of soil fertility and produc-
tion potential to multidimensional frameworks that incorporate soil properties, ecological
conditions, infrastructure, and land-use efficiency [9-13]. Correspondingly, evaluation
methods have shifted from expert-based qualitative judgement to quantitative and inte-
grated approaches, including entropy weighting, principal component analysis, machine
learning, and combined subjective—objective weighting methods [14-17]. Multi-source
remote sensing, ground monitoring, and geospatial platforms such as Google Earth Engine
(GEE) have further improved the capacity to monitor farmland quality over broad areas
and long time periods [18-23]. Nevertheless, two limitations remain. First, many studies
still emphasize static quality grading and do not sufficiently distinguish between genuine
quality improvement and compositional changes caused by the conversion, addition, or
persistence of cultivated land. Second, obstacle factor diagnosis is often conducted for
a single time point or at an aggregate regional scale, making it difficult to identify how
constraints differ among stable, newly added, and converted cultivated land.

Chengdu, a major grain-producing region in western China and the core of the Tianfu
Granary, provides a representative case for examining CLQ change under the combined
influence of complex terrain, strong policy intervention, and rapid urban expansion. This
study evaluates CLQ in Chengdu for three key years, 2010, 2017, and 2023, and addresses
three questions: (1) How does CLQ change when cultivated land area shrinks under rapid
urbanization? (2) Are observed improvements driven by real quality enhancement or by
spatial replacement resulting from farmland conversion? (3) How do residual obstacle
factors differ among stable, newly added, and converted cultivated land? The innovations
of this paper carry global implications. Methodologically, this study constructs a closed-
loop framework. The AHP-CRITIC hybrid weighting algorithm can adjust indicator
systems and weight thresholds according to natural conditions and land policies of different
countries and regions, overcoming the defects of single static evaluation models. This paper
can provide empirical evidence for balancing urban development and farmland protection
in similar grain-producing regions worldwide.

The remainder of this paper is organized as follows. Section 2 describes the study area,
data sources and integrated evaluation methodology. Section 3 analyzes the spatiotemporal
evolution of cultivated land quality and the differentiated obstacle factors across different
farmland transition types in Chengdu. Section 4 discusses targeted improvement strategies,
the international applicability of the framework, research limitations and future prospects,
and summarizes the core conclusions.

2. Materials and Methods
2.1. Description of the Study Area

Chengdu, the capital of Sichuan Province, is a major grain-producing region in western
China and the core area of the Tianfu Granary. Its terrain is higher in the northwest and
lower in the southeast, forming a pattern commonly described as “one-third plains, one-
third hills, and one-third mountains,” which creates diverse conditions for agricultural
land use (Figure 1). The city has a crop-sown area of more than 10 million mu, including
more than 5.7 million mu of grain crops, and therefore plays an important role in regional
food security. At the same time, rapid urbanization has intensified pressure on cultivated
land through construction-land expansion, conflicts between agricultural production and
ecological protection, and rising demand for quality conservation and improvement [24,25].
These characteristics make Chengdu an appropriate case for developing a dynamic CLQ
evaluation and obstacle diagnosis framework.
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Figure 1. Geographical location and extent of Chengdu. The base map was produced using a standard

map downloaded from the Standard Map Service of the Ministry of Natural Resources (approval
number GS5(2019)3333), and the base-map boundary was not modified.

2.2. Research Methods
2.2.1. Research Framework

This study selected 2010, 2017, and 2023 as representative policy years and used
Chengdu as the empirical study area. Multi-source remote sensing, ground monitoring,
and socioeconomic datasets were integrated to construct an 18-indicator CLQ evaluation
system. Each indicator was standardized using fuzzy membership functions, and indicator
weights were calculated with an AHP-CRITIC combined weighting method. CLQ scores
were then estimated for the three study years, and the robustness of the results was
examined using Pearson and Spearman correlation coefficients. The natural breaks (Jenks)
method was used to classify CLQ into five grades. Finally, an obstacle degree model was
applied to identify the key factors limiting CLQ improvement in stable, newly added, and
converted cultivated land, thereby linking quality evolution with land-transition processes.

2.2.2. Cultivated Land Quality Evaluation

Cultivated land is a coupled natural-human system shaped by geomorphology, climate,
soil conditions, infrastructure, and land use. Following the principles of comprehensiveness,
dominance, data availability, and operational applicability, this study constructed the
indicator system (Figure 2) with reference to the national standard “Cultivated land quality
grade” (GB/T 33469-2016) [26] and related CLQ evaluation studies [27,28]. Considering
the difficulty of obtaining spatially continuous field observations for all evaluation years,
some indicators were represented by proxy variables that can reflect the corresponding
ecological or productive conditions at the regional scale.

The indicator system contains five criterion layers. Geomorphological indicators de-
scribe topographic suitability and cultivation constraints [8]. Climatic indicators represent
hydrothermal conditions that determine long-term production stability [29]. Soil indicators
capture nutrient supply, soil water regulation, rooting depth, texture, compactness, and
acidity-alkalinity [30,31]. Infrastructure indicators reflect irrigation accessibility, road con-
nectivity, and farming convenience [32]. Land-use indicators measure actual production
performance and cropping-structure suitability (Table 1).
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Table 1. Cultivated Land Quality Evaluation Indicator System.

Target Layer Criterion Layer

Indicator Layer

Indicator Meaning Directionality

Angle of surface inclination, affecting

Slope surface runoff and erosion extent Negative
Vertical height of cultivated land above
Geomorphological Elevation sea leYel; influences cultivated la'nd Negative
Characteristic quality through temperature, air
Indicators pressure, and precipitation
Direction of slope aspect; determines
Aspect distribution of light, temperature, Positive
and moisture
>10°C Total heat during the active growing
Accumulated  season of crops; affects multiple cropping Positive
Climatic Condition Temperature index and biomass accumulation
Indicators Annual Determines regional water supply
o capacity; influences soil moisture balance Positive
Precipitation . .
and nutrient cycling
Soil Fertility Comprehenswe}y reﬂects. the nutrient Positive
supply potential of cultivated land
Soil Moisture Relative state of soil wetness or .dryness Moderate
and water retention capacity
Organic Carbon Reflects soil fertility and .
. . L Positive
Content microbial activity
e . Reflects the structural complexity and o
) . Biodiversity stability of the cultivated land ecosystem Positive
Cultivated Soil Condition - -
Indicat Effective Soil Affects crop root development and .
Land hdicators . - . Positive
Oualit Layer Thickness water/nutrient storage capacity
uality
Soil particle composition affects aeration,
Plough Layer - .
water permeability, and nutrient Moderate
Texture . .
retention capacity
Soil Bulk Measures soil compactness; affects soil .
. . - Negative
Density aeration and workability
Refl il acidi lkalinity; aff
pH Value eflects soi ac.ldlty ora k? inity; affects Moderate
nutrient availability
Characterizes the guarantee capacity of
Distance to agricultural irrigation conditions; .
o . . Negative
Irrigation determines drought resistance of
cultivated land
Characterizes the connection degree with
istance to e transportation system; affects .
Infrastructure Distance t the transportation system; affect
Condition Indicators Negative

Roads

machinery operation, material transport,
and field management

Distance to

Characterizes the actual distance from
cultivated land to settlements or farm Negative

Settlements households; reflects farming convenience
Grain Yield per Reflects th.e production capacity per unit B
o Unit Area land area; influenced by both natural and Positive
Land Use Condition anthropogenic factors
Indicators - .
Characterizes cultivated land use o
Crop Type Positive

patterns; reflects land productivity
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Figure 2. Technical roadmap.(Arrows and dashed box explain that Pearson & Spearman correlations
are applied to compare AHP and combined AHP-CRITIC weighting results).

A subjective-objective combined weighting method was used to determine the compre-
hensive weight of each indicator. First, the analytic hierarchy process (AHP) was applied
to obtain subjective weights [33]. Ten experts in land resource management, agroecology,
and geographic information science were invited to form an evaluation panel, and the
consistency ratio (CR) of all judgement matrices was controlled below 0.1. Second, the
CRITIC method was used to calculate objective weights [34]. To ensure comparability
across years, indicator data for 2010, 2017, and 2023 were pooled to estimate contrast
intensity and inter-indicator conflict, generating global objective weights that reflected
long-term variation.

The AHP and CRITIC weights were integrated using a linear combination:

wj(comh) _ “'wi(AHP) + (1 . a).wi(CRITIC) )
where w;©") is the combined weight of indicator i, w;AHP) is the subjective weight derived
from AHP, w;(“RITIO) js the objective weight derived from CRITIC, and o is the integration
coefficient. To balance expert knowledge and data-driven information, o was set to 0.5,
meaning that AHP and CRITIC each contributed 50% to the final weight.

CLQ scores were calculated by multiplying the standardized membership value of
each indicator by its combined weight. The resulting scores were classified into five
grades using the natural breaks (Jenks) method, as shown in Table 2. To support spatial
visualization and grade composition analysis of CLQ, the natural breaks (Jenks) method
was used to classify the continuously distributed CLQ scores into five grades for each study
year separately (Table 2). This method identifies natural grouping structures within the data
by minimizing within-grade variance and maximizing between-grade variance, making it
well-suited for revealing spatial differentiation patterns of CLQ in each period. Using a
single set of breakpoints for all periods ensures consistent grading standards for cross-year
comparison of cultivated land quality spatial patterns and grade composition changes.
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Table 2. Cultivated Land Quality Classification Table.
Grade Level 1 Level 2 Level 3 Level 4 Level 5
(Best) (Better) (Moderate) (Poorer) (Poorest)
Score 0.716-0.849  0.666-0.716  0.588-0.666  0.506-0.588  0.344-0.506

2.2.3. Obstacle Factor Diagnosis

The obstacle degree model was used to diagnose the contribution of each indicator to
the limitation of CLQ improvement [35,36]. The model includes three key variables: the
factor contribution rate V;, which is represented by the weight of indicator j; the indicator
deviation degree B;, which measures the gap between the membership degree A; and the
ideal value of 1; and the obstacle degree M;, which represents the relative limiting effect of
indicator j on the overall CLQ level. The formulas are as follows:

Bi=1-A )
M= DY 00y 3)
i = X %
] i=1B; V]

Based on the above formulas, obstacle degrees were calculated for 2010, 2017, and
2023. Indicators with an obstacle degree of at least 5% were identified as major obstacle
factors [37]. Following the equal-interval classification method, obstacle degrees were
divided into severe restriction (>15%), moderate restriction (10-15%), mild restriction
(0-10%), and no restriction (0%) [38].

2.2.4. Robustness Test

To test the robustness of the CLQ evaluation method, results obtained from the AHP-
CRITIC combined weighting method were compared with those obtained from the AHP-
only method. Pearson correlation coefficient (r) and Spearman rank correlation coefficient
(p) were used to quantify the consistency of CLQ scores and rankings for 2010, 2017, and
2023 [28].

2.3. Data Sources and Preprocessing
2.3.1. Data Sources

Land-use data were obtained from the Wuhan University CLCD dataset, and ad-
ministrative boundary data were obtained from the standard map with approval number
(GS5(2024)0650 provided by the National Geomatics Center of China (NGCC). Slope, eleva-
tion, and aspect were derived from the ASTER GDEM V3 dataset. The >10 °C accumulated
temperature and annual precipitation were obtained from the ERA5-Land dataset on GEE
(Google LLC, Mountain View, CA, USA) and the China 1 km monthly precipitation dataset
released by the National Tibetan Plateau Data Center, respectively. Soil fertility was charac-
terized using NDVI calculated from Landsat 5 TM and Landsat 8 OLI/TIRS imagery on
GEE. Although NDVI does not directly measure soil nutrients, it reflects vegetation vigor
and can indirectly capture the integrated effects of soil nutrient supply, soil moisture, and
crop growth conditions at the regional scale. Soil moisture was derived from the GLEAM4
dataset. Biodiversity was represented by the Shannon Diversity Index (SHDI) calculated
from CLCD land-use data. SHDI does not directly represent species-level biodiversity, but
it reflects landscape heterogeneity and habitat structural complexity around cultivated
land, which are relevant to the ecological dimension of cultivated land quality. Organic
carbon content, effective soil layer thickness, plough layer texture, bulk density, and pH
were obtained from the Basic Soil Property Dataset of High-Resolution China Soil Informa-
tion Grids. Infrastructure indicators were calculated using Euclidean distances to roads,
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irrigation sources, and settlements based on OSM data and the Global Urban and Rural
Settlement (GURS) dataset. Grain yield per unit area was obtained from the Chengdu
Statistical Yearbooks of 2011, 2018, and 2024. Crop type was represented by a weighted
composite score based on expert evaluation and the China 19802022 annual spatial distri-
bution dataset of 14 crop types from Tsinghua University. Because the crop-type dataset
had not released 2023 data, the 2022 crop-type spatial pattern was used as a proxy for 2023
to maintain temporal continuity. This substitution introduces only slight uncertainty. A
long-term comparison using the same dataset (2010-2022) confirms minimal interannual
fluctuation of cropping patterns in Chengdu at the municipal scale. With low indicator
weight, it does not alter overall CLQ trends or core conclusions, and minor deviations are
limited to scattered small plots.

2.3.2. Primary Processing

To ensure spatial comparability among datasets, all data were clipped to the adminis-
trative boundary of Chengdu using ArcGIS 10.8 (Esri, Redlands, CA, USA) and resampled
to a uniform spatial resolution of 30 m x 30 m. This processing ensured that all indi-
cator layers were aligned with the cultivated land raster in projection, resolution, and
pixel correspondence.

To remove dimensional effects and make indicators comparable, membership func-
tions were used to standardize all indicators. For positive indicators, where larger values
indicate higher CLQ, an upper-limit S-shaped function was used. For negative indica-
tors, where larger values indicate lower CLQ, a lower-limit inverse S-shaped function
was adopted. For moderate indicators with an optimal range, such as soil moisture and
pH, a peak function was used. Plough layer texture was treated as a qualitative indicator
and assigned membership values according to texture classes. The parameters used for
numerical indicators and qualitative classes are shown in Tables 3 and 4.

Table 3. Membership Function Parameters for Numerical Indicators.

Directionality Function Type Indicator al bl b2 a2
Aspect 166.828 182.476
>10 °C Accumulated Temperature ~ 4294.466 6347.098
Upper-limit (S-shaped) Annual Precipitation 999.404 1559.148
- 1 x> Soil Fertility 0.207 0.602
Positive u(x) = ;2__?1 1 <x<a Organic Carbon Content 8.532 12911
0 x<a Biodiversity 0.099 0.579
Effective Soil Layer Thickness 89.687 139.565
Grain Yield per Unit Area 5254 6020.249
Slope 0.353 0.797
Lower-limit (inverse S-shaped) Elevation 440.292 705.012
. 1 x < Soil Bulk Density 1166.510 1299.048
Negative ) a—x . L
plx) =4 = m<x<m Distance to Irrigation 1.628 938.688
0 X 2> ap Distance to Roads 0.268 2073.063
Distance to Settlements 0.640 2514.003
Peak (parabolic)
1 by = x>t Soil Moisture 0.4 06 07 0.8
Moderate u(x) = %}Za]l ap < x < by
o 2>X>b pH Value 5.5 65 75 8.5
0 x<ay,x>a
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Table 4. Membership Degree for Qualitative Indicators.
Level 1 Level 2 Level 3 Level 4
Directionality  Indicator Indicator Score Indicator Score Indicator Score Indicator Score
Value Value Value Value
Sandy clay .
Plough . Silt,
Moderate Layer Loam, Silt 1 loam, Cllay 0.7 Sandy 0.4 Sandy 0.3
loam loam, Silty clay
Texture loam
clay loam
3. Results

3.1. Spatial Patterns and Grade Distribution of Cultivated Land Quality
3.1.1. Spatial Pattern and Differentiation of Cultivated Land Quality

The spatial distribution of CLQ grades in Chengdu for 2010, 2017, and 2023 is shown
in Figure 3. Cultivated land was largely absent from the northwestern mountainous areas
and the central urban districts. Higher-quality cultivated land was concentrated in the
southwestern plains and eastern shallow hills, whereas lower-quality land occurred mainly
in mountain-front and hill-plain transition zones.

(a) A

Grade Tl
1.02%

Grade
0.01%

(b) A

Grade 111
19.94%

Grade 1l

_ Quality Grades of
Cultivated Land
B Grade |

> [ Grade I
) Grade 1T

B Grade IV
. Grade V

0 15 30 60
- km

Grade 11
43.46%

. Quality Grades of
. Cultivated Land

60
km

Figure 3. Spatial patterns and grade distribution of cultivated land quality in Chengdu: (a) 2010;
(b) 2017; (c) 2023.

In 2010, the overall CLQ level was relatively low and high-quality cultivated land was
highly fragmented. Grade 5 land was mainly distributed along the Longmen Mountains
in western Chengdu and the Longquan Mountains in the east, while Grade 4 land was
widespread in the eastern shallow hills and the transition zones between plains and moun-
tains. By 2017, CLQ had improved markedly: Grades 1 and 2 formed more continuous
distributions in the core plain area, and Grades 4 and 5 had shrunk substantially. In 2023,
the spatial pattern was broadly stable, with further clustering of high-quality land and a
slight expansion of Grade 3 land in peripheral shallow hilly areas.

These results indicate that the initial CLQ baseline in 2010 was constrained by weak
infrastructure and fragmented land use, especially in hilly-plain transition zones. The
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subsequent expansion of high-standard farmland construction and comprehensive land
consolidation in areas such as Xinjin District and Qionglai City substantially improved the
regional CLQ baseline through land leveling, irrigation and drainage improvement, and

plot consolidation.

3.1.2. Area Composition and Distribution of Cultivated Land Quality Grades

As shown in Table 5, the proportion of high-quality cultivated land increased substan-
tially after 2010. In 2010, Grades 4 and 5 accounted for 74.52% of the total cultivated land
area, whereas Grades 1 and 2 were scarce. By 2017, Grades 1 and 2 accounted for 79.80%,
and Grade 5 had almost disappeared (0.01 km?). In 2023, Grades 1 and 2 still accounted for
75.97% of the total cultivated land area, while Grades 4 and 5 remained very limited (0.57%
and approximately 0%, respectively).

Table 5. Area and proportion of cultivated land quality grades in Chengdu in 2010, 2017, and 2023.

Grade ) 2010 . ) 2017 . ) 2023 .
Area/km Percentage/% Area/km Percentage/% Area/km Percentage/%
1 0.01 2805.02 33.77 2545.08 32.52
2 1.02 3824.78 46.03 3402.41 43.46
3 24.45 1652.99 19.94 1831.27 23.45
4 54.64 21.05 0.25 44.59 0.57
5 19.88 0.01 0 0.01 0
Total 100 8303.85 100 7823.36 100

3.1.3. Robustness Test Results

The robustness test showed strong agreement between the AHP-CRITIC and AHP-
only results. The Pearson correlation coefficients for 2010, 2017, and 2023 were 0.880,
0.873, and 0.888, respectively, and the Spearman rank correlation coefficients were 0.858,
0.856, and 0.877, respectively. These consistently high correlations indicate that the CLQ
evaluation and grade classification were stable across weighting schemes (Figure 4).

Year 2010 Pearson /=0.880 | Spearman p=0.858 Year 2017 Pearson /=0.873 | Spearman p=0.856 Year 2023 Pearson /=0.888 | Spearman p=0.877
085

Evaluation Units Evaluation Units Evaluation Units

0.65 === Fitting Line: y=0.75x+0.18 -== Fitting Line: y=0.67x+0.27 -== Fitting Line: y=0.67x+0.27

0.80

o

075

o
3

AHP-only
AHP-only

0.70

0.65

0.65

0.60

0.50 055 0.60 0.65 055 0.60 0.65 0.70 0.75 0.80 0.55 0.60 0.65 0.70 0.75 0.80 0.85
AHP-CRITIC AHP-CRITIC AHP-CRITIC

040 045

Figure 4. Robustness test results.

3.2. Spatiotemporal Dynamics of Cultivated Land Quality
3.2.1. Overall Temporal Dynamics in Cultivated Land Quality

Mean CLQ scores reveal a clear improvement followed by stabilization. The mean CLQ
score increased from 0.520 in 2010 to 0.698 in 2017 and then remained nearly stable at 0.695
in 2023 (Figure 5). This pattern indicates that cultivated land protection and improvement
policies generated substantial gains before 2017, whereas subsequent improvements became

more limited.
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Figure 5. Changes in mean cultivated land quality scores in Chengdu, 2010-2023.

Specifically, 2010-2017 was a rapid improvement stage, during which the mean CLQ
score increased by 34.3%. In contrast, 2017-2023 was a stabilization stage, with the mean
score decreasing slightly by 0.4%. This marginal decline, however, should not be interpreted
as a deterioration of stable cultivated land. As shown in Table 6, over 99% of stable
cultivated land actually improved during 2010-2023. The slight decrease in the average
score is primarily a compositional effect: some medium-quality and high-quality peri-
urban farmland was converted to construction uses in rapidly urbanizing districts such
as Shuangliu and Tianfu New Area, while newly added land largely obtained from land
consolidation entered the cultivated land pool with an initial quality deficit that had not
yet been fully remediated by 2023. This spatial replacement temporarily lowered the
average score, masking the continued improvement of stable plots. Moreover, by 2017,
most farmland amenable to large-scale engineering measures like land leveling, irrigation
channels, and field roads had already been upgraded. The remaining constraints, such as
soil organic matter restoration, biodiversity enhancement, and soil structure recovery after
mechanical disturbance, are inherently slower to resolve and require ecological rather than
engineering approaches. The 0.4% decline thus signals the onset of a more challenging
stage requiring refined, long-term management.

Table 6. Types, areas, and proportions of cultivated land quality change.

Type of Cultivated Land Quality Change Area (km?) Proportion (%)
No change 23.29 0.26% 0.26%
Newly added Grade I 162.35 1.84%
Newly added Grade II 162.61 1.85%
Newly added Grade III 184.89 2.10% 5.93%
Newly added Grade IV 12.45 0.14%
Newly added Grade V 0.01 0.00%
Converted Grade I 0.17 0.00%
Converted Grade II 14.20 0.16%
Converted Grade III 250.17 2.84% 11.16%
Converted Grade IV 465.84 5.29%
Converted Grade V 252.85 2.87%
Upgraded by four grades 15.65 0.18%
Upgraded by three grades 1214.01 13.79% 82 649
Upgraded by two grades 4997.0601 56.74% R
Upgraded by one grade 1051.0209 11.93%
Degraded by one grade 0.02 0.00% 0.00%
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3.2.2. Spatial Differentiation of Cultivated Land Quality Change

From 2010 to 2023, CLQ change showed pronounced spatial differentiation (Figure 6;
Table 6). Quality improvement was the dominant transition type, accounting for 82.64%
of the study area, followed by converted cultivated land (11.16%) and newly added cul-
tivated land (5.93%). Among stable cultivated land, more than 99% experienced quality
improvement, mainly by two grades (68.44%), followed by three-grade and one-grade
improvements (Figure 7). Degradation was almost absent. Newly added cultivated land
was concentrated in Grades I-III, whereas converted cultivated land was concentrated in
Grades III-V (Figure 8). This structure suggests a one-directional optimization process in
which low-quality land tended to be converted, medium-quality land was upgraded, and

high-quality land was supplemented.
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Figure 8. Quality grades of converted cultivated land in Chengdu, 2010-2023.

Spatially, CLQ change formed a concentric pattern of “stable core-peri-urban
conversion-outer-suburban improvement and supplementation.” Newly added cultivated
land was mainly distributed in peripheral areas with relatively favorable terrain and con-
solidation potential. Converted cultivated land clustered in peri-urban zones affected
by urban expansion. Improvements in stable cultivated land were widespread, with the
largest gains occurring in outer suburban areas dominated by medium and low-grade
cultivated land.

The transition pathway was hierarchical: medium-grade land was the main source
of upgrading, high-grade land showed only marginal improvement, and low-grade land
was more likely to exit cultivated use. This pattern reflects the combined effects of culti-
vated land requisition-compensation balance, high-standard farmland construction, and
comprehensive land consolidation, which jointly promoted quality improvement and
spatial optimization.

Regionally, differentiated improvement strategies were observed. In Chongzhou,
high-quality cultivated land development was supported by the construction of a National
Modern Agricultural Industrial Park, a 100,000 mu national Grade I high-quality rice pro-
duction base, and the continued deepening of the agricultural co-management system [34].
In Xinjin District and Qionglai, comprehensive measures such as high-standard farmland
construction, soil pollution control, requisition-compensation balance, and farmland stew-
ardship improved fragmented cultivated land through plot merging, land leveling, and
irrigation-drainage infrastructure upgrading [35].

3.3. Spatiotemporal Pattern and Zoning of Constraint Factors

The constraint factors for converted cultivated land were strongly associated with
the physical geographical pattern. Precipitation-dominated constraints were concentrated
in the central-eastern part of the study area, where mountain interception reduces ef-
fective precipitation and increases dependence on irrigation. Aspect-dominated and
aspect-precipitation compound constraints mainly appeared in the western mountain-
plain transition zone, where shaded slopes and terrain relief limit solar radiation, heat
accumulation, and mechanized farming. Soil moisture constraints were also concentrated
in parts of the southwest, where insufficient water-conservancy support and weak soil
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water-regulation capacity reduced the long-term viability of cultivation. These patterns in-
dicate that converted cultivated land was often located in areas with relatively unfavorable
natural conditions and higher maintenance costs (Figure 9).

Severe constraint Factor Types for Converted Cultivated Land

0 15 30 60
km

Figure 9. Zoning of severe constraint factor types for converted cultivated land.

For newly added cultivated land, the spatial pattern of constraints reflected the effects
of land-use conversion more directly. Soil moisture-dominated constraints were concen-
trated in the southwestern edge of the Chengdu Plain, where former garden and forest land
was converted into cultivated land. Vegetation removal, deep ploughing, and mechanical
reconstruction can damage soil aggregates, reduce organic matter, and weaken soil water
regulation, thereby creating short-term moisture imbalance and waterlogging risk. Non-
severe constraints in the northernmost area suggest better source conditions and lower
disturbance during conversion. Local precipitation-accumulated temperature compound
constraints in northern and central-eastern areas indicate that some newly added cultivated
land inherited natural climatic limitations, suggesting that future land supplementation
should more strictly consider suitability and long-term sustainability (Figure 10).
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Figure 10. Zoning of severe constraint factor types for newly added cultivated land.
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A comparison of converted and newly added cultivated land shows that identical
constraint types may arise from different mechanisms. For example, soil moisture con-
straints occur in both land-transition types in the southwest, but in converted land, they
mainly reflect long-term irrigation and water-regulation deficiencies, whereas in newly
added land, they are more closely linked to soil structural disturbance during conversion.
Therefore, obstacle diagnosis should be interpreted together with land-use history rather
than by indicator type alone.

Stable cultivated land displayed the most diverse constraint structure and a clear
gradient from the core Chengdu Plain to the western and northwestern mountain-front
areas (Figure 11). This pattern is closely related to spatial differences in terrain, elevation,
hydrothermal conditions, and soil properties. The non-severe constraint type was mainly
concentrated in the core plain, where flat terrain, favorable hydrothermal conditions, and
dense irrigation networks support long-term stable cultivation.

int Factor Types for Stable Cultivated Land
ain

T W TTTTTITTTIT TR

I 5ot ™
[ soit v ity
I Crop Type-Soil Fertility

0 15 30 60

Figure 11. Zoning of severe constraint factor types for stable cultivated land.

Soil moisture-dominated constraints were widely distributed in the southwest and
were associated with heterogeneous parent materials and hydrological conditions; however,
these constraints remain relatively amenable to improvement through irrigation-drainage
construction and soil water-regulation measures. Precipitation-accumulated temperature
compound constraints were concentrated in the northern areas affected by the Longmen
Mountains and represent relatively low-intervention natural limitations. Aspect-related
constraints occurred mainly in the western piedmont transition zone, where slope aspect
interacts with soil moisture and terrain. Biodiversity-dominated constraints were scat-
tered across the study area, suggesting stronger links with habitat fragmentation, farming
intensity, and land-use structure rather than a single physical geographical factor.

4. Discussion and Conclusions
4.1. Main Findings and Policy Implications

Based on the “evaluation-diagnosis-optimization” framework, this study assessed the
spatiotemporal evolution of CLQ in Chengdu from 2010 to 2023 and interpreted the results

through the transition trajectories of converted, newly added, and stable cultivated land.
The main findings are as follows:

(1) CLQ in Chengdu increased substantially from 0.520 to 0.695 and reached a medium-
to-high level by 2023. This improvement was not solely the result of in situ natural
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evolution. Rather, it reflected the combined effects of low-quality land conversion,
the supplementation of relatively high-quality cultivated land, and the cross-grade
improvement in stable cultivated land. Spatial replacement therefore partly offset the
pressure of urban expansion on high-quality farmland.

(2) The dominant obstacle factors shifted from natural endowment constraints toward
engineering and management-related disturbances. Converted cultivated land was
mainly constrained by climatic and topographic factors, newly added cultivated land
by soil moisture and fertility after mechanical reconstruction, and stable cultivated
land by compound soil-water and terrain constraints.

(3) Future CLQ improvement is approaching the marginal limits of conventional engi-
neering measures such as land leveling and plot consolidation. Further improvement
should focus on ecological maturation, soil structure restoration, organic matter en-
hancement, irrigation-drainage optimization, and long-term fertility management.
The stabilization and marginal decline observed between 2017 and 2023 reinforces
this conclusion: the extensive margin of engineering-driven improvement has been
largely exhausted, and the next phase of quality enhancement must shift from hard in-
frastructure investments to soft ecological management. This transition is particularly
critical for newly added cultivated land, which requires sustained management for
soil structure recovery, and for stable farmland facing compound soil-water-terrain
constraints that cannot be resolved by engineering alone.

From a socio-economic perspective, the differentiated obstacle patterns can be partly
explained by variations in farmer management practices, land tenure stability, and cropping
intensity. For peri-urban converted cultivated land, unstable land conversion expectations
may reduce farmers” willingness to invest in long-term soil improvement and irrigation
maintenance, which amplifies inherent topo-climatic constraints and accelerates the exit of
low-quality plots. For newly added cultivated land from land consolidation, mechanical
reconstruction disturbs soil structure in the short term; meanwhile, farmers” unfamiliarity
with new plots and generally low-input management often make soil moisture and fertility
the dominant limitations. For stable cultivated land with clear tenure, long-term high
multiple-cropping intensity and relatively homogeneous planting patterns may gradually
degrade soil structure and reduce farmland biodiversity, contributing to the formation of
compound soil-water-terrain constraints.

These findings imply that farmland protection in rapidly urbanizing grain-producing
regions should shift from uniform engineering-oriented improvement to plot-specific and
process-oriented governance. In the Tianfu Granary, high-standard farmland construc-
tion should be integrated with ecological restoration, soil water-fertility regulation, and
post-conversion monitoring so that quality improvement can be sustained after land con-
solidation projects are completed.

These dynamics are consistent with patterns identified in the broader international
literature. Globally, urban encroachment preferentially displaces crop production from
high-quality peri-urban soils, with similar conversion pressures documented in other
rapidly urbanizing metropolitan regions in Asia, and global cultivated land transformation
has entered a phase of net contraction since 2005 with quality differentiation intensifying
across regions [4-7]. These parallels suggest that the evaluation-diagnosis-optimization
framework developed here has relevance beyond the Chinese context, and that the shift
from engineering-driven to ecologically oriented quality management observed in Chengdu
may represent a generalizable transition pathway for grain-producing regions worldwide.
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4.2. Cultivated Land Quality Evolution Under Urban Development Stages

The three-period assessment shows that CLQ evolution in Chengdu was closely cou-
pled with urban development stages and policy intervention intensity. Changes in spatial
pattern, land-transition structure, and obstacle factors were not independent processes;
rather, they jointly reflected the interaction between urban expansion, farmland protection
policies, and the natural suitability of cultivated land (Figure 12).
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Figure 12. Evolutionary pattern of cultivated land quality driven by urban development stages. The
upward arrow indicates the evolutionary trend of cultivated land quality.

In 2010, Chengdu was still in an earlier stage of rapid urban development, and policy
interventions for cultivated land protection were comparatively weak. CLQ was mainly
constrained by natural attributes such as precipitation and aspect, resulting in a low overall
quality level and a limited amount of high-quality cultivated land.

During 2010-2017, urban development accelerated, economic capacity and infras-
tructure improved, and farmland protection policies were strengthened. High-standard
farmland construction, comprehensive land consolidation, strict requisition—compensation
balance, and the orderly withdrawal of inefficient peri-urban cultivated land jointly pro-
moted a leap in CLQ. However, soil moisture and soil fertility constraints could not
be fully resolved by short-term engineering inputs and therefore remained important
limiting factors.

During 2017-2023, Chengdu entered a more stable stage of urban development, and
the effects of traditional engineering transformation gradually weakened. CLQ entered
a high-level stabilization stage with slight fluctuations. Newly added cultivated land
showed constraints related to soil structural disturbance caused by land-use conversion,
whereas stable cultivated land was increasingly characterized by compound constraints.
This stage requires a stronger emphasis on endogenous soil fertility management and
ecological restoration.

4.3. Advantages and Limitations of Multi-Source Data Coupling

The multi-source data framework used in this study integrates remote sensing, DEM,
soil, climate, land-use, infrastructure, and statistical data, providing more comprehensive
information than any single dataset. This integration supports high-resolution monitoring
of CLQ dynamics and allows cultivated land to be evaluated from ecological, productive,
and management-related dimensions.

The indicator system was developed with reference to GB/T 33469-2016 and adjusted
to the regional characteristics of Southwest China. By combining 18 indicators with AHP-
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CRITIC weighting, natural breaks classification, land-transition analysis, and obstacle
diagnosis, the framework captures not only where CLQ improved or declined but also
why different land-transition types face distinct constraints. For the classification step, all
multi-temporal CLQ scores were pooled to generate one set of fixed Jenks breakpoints,
which guarantees consistent grade boundaries for cross-year comparison. Even though
unified natural breakpoints support intertemporal comparison, future research pursuing
more rigid, universal grading standards may adopt fixed threshold or percentile-based
classification schemes.

Several limitations remain. First, the datasets used in this study were obtained from
different platforms, including the National Tibetan Plateau Data Center, GEE, soil-grid
products, OSM, and Chengdu Statistical Yearbooks. Differences in acquisition standards,
spatial resolution, temporal frequency, and data accuracy may introduce uncertainty during
resampling, spatial allocation, and indicator standardization.

Second, the transferability of the framework depends on local data availability, regional
environmental conditions, and management practices. Southwest China is characterized
by complex topography and fragmented land use; therefore, when applying this approach
to regions with different geographical or socioeconomic contexts, the indicator system,
thresholds, and weighting scheme should be adaptively adjusted.

Third, using 2022 crop data as a proxy for 2023 creates minor micro-scale uncertainty.
Future work will adopt official 2023 crop datasets to improve accuracy.

Fourth, the independent validation of CLQ results remains limited. Although actual
crop yield, official cultivated land quality grades, and field survey data would be useful
for validation, their use is constrained by data availability, scale mismatch, and temporal
inconsistency. Grain yield per unit area has already been included in the evaluation system,
so using similar yield data again may lead to circular validation. In addition, available
yield statistics are generally reported at the county or district scale, whereas the CLQ results
were generated at a finer spatial scale. Official quality grades and field survey data are
also often unavailable, not publicly accessible, or inconsistent with the 2010, 2017, and
2023 evaluation periods. Moreover, crop yield is influenced by crop varieties, agricultural
inputs, management practices, climate anomalies, and policy factors, and therefore cannot
be regarded as a direct validation standard for CLQ results.

Building on these limitations, several promising directions for future research emerge.

(1) Integrating socio-economic micro-data with spatial CLQ assessment would allow a
deeper understanding of the driving mechanisms behind obstacle factor differenti-
ation. Household surveys, land tenure records, and farm management data could
be linked to our grid-based CLQ results to examine how factors such as land rental
duration, cropping intensity, fertilizer input, and farmers’ age and education affect soil
quality trajectories. This would be particularly valuable for explaining why similar
natural conditions produce different constraint patterns under different management
regimes. Furthermore, future studies could incorporate formal spatial autocorrelation
analysis, such as Moran’s I, and spatial econometric modelling, such as Geograph-
ically Weighted Regression, to strengthen the causal interpretation of CLQ driving
mechanisms and spatial dependence structures identified in this study.

(2) Establishing long-term plot-level observations would validate and refine the CLQ
assessment results. Fixed monitoring sites across different land transition types, such
as stable, newly added, and converted would provide ground-truth data on soil
physical, chemical, and biological properties over time. This would improve the
calibration of membership function thresholds, validate the ecological maturation
process of newly added cultivated land, and quantify the actual soil water-fertility
coupling mechanisms inferred from our spatial analysis.
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(3) Enhancing the transferability of our evaluation framework to other regions warrants
further investigation. While the AHP-CRITIC combined weighting approach and
the land-transition-based obstacle diagnosis are methodologically generalizable, the
specific indicator system, membership function parameters, and weighting schemes
should be adaptively adjusted to local conditions.

(4) Leveraging emerging technologies offers new opportunities for CLQ monitoring and
early warning. UAV-based hyperspectral imaging could provide high-resolution soil
property mapping at the field scale; IoT-based in situ sensors could enable real-time
monitoring of soil moisture, temperature, and nutrient dynamics; Al-driven crop
growth models could simulate future quality trajectories under different management
and climate scenarios. Integrating these technologies with the evaluation frame-
work developed in this study could support a next-generation precision farmland
management system.

(5) Independent validation of CLQ results should be further strengthened. Although
actual crop yield, official cultivated land quality grades, and field survey data are
valuable for validation, their use in this study was constrained by data availability,
scale mismatch, and temporal inconsistency. Future studies should develop inde-
pendent validation datasets with consistent spatial and temporal coverage, such as
plot-level yield records, official cultivated land quality grades, and field survey data,
to further improve the robustness of the CLQ evaluation framework.

In addition, climate change presents an emerging challenge for CLQ sustainability.
Future research should incorporate climate projections into CLQ assessments to evalu-
ate how shifts in temperature, precipitation, and extreme weather events may affect soil
properties, crop productivity, and the effectiveness of current protection measures. This
is particularly important for regions like Chengdu, where the interaction between moun-
tainous terrain and changing precipitation patterns may intensify soil erosion and water
stress. Overall, this study constructs a cultivated land quality evaluation framework based
on the AHP-CRITIC combined weighting method and expands the analysis perspective
by distinguishing different land transition types. The findings not only present the spa-
tial heterogeneity of cultivated land quality in the study area, but they also clarify the
differentiated constraint characteristics of cultivated land with different conversion at-
tributes, providing empirical reference for refined cultivated land management in rapidly
urbanizing regions.

On the basis of addressing the above data limitations, future research can further
explore the micro socio-economic driving mechanism of obstacle factor differentiation
combined with farmer household surveys, and carry out long-term dynamic monitoring of
cultivated land quality evolution, so as to build a more precise multi-scale cultivated land
quality governance framework.
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