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Abstract: Over the past four decades, China has invested $298 billion in cultivated 18 

land consolidation (CLC), making a substantial contribution to increased agricultural 19 

production and enhanced food security despite rapid urban expansion and cultivated 20 

land encroachment. However, in the absence of a quantitative, spatial evaluation of 21 

CLC potential that engages local stakeholders including farmers, community, and 22 

decision-makers, the scope for systematic planning to guide and influence the 23 

prioritization, effectiveness, and efficiency of CLC for achieving enduring benefits for 24 

agricultural productivity and sustainability is limited. In this study, we used a 25 

knowledge co-production approach with spatial multi-criteria analysis (MCA) for 26 

evaluating CLC potential in Jiangsu Province and identifying priority areas with the 27 

participation of stakeholders. We identified key priority areas and considerations for 28 

ensuring CLC implementation for supporting the transition to more productive and 29 

sustainable agricultural systems including 7 priority types across 813 townships. 30 

41.82 % of the areas were targeted for resource consolidation, 33.83 % for pattern 31 

consolidation, and 9.84 % for utilization consolidation, with the remaining 14.51% for 32 

combined consolidation based on multiple criteria. While 686 townships with low and 33 

very low CLC potential were incorporated into the CLC planning as protection and 34 

development priority types. These spatially explicit results can inform regional 35 

prioritization and targeting investment in CLC projects with a high level of buy-in 36 

from stakeholders. The methodology and findings of this study can inform innovation 37 

in systematic spatial planning with stakeholders for CLC across China and help 38 

manage the trade-offs between urbanization and food security. 39 

Keywords: cultivated land consolidation; comprehensive zoning; food security; 40 

agricultural productivity; urbanization; China  41 

 42 

1. Introduction 43 

Cultivated land is a fundamental but limited resource vital for sustainable 44 

development (Foley et al., 2011). The efficient utilization and management of 45 

cultivated land underpins food security, rural livelihoods, economies, social security, 46 

and environmental integrity (Godfray et al., 2010). As the scale and intensity of 47 

human activities have continued to increase, demand for and pressure on land has 48 

boomed globally (Zuo et al., 2018). This is particularly evident in rapidly developing 49 

countries such as China where population growth and increasing socioeconomic 50 
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development and urbanization have led to increased agri-food demand from declining 51 

arable land area (Wang et al., 2022). The ever-decreasing quantity and quality of 52 

cultivated land have threatened food security and posed severe challenges to 53 

sustainability (Huang et al., 2019). To effectively alleviate these pressures and 54 

improve the sustainability of agri-food production (see SDG 2.4 Sustainable food 55 

production and resilient agricultural practices), it is necessary to boost productivity on 56 

the limited amount of cultivated land to lessen the impact of competition from land-57 

uses such as urbanization (Griggs et al., 2013; Gao and Bryan, 2017).  58 

Cultivated land consolidation (CLC) plays a major role in creating more effective 59 

and efficient land use in many countries around the world (Janečková Molnárová et 60 

al., 2023), including China (Tang et al., 2019), Ethiopia (Teshome et al., 2016), 61 

Turkey (Tezcan et al., 2020), Cyprus (Demetriou et al., 2012), Czechia (Podhrázská et 62 

al., 2015), Poland and the Netherlands (Stańczuk-Gałwiaczek et al., 2018). China has 63 

extensively implemented CLC to create more favorable management conditions for 64 

agriculture by improving food production capacity, reducing land fragmentation, 65 

configuring an efficient spatial structure, and upgrading infrastructure to meet the 66 

increasing demand for food and meet food security objectives (Zhou et al., 2019). 67 

Over 53.33 million hectares of high-standard farmland in China had been improved 68 

via CLC by the end of 2020. This has led to increased grain productivity of 10 - 20% 69 

and on-farm cost savings of $1162.58 per hectare per year, on average (Duan et al., 70 

2021; Lu, 2021; National Bureau of Statistics of China, 2021). However, competing 71 

demands for cultivated land and emerging trade-offs between urbanization and food 72 

security have increased the pressure on agricultural land. High-intensity cultivated 73 

land utilization is often accompanied by soil erosion, soil and water resource 74 

degradation and pollution, resource-use inefficiency, fragmentation, and a lack of 75 

coordinated infrastructure (Xie et al., 2020). To manage these complex challenges, 76 

CLC initially focused on increasing land quantity, focusing equally on increasing 77 

quantity and quality of farmland, and endeavoring to construct and protect basic 78 

farmland and compensating for the losses to urbanization (Zhou et al., 2020). More 79 

recently, CLC has also focused on enhancing the ecology of cultivated land to 80 

conserve natural resources, boost environmental carrying capacity, and improve land 81 

quality and efficiency (Asiama et al., 2017).  82 

Quantifying CLC potential can provide a rational basis for land consolidation 83 

planning and the efficient targeting of improvement in cultivated land. CLC potential 84 

can be defined in terms of a set of functions and parameters that regulate the scaling 85 
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of land resources and the configuration of land-use structure, intensity, infrastructure, 86 

and productive capacity (Ye et al., 2022). These elements can be quantified, mapped, 87 

and integrated into a spatial layer defining the priority of each parcel for land 88 

consolidation. Quantifying CLC potential aims to identify underlying areas with 89 

unfavorable agricultural conditions or barriers to production using spatially 90 

differentiated indicators of cultivated land (Wójcik-Leń et al., 2019). Areas with 91 

unfavorable conditions, such as lower resource endowment, land degradation, higher 92 

fragmentation, lack of rural infrastructure, and requiring road and drainage 93 

construction, have a higher potential for consolidation than other regions.  94 

Quantifying CLC potential is a critical foundation for planning to improve 95 

unfavorable conditions, remove barriers to production, prioritize consolidation project 96 

implementation, and ensuring productive yet sustainable agricultural land use (Jiang 97 

et al., 2017). Studies have applied various qualitative and quantitative approaches for 98 

evaluating CLC potential, primarily focusing on the quality of cultivated land based 99 

on limiting factors. Some studies have calculated CLC potential as the gap between 100 

current and theoretical quality under climate, soil properties, and technical farming 101 

conditions (Brown et al., 2008; Tang et al., 2017). Other studies have assessed 102 

changes in factors related to productivity potential (Ye et al., 2022; Yuan et al., 2022), 103 

incorporating quality and quantity indices at different spatial scales to reflect the 104 

potential for agricultural production and supplement cultivated land (Gasparri et al., 105 

2015; Ge et al., 2020; Hiironen and Riekkinen, 2016). Despite the development of 106 

various methods for investigating CLC potential, the formulation of CLC planning is 107 

often oversimplified into a single dimension or quantitative indicator (i.e., increasing 108 

farmland area or improving quality grades) and often ignores other key information 109 

such as land condition and environmental quality, making it hard to implement 110 

effective land consolidation. Incorporating a comprehensive suite of factors that fully 111 

consider the diverse and multi-faceted components to tailor the situation to local 112 

conditions is crucial for evaluating potential and developing appropriate planning for 113 

CLC (Han et al., 2021).  114 

Effective decision-making needs to incorporate the views of stakeholders. Various 115 

participatory methods have been applied in studies to engage multiple stakeholders 116 

such as governments, professional organizations, local elites, and marginalized 117 

farmers across different levels to guide better CLC decision-making. Methods such as 118 

empirical surveys, field surveys, structured questionnaires, program-level and village-119 

level interviews, and focus group discussions have been applied in CLC 120 
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implementation. Participatory approaches have assessed multiple aspects including 121 

local needs (Pijanowski et al., 2022), social capital values (Tepnadze et al., 2022), 122 

potential conflicts between stakeholders (Demetriou et al., 2012), bottom-up 123 

participation (Wang et al., 2014, 2019), influence of local elites (Liu et al., 2016), and 124 

the attitudes and satisfaction of landowners (Lisec et al., 2014; Luo and Timothy, 125 

2017). For example, Tezcan et al. (2020) involved the land valuation committee, 126 

academic staff, engineers, and local landowners in making land valuation more 127 

accurate for CLC and de Vries (2022) suggested that engaging stakeholders extended 128 

CLC knowledge and made planning more socially responsive and socially enabled. 129 

While these studies have demonstrated the value of knowledge co-production via 130 

public participation in CLC planning, implementation of these transdisciplinary 131 

approaches remains limited in planning, decision-making, and management of CLC in 132 

China, hindering the improvement of outcomes and satisfaction among multiple 133 

stakeholders. Integration of knowledge coproduction in decision-making and 134 

systematic spatial targeting to guide future planning is crucial for enhancing the 135 

effectiveness of CLC. 136 

Spatial multi-criteria analysis (MCA) combines complex multidimensional data 137 

analysis with the direct involvement of stakeholders, considers multiple criteria, and 138 

integrates multiple layers of diverse spatial information for identifying priority areas 139 

(Raaijmakers et al., 2008; Li et al., 2020). Previous research has integrated social, 140 

economic, and political considerations by applying spatial MCA to identify priority 141 

areas for bird conservation (Hou et al., 2022), soil-water conservation areas (Ahmed 142 

et al., 2023), ecological conservation and restoration (Chen et al., 2023), flood risk 143 

mitigation (Rehman et al., 2022), and conservation planning (Brum et al., 2017). 144 

Recent studies have demonstrated the potential of using spatial MCA systematically 145 

and transparently to facilitate planning more efficient, acceptable, and equitable CLC. 146 

For example, Tomić et al. (2018) developed a land consolidation suitability index to 147 

specify priority areas for CLC, increasing transparency and effectiveness for decision-148 

making with input from project participants in Croatia. Janus and Taszakowski (2018) 149 

created a weighted synthetic indicator that can be modified to accommodate changing 150 

criteria or policies to evaluate the urgency for implementing land consolidation in 151 

Poland. Pašakarnis et al. (2021) applied a multi-criteria decision analysis framework 152 

to identify and prioritize regions at municipal and project area levels for efficient 153 

management of land consolidation in Lithuania. These studies have demonstrated the 154 

potential of spatial MCA in a participatory context with stakeholder engagement to 155 
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identify criteria and elicit their relative importance for prioritizing CLC in China. 156 

In this study, we used a participatory process to systematically prioritize CLC 157 

potential via spatial MCA with stakeholders and identify priority areas for 158 

implementing CLC to manage the trade-offs between urbanization and food security. 159 

We focused on Jiangsu province, China, a highly productive agricultural region which 160 

is also subject to rapid urbanization. The main objectives of this paper are to propose 161 

a spatial MCA method involving stakeholder participation and knowledge co-162 

production to identify important criteria and priority areas for CLC potential, and 163 

clarify the types of priority areas to propose consolidation pathways and strategies. 164 

This study provides a reference for making systematic planning of CLC more 165 

transparent and inclusive for stakeholders to guide prioritization and the effectiveness 166 

and efficiency of project allocation and investments. It establishes a scientific 167 

foundation for involving diverse perspectives of stakeholders via the spatial MCA 168 

analysis tool that enhance CLC planning and decision-making processes. 169 

2. Methods 170 

2.1. Study area 171 

Jiangsu Province, one of China’s most developed provinces, is located in the central 172 

region of China’s east coast (Fig. 1). The region covers 10.72 million hectares, 173 

including 13 cities and is home to 80.51 million people. Jiangsu ranks fifth in food 174 

production in China, with 43% of its land area arable. Equivalent to 0.06 hectares per 175 

capita, cropland availability is below the national average of 0.08 hectares. 176 

Agricultural development has lagged behind its economic growth due to high 177 

fragmentation, limited reserves of cultivated land resources, and competition for land 178 

between urban development, agricultural production, and ecological conservation.  179 
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 180 

Fig. 1. Spatial distribution of land cover in the study area. The basemaps were obtained for ESRI at 181 

ArcGIS Online Basemaps (Esri, 2013). 182 

2.2. Data sources 183 

In this study, the 1499 township-level administrative divisions of Jiangsu in 2017 184 

were adopted as the basic spatial administrative unit. We integrated multiple datasets, 185 

including land use, satellite remote sensing, and socioeconomic data harmonized at 30 186 

m × 30 m spatial resolution (Table 1). Maps were created and presented using ArcGIS 187 

Pro 2.9.0. 188 

  189 
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Table 1. Description of data sources used in this study. 190 
Data Type Data source Data description 

Land use data 
Second National Land Use Change Survey of 
Jiangsu Province in 2017 

1:10000 
vector 

Satellite remote sensing 
images 

MOD13Q1 of 2001-2017 from NASA 
(https://search.earthdata.nasa.gov/) 

250 m×250 m, 16 d 
raster 

MOD09A1 of 2001-2017 from NASA 
(https://search.earthdata.nasa.gov/) 

500 m×500 m, 8 d 
raster 

Cultivated land quality grade 
data 

Agricultural land gradation by the former Ministry 
of Land and Resources 

vector 
1:500,000 

Exploitation and utilization data 
of reserved land resources for 
cultivation 

National Survey of Cultivated Land Reserves 
1:10,000 
vector 

Rural settlements and 
administrative villages data 

Resource and Environment Science and Data 
Center of the Chinese Academy of Sciences 
(http://www.resdc.cn/) 

1:10,000 
vector 

Transport infrastructure data 
and water conservancy 
infrastructure data 

Second National Land Use Change Survey 
1:10,000 
vector 

Water resource data 
The Water Resources Bulletin of Jiangsu 
Province 

Statistics 
The basic unit is the county 

Socioeconomic data The Jiangsu Statistical Yearbook 
Statistics 
The basic unit is the county 

2.3. The participatory spatial MCA framework 191 

A systematic evaluation of CLC potential identifies priority areas for addressing 192 

cultivated land issues around declining quality, ecological deterioration, boosting 193 

productive capacity, and decreasing fragmentation is essential. We drew on previous 194 

studies (Janus and Taszakowski, 2018; Wójcik-Leń et al., 2019; Pašakarnis et al., 195 

2021) in establishing a participatory spatial MCA framework (Malczewski, 1999; 196 

Pacetti et al., 2022; Trialfhianty et al., 2022) to calculate CLC potential and identify 197 

priority areas with local stakeholders for CLC in Jiangsu Province (Fig. 2). First, to 198 

determine the criteria and structure of the framework for CLC, we undertook a 199 

comprehensive review of previous studies and conducted surveys and workshops with 200 

stakeholders. Surveys were conducted with representatives including small-scale local 201 

farmers, large-scale grain farmers, government officials, and experts. The results were 202 

qualitatively interpreted and integrated to perform pairwise comparisons and calculate 203 

the weights for the decision criteria using Analytica Hierarchy Process (AHP) (Saaty, 204 

1977). Next, we gathered spatial data to present each criterion and used the weighted 205 

spatial MCA method of CLC potential to calculate and map the spatial distribution of 206 

priority areas. We then used the results to develop an integrated and comprehensive 207 

CLC potential index for identifying the priority areas aggregated to three main 208 

criteria. Finally, we analyzed and defined types of priority areas for CLC planning to 209 

determine appropriate management pathways to manage the trade-offs between 210 

urbanization and food security in this study area. 211 
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 212 

Fig. 2. Spatial multi-criteria analysis framework of cultivated land consolidation. 213 

2.4. Evaluation methods for CLC potential 214 

2.4.1. Defining the criteria  215 

Defining the criteria for evaluation CLC potential is a key requirement for the 216 

spatial MCA approach by applying experts and focus group discussions. We 217 

established three criteria for cultivated land, each of which incorporates four sub-218 

criteria (Table 2 & Supplementary Table A1). Criteria for Resource Condition 219 

describe the physical and environment factors that influence the productivity and 220 

sustainability of cultivated land, including parcel, climate, and soil property 221 

constraints and related factors and interactions. The Spatial Pattern criteria cover the 222 

distribution and the interaction of cultivated land with infrastructures and resources 223 

suitable for primary production. Criteria for Land Utilization emphasized the control 224 

of the productive space to achieve maximum synergy between production and 225 

ecological functions. Following data accessibility and statistical consistency 226 

principles, criteria with various units and scales were standardized for each criterion, 227 

transforming the original scale into a dimensionless scale between 0 and 1, which 228 



 

10 

 

makes the potentials among different indicators comparable in each criterion.  229 

Table 2. Evaluation criteria for cultivated land consolidation potential.  230 

Criteria Sub-criteria Description Attribute 

Resource condition 

Cultivated land quality (LQ) 
The suitability and productivity of cultivated 
land for growing crops. 

- 

Paddy field rate (PF) 
The proportion of paddy field area to the 
total cultivated land area. 

+ 

Cultivated land protection rate 
(PR) 

The extent of cultivated land is being 
protected from degradation or conversion 
to other land uses. 

+ 

Water-soil compatibility rate 
(WS) 

The compatibility or suitability of the water 
resources available for agriculture and the 
soil conditions in a particular area. 

+ 

Spatial pattern 

Cultivated land fragmentation 
(LF) 

The degree of cultivated land is divided 
into smaller, non-contiguous plots or fields. 

- 

Cultivated land size rate (SR) 
The proportion of cultivated land that falls 
within a large-scale for agricultural 
operations. 

+ 

Agricultural accessibility (AA) 
The level of convenience and accessibility 
for farmers conducting agricultural 
activities. 

+ 

Infrastructure completeness 
(IC) 

The level of development and availability 
of infrastructure of cultivated land. 

+ 

Land utilization 

Cultivated land productivity (LP) 
The ability of the cultivated land to produce 
crops and support agriculture.  

+ 

Multiple-crop index (MC) 
The diversity and intensity of cultivated 
land use for assessing the overall 
productivity and efficiency of agriculture. 

+ 

Habitat quality (HQ) 
The suitability of the agricultural 
environment for supporting the survival, 
growth, and reproduction of species. 

+ 

Reserved resource 
development index (RR) 

The extent of land reserve resources that 
can be developed and used for cultivated 
land use. 

+ 

2.4.2. Weighting the criteria  231 

We conducted a workshop containing 17 participants to organize the on-site 232 

investigation of CLC projects and conduct a project symposium (Fig. 3 & 4). This 233 

workshop was designed to establish a shared understanding of the objectives and 234 

methods of the CLC survey, as well as the roles and responsibility of different 235 

stakeholders. This approach allowed participants to share their expertise and insights, 236 

identify potential challenges and opportunities for CLC. This collaborative process 237 

enabled a valuable and comprehensive approach to develop more effective and 238 

sustainable strategies for CLC.  239 
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(a) Workshop for CLC (b). Survey with government officials 

  
(c). Survey with large-scale grain farmer (d). Survey with small-scale local farmers 

Fig. 3. Workshops and surveys with stakeholders planning for cultivated land consolidation in Jiangsu.   240 
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(a) Cultivated land patches before CLC (b). Cultivated land patches after leveling  

    
(c). Cultivated land fragmentation before CLC (d). Cultivated land large-scale planting after CLC 

  
(e). Ditch, channel, and road before CLC (f). Irrigation ditches and channels, road after CLC 

  
(g). Farmland before CLC (h). High-standard farmland after CLC 

Fig. 4. On-site investigation of cultivated land consolidation projects in Jiangsu. 241 



 

13 

 

We designed three types of paper-based questionnaires and interviews targeting the 242 

relevant stakeholders to provide a comprehensive and contextualized evaluation of the 243 

effectiveness and efficiency of CLC (Table 3 & Supplementary C. Questionnaire). 244 

First, basic information was collected from the government officials, gathering 245 

information on the overall layout, construction type, and investment in CLC projects. 246 

Second, respondents were interviewed about their experience with positive and 247 

negative impacts of CLC and requirements of consolidation measures. Third, we also 248 

collected detailed information about the management of large-scale grain farmers and 249 

small-scale local farmers. Finally, participants were asked about the other issues 250 

around the planning, design, and construction process of CLC, including the amount 251 

of comprehensive planning, unreasonable design, inadequate compensation, and 252 

management mechanisms. 253 

Table 3. List of questions used in the interviews for cultivated land consolidation. 254 
Q1: What is the current status of land use in this area? What are the issues and challenges? 
Q2: What is the purpose of cultivated land consolidation? Does it align with local development planning and 
strategies? 
Q3: Who are the participants in the land consolidation process? What are the attitudes and opinions on cultivated 
land consolidation? 
Q4: What are the potential impacts of land consolidation on the local villages and environment, and what 
measures can be taken to reduce or avoid negative impacts? 
Q5: What are the costs and benefits of cultivated land consolidation, and how about the long-term and short-term 
economic, social, and environmental impacts? 

Overall, the results of the workshop and surveys can be used to develop a 255 

weighting scheme that incorporates the views and preferences of all stakeholders, and 256 

that reflects the relative importance of each criterion from their unique perspective. 257 

We collected 40 valid questionnaire responses from local stakeholders in Jiangsu 258 

(Table 4). We constructed a pairwise comparison matrix for each criterion and sub-259 

criterion based on stakeholders’ perceived importance of CLC to assign weights 260 

independently. The collected data from stakeholders were converted into the relative 261 

importance of the comparison criteria using a scale of evaluation ranging from 1 to 9 262 

(Saaty, 1977; Drobne and Lisec, 2009; Trialfhianty et al., 2022), where 1 represented 263 

equal importance, and 9 represented extreme importance (Supplementary Table B1). 264 

After completing the pairwise comparison process, group discussions were held to 265 

share weights and identify the discrepancies or inconsistencies to reach a consensus 266 

on the final weights. We determined the final weights and the ratings to each criterion 267 

and sub-criterion that were calculated by taking the average of the weights assigned 268 

and then normalized and calculated the principal eigenvector of the pairwise 269 

comparison matrix. The weights of the criteria and sub-criteria was combined and 270 

determined using AHP Online System (Goepel, 2018). To ensure consistency, the 271 

overall consistency ratio (CR) was investigated based on the eigenvalue of the matrix 272 
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and consistency index (CI), and sensitivity analysis was performed to measure the 273 

effect of each criterion.  274 

Where, CR is the consistency ratio, CI is the consistency index, RI is the random 275 

index, 𝜆𝑚𝑎𝑥 is the maximal eigenvalue of the matrix, and n is the number of selected 276 

indicators. In this case, when n= 3, RI= 0.58, and when n= 4, RI= 0.89. 277 

Table 4. Details of surveys. 278 

Survey participants Sample size Survey method Purpose 

Government officials 6  
Focus group 
discussion and 
questionnaires 

To gather information on project progress and 
outcomes and providing insights for decision-
making and policy development of CLC 

Large-scale grain farmers 12  
Interviews and 
questionnaires 

To understand needs and preferences in terms 
of CLC 

Small-scale local farmers 22  
Interviews and 
questionnaires 

To identify potential barriers and gain the 
farmers views of CLC 

2.4.2. Calculating CLC potential 279 

The value of CLC potential was determined by the difference between the current 280 

and optimal value of indicators based on local circumstances to avoid overestimation 281 

and minimize underestimation. Given the similar agricultural development and 282 

context, we adopted agricultural zoning of Jiangsu to determine the optimal value 283 

using the average ± standard deviation with consistent geomorphological conditions, 284 

soil types, hydrological characteristics, and vegetation types (Tang et al., 2017). The 285 

calculation method of CLCPi is as follows: 286 

𝐶𝐿𝐶𝑃𝑖 = {
𝐶𝐿𝐶𝑃𝑖

′ − 𝐶𝐿𝐶𝑃𝛿  , if negative

𝐶𝐿𝐶𝑃𝛿 − 𝐶𝐿𝐶𝑃𝑖
′ , if positive

 

𝐶𝐿 ∈ {𝑅, 𝑃, 𝑈} 

（3） 

where 𝐶𝐿𝐶𝑃𝑖 denotes the consolidation potential of sub-criteria i; 𝐶𝐿𝐶𝑃𝑖
′ represents 287 

the current potential; 𝐶𝐿𝐶𝑃𝛿 indicates the optimal consolidation potential; 𝑖 reflects 288 

sub-criteria (𝑖 = 𝐿𝑄, … , 𝑅𝑅). R represents the resource criteria, P indicates the pattern 289 

criteria, and U denotes the utilization criteria. 290 

2.4.3. Identification priority areas 291 

Dividing priority areas refers to prioritizing consolidation activities based on 292 

feasibility of CLC potential. We used spatial MCA framework to create the resource 293 

improvement consolidation potential (RCP), the pattern optimization consolidation 294 

potential (PCP), and the utilization enhancement consolidation potential (UCP) of 295 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 （1） 

𝐶𝐼 =
𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
 （2） 
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cultivated land. We aggregated three criteria to calculate comprehensive CLC 296 

potential (CLCP), mapping with the equal interval method into five potential levels: 297 

very low (0-0.2), low (0.2-0.4), medium (0.4-0.6), high (0.6-0.8), and very high (0.8-298 

1). Those townships with poor conditions classified as high priority consistently and 299 

significantly scored higher in multi-criteria exhibited the strong potential to improve 300 

and enhance their agricultural conditions within more effective consolidation projects 301 

than other regions. We summarized the characteristics of each priority area to 302 

determine the greatest priority type for CLC. Stratifying priority types to optimize the 303 

allocation of cultivated land and concentrate efforts on CLC implementation that are 304 

more likely to yield desirable outcomes. The calculation method of CLCP is as 305 

follows: 306 

𝑅𝐶𝑃 = ∑(𝑅𝑖 × 𝑅𝐶𝑃𝑖)

𝑛

𝑖

 （4） 

𝑃𝐶𝑃 = ∑(𝑃𝑖 × 𝑃𝐶𝑃𝑖)

𝑛

𝑖

 （5） 

𝑈𝐶𝑃 = ∑(𝑈𝑖 × 𝑈𝐶𝑃𝑖)

𝑛

𝑖

 （6） 

𝐶𝐿𝐶𝑃 = 𝛼 × 𝑅𝐶𝑃 + 𝛽 × 𝑃𝐶𝑃 + 𝛾 × 𝑈𝐶𝑃 （7） 

where 𝑅𝐶𝑃 represents the resource improvement consolidation potential, 𝑃𝐶𝑃 307 

indicates the pattern optimization potential; 𝑈𝐶𝑃 denotes the utilization enhancement 308 

consolidation potential; 𝑅𝑖, 𝑃𝑖, and 𝑈𝑖 are the weights of evaluation index i in the 309 

resource, pattern, and utilization criteria, respectively; 𝛼, 𝛽, 𝛾 are the weights of 𝑅𝐶𝑃, 310 

𝑃𝐶𝑃, and 𝑈𝐶𝑃, respectively. 311 

3. Results 312 

3.1. Criteria weights within the spatial MCA framework  313 

All results less than the CR value of 0.1 (10%) were within the acceptable range 314 

and the optimal consistency among the criteria (Supplementary Table B1). There is 315 

low potential variability in the importance or priority of different criteria or sub-316 

criteria due to weights changes. Cultivated land quality (∆𝑤+ = 5.1% to ∆𝑤− =317 

5.8%) and cultivated land fragmentation (∆𝑤+ = 0.8% and ∆𝑤− = 0.6%) gained the 318 

highest and lowest weight uncertainty, respectively. Uncertainty ranges were generally 319 

higher for resource and pattern criteria than for utilization criteria. The resource 320 

criteria played an important role in identifying CLC potential, weighted 0.54, while 321 

0.30 for pattern criteria and 0.16 for utilization criteria (Fig. 5). The results 322 
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demonstrate that the highest priority was given to resource criteria over other criteria 323 

in identifying priority areas for CLC when developing policies and projects, as 324 

indicated by the highest weights assigned to those criteria. The resource criteria 325 

prioritized the significance of cultivated land quality, indicating that stakeholders 326 

perceived the important role of cultivated land quality as the natural foundation for 327 

agricultural production. The cultivated land size ratio received the highest weight 328 

among pattern criteria, while cultivated land fragmentation with the lowest weight 329 

since the size ratio was a critical factor for large-scale grain farmers to manage large-330 

scale operations and for small-scale local farmers to transfer land. The utilization 331 

criteria revealed that cultivated land productivity held higher significance, indicating 332 

stakeholders' recognition of its crucial role in improving agricultural production and 333 

optimizing land use. 334 

 335 

Fig. 5. Weights for criteria and sub-criteria in spatial MCA framework. 336 

3.2. The spatial pattern of CLC potential 337 

The spatial distribution of CLC potential as represented by the 12 sub-criteria is 338 

presented in Fig.6 and Table 5. Nearly 69.07% of the total cultivated land area needs 339 

to improve habitat quality, and 64.67% requires enhancement of infrastructure 340 
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completeness, followed by increasing fields scale (53.31%), improving cultivated land 341 

quality (47.21%), and improvement in water-soil compatibility (39.63%). We found 342 

that agricultural accessibility in Jiangsu was favorable, with a high degree of road 343 

accessibility and road network coverage. 344 

 345 

Fig. 6. Spatial distribution of sub-criteria cultivated land consolidation potential.  346 
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Table 5. Basic statistics results of cultivated land consolidation potential  347 

We found that 592 townships with high and very high RCP were distributed in 348 

southern and northern Jiangsu, representing uneven and relatively poor natural 349 

resource endowment and interactions between urbanization and food security 350 

significantly impacted cultivated land quality and water-soil compatibility (Fig. 7). 39 351 

townships were identified with high and very high PCP in central and southeastern 352 

Jiangsu. Despite well-equipped road connectivity for agricultural production, there 353 

were relatively few areas of cultivated land suitable for large-scale operations with 354 

high land fragmentation. We also found that 242 townships were assigned as high and 355 

very high UCP. The environment of cultivated land had received insufficient attention 356 

during agricultural production with relatively low habitat quality in Jiangsu. These 357 

results highlighted the importance of implementing CLC in areas with high and very 358 

high potential to strengthen productivity, stability, and sustainability of cultivated 359 

land. 360 

Criteria 
potential 

Sub-criteria 
potential 

Indicators Very low Low Medium High Very high 

RCP 
Number of townships 247 241 467 350 224 

Cultivated land (%) 17.21 20.85 35.32 20.98 5.65 

 

RCP-LQ 
Number of townships 430 317 405 213 161 
Cultivated land (%) 0.07 17.99 23.98 17.58 29.63 

RCP-PF 
Number of townships 185 147 906 146 115 
Cultivated land (%) 15.78 10.62 59.29 8.16 6.15 

RCP-PR 
Number of townships 234 346 549 164 206 
Cultivated land (%) 18.34 36.33 32.35 8.78 3.97 

RCP-WS 
Number of townships 63 259 609 546 22 
Cultivated land (%) 6.28 17.28 36.80 38.53 1.10 

PCP 
Number of townships 64 649 747 36 3 
Cultivated land (%) 3.92 37.00 55.19 3.66 0.23 

 

PCP-LF 
Number of townships 133 387 591 303 85 
Cultivated land (%) 10.31 28.82 31.51 23.99 5.38 

PCP-SR 
Number of townships 55 591 233 398 222 
Cultivated land (%) 2.86 23.44 20.39 31.24 22.07 

PCP-FC 
Number of townships 674 683 117 21 4 
Cultivated land (%) 49.65 41.46 7.18 1.31 0.41 

PCP-IC 
Number of townships 0 3 583 625 288 
Cultivated land (%) 0 0.34 33.99 40.01 24.66 

UCP 
Number of townships 34 752 471 197 45 
Cultivated land (%) 1.23 67.66 27.69 3.24 0.18 

 

UCP-LP 
Number of townships 208 377 554 248 112 
Cultivated land (%) 21.53 36.53 31.65 9.49 0.80 

UCP-MC 
Number of townships 236 413 513 237 100 
Cultivated land (%) 23.66 39.07 29.57 6.89 0.82 

UCP-HQ 
Number of townships 54 121 397 756 171 
Cultivated land (%) 0.39 6.12 24.42 64.90 4.17 

UCP-RR 
Number of townships 13 1250 174 32 30 
Cultivated land (%) 1.19 79.44 14.70 2.99 1.69 
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 361 

Fig. 7. Spatial distribution of criteria and comprehensive cultivated land consolidation potential. 362 

The comprehensive CLC potential was created by combining RCP, PCP and UCP 363 

derived from the three criteria (Fig. 7). We found the identified issues were consistent 364 

with the concerns expressed by stakeholders during the workshop and survey. The 365 

higher CLCP values corresponded with greater urgency for CLC. The results indicate 366 

that almost a third of Jiangsu has unfavorable natural and production conditions 367 

(35.96%), which were considered priorities. The high and very high levels of CLCP 368 

have exhibited in cases of degradation, fragmentation, and loss of habitats across 369 

Jiangsu, and contributed to broader impacts across the other aspects of productivity 370 

and sustainability.  371 

3.3. Priority zoning for CLC 372 

We identified five priority zones based on overall potential and demonstrated in 373 

Fig.8. These high and very high priority areas, comprising the high and very high 374 

priority consolidation zones, cover 553 southern and central Jiangsu townships, such 375 

as Hailing, Gangzha, Kunshan and Lishui districts. Priority zones for CLC 376 

implementation in Jiangsu can play a significant role in returning to favorable 377 

production and can contribute to consolidation targets more generally, such as the 378 

protection, conservation, and restoration of resource, pattern, and utilization 379 
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conditions of cultivated land. These zones have substantial potential to reduce 380 

degradation and fragmentation, and benefit from the multitude of co-benefits from 381 

CLC. Constructing infrastructure enhances the conditions for agriculture, improves 382 

the quality of land, and prevents loss of soil and nutrients via erosion. This results in 383 

increased resilience of crop diversity, yield stability, and sustainability, and promotes 384 

biodiversity, all with flow-on benefits to the effectiveness and efficiency of CLC. The 385 

low and very low priority areas like Muyang and Sihong counties were primarily 386 

focused on protecting cultivated land to maximize the sustainability and productivity 387 

and ensure efficient agricultural production.  388 

 389 

Fig. 8. Spatial characteristics priority zone and samples for cultivated land consolidation (Google 390 

Earth, 2017). 391 

3.4. The priority type for CLC 392 

Our study identified 9 key priority types of CLC based on multiple criteria to guide 393 

the allocation of projects and investments (Fig. 9). Of the total townships assessed, 394 

813 (54.23%) were categorized into the 7 priority consolidation types, mainly 395 

concentrated in southern and coastal regions, with dispersed clustering in northern 396 

regions. 85.49% were designed for independent consolidation types focused on single 397 

criteria, either improved resource condition, optimized pattern, or enhanced 398 

utilization. 10.57% were allocated for integrated consolidation types with two criteria, 399 
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while 3.94% were identified for comprehensive consolidation types encompassing 400 

three criteria. For instance, 340 townships were prioritized for resource consolidation, 401 

aiming to enhance resource conditions such as quality improvement, conversion of 402 

dryland to paddy fields, and construction of permanent farmland for improved 403 

production stability. 32 townships were targeted for comprehensive consolidation with 404 

poor conditions resulting from construction and human activities, aiming to alleviate 405 

fragmentation, promote conservation-intensive land use, and enhance the agricultural 406 

environment such as soil health. Our study revealed that the remaining 686 townships 407 

(45.77%) were classified into 2 priority types for high-quality protection and 408 

development, with low to very low potential. This included 95 townships where 409 

protecting high-quality cultivated land and conserving cultivated land reserves, and 410 

591 townships where efficient agriculture production levels should be maintained.  411 

 412 

Fig. 9. The priority types for cultivated land consolidation. 413 
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4. Discussion 414 

We have presented a quantitative and integrated evaluation of CLC potential using 415 

a spatial MCA framework involving the participation of stakeholders. The significant 416 

contribution of this study is that it explored the possibilities of involving stakeholders 417 

to support the CLC decision-making process in terms of increased effectiveness, 418 

efficiency, and transparency via knowledge co-production between experts and 419 

stakeholders, enabling the evaluation of CLC potential evaluation and identification 420 

of priority areas (Tezcan et al., 2020). Despite the evaluation of CLC potential and 421 

increasing research on land consolidation, methods of incorporating stakeholders’ 422 

perspectives into CLC decision-making process are still poorly developed. Our study 423 

demonstrates the use of better data and decision support tools to improve management 424 

decisions, productivity, and environmental stewardship. Our findings have important 425 

implications for promoting CLC planning by analysis of potential challenges and 426 

opportunities. 427 

4.1. Involving stakeholders to enhance the evaluation of CLC potential  428 

Systematic evaluation using resource, pattern, and utilization criteria among 429 

townships in Jiangsu is a prerequisite for efficient and effective CLC implementation. 430 

As illustrated through this paper, small-size local farmers, large-scale gain farmers, 431 

and government officials expressed a readiness for public engagement, which created 432 

favorable conditions for knowledge co-production. The participatory ability, 433 

opportunity and incentive of stakeholders were strongly associated with CLC 434 

efficiency and effectiveness (Wang et al., 2019). Government officials possess a high 435 

degree of legitimacy, authority, and urgency to guide participation rights, procedures, 436 

and ranges and further incentivize farmers by establishing reasonable compensation 437 

standards (Liu et al., 2016). Farmers, as the ultimate beneficiaries of CLC, possess an 438 

intimate connection to the land and local knowledge necessary to address issues they 439 

face, ought to be the principal participants and decision-makers (Luo and Timothy, 440 

2017).  441 

We suggest that the relationships developed among stakeholders will sustainably 442 

serve future CLC development. Priority areas for CLC that support sustainable 443 

agriculture included the improvement of resource condition, production pattern, and 444 

utilization. Regarding the priority zones and types, we found that maximize favorable 445 

criteria to ensure food security while minimizing the occupation of cultivated land by 446 

construction and threats of urbanization. Targeted policy and management in these 447 
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regions could further coordinate interactions between food production and 448 

urbanization, and ensure sustainable utilization of limited cultivated land. Such 449 

actions through CLC practices include capturing the interests of stakeholders, soil 450 

conservation measures to improve soil health and productivity, alleviating 451 

fragmentation to reduce transaction costs associated with land transfer, and facilitating 452 

transportation and irrigation system development. Our study underscores the 453 

significance of a comprehensive and systematic CLC planning strategy grounded on 454 

CLC potential, thereby facilitating the analysis of spatial consolidation and restoration 455 

and supporting the planning for CLC. 456 

Current research suggests incorporating perspectives and considerations of 457 

stakeholders in CLC can be key determinants of their success (Podhrázská et al., 458 

2015; Wang et al., 2019; de Vries, 2022). Here, we used workshops and surveys but 459 

much more work remains to be done to establish broader participatory methods to 460 

ensure that farmers have the ability and access to participate in the CLC planning 461 

process. Prioritizing knowledge co-production and participatory engagement with 462 

local stakeholders, involving diverse perspectives, expertise, and criteria, and 463 

providing relevant information with feedback and input about CLC, can build trust 464 

and support for both stakeholders and decision-makers (Zang et al., 2021). Integrating 465 

natural, socio-economic, and ecological considerations in a transparent decision-466 

making process creates more sustainable and equitable outcomes to increase 467 

acceptance and feasibility of CLC. These tactics with inclusive and advanced 468 

technologies such as spatial MCA should be developed further and deployed using 469 

stakeholder-based and participatory approaches to ensure their effectiveness and 470 

acceptance, leading to a more sustainable and resilient land-use and food system. 471 

4.2. Policy and stakeholder implications for land consolidation planning  472 

Systematic spatial targeting of CLC planning is a thorough and thoughtful process 473 

used to gather input from relevant stakeholders and experts to inform decision-making 474 

in the local context. However, the CLC projects in China have predominantly been 475 

characterized by a top-down approach dominated by government planners, experts, 476 

and local managers (Jiang et al., 2022), resulting in top-down land consolidation 477 

strategies prioritizing administrative efficiency over farming efficiency (Tang et al., 478 

2012). Since CLC was first applied in the 1990s, great progress has been made in 479 

reducing land fragmentation and promoting land-use sustainability in China (Long et 480 

al., 2012; Zhou et al., 2020). The practices of CLC potential in China include (a) 481 

increasing cultivated land area, (b) emphasizing the maximum area obtained through 482 
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land development, arrangement, reclamation, and combination of fragmented land, 483 

and (c) improving cultivated land quality. Despite surveys for current land use, 484 

ownership, use rights, and public opinion, there is a lack of inclusive and participatory 485 

decision-making involving marginalized groups like local farmers, landholders, and 486 

communities, overlooking critical factors influencing consolidation efficiency and 487 

may not be optimal for all stakeholders involved.  488 

Our findings indicate that better integrating stakeholders to address land quality 489 

degradation, fragmentation, and productivity jointly is fundamental to facilitating the 490 

progressive restoration and development of cultivated land. We highlight the role of a 491 

diverse group of stakeholders in shaping the process and outcome of CLC. Decision-492 

makers should consider involving local stakeholders in comprehensive CLC planning 493 

as the active participation of stakeholders contributes significantly to their 494 

understanding and satisfaction with CLC (Lisec et al., 2014). The central government 495 

should establish a transparent and inclusive platform for CLC, incorporating 496 

information disclosure, participation procedures, and participation approaches, as well 497 

as support mechanisms, and compensation standards. Meanwhile, local government 498 

should ensure the feasibility of implementation by conducting surveys of CLC 499 

potential in collaboration with stakeholders, considering both the natural and socio-500 

economic context (Wang et al., 2014), and allocating CLC projects and investments 501 

based on priority areas within long-term and short-term planning. To ensure the 502 

accuracy of CLC potential identification, the decision-makers should integrate 503 

existing data into a spatial layer and establish performance assessment standards with 504 

interactions between various components and indicators. The appropriate measures 505 

and policies in priority areas of CLC, including reasonable allocation of investment, 506 

comprehensive policies for compensation and land circulation, active encouragement 507 

of enterprise participation, and increasing the intensity of policy and financial support, 508 

will continually generate co-benefits for governments and farmers and reduce trade-509 

offs between urbanization, livelihoods, and food security.  510 

4.3. Limitations and uncertainties 511 

Our study has several limitations related to data availability that may affect the 512 

generalizability of the results. First, we calculated CLC potential only using remote 513 

sensing technology and socioeconomic data, due to data accessibility and a lack of 514 

long-term observation data. Second, we incorporated the views of stakeholders into 515 

optimizing land consolidation implementation via surveys. Although this method 516 

helps sketch a CLC potential distribution based on experts and focus group 517 
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discussion, it may have the potential for biases or subjectivity in the criteria, 518 

particularly assigning weights to different indicators. Third, in our analysis, we 519 

assumed that the criteria were independent, and captured the uncertainty in the 520 

process, but we did not consider the possibility of interdependencies between the 521 

criteria. This means the underlying interactions among indicators could be more 522 

complex than we observed. Fourth, we assumed the evaluation uncertainty lies in the 523 

indicators of the preference matrices based on surveys. The uncertainty in the weights 524 

of indicators was examined through sensitivity analysis to assess the impact of the 525 

priority areas. We tried to ensure that priority areas were not overly dependent on the 526 

values assigned to each criterion to make more robust and informed decisions. Finally, 527 

we did not recognize the impacts of relevant policies on CLC potential except for 528 

cultivated land protection. Many other factors may influence stakeholders’ decision to 529 

CLC implementation, such as financial support, ecological restoration, climate, and 530 

territorial spatial planning. Further studies can expand the decision criteria by 531 

incorporating all relevant decision criteria of CLC from other stakeholders.  532 

5. Conclusions 533 

We evaluated CLC potential and guided the prioritization and effectiveness of the 534 

investment to develop a spatial MCA framework for improving consolidation 535 

efficiency in the rapidly urbanizing Jiangsu Province in the east of China. Via 536 

involving stakeholders in the CLC decision-making process, the multi-criteria and 537 

weights of the model were explicit, and the research gap between CLC planning and 538 

potential was narrowed. Our results highlighted the utility of potential factors and 539 

priority areas that provide more accurate and systematic support for formulating CLC 540 

planning and policies. We found the resource criteria as the highest priority based on 541 

perspectives of workshop and surveys, quality, size ratio, and productivity of 542 

cultivated land among sub-criteria play important implications on CLC potential. We 543 

identified priority areas for CLC in Jiangsu, encompassed 7 priority types for single, 544 

integrated, and comprehensive consolidation, as well as 2 priority types for high-545 

quality protection and development of cultivated land. Analyses presented in this 546 

study are crucial for supporting spatial planning that considers the concerns, interests, 547 

and demands of stakeholders more comprehensively than previous quantitative and 548 

qualitative approaches. Our results provide valuable information for spatial planning 549 

of CLC potential and the allocation of major land consolidation projects based on 550 

priority types. The findings can be used to prioritize and target investment in CLC and 551 
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generate benefits for multiple stakeholders.  552 
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