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Abstract 14 

Agricultural land fragmentation has an important impact on ecosystem services, especially food 15 

production. However, the relationship between land fragmentation and production diversification 16 

remains controversial and requires further analysis. This study characterized the dynamics of land 17 

fragmentation and production diversification in Zhejiang Province, China, from 1995 to 2015 using 18 

remote sensing, landscape metrics, and a diversification assessment approach. The results showed that 19 

Zhejiang Province experienced increasing fragmentation of agricultural landscapes and profound 20 

diversification of agricultural production. Fragmentation had a significant negative effect on grain crop 21 

production, but it had a significant positive effect on production diversification. These findings showed 22 

that fragmentation is an important driver of the diversification of agriculture and contributes to increased 23 

dietary diversity in local households. Therefore, we believe that when addressing land fragmentation 24 

issues, both the positive and negative impacts of fragmentation in different local conditions and 25 

circumstances should be taken into account. Our findings will provide scientific support for land 26 

consolidation management and agricultural land resource protection. 27 

Keywords: Land fragmentation; Production diversity; Land consolidation; Sustainability; Agricultural 28 

development; Zhejiang 29 
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1. Introduction 31 

Agricultural land fragmentation caused by land use change and urbanization may have serious 32 

impacts on ecosystem services, especially agricultural production (Lee et al., 2015; Costanza et al., 2017). 33 

Fragmentation has negative impacts, such as a significant increase in the cost of agricultural production 34 

(Liu et al., 2014; Lu et al., 2019) and a decrease in the technical and scale efficiency of agricultural 35 

production (Tan et al., 2010). However, there are also ongoing debates about the benefits of fragmentation 36 

to farmers under varying conditions. The positive effect is mainly reflected in the enrichment of the 37 

internal planting structure of agriculture (Ntihinyurwa et al., 2019), the increase in the utilization of 38 

labour resources (Tan et al., 2008), and the diversification of risks in relation to agricultural markets, 39 

thereby increasing farmers' income (Lu et al., 2018). In this context, characterizing the relationship 40 

between landscape pattern changes and agricultural production has become a critical step for evaluating 41 

the comprehensive effect of fragmentation and developing subsequent land management policies. 42 

China provides a typical case study for this effort. The Household Responsibility System (HRS) 43 

implemented in China contributed to rapid rural development by increasing farmers' incomes and 44 

eliminating rural poverty. However, its implementation also led to each household separately holding 45 

numerous small, scattered plots of lands (Lu et al., 2018). In 2016, China had only 0.09 ha of cultivated 46 

land per capita, far below the global average of 0.20 ha per capita (World Bank, 2016). Furthermore, 47 

accelerating urbanization results in the physical fragmentation of agricultural land. The disorderly 48 

establishment of a large number of urban construction sites led to scattered, isolated, and irregular 49 

agricultural landscapes (Su et al., 2012; Lai et al., 2016). Zhang et al. (1997) found that fragmentation 50 

wastes 5% of the effective area for farming in China and reduces land productivity by 15%. 51 

At present, there are two main branches of research on the phenomenon of land fragmentation: land 52 

ownership fragmentation and physical land fragmentation (Ntihinyurwa et al., 2019). Previous studies 53 

frequently focused on the basic plots operated by farmers, assessing the ownership of plots, the size and 54 

number of plots, the distance between plots, and the spatial distribution of plots from a socioeconomic 55 

perspective (Wan and Cheng, 2001; Tan et al., 2010; Jia and Petrick, 2014; Lu et al., 2019). However, 56 

from the perspective of landscape ecology, the composition and configuration of different landscape 57 

patches will significantly affect ecosystem services (Coleman et al., 2017; Walz and Syrbe, 2018). The 58 

spatial heterogeneity of the landscape characteristics of agricultural land in relation to agricultural 59 
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production should receive more attention (Lee and Huang, 2018). The relationship between landscape 60 

fragmentation (LF) and agricultural production has yet to be studied. Since it is difficult to quantify land 61 

fragmentation, the majority of studies use the number of plots owned by farmers or their average size to 62 

measure fragmentation (Latruffe and Piet, 2014; Sibhatu et al., 2015), or they combine relevant 63 

information to construct comprehensive indicators for reflecting fragmentation, such as the Januszewski 64 

index or the Simpson index (Kawasaki, 2010; Ciaian et al., 2018). However, these indices ignore critical 65 

spatial variables, such as the spatial isolation of farm fields and the shape of parcels. In addition, these 66 

indices are commonly used for plot-level or farm-level studies and are difficult to apply in regional 67 

fragmentation studies involving a larger spatial scale due to costly on-site investigations. Although the 68 

information obtained from plot-scale research is more accurate, the observation of fragmentation patterns 69 

throughout study areas in landscape-scale studies is more comprehensive (Mekki et al., 2018). Thus, it 70 

has been proposed that the evaluation and application of landscape metrics is an efficient alternative for 71 

quantifying fragmentation at the regional level (Cheng et al., 2015; Rosa et al., 2017; Lee and Huang, 72 

2018). 73 

An important aspect of the effect of land fragmentation on agricultural production is the 74 

diversification in the yields of different crops. Empirical literature mostly focuses on different factors 75 

that influence farmers’ diversification choices in agricultural production, such as farm household 76 

characteristics, capital investments, crop price changes, technological updates, geographical location, 77 

soil conditions, natural climate, and local agricultural policies (Sichoongwe et al., 2014; Loison, 2015; 78 

McCord et al., 2015; Makate et al., 2016). Another important consideration is that the fragmentation of 79 

regional agricultural land may potentially increase the diversity of agricultural products. Few studies 80 

have revealed the relationship between land fragmentation and agricultural production diversification 81 

(APD), despite a considerable number of studies analysing the determinants of APD (Ciaian et al., 2018). 82 

Moreover, the few available studies find mixed evidence. For instance, Ciaian et al. (2018) and Mekki et 83 

al. (2018) confirmed a positive effect of land fragmentation on production diversification at the level of 84 

household farms in Albania and at the landscape level in Tunisia, but Sichoongwe et al. (2014) found a 85 

statistically nonsignificant impact of land fragmentation on diversification at the level of smallholders in 86 

Zambia. It is imperative to find more concrete evidence for specific areas at a more macro scale 87 

(Sichoongwe et al., 2014). 88 
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To fill the knowledge gap, this study examines the impact of LF on APD using Zhejiang Province, 89 

China, as a case study. A comprehensive approach combining remote sensing, landscape metrics and an 90 

APD assessment method was developed to address the following three questions: (1) How did 91 

agricultural landscape patterns change in response to urbanization in Zhejiang Province from 1995 to 92 

2015? (2) How did agricultural production change in the context of rapid economic development? (3) 93 

What is the relationship between land fragmentation and production diversification? 94 

2. Materials and methods 95 

2.1. Study area 96 

Zhejiang Province (118°1'-122°26' E, 27°9'-31°11' N) is located in the southern part of the Yangtze 97 

River Delta in China (Fig. 1). Zhejiang covers an area of approximately 105,500 km2. The landscape is 98 

characterized by mountainous topography. Hilly mountains account for 74.63% of the total area, plains 99 

account for 20.32%, and water bodies account for 20.32%. With a population of 56.57 million in 2017, 100 

Zhejiang Province is one of the provinces with the smallest per-capita cultivated land area in China (The 101 

People's Government of Zhejiang Province, 2019). Since the 1980s, the commercialization of agriculture 102 

in Zhejiang Province has developed rapidly, changing from single grain production to the cultivation of 103 

higher-profit cash crops, such as tea, fruits, vegetables, and oil plants (Su et al., 2014). In the context of 104 

rapid economic development and urbanization, Zhejiang Province is one of the richest and most 105 

developed provinces in China (Zhao et al., 2019). The widespread transition from agricultural land to 106 

construction land has intensified the fragmentation, irregularity, and isolation of agricultural patches 107 

across the region (You, 2017). As a result, agricultural production is increasingly affected by land 108 

fragmentation. The Zhejiang Provincial Government has proposed ecologically sustainable agriculture 109 

as the development target of Zhejiang's future agriculture (Zhejiang Agricultural Department, 2016). 110 

However, regarding the need to control land fragmentation, no comprehensive study on the relationship 111 

between agricultural development and land fragmentation has previously been conducted. 112 
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 113 

Fig. 1 Location and topography of Zhejiang Province, China. 114 

2.2. Data source and processing 115 

Previous studies have shown that human factors affecting agricultural production generally include: 116 

the amount of labour, the area of sowing, irrigation, mechanical farming, and the usage of chemical 117 

fertilizers, pesticides, electricity, agricultural machinery, plastic film, etc. (Deng et al., 2017; Bai et al., 118 

2018). In this study, we considered the following factors: the personnel engaged in crop farming (Pers), 119 

agricultural machinery usage (Mach), fertilizer usage (Fert), plastic mulch usage (Plas), pesticide usage 120 

(Pest), and landscape metrics. The data for these variables and the related total yields of agricultural 121 

products covered in this study were from 81 counties in Zhejiang Province from 1995 to 2015. The 122 

official data were collected from the statistical yearbooks published by government agencies 123 

(http://tjj.zj.gov.cn/col/col1525563/index.html). 124 

The agricultural land ratio and landscape metrics were calculated from land use maps in 1995, 2005, 125 

and 2015 at a spatial resolution of 100 m × 100 m, supplied by the Data Center for Resources and 126 

Environmental Sciences (RESDC), Chinese Academy of Sciences (http://www.resdc.cn). Then, five 127 

categories of landscapes were generalized throughout the reclassification process (Qiu et al., 2019): 128 

agricultural land (cropland, fruit and tea orchards), built-up land (cities, towns, and rural area), forest 129 

(broadleaved forests, shrubland, and mixed forests), vacant land (bare land and rocky areas), and water 130 

bodies. 131 

2.3. Measurement of land fragmentation  132 

Landscape metrics have been widely used to analyse changes in landscape patterns. Four landscape 133 

http://tjj.zj.gov.cn/col/col1525563/index.html
http://www.resdc.cn/
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metrics were selected in this study to assess fragmentation using Fragstats 4.2 software (McGarigal et 134 

al., 2012) (Table 1). Changes in the area of agricultural land directly affect agricultural production. 135 

Therefore, agricultural production can be reflected by agricultural land percentages (PLAND) (Lee et al., 136 

2015). In addition, relatively large agricultural land size (mean patch size, MPS), more aggregated 137 

distributions (aggregation index, AI) and more regular shapes of the agricultural land (landscape shape 138 

index, LSI) increase the efficiency of actual agricultural practice (Deng et al., 2011; Su and Xiao, 2013). 139 

When the landscape is fragmented due to human activities, the number of patches increases and the 140 

average size of each patch decreases, resulting in more complex edges. Meanwhile, the distribution of 141 

agricultural land becomes scattered. By using these indicators, we can evaluate the level of fragmentation 142 

in each county and the entire province during the 20-year research period. 143 

Table 1 Landscape metrics for characterizing agricultural landscape pattern 144 

Metrics Abbreviation Description Range 

Percentage of 

landscape 

PLAND  PLAND equals the percentage of the landscape composed of the 

corresponding patch type 

0 < PLAND 

≤ 100 

Mean patch 

size 

MPS MPS equals the average area of all the agricultural land patches MPS > 0 

Aggregation 

index 

AI AI equals the number of like adjacencies divided by the maximum 

possible number of like adjacencies 

0 ≤ AI ≤

100 

Landscape 

shape index 

LSI  LSI equals the total length of the edge divided by the minimum 

length of the class edge possible for a maximally aggregated class 

LSI ≥ 1 

Abbreviations: percentage of agricultural landscape (PLAND), mean patch size (MPS), aggregation 145 

index (AI), and landscape shape index (LSI). 146 

2.4. Measurement of production diversification 147 

For the past two decades, the number of major crop species in Zhejiang has remained stable, but the 148 

proportion of different crops in the total output of agricultural products has been constantly changing due 149 

to the transformation of crop farming from a single grain crop to diversified agricultural products 150 

throughout the country (Su et al., 2014). Simple counting of crop species or formulas based on changes 151 

in the number of crop species, such as the Margalef species richness index (Sibhatu et al., 2015), 152 

Simpson’s index (Ciaian et al., 2018), and the Januszewski index (Looga et al., 2018), failed to accurately 153 
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reflect the trend in the diversification of agricultural production in the study area. Thus, unlike previous 154 

studies on production diversity, we believe that using the relative proportion of different crop yields to 155 

measure production diversity is more realistic than using the number of crop species at the regional scale. 156 

In this study, the production diversity was measured by calculating the agricultural structure coefficient, 157 

i.e., the ratio of cash crop output to grain output (CGR) for each county in Zhejiang. This is a simple and 158 

unweighted quantitative measure commonly used in China’s agricultural economic literature and as an 159 

indicator to describe agricultural land use changes and assess planting structure diversity (Ning and Liu, 160 

2013; Li et al., 2018). To test the robustness of this approach, we used Simpson’s index to examine 161 

whether this influences the results significantly. Simpson’s index is often used in the biodiversity 162 

literature, and it indicates the cultivated area or yield of different crop species in a region (Huang et al., 163 

2019; Nicod et al., 2019). 164 

The ratio of the cash crop output to grain output can be expressed as follows: 165 

cashcrop grainCGR=V V                                                              (1) 166 

where Vcashcrop and Vgrain are the output yields of grain and cash crop cultivation, respectively. As the value 167 

of CGR increases, the proportion of traditional grain cultivation shrinks, that of cash crop cultivation 168 

increases, and agricultural production structure becomes more diverse. Based on the cash crops actually 169 

planted in Zhejiang, Eq. (1) can be further expressed as: 170 

( )= oil vegetable tea fruit grainCGR V V V V V+ + +                                           (2) 171 

where Voil, Vvegetable, Vtea, and Vfruit refer to the output yields of oil plants, vegetables, tea, and fruits, 172 

respectively. Simpson’s index can be expressed as:  173 

2

2

1 1

1
N N

i i

i i

S= V / V
= =

 
−  

 
                                                             (3) 174 

where yi is the output yield of crop i that a county produces, and N is the number of crops. The value of 175 

the index varies between zero and one, with a larger value indicating more diversity. 176 

2.5. Data analysis 177 

Considering the uncertainty of the effects of LF on agricultural production, we first explored the 178 

relationship between agricultural production indicators and landscape metrics using Spearman’s 179 

correlation analysis. Next, we used landscape metrics together with other control variables in regression 180 

models to further investigate the causality of grain crop production (GCP) and APD. 181 
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The regression model used is as shown below: 182 

ij ij ij ijy x z   = + + +                                                          (3) 183 

where yij denotes the GCP or APD in county i and year j, α is the intercept, xij denotes the fragmentation 184 

metrics in county i and year j, zij is the control variables in county i and year j, and β and γ are the 185 

regression coefficients of xij and zij, respectively. The residual εij is an unobserved scalar random error. 186 

We tested different functional forms of Eq. (3) for normality of the residual (Kolmogorov-Smirnov test) 187 

and goodness of fit (R-squared) to select the most appropriate one. Using logarithms for the control 188 

variables and for the fragmentation metric of MPS (among other metrics: PLAND and AI lie between 0 189 

and 100, and LSI is a ratio greater than or equal to 1, Table 1), we selected the following regression 190 

model: 191 

1 2 3 4 5ln( ) ln( ) ln( ) ln( ) ln( )ij ij ij ij ij ij ij ijy x Pers Mach Fert Plas Pest= + +  +  +  +  +  +  (4) 192 

where xij refers to PLAND, ln (MPS), AI, and LSI, and γ1, …, γ5 are regression coefficients. 193 

3. Results 194 

3.1. Changes in the agricultural landscape 195 

The landscape changes in Zhejiang are mainly triggered by urbanization. Due to rapid economic 196 

and urban development across the province, the landscape has changed dramatically, mainly transforming 197 

from agricultural land to built-up land. Approximately 11.6% of the agricultural land in Zhejiang was 198 

changed to other land use types between 1995 and 2015 (Fig. 2). The agricultural landscape metrics in 199 

Zhejiang were summarized as the average values of the counties (or districts) and are shown in Table 2. 200 

Nine urban districts with no agricultural land were excluded from the analysis. Due to the loss of 201 

agricultural land over the past few decades, PLAND has generally declined in all counties, especially in 202 

the more developed northeastern region. Meanwhile, an increasingly fragmented composition and a 203 

scattered distribution of agricultural land were observed, as evidenced by the decrease in MPS and AI in 204 

Zhejiang during the past two decades. The decline in MPS indicates that the patch size of agricultural 205 

land has decreased, while the decline in AI indicates that agricultural lands have become more isolated. 206 

The mean LSI of all the counties increased from 1995 to 2015, indicating that the shape of the agricultural 207 

land patches became more irregular. 208 
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 209 

Fig. 2 Landscape patterns in Zhejiang Province, China, between 1995 and 2015. 210 

Table 2 Landscape metrics of the agricultural land in Zhejiang Province, China, between 1995 and 211 

2015. 212 

Metrics 1995 2005 2015 

Mean Range Mean Range Mean Range 

PLAND  35.55 2.71-87.63 24.49 1.41-63.55 21.76 1.23-70.15 

MPS 24.54 0.51-79.85 13.57 0.25-53.83 11.86 0.08-60.96 

AI 50.27 23.1-97.26 40.41 18.93-75.71 38.21 19.44-78.74 

LSI  15.33 10.39-20.32 16.72 10.8-21.48 18.22 10.28-21.28 

Abbreviations: percentage of agricultural landscape (PLAND), mean patch size (MPS), aggregation 213 

index (AI), and landscape shape index (LSI). 214 

3.2. Changes in agricultural production 215 

The production of cash crops, such as vegetables, tea, and fruits, continuously increased, while the 216 

production of grain crops and oil plants decreased between 1995 and 2015 (Table 3). Specifically, fruit 217 

production showed a dramatic growth of 244.53%. Vegetable and tea production significantly increased 218 

by 89.33% and 61.54%, respectively. Grain crop production showed a net decrease of 47.99%. This 219 

suggested that the agricultural planting structure in Zhejiang Province shifted from traditional grain crop 220 

cultivation to more diverse crops, such as vegetables, fruits, and tea. In the past two decades, the value 221 

of CGR has grown by 348.60%, indicating that the agricultural production structure has become more 222 

diverse. The continued increase in the value of Simpson’s index also reflects the diversification trend, 223 

demonstrating that using CGR to estimate diversity provides robust results in this study. 224 

 225 
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Table 3 Descriptive statistics of the agricultural production variables and agricultural products in 226 

Zhejiang Province, China, between 1995 and 2015. 227 

Variables Unit n Mean  

1995 2005 2015 

Grain crops 10000 Tons 81 17.67 10.86 9.19 

Oil plants 10000 Tons 81 0.62 0.60 0.47 

Vegetables 10000 Tons 81 11.62 21.66 22.00 

Tea 10000 Tons 81 0.13 0.18 0.21 

Fruits 10000 Tons 81 2.65 6.58 9.13 

Personnel engaged in crop farming 10000 People 81 14.15 9.59 6.07 

Power of agricultural machinery 10000 kw 81 20.25 23.12 28.90 

Fertilizer 10000 Tons 81 5.75 4.72 4.55 

Plastic mulch 10000 Tons 81 0.03 0.05 0.08 

Pesticides 10000 Tons 81 0.07 0.08 0.07 

CGR 

 

81 1.07 3.43 4.80 

Simpson’s index  81 0.54 0.56 0.58 

Fig. 3 shows the spatial patterns of grain production and CGR for Zhejiang in 1995, 2005, and 2015. 228 

In general, CGR growth was spatially distributed across the province. In this paper, we set the CGR value 229 

equal to 3; this was the threshold for diversified agricultural production using the Jenks natural breaks 230 

classification method (Liu et al., 2019). In 1995, the CGR values of only four scattered counties were 231 

greater than 3, while the CGR values of the other counties were generally low, indicating the homogeneity 232 

of the province's agricultural production structure. By 2005, the number of counties with CGR values 233 

greater than 3 reached 28, most of which were spatially located in the eastern coastal areas. The CGR 234 

values of some counties in the western region were significantly improved in the following decade. By 235 

2015, more than half of the counties had a CGR value greater than 3, representing a significant 236 

diversification of the agricultural production structure in Zhejiang Province during the past two decades. 237 

At the same time, grain production showed a continuous downward trend corresponding to the spatial 238 

growth of CGR.  239 
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 240 

Fig. 3 Distribution of grain production and CGR at the county level in Zhejiang Province, China, between 241 

1995 and 2015. 242 

3.3. Relationship between land fragmentation and production diversification 243 

Significant correlations were identified between the landscape metrics and agricultural production 244 

indicators (Table 4). Specifically, GCP was positively correlated with PLAND, MPS, and AI but 245 

negatively correlated with LSI. The opposite relationship was found between CGR and the landscape 246 

metrics. As indicated by the estimation results of the regression models (Table 5), LF had a significant 247 

influence on agricultural production. In the regression model with a dependent variable of GCP, the 248 

highly significant positive coefficients of 0.02, 0.187, and 0.022 for PLAND, ln (MPS), and AI, 249 

respectively, and the highly significant negative coefficient of -0.085 for LSI indicated that high 250 

fragmentation was associated with a significant reduction in GCP. In addition, in the regression model 251 

with a dependent variable of CGR, the highly significant negative coefficients of -0.065, -0.52, and -252 

0.074 for PLAND, ln (MPS), and AI, respectively, and the highly significant positive coefficient of 0.344 253 

for LSI indicated that high fragmentation was associated with a high diversification of agricultural 254 

production. These findings demonstrate that LF has a negative impact on GCP but has a significant 255 

positive impact on APD. 256 

Table 4 Spearman’s correlation analysis between landscape metrics and agricultural production 257 

indicators. 258 
 

PLAND MPS AI LSI 

GCP 0.837** 0.791** 0.820** -0.693** 

CGR -0.417** -0.356** -0.409** 0.501** 

Notes: **Significant at 1% and *Significant at 5%. 259 
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Abbreviations: percentage of agricultural landscape (PLAND), mean patch size (MPS), aggregation 260 

index (AI), landscape shape index (LSI), grain crop production (GCP), and the ratio of cash crop output 261 

to grain output (CGR). 262 

Table 5 Regression results between the landscape metrics and agricultural production by controlling 263 

variables 264 

Model 1 Model 2 Model 3 Model 4 

Dependent variable: GCP 

ln (Pers) 0.236** ln (Pers) 0.242** ln (Pers) 0.238** ln (Pers) 0.209** 

ln (Mach) -0.070 ln (Mach) -0.045 ln (Mach) -0.064 ln (Mach) -0.011 

ln (Fert) 0.465** ln (Fert) 0.518** ln (Fert) 0.470** ln (Fert) 0.533** 

ln (Plas) -0.013 ln (Plas) -0.049 ln (Plas) -0.014 ln (Plas) -0.008 

ln (Pest) 0.118* ln (Pest) 0.146* ln (Pest) 0.123* ln (Pest) 0.156* 

PLAND 0.020** ln (MPS) 0.187** AI 0.022** LSI -0.085** 

Constant 1.063** Constant 1.019** Constant 0.657* Constant 2.966** 

R2 0.794 R2 0.761 R2 0.789 R2 0.753 

Dependent variable: CGR 

ln (Pers) -0.643* ln (Pers) -0.681* ln (Pers) -0.643* ln (Pers) -0.496* 

ln (Mach) 1.205** ln (Mach) 1.099** ln (Mach) 1.200** ln (Mach) 1.038** 

ln (Fert) -1.118** ln (Fert) -1.307** ln (Fert) -1.116** ln (Fert) -1.305** 

ln (Plas) 0.730** ln (Plas) 0.851** ln (Plas) 0.723** ln (Plas) 0.665** 

ln (Pest) 0.262 ln (Pest) 0.145 ln (Pest) 0.261 ln (Pest) 0.187 

PLAND -0.065** ln (MPS) -0.520* AI -0.074** LSI 0.344** 

Constant 7.276** Constant 7.325** Constant 8.675** Constant -0.266 

R2 0.270 R2 0.233 R2 0.272 R2 0.246 

Notes: ** Significant at 1% and * Significant at 5%. 265 

Abbreviations: the personnel engaged in crop farming (Pers), agricultural machinery usage (Mach), 266 

fertilizer usage (Fert), plastic mulch usage (Plas), pesticide usage (Pest), percentage of agricultural 267 

landscape (PLAND), mean patch size (MPS), aggregation index (AI), landscape shape index (LSI), grain 268 

crop production (GCP), and the ratio of cash crop output to grain output (CGR). 269 
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4. Discussion 270 

4.1. The impacts of land fragmentation on agricultural production 271 

Generally, land fragmentation is considered a major threat to efficient agricultural production 272 

systems because, with continued shrinking, fragmented agricultural plots may be hard to cultivate 273 

economically. The negative relationship between fragmentation and GCP has been demonstrated 274 

throughout the world. Wan and Cheng (2001) reported that the fragmentation of cultivated land is one of 275 

the major factors contributing to the decreased benefits of agricultural production in China. Rahman and 276 

Rahman (2009) found that land fragmentation had a significant detrimental effect on the productivity and 277 

efficiency of rice production in Bangladesh. They estimated that a 1% increase in land fragmentation 278 

reduced rice output by 0.05% and efficiency by 0.03%. Latruffe and Piet (2014) identified a significant 279 

negative impact of land fragmentation on crop yields, leading to increased production costs and reduced 280 

revenues and profits of farms in France. Our study in Zhejiang Province confirms the negative aspects 281 

of land fragmentation, that is, land fragmentation is a negative factor in food security because it reduces 282 

the efficiency of food crop production. 283 

On the other hand, it has been argued that land fragmentation has a positive impact on food security 284 

improvement by matching soil types with appropriate food crops (Van Hung et al., 2007; Demetriou et 285 

al., 2013), reducing climate hazards and pest risks (Sklenicka and Salek, 2008; Ciaian et al., 2018), and 286 

leading to production diversity and dietary diversity (Sikor et al., 2009; Ntihinyurwa et al., 2019). In 287 

addition, there is a view that land consolidation practices that reduce fragmentation by relocating and 288 

enlarging plots will have a negative impact on agricultural ecosystem services such as biodiversity 289 

(Tiemann et al., 2015; Schulte et al., 2017), culture and recreation (Mitchell et al., 2015; Qiu et al., 2019). 290 

Our findings support these arguments, as illustrated by the positive relationship between CGR and 291 

landscape fragmentation metrics at the provincial level in China. Our findings show that the diversity or 292 

heterogeneity of the land and the different soil qualities and production potential caused by fragmentation 293 

have effects on the agricultural system. The greater the diversity of growing conditions, the greater the 294 

diversity of crops and diets, and the higher the sustainability of food production, the higher the food 295 

security. This is consistent with the Sustainable Development Goals from the 2030 Agenda for 296 

Sustainable Development of ending hunger, achieving food security, and promoting sustainable 297 

agriculture (Goal 1), and sustainable use of land resources and conservation of biodiversity (Goal 15) 298 
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(Inter-Agency and Expert Group on SDG Indicators, 2017). The achievement of these goals requires the 299 

planning and implementation of sustainable and ecological agriculture that needs to be adapted to local 300 

conditions, the planting of crops with different adaptability on land with different resource endowments 301 

and growing conditions to promote the biodiversity of crops and livestock, an increase in the diversity 302 

and characteristics of agricultural products, and the support of sustainable agricultural production (Lee 303 

et al., 2015; Fagerholm et al., 2016; Burchfield and Poterie, 2018). This is preferential over market-304 

oriented large-scale industrial agricultural production, which usually leads to a simplification of 305 

agricultural production structure, accelerates the loss of agro-biodiversity (Šálek et al., 2018), reduces 306 

nutritional levels due to the risk of pests, disease invasion, and environmental pollution (Li et al., 2020), 307 

and ultimately threatens human health (Liu et al., 2020). Ecological agriculture requires a deep and 308 

comprehensive understanding of regional characteristics, the positioning of agricultural development, 309 

land use, and the dual impacts of land fragmentation discussed above. 310 

The reason for the difference between the two above-mentioned viewpoints is that most of the 311 

previous studies did not consider the different forms of land fragmentation, the geographical 312 

characteristics of different agricultural areas, the transformation of sustainable agriculture, or all the 313 

various aspects of food security. Those studies focus only on the impact of land fragmentation on the 314 

efficiency of large-scale agricultural production and believe that land fragmentation threatens the total 315 

amount of food but ignores food diversity and sustainability, which are important aspects of food security. 316 

Therefore, it should be recognized that not all land fragmentation is harmful to agricultural production. 317 

The strategy and choices for dealing with land fragmentation should be based on a comprehensive 318 

assessment of the local ecological, social, economic, and political contexts and the positioning of 319 

agricultural development. 320 

4.2. Implications for land management 321 

To alleviate the problem of continuously declining in grain production capacity caused by the loss 322 

of cultivated land, since the mid-1990s, the central government of China has implemented a series of 323 

policies and measures to protect land resources and promote land consolidation (Yang, 2016). The aim 324 

of these policies is to increase cropland area, reduce land fragmentation, mitigate land pollution, and 325 

promote agricultural productivity (Song and Pijanowski, 2014; Du et al., 2018). Modern land 326 

consolidation projects can usually achieve the goal of reducing the number of scattered plots, regulating 327 
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the shape of plots, and increasing the size of large-scale farms in the context of commercial and 328 

mechanized agriculture in China's main grain production bases. However, previous land consolidation 329 

management overemphasized the negative impact of fragmentation on productivity and food quantity but 330 

ignored the positive impact of fragmentation on food diversity and sustainability. As found in the 331 

Zhejiang case study above, it is not necessary to address all the land fragmentation issues in China’s rural 332 

hilly areas dominated by ecologically sustainable agriculture. Land consolidation should be primarily 333 

implemented in more homogenous regions with less variability in elevation, slope, soil quality, and agro-334 

ecological conditions to achieve the goal of increasing the amount of food. Other regions with greater 335 

heterogeneity can maintain a moderate level of fragmentation or develop more local, context-specific 336 

land consolidation approaches to take advantage of the positive impacts of fragmentation on production 337 

diversity. Since the balance between yield and diversity inevitably involves trade-offs, trade-off analyses, 338 

including threshold analysis, multi-objective analysis, scenario analysis, and model simulation, are 339 

becoming increasingly necessary (Sherrouse et al., 2017; Yang et al., 2018). Quantifying these trade-offs 340 

or synergies improves the management and protection of agricultural land by revealing the optimal 341 

allocation of agricultural land services and functions (Deng et al., 2017). The results of these studies will 342 

provide scientific support for achieving optimal land fragmentation levels and planning local, specific 343 

land consolidation activities. 344 

4.3. Limitations and future research 345 

The current research still has some limitations that should be considered in the future. First, more 346 

potential influencing factors should be evaluated, including the soil physical, chemical, and biophysical 347 

characteristics of agricultural land, natural resources, and regional agricultural policies. In the future, by 348 

supplementing and analysing these variables, it should be possible to provide a more complete and 349 

comprehensive understanding of the dynamic process of production diversification. Second, it should 350 

also be noted that APD does not necessarily mean diversification in the yields of different crops; rather, 351 

it can imply the number of crops in a farm or land block or the diversity of the crops. Third, the 352 

relationship between land fragmentation and diversification was analysed at the regional landscape scale. 353 

These relationships should be further described at the field and farm scales to deepen our knowledge of 354 

the decision-making process by farmers related to the diversification of production. Finally, this study 355 

has yet to determine the extent and threshold of the impact of land fragmentation on agricultural 356 
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diversification. 357 

5. Conclusions  358 

In this paper, we examined agricultural land fragmentation and its implications for production 359 

diversification using Zhejiang Province, China, as a case study. Zhejiang represents a typical case for 360 

studying land fragmentation and its impacts on agricultural production. The conflicts between the 361 

population, land resources and urbanization have made Zhejiang one of the most fragmented agricultural 362 

landscapes in China. This paper contributes to the quantitative measurement and presentation of the 363 

effects of land fragmentation on production diversification by using landscape metrics and the CGR index. 364 

Based on the multi-source data from 1995, 2005 and 2015, we used agricultural labourers, machinery 365 

usage, fertilizer usage, plastic mulch usage, pesticide usage, and the landscape metrics of PLAND, MPS, 366 

AI, and LSI as the independent variables to explain production diversification. Then, the explicit 367 

relationship between fragmentation and diversification was extracted from the results of the model 368 

analysis. 369 

The results showed that the agricultural landscape pattern has been increasingly fragmented and 370 

agricultural production has been increasingly diverse over the past two decades. We found that land 371 

fragmentation was significantly negatively correlated with GCP but was significantly positively 372 

correlated with APD. This finding indicated that land fragmentation is an important driver of agricultural 373 

diversification at the provincial level in China. We further discussed the positive impact that land 374 

fragmentation has on food security improvement from the perspective of food diversity and sustainability. 375 

Therefore, the strategies for dealing with land fragmentation should be based on a comprehensive 376 

assessment of the local ecological, social, economic, and political contexts and the positioning of 377 

agricultural development. The lessons learned from Zhejiang Province will provide scientific support for 378 

land consolidation management and agricultural land resource protection. 379 
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