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A B S T R A C T   

Being significant to the coastal sustainability, mangrove forests have decreased at an alarming rate over the past 
decades, under various pressures from both natural and anthropogenic forces, while urbanization has been 
widely recognized as one major factor for the dramatic areal mangrove loss. China has experienced rapid ur-
banization, particularly in coastal zones, which revealed negative impacts towards mangrove loss in previous 
literature. However, there is a lack of quantitative understanding between urbanization and mangroves loss at 
large spatial and temporal scales. Given its complexity at a large scale, the relationship between urbanization and 
mangroves changes remains under-explored, and satellite remote sensing provides a unique tool for addressing 
this imperative issue quantitatively. To this end, this study developed a grid-based association analysis (GBAA) 
method for quantifying and investigating the relationship between urbanization and mangroves changes using 
satellite-derived datasets in China during 1973–2015. Experimental results indicated that conservation policies 
in nature reserves have made significant contributions to mangrove conservation in China. The impact of ur-
banization on the spatial extent of mangrove forests weakened gradually outside nature reserves during 
1973–2015, indicating that urbanization does not necessarily damage mangroves in recent decades. These 
findings provide important clues for understanding the relationship between urbanization and mangroves to 
support better and wiser policy-making for future mangrove conservation and urban management.   

1. Introduction 

Mangrove forests are a group of shrubs and trees that live in the 
coastal intertidal zones in the tropical and subtropical regions (Giri 
et al., 2011). Mangrove forests provide unique ecological environments 
that can protect the coastline against flood waves and Tsunamis, and 
filter pollutants from water. Mangrove forests are productive ecosystems 
that serve as breeding grounds for marine species, such as fish, shrimp, 
crabs, and other shellfish. They also provide fuel and building materials 
for local communities (Giri et al., 2008). However, the spatial extent of 
mangrove forests has decreased dramatically over the past decades at an 
alarming rate. The remaining mangrove forests are under pressure from 
both natural and anthropogenic forces (Alongi, 2002; Giri et al., 2008, 

2011). The natural forces mainly include climate change, sea-level rise, 
and hydrological alterations, and so forth (Giri et al., 2011). The con-
version of mangrove forests to agriculture, aquaculture and urban con-
struction are major anthropogenic causes of deforestation. There has 
been an increasing interest in investigating urbanization’s impacts on 
mangroves. 

China has experienced rapid urbanization and industrialization 
during the last two decades. The urbanization process includes spatial 
urbanization, demographic urbanization, economic urbanization, and 
social urbanization (Zhao et al., 2016). Urbanization in China increased 
from 19.4% to 52.6% between 1980 and 2012 (Yang, 2013). The eco-
nomic growth in the coastal region (only 13% of total land) contributed 
60% of GDP (Ma et al., 2014). In coastal areas, land reclamation has 

* Corresponding author at: The Jockey Club Tower, Centennial Campus, The University of Hong Kong, Pokfulam Road, Hong Kong Special Administrative Region, 
China. 

E-mail addresses: shanw@connect.hku.hk (S. Wei), yinyilin@link.cuhk.edu.hk (Y. Lin), roma@link.cuhk.edu.hk (L. Wan), lingh@mail.tsinghua.edu.cn (G. Lin), 
yuanzhizhang@cuhk.edu.hk (Y. Zhang), zhanghs@hku.hk (H. Zhang).  

Contents lists available at ScienceDirect 

International Journal of Applied Earth  
Observations and Geoinformation 

journal homepage: www.elsevier.com/locate/jag 

https://doi.org/10.1016/j.jag.2021.102431 
Received 18 March 2021; Received in revised form 15 June 2021; Accepted 30 June 2021   

mailto:shanw@connect.hku.hk
mailto:yinyilin@link.cuhk.edu.hk
mailto:roma@link.cuhk.edu.hk
mailto:lingh@mail.tsinghua.edu.cn
mailto:yuanzhizhang@cuhk.edu.hk
mailto:zhanghs@hku.hk
www.sciencedirect.com/science/journal/03032434
https://www.elsevier.com/locate/jag
https://doi.org/10.1016/j.jag.2021.102431
https://doi.org/10.1016/j.jag.2021.102431
https://doi.org/10.1016/j.jag.2021.102431
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2021.102431&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Applied Earth Observation and Geoinformation 102 (2021) 102431

2

become the primary approach to construct and extend built-up areas 
(Sengupta et al., 2019). Land reclamation due to rapid urbanization in 
China has led to the loss of ecosystem services value and coastal biodi-
versity, as well as ecological environment fragmentation (Duan et al., 
2016). Thus, mangroves in China suffered from the high intensity of 
human disturbances during the urbanization process. The Chinese 
government began to attach importance to mangrove conservation and 
restoration and established nature reserves since the 1980s (Chen et al., 
2009). Moreover, great efforts have also been made through replanting 
mangroves since the 1990s (Chen et al., 2009). Environmental aware-
ness is also positively related to the level of urbanization and urban 
development. There is a complex interaction between urban and 
mangrove ecosystem during the urbanization and protection process. 

Many researchers have studied the impact of urbanization on man-
groves at an earlier stage using qualitative analysis. Artificial impervious 
surfaces can change the hydrological regimes and affect the nutrients 
dynamics and chemical pollutants, which will further influence the 
structure and function of coastal wetlands (Lee et al., 2006). It is chal-
lenging to conduct field work due to the mangrove’s special living 
conditions at that time. As remote sensing technique has been widely 
applied in mangrove investigation, quantitative analysis of mangrove 
loss can be conducted by extracting land-use and land-cover changes 
from satellite imageries. Studies showed that large areas of mangrove 
forests and tidal flats were converted to other land use types, such as 
agriculture, aquaculture, and urban construction in the past (Jia et al., 
2021; Thomas et al., 2017). Recently, some studies have explored the 
negative relationship between urban expansion and mangrove loss using 
statistical methods. For example, the correlation between mangrove loss 
and urban sprawl in Guangdong, China (Ai et al., 2019) and Mumbai, 
India (Vaz, 2014) were revealed using correlation analysis. Hayashi 
et al. (2019) conducted principal components analysis and revealed that 
the paved road network is the dominant driver of mangrove change, 
compared to other anthropogenic factors, such as population density, 
distance to urban centers and settlements. Furthermore, some re-
searchers identified areas under high degrees of human disturbance by 
proposing a disturbance index (Ambastha et al., 2010) and Relative 
Integrated Anthropization Index (Samuel et al., 2019). 

However, most previous studies on the relationship between ur-
banization and mangrove change were conducted at local scales with 
qualitative descriptions. A quantitative understanding of the impacts of 
urbanization on mangrove changes remains unclear from local, regional 
to global scales. Besides, in China, the Chinese government has made 
great efforts to establish protected areas and environmental protection 
policies since the 1970s. The effectiveness of these policies in conserving 
mangroves under the background of rapid urbanization is yet to be 
quantified and evaluated. In this respect, the association rules mining 
(ARM) technique will be applied in this study. ARM is a popular machine 
learning and data mining method for discovering correlations, associa-
tions, or patterns in an extensive database. Agrawal et al. (1993) first 
introduced ARM to analyze sales transactions and explore customer 
purchasing behaviour to target customers and improve customer ser-
vice. Due to the advantage of dealing with non-numeric and categorical 
data, it has been widely applied to explore associations in many fields, 
such as medical diagnosis, bioinformatics, traffic crashes, hydrology, 
climate, urban study (Mennis and Liu, 2005; Xu et al., 2018; Zhong et al., 
2019). Recently, some studies took advantage of satellite-based remote 
sensing datasets and converted them into categorical data by experien-
tial knowledge and typical classification method, which transformed 
remote sensing products into valuable association knowledge (Ding 
et al., 2017; He et al., 2018; Rajasekar and Weng, 2009; Xue et al., 2017; 
Zhang et al., 2021; Zhao et al., 2019; Zhong et al., 2019). The ARM 
method can identify the frequent spatial patterns hidden in the remote 
sensing images and explore the relationship between them (Wang et al., 
2020). In addition to identifying associations, ARM also has the poten-
tial to improve the accuracy of satellite image classification and inter-
pretation (Wang et al., 2010; Zhou and Zhang, 2013). 

Therefore, based on the long-term satellite observations of both ur-
banization and mangrove forests, this study aims to develop a new ARM- 
based approach to comprehensively explore the association between 
urbanization and mangrove changes, as well as to understand the 
effectiveness of conservation policy and nature reserves in China since 
the 1970s. 

2. Study area and datasets 

2.1. Study area 

Mangrove forests in China are in tropical and subtropical coastal 
areas, spanning latitudes 18◦12′ to 28◦25′N and longitudes 108◦01′ to 
121◦30′E. The study area is mainly located in the Southeast coastal re-
gions, including the provinces of Zhejiang, Fujian, Guangdong, Hainan, 
Taiwan, and regions of Guangxi Zhuang Autonomous Region (referred 
as Guangxi), Hong Kong, and Macau, which have subtropical and 
tropical monsoon climates. Guangdong Province has the largest cover of 
mangroves, followed by Guangxi and Hainan Province. Mangroves in 
Zhejiang Province were transplanted from Fujian during the 1950s. 
More than 20 mangrove nature reserves were established in China since 
the 1970s. Fig. 1 shows the spatial distribution of total mangroves in 
China from 1973 to 2015 and the approximate location of 25 nature 
reserves. As shown in Table 1, the location and establishment time of 25 
mangrove nature reserves at national, provincial, local levels were 
collected from China MangroveConservation Network (CMCN, www. 
china-mangrove.org), Zhang and Sui (2001), and Wang (2006), Chen 
et al. (2009). 

2.2. Datasets 

The datasets of mangrove forests in China were obtained from Jia 
et al.’ study (2018), which present the spatial distribution of mangroves 
in 1973, 1990, 2000, and 2015. The datasets were interpreted from 
Landsat images, with overall accuracies 78%, 87%, 89%, 94% and kappa 
coefficients 0.71, 0.78, 0.85, 0.91, respectively. The Global Human 
Settlement Layer (GHSL) produced GHSL built-up datasets (Corbane 
et al., 2019) and GHSL population datasets (Freire et al., 2016), which is 
derived from Landsat image collections. The GHSL built-up datasets are 
at 30-m spatial resolution; GHSL population datasets are at 9 arcsec 
resolution, which depicts the number of residential population estimates 
per grid cell. Urbanization was characterized by analyzing the changes 
in built-up areas and population density collected from GHSL datasets. 

GHSL datasets only provide multi-temporal build-up and population 
grids corresponding to epochs 1975, 1990, 2000 and 2015. Due to the 
unavailability of built-up dataset in 1973, as well as minor change (from 
17.4% to 17.3%) in China’s urbanization level from 1970 to 1975 (Chen 
et al., 2013), we assume that GHSL datasets in 1975 can be used to 
represent urbanization information in 1973 in this study. 

GHSL datasets were generated at a global scale and have been widely 
applied in regional studies. In Fang et al.’s study (2021), an accuracy 
assessment of GHSL built-up products was conducted for 1990, 2000, 
2015, by comparing the high-resolution remote sensing images from 
Google Earth. They indicated that the overall accuracy of built-up in 
China was 91.25% (1990), 89.45% (2000) and 91.05% (2014), respec-
tively. Liu et al. (2020) conducted an accuracy assessment of GHSL built- 
up products over 20 cities in China. They suggested that GHSL built-up 
products are promising for depicting building density, but improvement 
still needed in dense urban areas. Mangrove forests live along the 
coastline, which mainly surrounded by a sparse urban environment. 
Accordingly, GHSL built-up datasets are applicable for depicting urban 
environment near mangrove forests in our study area. GHSL population 
datasets were developed based on GHSL built-up and GPWv4 population 
estimates. Therefore, GHSL population datasets were employed in this 
study to ensure data consistency. 
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3. Methods 

Previous analyses mainly used administrative or nature reserves 
boundaries as the spatial unit. In this study, we proposed a grid-based 
association analysis (GBAA) method to mine association rules, which 
use uniform sized grid cells as the basic geographical units of analysis. 
This method combined the grid-based spatial segmentation and associ-
ation rules mining. 

3.1. Grid-based spatial segmentation 

The spatial extent of mangroves was segmented into several equally 
sized grid cells with a specific length. The grid size is generally deter-
mined by source datasets, application goals or expert experiences. The 
grid size must be suitable to capture the desired spatial variation of 
mangrove, built-up and population. It is significant to test the sensitivity 
of grid size to mining association rules and determine the optimal grid 
size. So, sensitivity analysis was performed to explore the grid scale 
effect and determine the optimal grid size, by comparing result variation 
at different grid sizes from 500 m to 5 km (with a 500 m interval). Then, 
the optimal grid size was chosen to demonstrate experimental results 
using the GBAA method. 

The grid generation begins from the lower-left corner, following left- 
to-right and bottom-up sequencing. The extent of grid cells only includes 
square polygon that intersects mangrove distribution from 1973 to 
2015. Each grid cell was assigned a sequential index starting from 1. As 
shown in Fig. 2, mangroves in the region of Dongzhai Harbor National 
Nature Reserve were used only for illustrating the grid cells generation 
and index labelling. 

3.2. Association rules mining 

Let I = {i1, i2, i3,⋯, in} be a set of all items and T = {t1, t2, t3,⋯, tm}
be a set of transactions in database, each transaction t contains a subset 
of the items in I. An association rule can be expressed as the form X→Y, 
where X and Y are disjoint itemsets, i.e., X⫅I,Y⫅I,X ∩ Y = ∅. X is called 
antecedent or If and Y is consequent or Then. In the market basket 
analysis, the rule X→Y indicates that people who buy itemset X are also 
likely to buy itemset Y. Consequent Y is an itemset that is found in 
combination with the antecedent X. 

Support, Confidence, and Lift indicators were used to evaluate and 
measure the quality of rules. Support measures how frequently the 
itemset appears in the dataset and the significance or importance of an 
itemset. Mathematically, Support is the probability of co-occurrence of 
itemset X and Y. It can be calculated as follows (Eq. (1)). 

Support(X→Y) = P(X ∪ Y) range : [0, 1] (1) 

Confidence is an estimate of the conditional probability of occur-
rence of the Y in a transaction under the condition that it also contains X, 
which is defined as follows (Eq. (2)). 

Confidence(X→Y) =
Support(X→Y)

Support(X)
=

P(X ∪ Y)
P(X)

range : [0, 1] (2) 

Lift is defined as the ratio of the observed joint probability of X and Y 
to the expected joint probability if they were statistically independent, 
which can be calculated as Eq. (3). 

Lift(X→Y) =
Support(X→Y)

Support(X) × Support(Y)
=

P(X ∪ Y)
P(X)P(Y)

range : [0,∞] (3) 

A Lift value greater than 1 means that the occurrence of X has 
increased the probability of the presence of Y. The rules with greater 

Fig. 1. The spatial distribution of total mangroves in China from 1973 to 2015. (The distribution of mangroves is shown at a coarser resolution for display purposes).  
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Support, Confidence and Lift values indicate stronger associations. If X 
and Y are independent, the Lift value will be 1. Apriori algorithm was 
originally proposed by Agrawal and Srikant (1994) to mine association 
rules among a set of items. Apriori algorithm is guided by a principle, 
that is, any subset of a frequent itemset must be frequent. The infrequent 
itemsets and their superset will be discarded to reduce the search space. 
Firstly, an iterative search is used to identify itemsets which Support 
value is larger than the minimum threshold (minSup). Then, all candi-
date rules which meet the confidence level (minConf) can be generated 
from frequent itemsets. 

In this study, the association rule mining was conducted at grid scale. 
Each grid contains the attribution of outside or inside nature reserve, the 
changes in built-up areas and mangrove forests, and the population 
density for the final year of corresponding period. As the changes in 
built-up areas and mangrove forests, and the population density data are 
numeric, they were converted to categorical data type. As shown in 
Table 2, each indicator was classified into several categories, which 
regarded as items i in the association rule mining, a grid with the 
combination of different categories was considered as one transaction t. 
Each grid contains the following information: t = {NR, BUC,MC, PD}. 
The Apriori algorithm then identifies the association between mangrove 
changes (MC) and urbanization (BUC, PD) with/without protection 
(NR). For example, the rule {NR1,BUC0}→{MC0} is identified with the 
Support of 0.5, the Confidence of 0.7, and the Lift of 1.2. This rule 
suggested that if there is no built-up (BUC0) within or near nature re-
serves (NR1), it was likely that the mangroves stay stable (MC0) with 
minor changes. The Support of 0.5 means that the proportion of trans-
actions that contains {NR1, MC0} and {MC0} is 0.5. The Confidence of 
0.7 means that 70% of the transactions that contain {NR1, MC0} also 
contain {MC0}. Lift larger than 1 indicates that {NR1, MC0} has a 
positive influence on the occurrence of {MC0}. In this study, the 
threshold values for Support, Confidence and Lift were set as Support >
1%, Confidence > 30%, Lift > 1. Association rule mining was conducted 
for 1973–1990, 1990–2000, 2000–2015 three periods, respectively. 

4. Results 

4.1. Mangrove changes in China 

As presented in Jia et al.’ study (2018), a dramatic decrease of 
mangroves occurred from 1973 to 1990, after which the rate of decrease 
slow down gradually from 1990 to 2000. Then, there was a gradual rise 
from 2000, reaching 22419 ha in 2015. Overall, the areal extent of 
mangroves dropped from 488012 ha to 22419 ha over the period from 
1973 to 2015. 

As illustrated in Fig. 3, the intact mangrove cover between t1 and t2 
is the area of overlap between mangrove cover in t1 and t2, which is the 
geographic intersection set of Mt1 and Mt2. The gained mangrove during 
a period can be expressed as the set of mangrove patches in t2 but not in 
t1, which is the geographic complement set of intact in Mt2. The lost 
mangrove during a period is the set of mangrove patches in t1 but not in 

Table 1 
Summary of 25 mangrove nature reserves in China.  

Nature Reserve Location Level Year of 
establishment 

Zhangjiang Estuary National 
Mangrove Nature Reserve 

Fujian National 1997 

Jiulongjiang Estuary Mangrove 
Nature Reserve 

Fujian Provincial 1988 

Wanhe Estuary Wetland Nature 
Reserve 

Fujian Provincial 2001 

Futian Mangrove National Nature 
Reserve 

Guangdong National 1984 

Zhanjiang Mangrove National 
Nature Reserve 

Guangdong National 1991 

Qi’ao-Dangan Island Provincial 
Nature Reserve 

Guangdong Provincial 2000 

Shuidong Bay Mangrove Nature 
Reserve 

Guangdong Local 1999 

Huidong Mangrove Nature 
Reserve 

Guangdong Local 2000 

Zhenhai Bay Mangrove Nature 
Reserve 

Guangdong Local 2000 

Beilun Estuary National Nature 
Reserve 

Guangxi National 1990 

Shankou Mangrove Nature 
Reserve 

Guangxi National 1990 

Maowei Bay Mangrove Nature 
Reserve 

Guangxi Provincial 2005 

Dongzhai Harbor National Nature 
Reserve 

Hainan National 1980 

Qinglan Harbor Nature Reserve Hainan Provincial 1981 
Xinying Harbor Mangrove Nature 

Reserve 
Hainan Local 1983 

Huachang Bay Mangrove Nature 
Reserve 

Hainan Local 1983 

Dongchang Mangrove Nature 
Reserve 

Hainan Local 1986 

Caiqiao Mangrove Nature 
Reserve 

Hainan Local 1983 

Tielu Harbor Mangrove Nature 
Reserve 

Hainan Local 1992 

Qingmei Harbor Mangrove 
Nature Reserve 

Hainan Local 1989 

Sanya Estuary Mangrove Nature 
Reserve 

Hainan Local 1990 

Mai Po Nature Reserve Hong Kong National 1975 
Tamsui River Mangrove Nature 

Reserve 
Taiwan Provincial 1986 

Guandu Nature Reserve Taiwan Provincial 1986 
Yueqing Ximen Island Marine 

Special Reserve 
Zhejiang Local 2005  

Fig. 2. Illustration of grid generation.  

Table 2 
Indicators and categories used in association rule mining.  

Indicator Abbreviation Category Definition 

Nature reserve NR NR0 Outside nature reserve 
NR1 Inside/near nature reserve 

Built-up areas 
change 

BUC BUC0 No built-up 
BUC1 Increase <10 ha 
BUC2 Increase ≥10 ha 

Mangrove change MC MC0 Chang ± 10 ha 
MC1 Decrease ≥10 ha 
MC2 Increase ≥10 ha 

Population density PD PD0 No people or <10 people/ 
km2 

PD1 ≥10 people/km2  
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t2, which is the geographic complement set of intact in Mt1. Net change 
indicates the difference in total area of mangrove between two time 
steps. While gross change is the sum of all mangrove area gains and 
losses, providing the insights of dynamic changes in mangrove over 
time. The Fig. 3(d) referred to Fuchs et al.’s (2015) study. 

The areal extent of gained, lost and intact mangroves over different 
periods in China were also shown in Fig. 4. Between 1973 and 2015, 
there was a total loss of 40434 ha of mangrove forests in China. The 
decrease in mangrove extent was offset by a gain of 14932 ha of new 
mangroves, resulting in a net change of 25501 ha and gross change of 
55366 ha. There were also 7741 ha mangrove maintained from 1973 to 
2015. Comparing the three periods, 1973–1990 period had the largest 
net loss, of 37618 ha, followed by 1990–2000 period with 13161 ha lost. 
The mangrove loss was much greater than the mangrove gain during 
1973–1990 period. From 2000 to 2015, the area of mangrove gain 
exceeded mangrove loss, showing an increase trend of net change in 

mangrove extent. 

4.2. Sensitivity analysis of grid size 

The GBAA method was applied with different grid sizes to determine 
the impact of the variable under sensitivity analysis. The grid size is the 
only variable in the sensitivity analysis. As Lift is the indicator repre-
senting the degree of association of the generated rule, Lift values were 
used to compare the variations caused by grid size. Fig. 5 illustrates the 
distribution of Lift values of generated rules at different grid sizes con-
ditions for three periods. For the 1973–1990 period, there are minor 
differences in the Lift values at different grid sizes. The Lift values were 
more sensitive to grid size during the other two periods. We calculated 
the mean values of Lift for three periods and the whole study period, as 
shown in Fig. 6. The highest mean values of Lift for both the second 
period and the whole study period were achieved at a 4 km grid size. 
Therefore, the grid size of 4 km was deemed optimal for exploring the 
association between urbanization and mangrove in China based on the 
GBAA method. 

4.3. Grid-based urbanization and mangroves statistic 

In this study, a total of 985 grids covering the spatial extent of 
mangrove forests from 1973 to 2015 were generated. Fig. 7 shows the 
distribution of mangroves and built-up areas in the regions of 6 national 
nature reserves in different time periods. The black grid cell has a side 
length of 4 km. In the region of Futian and Mai Po Nature Reserves, 
mangroves are distributed in the areas with high intensity of urbaniza-
tion. Built-up areas have increased dramatically over the past decades. 
Other nature reserves are far from the dense urban areas. In the year 
between 1975 and 2015, the area of built-up increased significantly 
from 7682 km2 to 13422 km2 within the 10 km buffer of coastline in 
study area. 

Table 3 summarize the result of grid-based statistic, all statistics were 
extracted based on grid cells. The count of grids cells covering the extent 
of mangrove forests were 768, 676, and 700 for 1973–1990, 1990–2000, 
and 2000–2015 period, respectively. Due to the different establishment 
year of nature reserves, the number of grids inside nature reserves were 
various for three period. There has been a decline in the maximum of 

Fig. 3. Illustration of intact, gained, lost mangroves and net, gross change.  

Fig. 4. Net changes and gross changes (gained, lost) in mangrove extent for different periods.  
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mangrove decrease from − 577.84 ha to − 249.69 ha and a rise in the 
maximum of mangrove increase from 205.63 ha to 248.42 ha for three 
period. As a portion of mangroves are distributed in the regions far from 
urban areas, the minimums of built-up increase and population density 
are 0. 

4.4. Association between urbanization and mangroves changes 

Itemset with indicator larger than the minimum threshold were 
extracted as association rules through GBAA method. In total, 21, 31, 
and 24 association rules were generated for three periods, respectively. 
The generated rules were ranked by the Confidence value, to make the 
generated rules more readable, we reordered and removed some rules in 
the table. As shown in Table 4, 5, 6, Policy and Urbanization are ante-
cedent, Mangroves is consequent. Fig. 8 illustrates scatter plots for 
visualization of all association rules, in which the x and y axis indicate 
Support and Confidence values, the colour represents the Lift values. 
Fig. 9 also shows the variation of three indicators for three period. 

Selected association rules for 1973–1990 were shown in Table 4. For 
example, Rule #1{NR0, BUC1, PD1}→{MC1} indicates that outside 
nature reserves, if the built-up increased slightly (<10 ha) and popula-
tion density in 1990 is larger than 10 people/km2, it was likely that the 
mangrove forests decreased (>10 ha) during this period. Rule #20 

shows the strong association between NR1 and MC0. The Support is 
around 1% due to the few numbers of nature reserves during this period. 
This rule indicates that mangrove changed slightly (MC0) inside or near 
nature reserves (NR0), even with large population density (PD1). 

Meanwhile, a strong association between BUC1 and MC1 was 
observed from Rule #1, 3, 5. Based on these rules, it can be concluded 
that if the built-up increased slightly (<10 ha), mangrove reduction was 
more likely to occur outside nature reserves. Rule #10 {NR0}→{MC1} 
holds with the Support of 0.499, which is the largest Support value in the 
listed rules. It suggested that mangrove decrease outside nature reserves 
occurred in a relatively large proportion of grids in 1973–1990. It can be 
concluded that BUC0 and MC0 had a strong association, as shown in 
rule# 12, 16, 18. If there was no built-up area (BUC0) outside nature 
reserves (NR0), it was likely that the mangrove forests were relatively 
stable (MC0) during this period. 

Selected association rules for 1990–2000 were listed in Table 5. 
Based on Rule# 16. 17, 23, 25, both mangrove decrease (MC1) and 
increase (MC2) were likely to occur within or near nature reserves. 
However, the association between NR1, BUC1 and MC2 is more signif-
icant with higher Lift values. If there was no built-up or built-up areas 
increased slightly, it was likely that the mangrove stayed stable outside 
nature reserves. The association between BUC1 and MC0 was also 
discovered based on Rule# 20, 22, indicating that mangrove reduction 

Fig. 5. Boxplot of Lift value with different grid sizes for three periods.  

Fig. 6. Comparison of the mean value of Lift with different grid sizes for three periods.  
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was more likely to occur outside nature reserves where it has experi-
enced dramatic built-up expansion. 

Selected association rules for 2000–2015 were shown in Table 6. 
Rule# 1 has the highest Confidence (0.765) and highest Lift value 
(2.478). Based on Rule# 1, 2, 13, 14, 15, 17, 18 with relatively high 

values of Confidence and Lift, no matter what urbanization pattern ex-
ists, mangroves were likely to increase within or near nature reserves 
during 2000–2015. Rule# 9 holds with the highest Support value of 
0.517, and it indicates that the slight changes in mangroves were likely 
to occur outside nature reserves during this period. Based on Rule# 22, 
23 with higher Lift values than Rule# 10, 11, it can be concluded that 
even there was significant built-up expansion, mangrove increase was 
more likely to occur outside nature reserves. 

Only rules related to MC0 and MC1 were generated for the 
1973–1990 period, consistent with the dramatic decrease in net change 
shown in Fig. 4. Moreover, only rules related to MC0 and MC2 generated 
for the 2000–2015 period, which is consistent with the increase in net 
change and minor mangrove loss. The apparent protective effect of na-
ture reserves can be found from the association between NR1 and MC0 
for the 1973–1990 period. However, a strong association between NR0 
and MC0 was discovered both for both the 1990–2000 and 2000–2015 
period, which indicated the slight changes of mangrove outside nature 
reserves. As indicated in Chen et al.’s study (2009), in addition to nature 
reserves established by the government, Chinese public recognized 
ecological values in the early 1990 s. Overall, mangroves inside nature 
reserves changed slightly during 1973–1990 and increased obviously 
during 2000–2015. For the mangroves outside nature reserves, the rules 

Fig. 7. Spatial distribution of mangroves and built-up areas in different periods.  

Table 3 
Grid-based urbanization and mangroves statistic.   

1973–1990 1990–2000 2000–2015 

Total grid cells Count 768 676 700 
Inside nature reserves Count 36 56 86 
Mangroves change (ha) Min − 577.84 − 367.03 − 249.69 

Max 205.63 181.76 248.42 
Mean − 36.76 − 4.29 8.04 
STD 79.03 43.04 31.82 

Built-up increase (ha) Min 0 0 0 
Max 240.57 520.92 198.18 
Mean 7.96 14.17 9.79 
STD 23.77 40.65 22.81 

Population density (people/ 
km2) 

Min 0 0 0 
Max 39355.95 54526.59 75834.02 
Mean 1568.03 2267.20 2447.30 
STD 3239.36 4767.81 5844.81  
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showed a gradual weakening of impact of urbanization on mangroves as 
years goes by. We infer that the main reasons for these phenomena are 
the rising environmental awareness and declining human intervention 
during the urbanization process. 

As presented in the rules for the 1973–1990 period, mangroves 
reduction was likely to occur where built-up areas increased. In this 
period, the impacts of urbanization on mangroves mainly manifested as 
the direct conversion of mangrove forests to urban construction. Tam 

and Wong (2002) stated that massive mangroves were converted to 
farmland in the 1970s; in the 1980s, mangrove mudflats were converted 
to ponds for aquaculture, including shrimps, fishes, and crabs; from the 
mid-1980s, urban construction and reclamation destroyed a large 
number of mangroves. Land reclamation has become the primary 
approach to conduct urban expansion in coastal regions. 

Since the 1990s, China has made great efforts in mangrove conser-
vation and reforestation (Chen et al., 2009). As a result, publics and local 

Table 4 
Association rules extraction for 1973–1990.  

Rule ID Policy Urbanization Mangroves Support Confidence Lift 

20 NR1 PD1 MC0  0.016  0.343  1.005 
1 NR0 BUC1, PD1 MC1  0.132  0.561  1.075 
3 NR0 BUC1 MC1  0.142  0.559  1.071 
5 NR0 BUC1, PD0 MC1  0.010  0.533  1.021 
7 NR0 PD1 MC1  0.466  0.533  1.020 
9 NR0 BUC0, PD1 MC1  0.254  0.526  1.007 
10 NR0 – MC1  0.499  0.523  1.002 
12 NR0 BUC0, PD0 MC0  0.025  0.500  1.466 
14 NR0 PD0 MC0  0.035  0.450  1.319 
16 NR0 BUC0 MC0  0.191  0.359  1.054 
18 NR0 BUC0, PD1 MC0  0.167  0.345  1.011 
21 NR0 – MC0  0.326  0.342  1.001  

Table 5 
Association rules extraction for 1990–2000.  

Rule ID Policy Urbanization Mangroves Support Confidence Lift 

16 NR1 BUC1 MC1  0.018  0.462  1.545 
17 NR1 BUC1, PD1 MC1  0.016  0.458  1.534 
18 NR1 PD1 MC1  0.030  0.385  1.287 
19 NR1 – MC1  0.031  0.375  1.255 
23 NR1 BUC1 MC2  0.013  0.346  1.708 
25 NR1 BUC1, PD1 MC2  0.012  0.333  1.645 
26 NR1 – MC2  0.027  0.321  1.586 
28 NR1 PD1 MC2  0.024  0.308  1.518 
1 NR0 BUC1, PD0 MC0  0.016  0.733  1.471 
4 NR0 PD0 MC0  0.044  0.600  1.204 
5 NR0 BUC0, PD0 MC0  0.016  0.579  1.161 
7 NR0 BUC0 MC0  0.194  0.555  1.113 
8 NR0 BUC0, PD1 MC0  0.178  0.553  1.109 
11 NR0 BUC1 MC0  0.164  0.521  1.045 
12 NR0 – MC0  0.473  0.516  1.035 
13 NR0 PD1 MC0  0.429  0.509  1.021 
14 NR0 BUC1, PD1 MC0  0.148  0.505  1.013 
15 NR0 BUC2, PD0 MC0  0.012  0.500  1.003 
20 NR0 BUC2, PD1 MC1  0.083  0.361  1.209 
22 NR0 BUC2 MC1  0.089  0.351  1.174 
31 NR0 PD1 MC1  0.253  0.300  1.004  

Table 6 
Association rules extraction for 2000–2015.  

Rule ID Policy Urbanization Mangroves Support Confidence Lift 

1 NR1 BUC0, PD1 MC2  0.019  0.765  2.478 
2 NR1 BUC0 MC2  0.019  0.722  2.341 
13 NR1 BUC2, PD1 MC2  0.019  0.565  1.832 
14 NR1 BUC2 MC2  0.019  0.565  1.832 
15 NR1 – MC2  0.066  0.535  1.733 
16 NR1 PD1 MC2  0.060  0.525  1.701 
17 NR1 BUC1 MC2  0.029  0.444  1.440 
18 NR1 BUC1, PD1 MC2  0.023  0.400  1.296 
3 NR0 BUC1, PD0 MC0  0.011  0.667  1.181 
4 NR0 BUC0, PD1 MC0  0.209  0.638  1.130 
5 NR0 BUC0 MC0  0.223  0.632  1.119 
8 NR0 PD1 MC0  0.489  0.592  1.049 
9 NR0 – MC0  0.517  0.590  1.045 
10 NR0 BUC2, PD1 MC0  0.110  0.583  1.034 
11 NR0 BUC2 MC0  0.113  0.572  1.014 
22 NR0 BUC2 MC2  0.067  0.341  1.104 
23 NR0 BUC2, PD1 MC2  0.061  0.326  1.056  
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communities realized the ecological and economic values of mangroves. 
From then, massive deforestation of mangrove is unlikely to recur. As 
presented in the rules for the last two period, mangroves changed 
slightly where even experienced built-up areas expansion. However, 

mangroves still being affected by wastewater charge, marine pollution, 
water transportation (Chen et al., 2009), which are related to the ur-
banization process to some extent. These phenomena may not directly 
cause the areal change of mangroves, but will threaten mangrove 

Fig. 8. Scatter plots of association indicators.  

Fig. 9. Visualizations of association indicators.  
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biodiversity and ecosystem functions. 

5. Discussion 

5.1. Reliability of the association rules 

The GBAA method discovered several meaningful rules. One of the 
interest findings was that the correlation between urbanization and 
mangrove changes under the protection of nature reserves can be 
discovered. The results also proved the role and effectiveness of nature 
reserves and conservation policies. The data mining methods are 
inductive, not deductive, which are used to extract knowledge from 
observational datasets, not prove the pre-existing hypotheses (Mennis 
and Liu, 2005; Xu et al., 2018). Compared with conventional statistical 
methods, association mining method is able to employ categorical data. 
Thus, the characteristic of grid within nature reserve or not can be 
employed to analyze as an indicator. Although the optimal discretiza-
tion of input numeric data remains to be confirmed, classification 
scheme in Table 2 was proved to be feasible. The areal changes of 
mangrove forests are the results of complex interaction among factors. 
GBAA method is capable of exploring the association among several 
indicator. Further research is needed to consider more possible factors 
on mangrove changes, such as sea level change and macro- climate 
change. 

5.2. Urbanization and mangrove 

Although previous studies revealed the negative relationship be-
tween urban expansion and mangrove loss. It is obvious that high level 
of urbanization and construction led to the conversion from wetland to 
residential, commercial, or industrial land in coastal regions and lead to 
pressure on mangrove ecosystem. However, the interaction and rela-
tionship between urbanization and mangrove system are complex and 
active. The human disturbances are reflected by the impacts on the 
structure and function of mangrove ecosystems, such as sediment loads 
and water quality (Lee et al, 2006). Influxes of sediment from urban 
construction provide harmful sediment to some mangrove species, and is 
also likely to accelerate new growth (Thomas et al., 2017). However, the 
sediment and nutrients from human activity, climate changes, and sea 
level rise may promote seaward or landward mangrove expansion 
(Alongi, 2018). Due to the increased environmental awareness and 
established conservation project during social urbanization process, 
massive deforestation of mangrove is unlikely to recur. 

5.3. Uncertainty of the methodology 

The datasets of mangrove and built-up areas distribution were 
extracted from satellite images. The accuracy of classification is affected 
by the spectral confusion in optical images among different land cover 
types, for example, the confusion between mangrove and mudflat, be-
tween impervious surface and bare soil (Lin et al., 2020). Another error 
source would be the length setting of grid cells. In our study, the length 
of 4 km depends on sensitivity analysis, which was proved to be feasible 
and effective. In this case, only the surrounding urban environment 
within 4 km grid cells were considered. Urban development within 
larger buffer zones may also affect mangrove growth. However, the 
optimal grid size is still uncertain. Due to the unavailability of the ac-
curate locations and boundaries of nature reserves, the 3 km buffer 
zones of collected coordinate point of nature reserves were regarded as 
the extent of nature reserves in this study. 

5.4. Limitation of the study 

The impacts of urbanization on mangrove forests are complicated. 
Besides the spatial extent, a number of factors should be considered, 
including the species diversity, the community structures, carbon stock, 

and other aspects regarding the ecosystem services of the mangrove 
forests. From a geographic point of view, this study considers only the 
impacts of urbanization on the spatial changes of mangroves. In the 
future, more insightful studies are needed to provide a more compre-
hensive understanding of the impacts on mangroves from the human 
activities through urbanization process. 

In this study, we consider the mangroves in whole China as the study 
object. Actually, due to the complex influence modes of urbanization on 
mangroves, local pattern of influences varies with multiple reasons. The 
areal changes of mangrove forests are the results of complex interaction 
among mangrove and urbanization-related factors. The impacts of ur-
banization on mangrove ecosystem at local scale will be explored in 
future studies. 

6. Conclusions 

In this study, the GBAA method was developed to explore the asso-
ciation between urbanization and mangrove changes in China, the role 
and effectiveness of conservation policy were also investigated. Ac-
cording to the discovered association rules, there are some findings for 
three periods: (1) For the 1973–1990 period, the conservation effort of 
nature reserves has been evaluated. Within the protected areas, the 
mangroves changed slightly. However, outside the nature reserves, 
mangrove reduction occurred where built-up increased slightly, and 
mangroves were stable where even no built-up area exists; (2) For the 
1990–2000 period, in general, both mangrove decrease and increase 
were likely to occur within or near nature reserves. If there was no built- 
up area or built-up areas increased slightly, it was likely that the 
mangrove stayed stable outside nature reserves. Mangrove reduction 
was more likely to occur outside nature reserves where it has experi-
enced dramatic built-up expansion; and (3) For the 2000–2015 period, 
mangroves increased dramatically within nature reserves no matter the 
degree of urbanization, which may be due to the implementation of 
mangrove conservation and restoration. Even in the region that expe-
rienced significant built-up expansion, mangrove increase was more 
likely to occur outside nature reserves; it may be due to the fact that 
people raised their awareness of protecting mangroves and wetlands. 

Overall, it has been found that the conservation policy and estab-
lishment of nature reserves have made significant achievements in 
mangrove conservation and restoration. Moreover, the urbanization 
process has not significantly damaged mangroves in China. Outside 
nature reserves, the impact of urbanization on the spatial extent of 
mangrove forests weakened gradually during 1973–2015. 

An advantage of the proposed GBAA method is that non-numeric 
data of conservation policy can be incorporated into quantitative anal-
ysis. The limitation of this method is that the obtained rules strongly 
depend on the accuracy of source datasets, grid size determination, in-
dicator categorization. Although the optimal technical settings of 
methodology remain to be confirmed, the GBAA method exhibits good 
performance in exploring the associations. The results exemplify the 
effectiveness of nature reserves in mangrove conservation from 1973 to 
2015 in China. 

Funding source 

This study was jointly supported by the Research Grants Council 
(RGC) of Hong Kong (HKU27602020, HKU14605917), the National 
Natural Science Foundation of China (42022061 and 42071390), and 
The University of Hong Kong (201909185015 and 202011159112). 

CRediT authorship contribution statement 

Shan Wei: Formal analysis, Visualization, Writing - original draft. 
Yinyi Lin: Data curation, Writing - review & editing. Luoma Wan: 
Validation, Writing - review & editing. Guanghui Lin: Writing - review 
& editing. Yuanzhi Zhang: Writing - review & editing. Hongsheng 

S. Wei et al.                                                                                                                                                                                                                                      



International Journal of Applied Earth Observation and Geoinformation 102 (2021) 102431

11

Zhang: Conceptualization, Supervision, Funding acquisition, Writing - 
review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

Agrawal, R., Imieliński, T., Swami, A. (1993, June). Mining association rules between 
sets of items in large databases. In: Proceedings of the 1993 ACM SIGMOD 
international conference on Management of data (pp. 207-216). 

Agrawal, R., Srikant, R. (1994, September). Fast algorithms for mining association rules. 
In: Proceeding of the 20th VLDB Conference, Santiago, Chile (pp. 487–499). 

Ambastha, K.R., Hussain, S.A., Badola, R., Roy, P.S., 2010. Spatial analysis of 
anthropogenic disturbances in mangrove forests of Bhitarkanika Conservation Area, 
India. J. Indian Soc. Remote Sens. 38 (1), 67–83. https://doi.org/10.1007/s12524- 
010-0013-y. 

Ai, B., Ma, C., Zhao, J., Zhang, R., 2019. The impact of rapid urban expansion on coastal 
mangroves: a case study in Guangdong Province, China. Front. Earth Sci. 1–13 
https://doi.org/10.1007/s11707-019-0768-6. 

Alongi, D.M., 2002. Present state and future of the world’s mangrove forests. Environ. 
Conserv. 29 (3), 331–349. https://doi.org/10.1017/S0376892902000231. 

Alongi, D.M., 2018. Impact of global change on nutrient dynamics in mangrove forests. 
Forests 9 (10), 596. https://doi.org/10.3390/f9100596. 

Chen, L., Wang, W., Zhang, Y., Lin, G., 2009. Recent progresses in mangrove 
conservation, restoration and research in China. J. Plant Ecol. 2 (2), 45–54. https:// 
doi.org/10.1093/jpe/rtp009. 

Chen, M., Liu, W., Tao, X., 2013. Evolution and assessment on China’s urbanization 
1960–2010: under-urbanization or over-urbanization? Habitat Int. 38, 25–33. 
https://doi.org/10.1016/j.habitatint.2012.09.007. 

Corbane, C., Pesaresi, M., Kemper, T., Politis, P., Florczyk, A.J., Syrris, V., Soille, P., 
2019. Automated global delineation of human settlements from 40 years of Landsat 
satellite data archives. Big Earth Data 3 (2), 140–169. https://doi.org/10.1080/ 
20964471.2019.1625528. 

Ding, Z., Liao, X., Su, F., Fu, D., 2017. Mining coastal land use sequential pattern and its 
land use associations based on association rule mining. Remote Sensing 9 (2), 116. 
https://doi.org/10.3390/rs9020116. 

Duan, H., Zhang, H., Huang, Q., Zhang, Y., Hu, M., Niu, Y., Zhu, J., 2016. 
Characterization and environmental impact analysis of sea land reclamation 
activities in China. Ocean Coast. Manag. 130, 128–137. https://doi.org/10.1016/j. 
ocecoaman.2016.06.006. 

Fang, Y., Du, S., Wen, J., Zhang, M., Fang, J., Liu, M., 2021. Chinese built-up land in 
floodplains moving closer to freshwaters. Int. J. Disaster Risk Sci. 1–12 https://doi. 
org/10.1007/s13753-021-00343-9. 

Fuchs, R., Herold, M., Verburg, P.H., Clevers, J.G., Eberle, J., 2015. Gross changes in 
reconstructions of historic land cover/use for Europe between 1900 and 2010. Glob. 
Change Biol. 21 (1), 299–313. https://doi.org/10.1111/gcb.12714. 

Freire, S., Macmanus, K., Pesaresi, M., Doxsey-Whitfield, E., Mills, J. (2016, June). 
Development of new open and free multi-temporal global population grids at 250 m 
resolution. In: Proceeding of the 19th AGILE Conference on Geographic Information 
Science, Helsinki, Finland. 

Giri, C., Ochieng, E., Tieszen, L.L., Zhu, Z., Singh, A., Loveland, T., Duke, N., 2011. Status 
and distribution of mangrove forests of the world using earth observation satellite 
data. Glob. Ecol. Biogeogr. 20 (1), 154–159. https://doi.org/10.1111/j.1466- 
8238.2010.00584.x. 

Giri, C., Zhu, Z., Tieszen, L.L., Singh, A., Gillette, S., Kelmelis, J.A., 2008. Mangrove 
forest distributions and dynamics (1975–2005) of the tsunami-affected region of 
Asia. J. Biogeogr. 35 (3), 519–528. https://doi.org/10.1111/j.1365- 
2699.2007.01806.x. 

Hayashi, S.N., Souza-Filho, P.W.M., Nascimento Jr, W.R., Fernandes, M.E., 2019. The 
effect of anthropogenic drivers on spatial patterns of mangrove land use on the 
Amazon coast. PLoS One 14 (6), e0217754. https://doi.org/10.1371/journal. 
pone.0217754. 

He, Q., He, W., Song, Y., Wu, J., Yin, C., Mou, Y., 2018. The impact of urban growth 
patterns on urban vitality in newly built-up areas based on an association rules 
analysis using geographical ‘big data’. Land Use Policy 78, 726–738. https://doi. 
org/10.1016/j.landusepol.2018.07.020. 

Jia, M., Wang, Z., Mao, D., Ren, C., Wang, C., Wang, Y., 2021. Rapid, robust, and 
automated mapping of tidal flats in China using time series Sentinel-2 images and 

Google Earth Engine. Remote Sens. Environ. 255, 112285 https://doi.org/10.1016/ 
j.rse.2021.112285. 

Jia, M., Wang, Z., Zhang, Y., Mao, D., Wang, C., 2018. Monitoring loss and recovery of 
mangrove forests during 42 years: the achievements of mangrove conservation in 
China. Int. J. Appl. Earth Observat. Geoinformat. 73, 535–545. https://doi.org/ 
10.1016/j.jag.2018.07.025. 

Lee, S.Y., Dunn, R.J.K., Young, R.A., Connolly, R.M., Dale, P.E.R., Dehayr, R., Welsh, D. 
T., 2006. Impact of urbanization on coastal wetland structure and function. Austral 
Ecol. 31 (2), 149–163. https://doi.org/10.1111/j.1442-9993.2006.01581.x. 

Lin, Y., Zhang, H., Lin, H., Gamba, P.E., Liu, X., 2020. Incorporating synthetic aperture 
radar and optical images to investigate the annual dynamics of anthropogenic 
impervious surface at large scale. Remote Sens. Environ. 242, 111757 https://doi. 
org/10.1016/j.rse.2020.111757. 

Liu, F., Wang, S., Xu, Y., Ying, Q., Yang, F., Qin, Y., 2020. Accuracy assessment of Global 
Human Settlement Layer (GHSL) built-up products over China. PLoS One 15 (5), 
e0233164. https://doi.org/10.1371/journal.pone.0233164. 

Ma, Z., Melville, D.S., Liu, J., Chen, Y., Yang, H., Ren, W., Li, B., 2014. Rethinking 
China’s new great wall. Science 346 (6212). https://doi.org/10.1126/ 
science.1257258. 

Mennis, J., Liu, J.W., 2005. Mining association rules in spatio-temporal data: an analysis 
of urban socioeconomic and land cover change. Trans. GIS 9 (1), 5–17. https://doi. 
org/10.1111/j.1467-9671.2005.00202.x. 

Rajasekar, U., Weng, Q., 2009. Application of association rule mining for exploring the 
relationship between urban land surface temperature and biophysical/social 
parameters. Photogramm. Eng. Remote Sens. 75 (4), 385–396. https://doi.org/ 
10.14358/PERS.75.4.385. 

Samuel, V.S., Humberto, V.L.L., Teresa, R.Z.M., Isabel, C.L.M., 2019. Anthropization in 
the coastal zone associated with Mexican mangroves (2005–2015). Environ. Monit. 
Assess. 191 (8), 521. https://doi.org/10.1007/s10661-019-7661-3. 

Sengupta, D., Chen, R., Meadows, M.E., Choi, Y.R., Banerjee, A., Zilong, X., 2019. 
Mapping trajectories of coastal land reclamation in nine deltaic megacities using 
google earth engine. Remote Sensing 11 (22), 2621. https://doi.org/10.3390/ 
rs11222621. 

Tam, N.F., Wong, Y., 2002. Conservation and sustainable exploitation of mangroves in 
Hong Kong. Trees 16 (2–3), 224–229. https://doi.org/10.1007/s00468-001-0149-z. 

Thomas, N., Lucas, R., Bunting, P., Hardy, A., Rosenqvist, A., Simard, M., 2017. 
Distribution and drivers of global mangrove forest change, 1996–2010. PLoS One 12 
(6), e0179302. https://doi.org/10.1371/journal.pone.0179302. 

Vaz, E., 2014. Managing urban coastal areas through landscape metrics: An assessment of 
Mumbai’s mangrove system. Ocean Coast. Manag. 98, 27–37. https://doi.org/ 
10.1016/j.ocecoaman.2014.05.020. 

Wang, C., Zhang, J., Ma, Y., 2010. Coastline interpretation from multispectral remote 
sensing images using an association rule algorithm. Int. J. Remote Sens. 31 (24), 
6409–6423. https://doi.org/10.1080/01431160903413739. 

Wang, L., Yan, J., Mu, L., Huang, L., 2020. Knowledge discovery from remote sensing 
images: a review. Wiley Interdiscip. Rev.: Data Min. Knowl. Discov. 10 (5), e1371 
https://doi.org/10.1002/widm.1371. 

Wang, W., 2006. The Mangroves of China. China Science Publishing. 
Xu, C., Bao, J., Wang, C., Liu, P., 2018. Association rule analysis of factors contributing to 

extraordinarily severe traffic crashes in China. J. Saf. Res. 67, 65–75. https://doi. 
org/10.1016/j.jsr.2018.09.013. 

Xue, C., Fan, X., Dong, Q., Liu, J., 2017. Using remote sensing products to identify marine 
association patterns in factors relating to ENSO in the Pacific Ocean. ISPRS Int. J. 
Geo-Inf. 6 (1), 32. 

Yang, X.J. (2013). China’s rapid urbanization. Science, 342(6156), 310-310. DOI: http: 
//dx.doi.10.1126/science.342.6156.310-a. 

Zhang, H., Lin, Y., Wei, S., Loo, B.P., Lai, P.C., Lam, Y.F., Li, Y., 2021. Global association 
between satellite-derived nitrogen dioxide (NO2) and lockdown policies under the 
COVID-19 pandemic. Sci. Total Environ. 761, 144148. 

Zhang, Q., Sui, S., 2001. The mangrove wetland resources and their conservation in 
China. Journal of natural resources 16 (1), 28–36. 

Zhao, Y., Li, Q., Zhang, Y., Du, X., 2019. Improving the accuracy of fine-grained 
population mapping using population-sensitive POIs. Remote Sensing 11 (21), 2502. 
https://doi.org/10.3390/rs11212502. 

Zhao, Y., Wang, S., Zhou, C., 2016. Understanding the relation between urbanization and 
the eco-environment in China’s Yangtze River Delta using an improved EKC model 
and coupling analysis. Sci. Total Environ. 571, 862–875. https://doi.org/10.1016/j. 
scitotenv.2016.07.067. 

Zhong, M., Jiang, T., Hong, Y., Yang, X., 2019. Performance of multi-level association 
rule mining for the relationship between causal factor patterns and flash flood 
magnitudes in a humid area. Geomat. Nat. Hazards Risk 10 (1), 1967–1987. https:// 
doi.org/10.1080/19475705.2019.1655102. 

Zhou, Z., Zhang, Y. (2013, June). Integration of association-rule and decision tree for 
high resolution image classification. In: 2013 21st international conference on 
geoinformatics (pp. 1-4). IEEE. DOI: http://dx.doi.10.1109/Geoinformatics.2013. 
6626123. 

S. Wei et al.                                                                                                                                                                                                                                      

https://doi.org/10.1007/s12524-010-0013-y
https://doi.org/10.1007/s12524-010-0013-y
https://doi.org/10.1007/s11707-019-0768-6
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.3390/f9100596
https://doi.org/10.1093/jpe/rtp009
https://doi.org/10.1093/jpe/rtp009
https://doi.org/10.1016/j.habitatint.2012.09.007
https://doi.org/10.1080/20964471.2019.1625528
https://doi.org/10.1080/20964471.2019.1625528
https://doi.org/10.3390/rs9020116
https://doi.org/10.1016/j.ocecoaman.2016.06.006
https://doi.org/10.1016/j.ocecoaman.2016.06.006
https://doi.org/10.1007/s13753-021-00343-9
https://doi.org/10.1007/s13753-021-00343-9
https://doi.org/10.1111/gcb.12714
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1365-2699.2007.01806.x
https://doi.org/10.1111/j.1365-2699.2007.01806.x
https://doi.org/10.1371/journal.pone.0217754
https://doi.org/10.1371/journal.pone.0217754
https://doi.org/10.1016/j.landusepol.2018.07.020
https://doi.org/10.1016/j.landusepol.2018.07.020
https://doi.org/10.1016/j.rse.2021.112285
https://doi.org/10.1016/j.rse.2021.112285
https://doi.org/10.1016/j.jag.2018.07.025
https://doi.org/10.1016/j.jag.2018.07.025
https://doi.org/10.1111/j.1442-9993.2006.01581.x
https://doi.org/10.1016/j.rse.2020.111757
https://doi.org/10.1016/j.rse.2020.111757
https://doi.org/10.1371/journal.pone.0233164
https://doi.org/10.1126/science.1257258
https://doi.org/10.1126/science.1257258
https://doi.org/10.1111/j.1467-9671.2005.00202.x
https://doi.org/10.1111/j.1467-9671.2005.00202.x
https://doi.org/10.14358/PERS.75.4.385
https://doi.org/10.14358/PERS.75.4.385
https://doi.org/10.1007/s10661-019-7661-3
https://doi.org/10.3390/rs11222621
https://doi.org/10.3390/rs11222621
https://doi.org/10.1007/s00468-001-0149-z
https://doi.org/10.1371/journal.pone.0179302
https://doi.org/10.1016/j.ocecoaman.2014.05.020
https://doi.org/10.1016/j.ocecoaman.2014.05.020
https://doi.org/10.1080/01431160903413739
https://doi.org/10.1002/widm.1371
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0170
https://doi.org/10.1016/j.jsr.2018.09.013
https://doi.org/10.1016/j.jsr.2018.09.013
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0180
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0180
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0180
http://dx.doi.10.1126/science.342.6156.310-a
http://dx.doi.10.1126/science.342.6156.310-a
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0190
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0190
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0190
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0195
http://refhub.elsevier.com/S0303-2434(21)00138-0/h0195
https://doi.org/10.3390/rs11212502
https://doi.org/10.1016/j.scitotenv.2016.07.067
https://doi.org/10.1016/j.scitotenv.2016.07.067
https://doi.org/10.1080/19475705.2019.1655102
https://doi.org/10.1080/19475705.2019.1655102
http://dx.doi.10.1109/Geoinformatics.2013.6626123
http://dx.doi.10.1109/Geoinformatics.2013.6626123

	Developing a grid-based association rules mining approach to quantify the impacts of urbanization on the spatial extent of  ...
	1 Introduction
	2 Study area and datasets
	2.1 Study area
	2.2 Datasets

	3 Methods
	3.1 Grid-based spatial segmentation
	3.2 Association rules mining

	4 Results
	4.1 Mangrove changes in China
	4.2 Sensitivity analysis of grid size
	4.3 Grid-based urbanization and mangroves statistic
	4.4 Association between urbanization and mangroves changes

	5 Discussion
	5.1 Reliability of the association rules
	5.2 Urbanization and mangrove
	5.3 Uncertainty of the methodology
	5.4 Limitation of the study

	6 Conclusions
	Funding source
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


