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Owing to the development of the social economy, the geographical environment and ocean utilization patterns of urban coastal zones have changed. This change, in turn, has influenced the socio-economic development of urban coastal zones. Based on the Geographic Information System technology, the area, coastline length, and shoreland use function of reclamation areas were obtained from the geographic charts (1954–2020) and remote sensing data (1988–2017) of Quanzhou Bay. In this study, we analyzed the geomorphologic change process and the relationship between land use patterns and economic development in Quanzhou Bay from the perspectives of hydrodynamics, sediments, and human activity. Our results indicated that over the past 70 years, the bay area has reduced by 21.5%. The length of the coastline decreased from 208.36 km in 1959 to 149.11 km in 1988, whereas the shape index of the bay (SIB) decreased from 3.09 to 2.41 during the same period. Between 1988 and 2017, the coastline increased to 162.91 km, causing the SIB to increase to 2.72. The artificial index of the bay increased from 0.28 in 1959 to 0.90 in 2017. The intensity of bay the development (IBD) first increased from 0.27 in 1959 to 0.77 in 2006. During the transition to a more modern society (2006 to present), the IBD slightly decreased to 0.73 in 2017. Affected by human activity, the transformation of the reclaimed land in Quanzhou Bay can be divided into four stages that are closely linked to the economic development in the region. In the early industrialization period, reclaimed land in the region was used for agricultural production, whereas in the mid-industrialization period, it was gradually transformed into a combination of industrial (29.8%) and agricultural (56.1%) lands. In the later period of industrialization, the reclaimed land was gradually converted into urban industrial and port lands. Finally, with further refinement and upgrading of economic and industrial structures, the socio-economic and environmental benefits from coastal reclamation projects have been increasing, whereas the proportion of economic benefits (in the total benefits) has been decreasing. The results of this study can provide decision-making references for the optimization of utilization patterns and the economic development of reclamation lands in coastal areas.
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INTRODUCTION

As a link between land and sea, the urban coastal zone is rich in natural resources and has a high biological productivity. It also plays an important strategic role in social and economic development as a port for international trade (Akan et al., 2020). Due to the availability of rich marine resources and rapid economic development in urban coastal zones, the population of urban coastal zones has been increasing. In 2021, the eastern seaboard of China accounted for 39.93% of the population, with an upward trend of 2.15% from 2010, whereas coastal cities in the United States of America (USA), such as New York City and Washington DC, have witnessed an increase in their populations in the last decade (data from the National Bureau of Statistics, 2021; U.S. Census Bureau, 2021). With the increasing intensity of human activity, Earth has entered the epoch of the Anthropocene era, and human activity has gradually become the dominant external force causing environmental changes on Earth (Day et al., 2021). Therefore, as a typical region evidently influenced by human activity, studying the characteristics of urban coastal zone changes can help understand the process, mechanism, and impact of anthropological activities on the environment. Notably, this is conducive to avoiding wastage of resources and can provide viable scientific references for regional sustainable development.

Changes in the geomorphology of the urban coastal zone have a certain process (Martínez et al., 2011). Due to the different degrees of economic development, cities around urban coastal zones also have different degrees of development, which results in different geomorphological changes (Aldasoro-Said and Ortiz-Lozano, 2021). In the past, the major industries in urban coastal zones were generally small-scale transportation, commerce, and agriculture, which have little impact on the evolution of urban coastal zone geomorphology (Pourkerman et al., 2020). In recent decades, most urban coastal zones in developing countries have been in the middle or late stages of industrialization. As a result of a large amount of human activity, the coastline and topography of urban coastal zones have changed significantly over a short period (Sun et al., 2020). However, in some developed countries, urban coastal zones have completed the process of industrialization, urbanization, and economic development; however, due to this development, the surrounding environmental and ecological problems have increased significantly (Naimi and Muhanna, 2021). Understanding the different stages of the impact of urban coastal zone geomorphology change factors can help us to understand human activity in the region and its effects on the environment.

During the entire development process of the urban coastal zone, the factors that affect geomorphologic evolution primarily include natural and anthropogenic factors (Feng et al., 2021). Natural factors include ocean current erosion and sediment deposition (Maren et al., 2016). With the economic development and population growth, human activity has gradually become the main factor affecting geomorphologic changes in urban coastal zones (Li and Wang, 1984). Notably, the human activities in urban coastal zones primarily include hydraulic structures and reconstruction projects, channel dredging, sand mining, artificial coast building, and aquaculture development (Giosan et al., 2013). The impact of human activities on the geomorphologic changes in urban coastal zones is primarily reflected in the changes in the hydrodynamic and sedimentary environmental conditions (Suo and Zhang, 2015). The construction of reservoirs and sluices in the upper part of the watershed can lead to a reduction in the runoff and sediment transport, causing topographic changes, such as erosion of the submerged delta or displacement of the coastline (Darwish et al., 2017; Maloney et al., 2018). Reclamation projects and artificial structures directly change the coastline shape of urban coastal zones and impede the circulation of sediment material and energy fluxes (Loh et al., 2018), resulting in changes in the velocity and amplitude of tidal currents (Yoon et al., 2020). At the same time, channel dredging and sand mining directly change the underwater topography and then, change the hydrodynamic environment of the corresponding region (Mossa et al., 2017). In addition, industrial production and aquaculture in the reclaimed area increase the influx of artificial compounds and industrial heavy metals into the bay, altering the material composition of the sediments (Fan et al., 2022). These pollutants can attach to the sediments and then, remain in the seabed and tidal flats, causing environmental degradation of coastal zones and threatening the sustainable development of the urban coastal zone society and environment (Deng et al., 2020).

In the past, the developers only considered the economic benefits of the land without considering social development and environmental protection according to the human and geographical environment of the region, which restricts the sustainable development of urban coastal zones and deters the full utilization of resources (Cao et al., 2020). At present, most of the research data on environmental evolution have poor spatial and temporal continuity, and the process of geomorphic evolution under the influences of human activity, along with the main driving factors of the process, are not fully understood (Martino et al., 2021). Future studies on the transformation process of the urban coastal zone topography and reclaimed land-use patterns are urgently needed to provide a reference for decision making to optimize the reclamation utilization pattern in coastal zones and promote sustainable development in urban coastal zone economies.

Quanzhou Bay is located on the southeast coast of China and is surrounded by well-developed cities as a typical urban coastal zone (Figure 1), with the total land area of the city being 1.10 × 104 km2 and sea area being 1.28 × 102 km2. The permanent population of the region was 8.78 × 106 in 2020 (data from Quanzhou Statistical Information Network, 2021). The sediments of Quanzhou Bay are primarily derived from the Jinjiang River, of which the annual sediment flux is 2.54 × 106 t (Lin et al., 2019). The sediment types in the bay were dominated by silt and clay, whereas the sand content was relatively low. Quanzhou Bay is a strong tidal bay, with a tidal current that has constantly alternating movement (Figures 2B,C), and its perennial wind and wave directions are primarily North-North-East (NNE) – North-East (NE) and South-South-West (SSW), respectively (Huang et al., 2018; Lin, 2020). Changes in the sea area (including coastline, shoreland, topography, reclamation projects, etc.) are closely related to local economic development and have distinct stage-specific development characteristics. Over the past 70 years, Quanzhou has undergone the entire process of transforming economic agents. Therefore, it is an ideal natural laboratory for conducting research and theory-guided practice on the topographic evolution of urban coastal zones under the impact of human activity.
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FIGURE 1. Overview of the study area. (A) The location of the study area (From Ocean Data View); (B) The basic information of Quanzhou Bay, including cities, islands, channels, and rivers (The background image is a satellite image of Quanzhou Bay in 2020 from Google Earth Pro); (C) Landform and topography of Quanzhou Bay (Chen et al., 2011).
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FIGURE 2. Tidal current direction, coastline and reclamation changes in Quanzhou Bay. (A) Coastline change; (B) Flood current; (C) Ebb current; (D,E) Urban expansion in Fengze; (F–H) Shihu Port expansion [(D–H) images are from Google Earth Pro].


Based on the historical geographic charts, satellite images, and economic data of Quanzhou Bay, in this study, we discussed the topographic change processes and main influencing factors of urban coastal zones under the influence of human activity over the past 70 years. The research results can provide a strategic reference for estimating future economic development in coastal cities and promoting sustainable development in urban coastal zones.



MATERIALS AND METHODS


Marine Map and Satellite Image Data

In this study, six large-scale geographic charts (for the period 1954–2017) of Quanzhou Bay were selected as the source of bathymetric and coastline data (Table 1), and the lowest theoretical datum was used for bathymetric data (Liu et al., 2020). The remote sensing data were satellite images from 1988, 1995, 2006, and 2017, respectively (from Google Earth) (Table 2).


TABLE 1. Status of historical marine map data.
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TABLE 2. List of remote sensing data used in the study.
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All charts were converted to the WGS84 coordinate system and Mercator projection using ArcGis (Environmental Systems Research Institute, United States), to eliminate discrepancies caused by the differences in geographic coordinate systems and projection methods. The digital elevation model and raster data files were constructed using digital bathymetry data, according to Chen et al. (2021). The remote sensing information was referenced to a 1:35,000 chart and covered the entire research area. Each image had more than eight control points to carry on the geometric correction; then, the information for the coastline, including the reclamation method used in the region, was extracted. By comparing the charts of different years and the data extracted from remote sensing (Li et al., 2018b), changes in the isobath and coastline were analyzed, and the rates of erosion and deposition were obtained to determine the evolutionary processes in the regional topography.



Parameters


Shape Index of the Bay

By calculating the ratio of the circumferences of the bay and the circle of the equal area and comparing the similarity between the shape of the bay and the circle, the complexity of the shape of the bay was determined (Chen et al., 2020). The SIB was calculated as follows:
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where P is the perimeter of the bay (m) and A is the area of the bay (m2).



Artificial Index of the Bay

The artificial coastline index indicates the degree of transformation from the natural coastline to the artificial coastline. Notably, it reflects the degree of interference of human activity with the natural coastline (Li et al., 2018b). The artificial index of the bay AIB was calculated as follows:
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where T is the artificial coastline length and L is the total coastline length of the study area.



Intensity of Bay Development

The IBD represents the intensity of human activity in the coastal zone (Song et al., 2019), which can be calculated as follows:
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where i is the type of coastline, li is the length of the type i coastline, n is the sum of the types of coastlines, L is the length of the coastline in the study area, and pi is the environmental impact factor of the type i coastline (Table 3). Notably, the higher the pi-value, the greater the negative impact of human activity on the bay.


TABLE 3. Resource-environmental impact factors of different coastlines.
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Real Gross Domestic Product per Capita

Real GDP per capita is intrinsically linked to the process of urban industrialization and is related to the structure of the economy. It can objectively reflect the level of social development and the degree of development over a certain period (Wu, 2020). The structural changes and degree of industrialization of urban coastal zones can be determined by calculating the gross national product in different periods. The real GDP per capita can be expressed by the following equation:

[image: image]





RESULTS

Based on the data analysis and calculation, the geomorphological changes in Quanzhou Bay primarily include the sea area, length and types of coastlines, and shoreland reclamation land use patterns. These changes can be divided into different stages based on their different characteristics.


Changes in Coastline and Sea Area


Coastline and Sea Area Changes From 1954 to 1989

The period from 1954 to 1989 was the main period of reclamation in the bay. According to the results of coastline extraction and classification (Figure 2A), during this period, the coastline length decreased by 7.28 km from 1959 to 1969 and 51.97 km from 1969 to 1988, and the sea area decreased by 13.34 and 45.62 km2, respectively.

This period can be divided into two sub-stages based on coastline length change. The first sub-stage was from 1954 to 1969. In this period, the main reclamation projects were the Xibin Farm Reclamation (along the north bank of the Luoyang River) and the urban expansion of the Baiqi village, with reclaimed areas of 2.83, 0.78, and 1.54 km2, respectively. The length of the urban coastline increased by 11.01 km, whereas that of the aquaculture and reclamation coastline increased by 4.63 and 1.34 km, respectively (Table 4). The second sub-stage was from 1969 to 1988. The reclamation projects primarily included the Wuyi, Qiyi, and Chengdong reclamations, along with the extension of the Xibin Farms reclamation on the west side of Hanjiang, covering areas of 17.49, 13.03, 7.54, and 3.02 km2, respectively. The natural coastline was reduced by 46.7% owing to the transformation to the artificial concrete coastline. After the reclamation project along the Luoyang River was completed, the berm coastline was reduced to 14.19 km. With the reconstruction of Houzhu Port and the development of coastal aquaculture, the port coastline and aquaculture coastline increased by 5.23 and 8.29 km, respectively (Table 4).


TABLE 4. The variation of different coastline lengths from 1954 to 2017 in Quanzhou Bay.
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Coastline and Sea Area Changes From 1988 to 2017

A decrease in reclamation activity and a slight increase in coastline length occurred from 1988 to 2017 (Table 5). In 1988–1995, 1995–2006, and 2006–2017, the coastline length increased by 2.66, 7.55, and 3.59 km, respectively, whereas the sea area decreased by 3.3, 5.26, and 10.32 km2, respectively.


TABLE 5. The variation of parameters from 1954 to 2017 in Quanzhou Bay.
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The major reclamation works between 1988 and 2006 were carried out at the coasts of the Jinjiang River, Houzhu, and the northern part of Shihu, with a total reclaimed area of 2.77 km2. During this period, the natural coastline decreased by 41.11 km, whereas the urban coastline increased by 42.82 km (Table 4).

The area of reclamation projects in Quanzhou Bay increased from 2006 to 2017. The reclamation projects were primarily located at the north bank of Luoyang River and the coast from Chendai to Hanjiang, covering an area of 4.09 and 3.84 km2, respectively (Table 4). At the same time, the construction of the flood control seawall along the south bank of the Luoyang River was lengthened. The Shihu Port was further expanded, and the coastline was thus, straightened, turning the eastern coastline into an entirely artificial coastline. The natural coastline declined to 15.94 km, and part of the urban coastline was converted into port and berm coastlines. The expansion of Shihu Port led to a significant increase in the port coastline (from 13.59 to 23.20 km) and an increase in the aquaculture coastline (from 15.68 to 16.39 km) (Table 4).




Change of Topography in Different Periods


Changes in Isobath in Different Periods

Variations in isobaths in Quanzhou Bay primarily occurred in the Houzhu, Dazhui, and northern channels, among which the variations in isobaths at 0, 5, 10, and 20 m were more significant. The changes in the isobath can be divided into two periods (Figure 3).
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FIGURE 3. Variation of isobath in Quanzhou Bay from 1954 to 2017. (A) 1954; (B) 1954–1988; (C) 1988–2017; (D) position of characteristic section. The arrows indicate changes in the isobath.


From 1954 to 1989 (Figures 3A,B), after the large reclamation projects and the construction of artificial water control projects in the upper reaches of the river, the 0-m isobath from the Luoyang River estuary to Xiutu moved to the central axis of the channel. At the position of Gufu to Xiangzhi, the 0-m isobath moved seaward, with an average of 0.12 km. The 0-m isobath in the Xiesha Shoal extended outward, leading to a 0.15-km wide valley. The balance between erosion and deposition was maintained along the coast from Xianyang to Qian’an. In the Houzhu Channel, the isobath of 5 m was interrupted and contracted. The isobath of 10 m disappeared in the Houzhu Channel and moved landward on the direct line from Xiangzhi to Qian’an at the same time. The 20-m isobath at the southeast of the bay moved 2 km on average.

From 1989 to 2014 (Figures 3B,C), in the Houzhu Channel, the 0-m isobath continued to move toward the central axis of the channel. In the east of Shihu, the 0-m isobath retracted westward. The 0-m isobath of nearby the Gufu to Xiangzhi path moved seaward 0.2 km on an average. The area of the 5-m deep area of the Houzhu Channel was reduced. A channel appeared in the south of Xunpu, with an average width of 0.3 km. Meanwhile, two artificial channels with depths of 5 and 10 m appeared on the north and south of Dazhui Island, respectively. The position near the 20 m isobath maintained a balance between erosion and deposition.



Changes of Erosion and Deposition in Different Periods

The erosion and deposition changes of the seabed were obtained according to the information of the planar distribution of water depth and the longitudinal profiles of four characteristic locations (Figures 3D, 4A), which indicated different characteristics at different periods.
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FIGURE 4. Variation of water depth in Quanzhou Bay from 1954 to 2017. (A) 1954–1968; (B)1968–1989; (C) 1989–1998; (D) 1998–2007; (E) 2007–2014; (F) 1954–2014. Most of the blank areas in the bay were mudflats over 0 meters, and the blank area at the entrance of the bay was the repeated bathymetric information.


Erosion during the period 1954–1968 ranged from –12.33 to 0 m (a negative value indicates the depth of erosion), whereas deposition during this period ranged from 0 to 9.47 m (Figure 4A). The west side of Xiutu and the northern part of Dazhui Island were raised by 1 m due to deposition. The maximum deposition area was located to the east of Xiangzhi, with an average annual deposition rate of 0.68 m/yr. Notably, the main eroding areas were located in the east of Houzhu and north of Shihu and Xiangzhi. The largest eroding sites were located to the north of Shihu (as section B-B) (Figure 5B), which indicated an eroding depth of approximately 2 m, with an average annual erosion rate of 0.88 m/yr.
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FIGURE 5. Cross-shore topography variations along four profiles during the four different stages of industrialization from 1954 to 2017. The upward arrow indicates deposition, and the downward arrow indicates erosion. The elements in the section (A–D) are explained in part labels, where the blue areas represent erosional areas, the orange areas represent deposital areas, and different types of lines represent the seabed surfaces in the section for different years.


After the construction of extensive reclamation projects from 1968 to 1989 (Figure 4B), erosion and deposition in Quanzhou Bay were significantly different. Erosion ranged from –8.05 to 0 m, whereas deposition was observed to be ∼12.32 m. During this period, the main sedimentation area was located in Houzhu Channel. As shown in section A-A (Figure 5A), the maximum deposition depth was 6 m, with an average annual deposition rate of 0.59 m/year. Massive deposition occurred from the northern part of Shihu to Xiutu, with a deposition range of 1–2 m in section C-C (Figure 5C). The depth of water along the coastline from Xiutu to Qian’an generally increased, and the largest eroded area appeared to the south of Dazhui Island, with an average annual erosion rate of 0.38 m/yr.

From 1989 to 1999, the erosion ranged from –6.92 to 0 m, whereas the deposition ranged from 0 to 9.30 m (Figure 4C). Notably, the main deposition areas were primarily concentrated in the inner bay. The Houzhu Channel subsidence was located on the south side of the channel, and the depositions in the north of Xiangzang and northeast of Dazhui Island were in the range of 1–2 m. The deposition in the northern part of Shihu was the largest, with an annual average sedimentation rate of 0.93 m/yr. The main eroding areas were in Houzhu Port, the eastern part of Shihu, and the Xiesha Shoal. The largest erosion occurred in the southern part of Dazhui Island, with an average annual erosion rate of 0.69 m/yr.

From 1999 to 2007 (Figure 4D), erosion ranged from –11.66 to 0 m, whereas deposition ranged from 0 to 9.29 m. During this period, the entire Houzhu Channel area was still deposited. There were small deposits in the northern part of Shihu and the eastern part of Xiangzhi. The largest deposition occurred in the northern part of Shihu, with an average annual deposition rate of 1.16 m/yr. The main eroding area was located in the Xiesha Shoal, with an average annual erosion rate of 1.46 m/yr.

From 2007 to 2017 (Figure 4E), erosion ranged from –10.72 to 0 m, whereas deposition ranged from 0 to 6.64 m. During this time, the Xiesha Shoal area was the main deposition area. There was a large area of deposition at the entrance of the bay, and the amount of deposition in this area increased compared with the previous period. The maximum deposition location was from the Xiesha Shoal to the Dazhui Island Channel, with an average annual deposition rate of 0.66 m/yr. The total water level in the Houzhu Channel decreased, and the maximum eroding area was in the southwest of Dazhui Island, with an average annual erosion rate of 1.07 m/yr. There were two artificial channels in the bay (Figure 5D), the changes in the estuary and the bay coast were small, and the balance of erosion and deposition was maintained.

There were two artificial channels in the bay (Figure 5D), the changes in the estuary and the bay coast were small, and the balance of erosion and deposition was maintained. During the period 1954–2014, it can be seen that the seabed changes in the inner bay of Quanzhou Bay were mainly concentrated in the area around Houzhu and Shihu Port (Figure 4F). The main features of the two areas are different degrees of deposition and obvious traces of artificial dredging.




Changes of Land Use Pattern in the Reclaimed Area Around Quanzhou Bay

According to Chanali’s theory of industrialization stage (Jin et al., 2018), the industrialization development in Quanzhou Bay over the past 70 years has occurred in multiple stages; the land use functions of reclaimed areas under different stages also differs (Figure 6A).
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FIGURE 6. (A) The stages division of land reclamation with economic structure in Quanzhou Bay. The pie chart shows the proportion of different industries; the circular chart shows the proportion of different land uses; GDP, population, General budget revenue, and General budget expenditure data from http://tjj.quanzhou.gov.cn/tjzl/tjsj/. (B) Conversion model of reclaimed land in Quanzhou Bay.


From the 1950s to the mid-1980s, Quanzhou was in the early stage of industrialization, with the per capita GDP increasing from 60 Chinese yuan to 6,000 Chinese yuan. During this period, the economic structure of Quanzhou was primarily composed of the primary industry. Notably, Quanzhou was in the early stage of economic development between the 1950s and 1960s. Reclamation projects were all carried out for agricultural production. The area of agricultural land accounted for 49.4% of the total reclaimed area, indicating that the reclaimed land was primarily used for agricultural production, and the total arable land area increased (Figure 7C and Table 6). However, the output values of the secondary and tertiary industries were relatively low, owing to the shortage of raw materials, low production levels, and low product values. Therefore, the primary industry grew faster than the other two industries (Figure 7A). Until the 1970s, large-scale reclamation projects were conducted. Part of the reclaimed land was used for agriculture and animal husbandry, and part of it was used for industrial development. During this time, the factories of saltworks, small-scale food, and handicrafts were established and began production, resulting in a rapid increase in the secondary industry output value. Even then, the primary industry remained as a pillar industry during this time (Figure 7A).
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FIGURE 7. Changes of industrial output value and correlation coefficient. (A) Annual changes in the output value of the three major industries (economy data from http://tjj.quanzhou.gov.cn/tjzl/tjsj/). (B) CHANGES of coastline parameters. (C) Area of cultivated land, shipping throughput and the number of containers, (D) Sediment transport and annual runoff variation.



TABLE 6. The proportion of different land use patterns in the reclaimed area.

[image: Table 6]
From the mid-1980s to the late-1990s, Quanzhou entered the middle stage of industrialization, and the per capita GDP increased to 18,000 Chinese yuan. With the Reform and Opening-up Policies, urban industrial land accounted for half of the reclaimed land, whereas small-scale processing industries began to construct factories and began operation. Thus, the output value of the secondary industry gradually approached that of the primary industry, leading to the beginning of changes in the industrial structure of this region (Figure 7A). Furthermore, the pace of transformation and upgrading of traditional industries accelerated with increasing foreign investment. During this period, the area of agricultural land gradually decreased, whereas that of urban land continued to increase (Table 6). The rapid development of labor-intensive industries, such as regional textile shoes, clothing, and craft products, led to the rapid expansion of the secondary industry. Furthermore, the reconstruction of Houzhu Port and the growth of the shipping-based transportation industry led to a rapid increase in the tertiary industry. By the 1990s, there was an evident change that took place in the regional demand, production, and foreign trade structures, and the demand for reclaimed land had also changed from agriculture and aquaculture to cities, ports, and industrial parks. Notably, the reclaimed land in the Jinjiang River estuary has been primarily used for aquaculture and industrial production. The urban industrial land in the reclaimed area was 17.95 km2, and the aquaculture land increased by two times (Table 6). Furthermore, the annual port capacity and the number of container freight transport increased slightly, due to the expansion of berths at Houzhu Port, and the output value of all three industries increased during this time, with the secondary industry overtaking the primary industry as the main industry (Figures 7A,C).

In the 2000s–2010s, Quanzhou entered the stage of late industrialization. The reclaimed land was primarily around the expansion of Shihu Port and the expansion of the regional town of Hanjiang (Figures 2F,G), where ports and service industries became major industries in the reclaimed areas. The proportion of agricultural land in the reclaimed area decreased from 56.1 to 38.9%. Moreover, the traditional manufacturing industries around the urban coastal zone gradually changed to technology-intensive industries, such as the petrochemical, ship-building, and electronic information industries, leading to rapid growth in the output value of the secondary industries. Commercial and ecological construction began along the Xunpu coast, whereas new 100,000-ton berths were added to Houzhu Port and 1–4# berths were built at the Shihu Port (Figures 2D,E). The port handling capacity and the number of container transports increased rapidly (Figure 7C), and the output values of the second and tertiary industries were higher than that of the primary industry.

In the past 10 years, Quanzhou has entered the transition period between the post-industrial and modern society. The newly reclaimed land was primarily used for expanding cities and building ports (Figures 2F,H), whereas the old reclaimed land was gradually transformed into the residential, financial business, and foreign-funded industrial areas, with an urban industrial land share of 51.9% (Table 6). With the expansion of the port and further refinement of the tertiary industry, the number of transport containers increased, whereas the growth rates of the output values of the second and tertiary industries increased again. The oil, handicraft-related industries, and ports around the reclamation project are currently integrated, resulting in increased industrial relevance, transportation industry operating rate, and degree of industrial convergence (Figure 7C).




DISCUSSION


Evolution Process and Influence Mechanism of Urban Coastal Zone

In this study, the geomorphologic evolution of Quanzhou Bay presented different characteristics at different industrialization stages. At different stages, the factors affecting the geomorphologic evolution were different.


Evolution of Urban Coastal Zone Environment Before Industrialization

From pre-industrialization to the early stage of industrialization, the reclamation projects were concentrated only in a few locations, which had little influence on the shape and topography of the urban coastal zone (Zhu et al., 2017). Thus, we could deduce that the evolution of the urban coastal zone environment is primarily controlled by natural factors, which include hydrodynamics (e.g., river discharge, waves, and tides) and sediment characteristics (e.g., supply, composition, and distribution) (Cao et al., 2021). Except for extreme weather conditions, the natural evolution of urban coastal zones tends to remain stable (Lin, 2020; Sun and Niu, 2021). Under the influence of extreme weather, e.g., typhoons and floods, the sediment particle input increases greatly in a short time, whereas the change in hydrodynamics during typhoons causes sediment resuspension and redistribution that affects the evolution of underwater topography (Lin et al., 2019).

Under natural conditions, hydrodynamics is the main factor that controls the changes in the coastline and topography of urban coastal zones (Li et al., 2020; Zarzuelo et al., 2021). The influence of hydrodynamics on topography results in the erosion of the seabed and coastline by natural ocean currents (Oiwane et al., 2011). As a typical strong tidal bay, the top of Quanzhou Bay is dominated by the river hydrodynamics of the Jinjiang and Luoyang rivers, whereas the middle and river-mouth areas are dominated by ocean dynamics (Wang, 2011). During the flood tide, the flood tidal current and river flow directions are opposite, and the two actions cancel each other, which lowers the flow velocity, reduces the erosion ability, and intensifies sediment accumulation (Feng et al., 2015; Du et al., 2016). During the ebb period, the ebb-tidal current and river flow are in the same direction, and the velocity of the total flow increases, which leads to the enhancement of the scouring capacity of the estuary (Styles et al., 2016). Notably, the bottom seabed on the north side of the Shihu Port was eroded by strong tidal currents caused by a sudden change in the topography of the cape (Lubke, 1985). The same process occurred in the area east of Xiangzhi, where the coastline was eroded and moved landward (Figure 2).

Sediment supply is also an important factor that affects the evolution of erosion and deposition in the bay. Generally, under natural conditions, the distribution of sediments in urban coastal zones remains stable (Martino et al., 2021). In our study area, the sediment particles flow down the Jinjiang River and converge with the Luoyang River into the bay area, where the traction load deposited in the estuary of Jinjiang has formed a large area of tidal flats, and the suspended load has been deposited in the weak hydrodynamic environment (Wang et al., 2015). At the same time, in the bay, the grain size distribution of sediments is primarily controlled by the hydrodynamic force (the grain size distribution was deduced to be inversely proportional to the force); thus, the changes in hydrodynamic conditions will affect the distribution of sediments, resulting in erosion or deposition in the coastline and changes in the topography.

At the beginning of industrialization (1960s) in the Quanzhou Bay, Liaodong Bay, Hangzhou Bay, and other urban coastal zones, topography changes were primarily controlled by natural factors (Zhang and Zhang, 2004; Yan et al., 2017). Notably, natural factors are still an important factor affecting the topography of urban coastal zones. Excessive erosion of the coastline will lead to the failure of flood protection facilities in coastal cities and will thus, increase the risk of flood disasters in the city (Mohamed Rashidi et al., 2021).



Period From Early to Middle Stages of Industrialization

From early industrialization to mid-industrialization (1950s–1990s), human activity has become the main controlling factor of environmental evolution in the urban coastal zone. Notably, one of the reasons for the changes in topography has been the change in hydrodynamics in the region (Liu et al., 2014). The development of industrialization in urban coastal zones changes the shape of the coastline and the area of the sea, which leads to hydrodynamic changes (Yang and Chui, 2020). Specifically, coastal construction in urban coastal zones has transformed much of the natural coastline into an artificial coastline and changed the original hydrodynamic strength and direction (Chen et al., 2011; Ondoa et al., 2018), thereby affecting the development of the urban coastal zone topography. In the meantime, extensive reclamation projects have reduced the area of the urban coastal zone, caused a decrease in tidal influx, and weakened the tidal intensity in the area. By the 2000s, the tidal energy at the Luoyang River and south of Xiutu decreased by 64.1 and 16%, respectively (Wang, 2007). Notably, the construction of reservoirs and sluice gates in the upper reaches of the Jinjiang and Luoyang rivers reduced the runoff volume and weakened the influence of runoff on tidal movements (Ying et al., 2018). Moreover, the reclamation embankment constructed during the Wuyi Reclamation Project reduced the tidal current velocity and increased the sediment flux (Tan et al., 2021), resulting in deposits that are 6 m in thickness in the Houzhu Channel. Due to the weakening of the hydrodynamics in the inner bay, the bay mouth was primarily eroded due to ocean hydrodynamics, which caused the 20 m isobath to move landward.

Another factor that influenced topographic changes was the increased amount of sediments, which were primarily derived from river discharge and erosion along the urban coastal zone. In the early and middle stages of industrialization, massive deforestation and excavation in the mountains in the upstream areas have caused serious soil erosion (Wang et al., 2011). Based on hydrological data from the Anxi and Shilong stations located along the Jinjiang River basin, a significant increase in sediment concentration was found in the Jinjiang River between the 1950s and 1980s (Figure 7D). The sediments discharged by the Jinjiang River, combined with those discharged by the Luoyang River, were deposited in the estuaries and formed a widely tidal flat, whereas the suspended load of sediments deposited in the weak hydrodynamic environment of the Houzhu Channel resulted in the continuous deposition of tidal flats in the channel (to the west) (Liu et al., 2014). Meanwhile, the Dazhui channel was gradually silted up (Figure 5B), owing to weakening hydrodynamics and increasing sediment flux. In addition, during the construction of the reclamation project, some of the filling structures were rushed into the bay by the water flow, resulting in an increase in the sediment concentration in the coastal water. However, human activities also affect the distribution of sediments (Radhouan et al., 2021). Notably, the hydrodynamic force in the bay has decreased, resulting in the tidal hydrodynamics not being sufficient enough to transport the fine-grained sediments out of the Houzhu Channel; thus, the particles carried by currents were accumulated on the banks of both the channels (Figure 5A). The shoal in the channel expanded rapidly outward, resulting in the disappearance of a 10-m deep groove in the Houzhu Channel and a significant extension of the 0 m isobath toward the center of the channel, which destroyed the original balance of erosion and deposition in Quanzhou Bay.

During this period, there was a great demand for land in urban coastal zones (Yu et al., 2020). During this period, the reclamation area in Quanzhou Bay was the largest during the entire process of industrialization. A typical example of this is Osaka Bay, which has an area of approximately 160 km2 built over the centuries (Martín-Antón et al., 2020). During the period of industrialization, extensive reclamation activities in these urban coastal zones destroyed the original wetlands and freshwater resources. Additionally, sea reclamation caused the coastline length and sea area of the urban coastal zone to decrease, which in turn, affected the economic activity in the region (Guo et al., 2019). Most of the reclamation projects shorten the length and curvature of the coastline, resulting in a lower SIB (Figure 7B). Notably, with increased human activity, the natural coastline decreased, whereas the urban, port, and aquaculture coastlines increased. The AIB increased from 0.28 to 0.55, and the IBD increased from 0.27 to 0.49 (Table 5). An artificial coastline was also common in other industrial urban coastal zones in the nineteenth century, such as Maine Bay and New York Harbor (Köster et al., 2007; Guo et al., 2019). This indicates that, as the economy grows and the total reclaimed area increases, the levels of artificiality and development of coastlines gradually increase.



Period From Late Industrialization to Modern Society Era

From the later period of industrialization to the age of modern society (1990s–till date), the area of reclamation decreased. The topography changed primarily in the Houzhu Channel and northern Shihu. With the decrease in tidal hydrodynamic force and water exchange capacity, the venturi effect of the tidal channel between the inner and outer urban coastal zones weakened (Wang, 2011), which in turn, weakened the marine erosion in the Shoal and increased the deposition area. During this period, industrial and economic development along the coast altered the material composition of the sediments. Owing to the establishment of printing, dyeing, textile, and electroplating industries along the coast, the wastewater from the related industries and domestic sewage were discharged into the bay through sewage pipes or open channels, resulting in continuous increases in organic matter and heavy metal elements (e.g., Zn and Pb); this changes the physical composition of sediments in the Quanzhou Bay (Homira, 2021). Some ocean construction projects, such as sand mining and dredging, have also directly changed the seabed (Rahmawan et al., 2017). Since 2010, to maintain the use of the channel, dredging operations have been carried out in areas of the channel where deposition is severe and the water depth does not reach the required standard, resulting in artificially excavated channels in the Dazhui and North channels that are 10 and 5 m deep, respectively (Figures 5C,D). Simultaneously, the depositions in the channels facilitated the suspension and redistribution of surrounding sediments, which resulted in the deposition of the coastal sediments and periodic fluctuation in the terrain in the channel (Liu et al., 2014).

In addition to the changes in topography, the environment of Quanzhou Bay changed significantly during this period, because unplanned human activity (e.g., large-scale exploitation of sea sand, excessive discharge of industrial sewage, and excessive aquaculture) led to the gradual deterioration of the ecological environment in the urban coastal zones in the bay. Furthermore, with the increasing population in the reclaimed area and the rapid development of secondary and tertiary industries along the coast, the discharge of pollutants and organic matter into the bay has increased (Yan et al., 2020). Notably, the weakened hydrodynamics has limited the exchange of a large number of pollutants with seawater, affecting the dilution and diffusion of these pollutants, which has resulted in a significant increase in heavy metals and organic carbon in the bottom sediment (Yan et al., 2020). As a result, the water quality of the bay has deteriorated, and correspondingly, the environmental quality of the surrounding wetlands has declined significantly; this may have an impact on the cultural environment of the relevant marine organisms. Moreover, the large amount of coastal aquaculture has changed the pattern of water, sediment, and nutrient transport, which has, in turn, changed the natural environment where marine organisms live, resulting in the uneven distribution of hydrobionts and a decrease in the number of benthic organisms annually (Ge et al., 2021). Moreover, excessive aquaculture destroys the surrounding tidal flats and wetlands. Since the middle stage of industrialization, the aquaculture coastline in the coastal reclaimed areas has increased (Table 4), resulting in a large number of artificially excavated trench-ridge marks in the intertidal zone of the reclaimed area. This has completely destroyed the waterways of flood and ebb tides and sediment transport paths in the bay.

During this period, the reclamation works were large in number but small in area. Notably, during this period, the straight coastline area became complex and twisted again, resulting in an increase in the SIB (Figure 2 and Table 5). The change in coastline type was primarily due to the change in the land function of the reclamation area. Over the course of this duration, natural coastlines have been transformed into artificial coastlines, with the percentage of natural coastlines decreasing from 44 to 10% (Table 4). There are two main reasons for this change. First, with the increased demand for the shipping industry, the Shihu Port has been expanding toward the sea, and thus, the coastline of ports has increased. However, in the later stage of industrialization, aquaculture increased due to economic growth, and part of the city coastline was transformed into aquaculture areas. In the process of the transformation of the bay area into a modern society, formerly large-scale aquaculture areas increased, whereas small-scale aquaculture production ceased. Notably, the IBD increased at first and then, decreased because of the difference in pi of different coastlines. This change in coastline and shoreland land-use patterns indicates that human activity in urban coastal zones has changed with economic development. In the later stage of industrialization, we observed that the land use in the urban coastal zone was primarily cities and industrial land (Table 6). Compared with post-industrial Japan, the purpose of reclamation projects has changed from farmland to airports and residential buildings (Kitazume, 2012). In the modern society, 95% of the coastline in Tokyo Bay has been transformed from natural to artificial (Atsushi and Jota, 2020). In some developed countries, the transformation of old reclamation areas is now a focus of urban coastal zone development; for example, Spain has also included parts of the reclamation areas in old industrial areas in reconstruction planning (Nogués and Arroyo, 2015). Thus, through the comparison of different urban coastal zones, we were able to deduce that shoreland land-use changes with economic changes.




Stage-Specific Development Mechanism of Coupling Relationship Between Human Activity and Geographical Environment in Urban Coastal Zones

As observed through the changes of the urban coastal zone geomorphology, it was evident that there was a stage change in the geomorphology features, such as coastline, isobath, and shoreland land use. This phase of change in the urban coastal zone during the stage of industrialization has a certain relevance (Kakisina et al., 2015).

Before industrialization, the cities around the urban coastal zone were small and sparsely populated, mostly dominated by agriculture and small shipping businesses. With the construction of reclamation projects, the productivity of urban coastal zones increased, and the per capita income and consumption level also increased, which led to the upgrading of the demand structure (Wu, 2020). At the same time, the change in the demand structure led to the transformation of resources of the industrial sectors, with an increased consumer demand. Thus, the economic structure was transformed, and the land use pattern of the reclamation area changed (Figure 6A).

Economic development has led to the functional transformation of shoreland reclamation land, further causing changes in the industrial structure of the entire region (Li et al., 2018a; Qiu et al., 2021). During the whole process of the industrialization of the urban coastal zone in the bay, we observed two different patterns of reclamation (Figure 6B). From the initial stage of industrialization to the later stage of industrialization, the reclamation project increased the economic benefits of and development in the area, leading to the transformation of the regional economic industry. Furthermore, the transformation of the economic industry increased the demand for land and promoted new reclamation activities (Figure 6B). In modern society, the awareness of people regarding environmental protection has increased, and locals no longer undertake reclamation projects without definite plans. At the same time, the per capita GDP and economic output of the reclamation area indicated an increase year by year, but the percentage of economic efficiency in the area indicated a decrease (Figure 6A), which may be due to the increasing cost of resources for ecological restoration and environmental improvement.



Future Development and Planning of Urbanization in the Urban Coastal Zone

In the past few decades, many reclamation projects have been carried out around the urban coastal zones of China, owing to the increase in population and the demand for land (Li et al., 2018a). Due to large-scale reclamation projects, the shape and economic model of urban coastal zones have significantly changed and are extensively developed (Qiu et al., 2021). From the example of Quanzhou Bay, since the 1970s, the morphology of the urban coastal zones of China has changed rapidly; the proportion of natural coastline and the area of urban coastal zones have been decreasing, and regional differences have become more pronounced (Suo and Zhang, 2015). With the continuous intervention of human activity, most urban coastal zones have experienced different degrees of channel deposition and environmental pollution (Feng et al., 2015). The number of channels in urban coastal zones that have not reached the design baseline has also been increasing (data from the China Dredging Association, 2021). Without manual intervention, these channels would not fit the transport demand, which may affect the economic development of cities around the urban coastal zone. However, the quality of water in the urban coastal zone may continue to decline the increasing deposition in the bay, which is caused by the weakened hydrodynamics in the bay and decreased water exchange rate between the inner and outer seas (Deng et al., 2020; Li et al., 2020). This may affect the development of aquaculture and production of agriculture around urban coastal zones, hindering the development of coastal economy and industrial upgrading and transformation in the region. In the future, if unreasonable planning surrounds urban development policies, the urban coastal zone environment will deteriorate further.

At present, the exhaustion of resources in urban coastal zones is a widespread problem, which is a concern not only in China but also in other parts of the world, e.g., the Tokyo and New York bays (Atsushi and Jota, 2020; O’Neil et al., 2020). The environmental degradation of these urban coastal zones after industrialization has urged the local governments to invest considerable resources in environmental management (Maiolo et al., 2020). The ecological problems of urban coastal zones are gradually becoming important issues for countries globally, and thus, the focus in urban coastal zones has gradually changed from economic development to environmental restoration (Oyetibo et al., 2019).

The development of urban coastal zones is unstoppable. To avoid the negative effects from the resource development of urban coastal zones and the aggravation of the surrounding environmental problems, it is necessary to coordinate with the surrounding ecological environment during development. Therefore, development in such areas should focus on marine spatial planning for future development. In terms of pollutants in the sediments, the input of heavy metals and man-made organic matter into the bay should be reduced. For economically developed regions, large heavy industry enterprises should be upgraded to eliminate the industries that use old technologies to reduce the emissions of harmful pollutants (Choi et al., 2021). Therefore, it is necessary to use advanced clean production technologies and strong environmental protection measures in heavy industry production to minimize environmental pollution. For regions that are still in the middle of the industrialization stage, industrial production areas should be planned in advance while considering the carrying capacity of the urban coastal zone environment and increasing production (Shen et al., 2020). In terms of ecological restoration, an economically developed urban coastal zone should be able to repair the damaged ecology over time. For example, the “Regeneration Action Plan” that was first implemented in Tokyo Bay was executed in Japan and included in the United States Wetland Protection Law (Steiner et al., 1994; Tokunaga et al., 2020). During the development of urban coastal zones, we should consider adopting a development plan that has a balance of ecology and development (Chen et al., 2011). It is more important to formulate a regional development strategic plan and carry out the spatial layout in the future development of urban coastal zones, which can coordinate with the regional ecological environment. Notably, in accordance with the principle of ecological priority, it is necessary to protect the original ecological resources, such as wetlands and forests, as much as possible. When formulating an effective bay development policy, the Integrated Coastal Zone Management (ICZM) system should be established along with ecological restoration (Caviedes et al., 2020). Simultaneous with the development of urban coastal zones, parameters, such as environmental impact assessment and ecological index of urban coastal zones, must be introduced, to comprehensively evaluate the construction of urban coastal zones. At present, this indicator is also widely used in urban coastal zone assessments worldwide, which has improved the environment of urban coastal zones and reduced the risks posed by human activities to the ecology of these zones (Reija et al., 2021). However, in the future, we should also consider the different socio-economic development levels and geographical locations of each region and select appropriate indicators, to evaluate the development of urban coastal zones in light of the specific situations in the urban coastal zones. Furthermore, to promote harmonious development between human beings and the environment of urban coastal zones, we should restore the vegetation in the coastal area, construct the bay nature reserve, and strengthen the protection and utilization of coastal wetland resources and biological resources.

Notably, it is important to pre-plan the use and activities that affect the marine environment while paying attention to long-term policies oriented toward the conservation of ecosystem services provided by urban coastal zone ecosystems. Since 2020, a project called Blue Bay has been carried out in Quanzhou Bay to improve the ecology of its urban coastal zones, with a total investment of 351 million Chinese yuan (data from The Jinjiang Government, 2021). This project aims to protect the marine ecological environment through different measures, including the control of Spartina alterniflora (Loisel), restoration of the mangrove ecological zones, creation of bird habitat, and ecological transformation of the coast; thus, the wetland ecosystem in the protected area was gradually restored, the self-sustainability of urban coastal zone ecosystems was improved, biodiversity and ecological balance were maintained, and regional economic development was promoted. Thus, only timely measures can guarantee the future sustainable development of urban coastal zones.




CONCLUSION

In this study, we analyzed the topographic changes and conversion process of reclaimed land function in Quanzhou Bay, based on the coastline, water depth, and economic data. The results indicate that there are distinct spatial and temporal differences in coastline length and function in the urban coastal zones of the bay. Before industrialization, the coastline changes were dominated by natural evolution and remained stable overall. During the industrialization period, human activity was the main factor that influenced coastline changes in the bay, with a significant increase in development and artificiality. At the same time, the negative impact of human activity on the development of urban coastal zones also increased. In summary, the topographic changes observed in the urban coastal zones in the bay are the result of both natural and human activity, and the main factors include hydrodynamics, sediments, and human activity, among which the weakening of hydrodynamic force caused by the reclamation project and the increasing sediment flux are the main reasons for the changes in the seabed observed in the urban coastal zones. Moreover, the land use pattern of the reclaimed area was closely related to the development process of industrialization, and the entire process was divided into four stages. With the development of industrialization, land use patterns of the reclaimed areas gradually transformed from agriculture into industry, such as transportation and services of tertiary industries, finally transforming into areas of ecological and environmental construction and restoration. The economic benefits of reclaimed land gradually decreased, whereas the social benefits gradually increased. With the development of society, the development and utilization of coastal areas increased; this must be applied globally. Thus, the natural environment and economic structure around urban coastal zones will further change globally. Based on the factors affecting the evolution of urban coastal zones, the development of these zones in the future should be reasonably planned while controlling the number of reclamation projects, and the resources of the zones must be developed using effective ecological concepts. The findings of this study can provide decisions for the rational planning and economical use of resources to reduce the negative impact of human activities on the environmental development of urban coastal zones.
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