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Abstract

:

Coastal erosion is a major natural hazard along the northeastern shoreline (i.e., Yilan County) of Taiwan. Analyses of the evolution of the 0 m isobath of the Yilan County coastline indicate that erosion and accretion are occurring north and south of Wushi Fishery Port, respectively, because of jetty and groin construction. Topographic and bathymetric surveys involving the measurement of 43 cross sections were conducted in 2006, 2012, 2013, and 2019. The cross-shore profile comparisons reveal that the erosion of onshore dunes is significant in the northern Jhuan River estuary. Due to the establishment of a nature reserve in the southern Lanyang River estuary, the sediments are carried northward by tidal currents, and accretion is inevitable in the northern Lanyang River estuary. The results of the bathymetric surveys also suggest that the shoreline of Yilan County tends to accrete in summer because of abundant sediment from the rivers; however, it is eroded in winter, owing to the large waves induced by the northeast monsoon. Additionally, the calculated net volume of erosion and accretion between each pair of cross sections shows that the length of coastline impacted by estuarine sediment transport is approximately 2 km long from north to south along the coastline of the Lanyang River estuary.
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1. Introduction


Coastal erosion can lead to coastal retreat, habitat destruction, and loss of land, which result in significant negative ecological and socioeconomic impacts on global coastal zones. Beach and dune systems are the first line for defending against the damaging impacts of water-related natural hazards, such as coastal storms, hurricanes, and typhoons; therefore, shoreline erosion (retreat) poses a significant threat to settled coastal areas worldwide [1,2]. Rapidly changing coastlines are a serious problem in many areas of the world, such as sections of the Nile and the Yellow River Delta, which have stirred the interest of many researchers in different fields [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20].



The sediment budget and geology determine coastal morphology and dynamics, which influence the nature and health of coastal ecosystems. Human activities affecting sediment dynamics, both on the coast and on land, modify the naturally occurring patterns of erosion and accretion. Additionally, human interventions have frequently altered the delivery of riverine sediments to coastal areas [21,22,23,24]. For example, reservoir/dam construction has trapped over 50% of the world’s sediment flux [25], and most of the world’s deltas have now been significantly dammed in their upper and central reaches [21,25]. According to the report from Warrick et al. [26], approximately 30 million tons (Mt) of sediment was deposited in the reservoirs of the river they studied before dam removal began in 2011.



Many areas of observed historical shoreline advances are related to reclamation and impoundment by coastal structures. These human activities modify coastal dynamics, typically resulting in downdrift erosion. Factors that influence coastal erosion and sedimentation encompass characteristics of coastal sediment; exchanges among the land, the coast, and the shelf; geomorphic responses to oceanic forcing. Human activities may both substantially influence and be affected by coastal erosion and sedimentation [2,27,28]. Currently, climate change impacts, including sea-level rise and potential increases in the frequency and intensity of severe tropical and extratropical storms, hurricanes, and typhoons, could accelerate coastal erosion or accretion, and recent observations have also indicated an acceleration in coastal cliff erosion [29].



Dadson et al. [30] reported erosion rates in the Taiwan Mountains estimated from modern river sediment loads. They suggested that Taiwan supplied 384 Mt yr−1 of suspended sediment to the ocean from 1970 to 1999, which represents 1.9% of the estimated global suspended sediment discharge but is derived from only 0.024% of Earth’s subaerial surface. A better understanding of the nature and evolution of coastal (beach) erosion and accretion is necessary to inform and enact appropriate and timely disaster preparedness [31,32]. Moreover, to accurately assess coastal hazards in the face of future climate and land-use changes, it is necessary to understand the dynamics of shoreline erosion and accretion over the length and time scales relevant to the processes that drive change.



Direct measurements through traditional on-boat acoustic surveys have a high resolution, although they consume considerable manpower and material resources [33]. The present study investigated the timing of the transition from either stable or erosional conditions to accretional conditions in the study area by evaluating a time series of cross-shore positions. The aim and insights derived from the present study are expected to clarify coastal, beach, estuarine, and tidal flat management strategies. The findings are also helpful for the development of similar coastal systems worldwide. The details of the study site information, the evolution of the 0 m isobath, on-site topography, and bathymetric survey are described in Section 2; the analyses of interannual and seasonal variability derived from the surveyed data are presented in Section 3. In Section 4, a discussion on the alongshore limit of the sediment delivered from the Lanyang River is given, and finally, the summary and conclusions are presented in Section 5.




2. Materials and Methods


2.1. Description of Study Site


Yilan County covers the entire shoreline of northeastern Taiwan, with a total length of 101 km. The whole coastline is categorized as a fault coast in northern and southern Yilan and an alluvial-plain coast in middle Yilan according to the geological features. The section of shoreline selected for topographic and bathymetric surveys extended from north of the Wushi Fishery Port to south of the Lanyang River estuary, with a length of nearly 20 km (red line in Figure 1a), and extended from the shoreline to approximately 800 to 1000 m offshore. Figure 1b shows an aerial image of the Wushi Fishery Port taken in the present study. As shown in Figure 1b, an offshore jetty and an extended jetty, with lengths of 500 m and 400 m, respectively, lie to the east and north of the Wushi Fishery Port, respectively, to stabilize the oscillation caused by waves. A wave buoy located west of Gueishan Island (the orange triangle in Figure 1a) is managed by the Central Weather Bureau (CWB) of Taiwan. The hourly measurements of significant wave height and current recorded at the buoy from 2006 to 2020 are graphed in Figure 1c,d, respectively. It is obvious that the predominant waves come from the northeast with a height of 1–2 m (Figure 1c); however, this coastal area is threatened with big waves (significant wave height > 3.0 m) during the passage of typhoons [34,35]. The principal currents range from 0.25 to 0.5 m/s, with a flow direction to the southeast (Figure 1d). Erosion and accretion phenomena are expected to be found in the north and south of Wushi Fishery Port, respectively, due to the physical characteristics of the marine environment and jetty effect. According to the report from the Water Resource Agency (WRA) of Taiwan, the Lanyang River is the largest river (with a watershed area of 978 km2) in Yilan County and has an average annual runoff of 74.24 ms−1 and a sediment yield of 6 million m3. An aerial image (taken by the present study) of the Lanyang River estuary is shown in Figure 1e, and a sandbar in the south of the Lanyang River estuary is clearly shown. Additionally, the daily sediment emissions from the Lanyang River estuary were measured by the WRA on the specified days in 2020. Figure 2 illustrates the daily variations of estuarine sediment volume at the Lanyang River. It can be seen that the months with higher daily sediment volume in the Lanyang River estuary are the end of April to September each year, due to their being wet and typhoon seasons. The median particle diameter (D50) of the Lanyang River estuary is 5.949 mm, according to the report from the WRA.




2.2. Evolution of the 0 m Isobath


To better understand the shoreline evolution in the coastal area with significant erosion and accretion phenomena, the 0 m isobaths for the northern and southern Wushi Fishery Port and for the Lanyang River estuary surveyed in 2006, 2013, 2013, and 2019 were collected and compared. Figure 3a,b illustrate the 0 m isobaths along the northern and southern Wushi Fishery Port, respectively, and the 0 m isobath for the Lanyang River estuary is depicted in Figure 3c. As shown in Figure 3a, the 0 m isobath extended offshore to the north of the Wushi Fishery Port by 2013 due to the construction of the jetty and groin. The 0 m isobath in the southern Wushi Fishery Port stretched offshore and reached its maximum in 2013, after which erosion occurred until 2015 (as shown in Figure 3b). The 0 m isobaths crossing the Lanyang River estuary in various years are shown in Figure 3c. The 0 m isobaths around the Lanyang River estuary trended offshore by 2012 because of abundant sediments supplied by the Lanyang River; however, they retreated landward until 2015 as a result of the river mouth moving northward and reduced sediment transport southward.




2.3. On-Site Bathymetric and Topographic Surveys


Multiple methods can be used for bathymetric surveys, e.g., multibeam and single-beam surveys. An accurate bathymetric survey allows the researcher to measure the depth of a water body and map the underwater features of a water body. To analyze the long-term erosion and accretion in the study area, topographic and bathymetric surveys were conducted through the measurement of 43 cross sections along the coastline from north of the Wushi Fishery Port to the south of the Lanyang River estuary in June 2006, April and September 2012, April and September 2013, and April and October 2019. Figure 4 demonstrates the spatial distribution of the cross sections for sampling bathymetry and topography. As shown in Figure 3, the planned survey track lines for the sonar collection were spaced approximately 500 m apart in the alongshore direction and were of varying length to allow the survey to be completed in 2 days. The bathymetric survey was performed offshore from north of the Wushi Fishery Port to the south of the Lanyang River estuary, utilizing a boat-mounted Global Positioning System (GPS) device, with a single-beam echosounder. The boat bathymetric survey was carried out until the measured water depth was approximately 10–15 m. This is based on the empirical formula proposed by Houston [36], i.e., hc = 6.75 Hsm, where hc is the closure depth (a water depth of the survey endpoint in nearshore waters) and Hsm is the long-term averaged significant wave height, which represents the wave climate of the study area. An Hsm value of 1.14 m was adopted in the present study, according to the statistical data for waves issued by the CWB of Taiwan. The hc value is estimated to be approximately 7.7 m for the nearshore waters of Yilan using Houston’s equation. In order to avoid the inaccuracy of the depth sounder, the present study extended hc to 10–15 m to ensure the minimal hc (i.e., 7.7 m) is within the bathymetric surveys. A surveying-quality GPS unit and an electronic distance measurement (EDM) total station theodolite (TST) were used to determine the locations of features shown in the present study, to conduct a topographic survey on the beach.





3. Results


3.1. Interannual Variability of Erosion and Accretion along the Surveyed Shoreline


To analyze the long-term variation in erosion and accretion for the study coastline, bathymetric surveys were conducted in June 2006, April and September 2012, April and September 2013, and April and October 2019. A total of 43 transects (track lines) were distributed along the shoreline from north of the Wushi Fishery Port to the south of the Lanyang River estuary (as shown in Figure 4). Moreover, the net volume of erosion or accretion between two transects was estimated, which means that 41 net volumes were used to evaluate whether the sediment budget was increasing or decreasing along the studied coast. The updated bathymetric datasets were compared with the previous datasets to estimate depth changes during two periods. Figure 5a,b present the variations in bottom elevation over 7 and 6 years, respectively, with Figure 5a showing the changes between June 2006 and April 2013 and Figure 5b showing the changes between April 2013 and April 2019.



The comparisons indicate that erosion and accretion phenomena occurred alternately along the shoreline from north of the Wushi Fishery Port to the south of the Lanyang River estuary and from June 2006 to April 2013 and April 2013 to April 2019. This is particularly obvious in the waters near the Lanyang River estuary. As shown in Figure 5a, the bathymetries rose to a maximum of 3.0–4.0 m in the south of the Lanyang River estuary from June 2006 to April 2013; however, the water depths were reduced by 3.0–4.0 m in the same area from April 2013 to April 2019 (Figure 5b). Overall, the erosion and accretion trends for the waters close to the shoreline are found to be contrary to those of the water slightly farther from the shoreline for both periods. A similar phenomenon is discovered when Figure 5a is compared to Figure 5b. Slight erosion and accretion were distributed in the area somewhat far from the shoreline and the area close to the shoreline, respectively, along the coastline from north of the Wushi Fishery Port to the northern Lanyang River estuary during the period of June 2006 to April 2013 (i.e., a 7-year bottom elevation difference, as shown in Figure 5a). However, the opposite phenomenon of erosion and accretion occurred for the 6-year bottom elevation difference from April 2013 to April 2019 (Figure 5a). Figure 6a,b present the net erosion (positive quantity in Figure 6) or accretion (negative quantity in Figure 6) volume of each pair of transects in the 7-year and 6-year periods, respectively. Based on a comparison of Figure 5 with Figure 6, the distribution pattern of increases and decreases in the net volume is identical to that of the bathymetric changes alongshore. The maximal accretion volumes are approximately 2 × 106 m3 at two intervals between transects S40 and S41 and between S41 and S42 (i.e., V39 and V40, as shown in Figure 6a), while the maximal erosion volume is nearly −2 × 106 m3 at an interval between transects S41 and S42 (i.e., V40, as shown in Figure 6b). To evaluate the longer-term erosion and accretion along the studied shoreline, the differences between the bathymetric surveys in June 2006 and April 2019 were calculated. The variations in bottom elevation and net volume are depicted in Figure 6a,b, respectively. The 13-year alongshore erosion and accretion variations are minor relative to the 7-year and 6-year evolution. The changes in water depth are within ±2.0 m (as shown in Figure 7a), and the maximum accretion and erosion volumes are approximately 1.0 × 106 m3 and −5.0 × 105 m3 at V39 and V35, respectively (Figure 7b). This means that the sediment added to and removed from the studied coastal system is gradually balanced through long-term sediment transport.




3.2. Seasonal Variability in Erosion and Accretion along the Surveyed Shoreline


In addition to the interannual variability in erosion and accretion, estimating the seasonal variation in erosion and accretion is also important to coastal management and development. The bathymetric data pairs surveyed in September 2012 and April 2013 and in April 2013 and October 2013 were adopted to analyze the variability in erosion and accretion along the studied coastline in winter and summer, respectively. The bathymetry differences between September 2012 and April 2013 are regarded as erosion and accretion variations in winter (as shown in Figure 8a), while the bathymetry differences between April 2013 and October 2013 are considered to be erosion and accretion variations in summer (as shown in Figure 8b). As shown in Figure 8a, erosion phenomena are obvious along the shoreline from north of the Wushi Fishery Port to the south of the Lanyang River estuary during winter, due to the sustained large waves caused by the northeast monsoon and the shortage of sediment discharged from the river. In contrast, in summer, accretion phenomena are found along the coastline from north of the Wushi Fishery Port to the Lanyang River estuary (Figure 8b) because of weaker waves and abundant sediment released from the river.




3.3. Analysis of Cross-Shore Profile Evolution


Eight representative transects illustrated in Figure 9 were selected for cross-profile comparisons with the bathymetric surveys in June 2006, April 2012, April 2013, and April 2019. Cross-profile comparisons are beneficial for investigating nearshore morphological evolution and sediment transport mechanisms in coastal environments. Closure depth has been widely used within coastal engineering as an empirical measure of the seaward limit of significant cross-shore sediment transport on sandy beaches. Therefore, a closure depth of approximately 10 m was adopted as an offshore boundary for morphodynamics in the present study. The cross-profile surveys extended from dune ridges on the beach to the 10 m closure depth in the nearshore waters of the study site. Eight transects were measured in the northern and southern portions of the Wushi Fishery Port (transects S5 and S9 in Figure 9), in the northern and southern portions of the Jhuan River estuary (transects S10 and S11 in Figure 9), along the shoreline between the Jhuan River estuary and the Lanyang River estuary (transects S18 and S31 in Figure 9), and in the northern and southern portions of the Lanyang River estuary (transects S38 and S41 in Figure 9). Figure 10a–d represent the topographic and bathymetric data for transects S5 (Figure 10a), S9 (Figure 10b), S10 (Figure 10c), and S12 (Figure 10d). These transects were surveyed in June 2006, April 2012, April 2013, and April 2019. The cross-profile comparisons of transects S5 and S9 (surveyed in the northern and southern portions of the Wushi Fishery Port) in various years are shown in Figure 10a,c. The bathymetric surveys were all performed after the construction of the Wushi Fishery Port in 2002. The comparisons show that the accretion is sustainable in the northern portion of the Wushi Fishery Port (transect S5) and is up to 2 m at a distance of approximately 400 m from 2006 to 2019 (Figure 10a). Erosion phenomena were found in the southern portion of the Wushi Fishery Port (transect S9) at a distance of 100–400 m; however, weak accretion was detected at a distance of 600–800 m (Figure 10b). The construction of the Wushi Fishery Port, which created a jetty effect, is the major contributing factor to accretion and erosion on the northern and southern sides of the Wushi Fishery Port. The bathymetry changes are minor below a water depth below 0 m on the northern and southern sides of the Jhuan River estuary (transect S10 in Figure 10c and transect S12 in Figure 10d). However, a coastal dune with a height of approximately 7 m in transect S10 (northern side of the Jhuan River estuary) was eroded significantly within a distance of 150 m because of the strong northeast monsoon (Figure 10c). Transects S18 and S31 lay between the Jhuan River estuary and the Lanyang River estuary and feature a gently sloping seafloor (as shown in Figure 11a,b). The cross-profile comparisons are relatively stable because they are far from the estuaries and any artificial structures. Figure 11c,d illustrate the bathymetric variations along transects S38 and S41, respectively, in various years. As shown in Figure 11c (transect S38), erosion occurred in the north of the Lanyang River estuary with a distance between 700 m and 1300 m from 2006 to 2013, after which accretion was present in the same zone. The most significant erosion and accretion are observed in the southern Lanyang River estuary, i.e., transect S41 in Figure 11d. The accretion reached 2–4 m along all of transect S41 from 2006 to 2013, but the coastal and nearshore zones at distances beyond 200 m were eroded dramatically in 2019. These phenomena are identical to the evolution of the 0 m isobath in various years described in Section 2.2. The Lanyang River mouth moved northward gradually, and the supply of riverine sediment for the southern Lanyang River estuary has consequently decreased in the past two decades.





4. Discussion


According to the evolution of the 0 m isobath and the cross-sectional bathymetric data surveyed in various years, the present study reveals that a drastic morphodynamic pattern is found around the Lanyang River estuary and is particularly obvious in the southern Lanyang River estuary. The topographic and bathymetric data of transects S30–S43 surveyed in June 2006, April 2013, and April 2019 were utilized to clarify the mechanism of estuarine sediment transport for the Lanyang River. The spatial distributions of transects S30–S43 and their corresponding serial numbers for the net volume variation (i.e., V29–S43) are delineated in Figure 12a for June 2006 to April 2013 and in Figure 12b for April 2013 to April 2019. A comparison of Figure 12a,b shows that the erosion and accretion phenomena in the northern Lanyang River estuary are contrary to those in the southern Lanyang River estuary for the two periods. This is because a nature reserve in the southern Lanyang River estuary cannot be developed from 2013. Although the 13-year (June 2006 to April 2019) variations still show a slight accretion in the south of the Lanyang River estuary (Figure 7), erosion began in 2013. The erosion and accretion along the shoreline near the Lanyang River estuary are highly dependent on the estuarine sediment discharge and transport of the Lanyang River. Therefore, the limit of estuarine sediment transport is considered to play an important role in the mechanism of coastal erosion and accretion and can be used to examine how far estuarine sediment can be supplied. The net volume variations along the coastline of the Lanyang River estuary for the periods from June 2006 to April 2013 (cyan bar) and from April 2013 to April 2019 (red bar) are presented in Figure 12. As shown in Figure 13, erosion and accretion began to reverse at V34 and V38 between the two periods. The accretion turned into erosion from V34 to V38 and then returned to accretion at V39 during the 7-year period (from June 2006 to April 2013, cyan bar in Figure 13). A contrary phenomenon appeared in the same interval (between V34 and V38) in the 6-year period (from April 2013 to April 2019, red bar in Figure 13); in other words, accretion occurred within V34 to V38, but erosion occurred outside this interval. Therefore, it is believed that the extent affected by estuarine sediment is approximately 2 km long from north to south along the coast of the Lanyang River estuary.



Infrastructure and human activity, such as establishing nature reserves and constructing jetties along the coast, modify many of the shorelines worldwide and drive change in coastal geomorphology. These artificial modifications resulted in impairment to the balance of the erosion and accretion in the estuarine and coastal environment. The on-site data surveyed in the present study provides insightful and valuable suggestions in scientific perspectives and coastal zone management.



The extensive set of observed data in the present study are undoubtedly helpful for future comparisons with the results from numerical models to determine the beach shoreline evolution [37,38]; in fact, monitoring activities significantly contribute to improving the robustness and reliability of numerical models [39,40].




5. Summary and Conclusions


A series of on-site topographic and bathymetric surveys were conducted along a 20 km long stretch of shoreline from north of the Wushi Fishery Port to the south of the Lanyang River estuary in June 2006, April and September 2012, April and September 2013, and April and October 2019. A total of 43 planned survey track lines designed for sonar collection were spaced approximately 500 m apart in the alongshore direction. Each track line was of varying length to allow the maximum water depth to reach 10–15 m (deeper than the closure depth), and topographic and bathymetric surveys were completed in 2 days. The bathymetric data obtained from several on-site surveys and the collected 0 m isobaths in various years were employed to investigate the long-term erosion and accretion along the studied shoreline. The 0 m isobath evolution reveals that the construction of a jetty and groin for the Wushi Fishery Port caused erosion and accretion to occur to the north and south, respectively. The interannual comparisons of the alongshore and cross-shore profiles indicate that dramatic erosion occurred in the southern Lanyang River estuary from 2013 to 2019 due to the establishment of a nature reserve. However, slight accretion occurred from 2013 to 2019 in the northern Lanyang River estuary because the riverine sediments were carried northward by tidal currents. In winter, the strong northeast monsoon induced sustained large waves, and the shortage of riverine sediment supply led to erosion of the coastal areas of northeastern Taiwan. In contrast to winter, weaker waves and large amounts of sediment released from the river (because of high river discharge) in summer were beneficial for accretion in the coastal areas of northeastern Taiwan. The cross-profile evolutions indicate that the supply of riverine sediment in the southern Lanyang River estuary was reduced in the past two decades as a result of the gradual northward movement of the Lanyang River mouth. The shoreline affected by estuarine sediment is approximately 2 km long from north to south of the Lanyang River alongshore. Long-term alongshore erosion and accretion are natural processes in coastal areas; however, the loss of coastal lands could be a result of overexploitation, e.g., the designs and constructions of the fishery port and backwater for the coastal areas. Although the present study provides insight into the problems of management and development for the coastal environment, more frequent topographic and bathymetric surveys for the whole shoreline of Taiwan should be conducted in the future. Additionally, numerical simulations are necessary for future research to explain the seasonal mechanism of the simulations of the seasonal and annual change for wavefield, tidal current, and alongshore sediment transport.
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Figure 1. (a) The location of the study area, (b) an aerial image of the Wushi Fishery Port, (c) directional distribution of significant wave height, (d) directional distribution of current measured at a wave buoy near Guishan Island from 2006 to 2020, and (e) an aerial image of the Lanyang River estuary. 






Figure 1. (a) The location of the study area, (b) an aerial image of the Wushi Fishery Port, (c) directional distribution of significant wave height, (d) directional distribution of current measured at a wave buoy near Guishan Island from 2006 to 2020, and (e) an aerial image of the Lanyang River estuary.



[image: Jmse 10 00282 g001]







[image: Jmse 10 00282 g002 550] 





Figure 2. Measurements of daily sediment discharged from the Lanyang River estuary in 2020. 
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Figure 3. Evolution of the 0 m isobath along (a) the northern Wushi Fishery Port, (b) the southern Wushi Fishery Port, and (c) the Lanyang River estuary. 
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Figure 4. Spatial distribution of the cross sections for sampling bathymetry. 
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Figure 5. The spatial distribution of erosion and accretion along the shoreline during the periods of (a) June 2006 to April 2013 and (b) April 2013 to April 2019. 
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Figure 6. The erosion and accretion volume between each pair of cross sections during the period of (a) June 2006 to April 2013 and (b) April 2013 to April 2019. 
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Figure 7. The erosion and accretion volume between each pair of cross sections during the period of (a) June 2006 to April 2013 and (b) April 2013 to April 2019. 
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Figure 8. The spatial distribution of seasonal variability for erosion and accretion along the shoreline for (a) winter (from September 2012 to April 2013) and (b) summer (from April 2013 to September 2013). 
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Figure 9. Spatial distribution of eight transects for the cross-shore profile comparison. 
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Figure 10. Cross-shore bathymetry profile comparisons for (a) S5, (b) S9, (c) S10, and (d) S12 cross-sections measured in various years. 






Figure 10. Cross-shore bathymetry profile comparisons for (a) S5, (b) S9, (c) S10, and (d) S12 cross-sections measured in various years.



[image: Jmse 10 00282 g010]







[image: Jmse 10 00282 g011 550] 





Figure 11. Cross-shore bathymetry profile comparisons for (a) S18, (b) S31, (c) S38, and (d) S41 cross sections measured in various years. 
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Figure 12. Long-term erosion and accretion and spatial distribution of the cross sections for sampling bathymetry near the Lanyang River estuary during the period of (a) June 2006 to April 2013 and (b) April 2013 to April 2019. 
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Figure 13. Net volume variations between erosion and accretion around the Lanyang River estuary (corresponding to V29 to V41 in Figure 11) during the period of June 2006 to April 2013 (cyan bar) and April 2013 to April 2019 (red bar). 
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