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The Pearl River Estuary (PRE) and Hong Kong (HK) Waters are identified as two of the most important habitats worldwide for Indo-Pacific humpback dolphin (Sousa chinensis). However, the extremely rapid growth of coastal cities and near-shore reclamation lands posed great threats to delicate marine ecosystems and protected species. Dredging operations can exert non-negligible negative impacts on humpback dolphins, with high sediment concentrations standing out as a particularly significant threat. This study aims to apply a new risk assessment approach based on computational fluid dynamics (CFD) and unsupervised machine learning technique for quantitatively estimating the risk of high turbidity to marine mammals. As an extension, the risk to the natural habitat in PRE was statistically compared among five possible dredging locations according to HK reclamation projects. The results showed that sediment plumes could be enlarged quickly if dredging sites are close to places with high density of macro-vortices, such as the north corner of Lantau Island. In terms of temporal effects, dredging under scenarios with northeast wind has a higher probability of posing significant risks to dolphin habitats. In accordance with this strategy, reliable suggestions on the choice of construction location or period could be provided to the decision-makers before or during the coastal projects. The proposed strategy can also be flexibly extended to any coastal environment, serving as a valuable example for coastal and environmental management.
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1 Introduction


Indo-Pacific humpback dolphins (Sousa chinensis) are mainly distributed along the shallow, coastal waters from tropical to warm temperate zones, such as the Indian and western Pacific Oceans, from South Africa in the west to northern Australia, and southern China in the east, with depths of no more than 30 m (Jefferson, 2000; Karczmarski et al., 2016; Jefferson and Smith, 2016; Guo et al., 2022). At least eight areas of humpback dolphins’ habitats are distributed along the coast of southern China, among which the Pearl River Estuary (PRE) and its adjacent waters have been considered as the largest habitat of humpback dolphins with a population of approximately 2,600 (Chen et al., 2010; Zhang et al., 2022; Liu et al., 2023). As one of the apex predators in the PRE ecosystem, the Indo-Pacific humpback dolphin has been classified as vulnerable (VU) on the International Union for Conservation of Nature Red Species List currently (Jefferson and Smith, 2016; Chan and Karczmarski, 2019; Lin et al., 2021). A recent demographic study conducted by Huang et al. (2012) suggested that around 74% of the current population in the PRE is projected to be lost after three generations, even reaching 95% as predicted by a population viability analysis reported by Guo et al. (2020).


As the second largest estuarine system in China in terms of water and sediment discharge, the PRE also serves as one of the densely populated and rapidly developing metropolitan areas. Consequently, human activities pose great threats on the Indo-Pacific humpback dolphins and their habitats. Coastal constructions, especially dredging and land reclamation, can raise multi-dimensional threats, such as underwater noise, turbidity increase, pollutants’ re-suspension from seabed, and habitat loss (Hoffman, 2012; Todd et al., 2015; Piwetz et al., 2021; Karczmarski et al., 2016; Jefferson and Smith, 2016). Unfortunately, the PRE–HK area has a long history, around 160 years, of dredging and land reclamation, which significantly bothered and altered dolphin behaviors (Lai et al., 2016). Marcotte et al. (2015) studied the cumulative impacts of land reclamation and dredging on humpback dolphins in the north of Lantau Island in HK waters since 1996 and reported a significant decline in dolphin density near the northeast corner of HK airport, which was built artificially in the 1990s. The avoidance from the construction site and increase of swimming of dolphins were also recorded during the piling work of HK airport reclamation (Jefferson, 2000). Hung (2015) reported a decline of 60% of humpback dolphins in HK waters from 2003 to 2014 caused by the reclamation work for building the landing platform of the Tuen Mun-Chek Lap Kok Link for the Hong Kong–Zhuhai–Macau Bridge.


Researchers have devoted themselves to assessing the risk of dredging activities on marine mammals or humpback dolphins and finding their tolerance limits for decades; however, the impacts still remained largely unknown. Dredging sediment plumes are characterized by extensive spatial impacts (several kilometers to hundreds of kilometers) and prolonged duration (weeks to months) and exhibit a direct linkage to pollutant re-suspension (releasing adsorbed contaminants from sediments), thereby deserving a critical research focus among dredging threats (He et al., 2024a,b). Thanks to the coastal hydrodynamic and sediment transport models, dredging sediment plumes could be reliably simulated and reasonably predicted both spatially and temporally, which provides a chance to bridge sediment plume evolution and dredging risk on wildlife habitats (Feola et al., 2016; Di Risio et al., 2017; Zarzuelo et al., 2019; De Padova et al., 2020).


Previously, field observations and experiments are the main means to estimate the dredging plume risk on marine mammals or humpback dolphins. Based on those data, researchers built up risk assessment strategies or proposed related policies and rules for coastal constructions (Jefferson et al., 2009; Manap and Voulvoulis, 2014, 2015; McQueen et al., 2020). However, those traditional estimations may not be enough to predict dredging plume risk in terms of ongoing or future coastal projects. A very recent study regarding risk assessment of coastal dredging proposed a strategy with the help of sediment transport modeling and machine learning techniques to quantify the environmental risk considering dredging methods, duty cycles, etc (He et al., 2024a). The unsupervised machine learning technique, K-means clustering, has been widely employed to identify representative patterns and reduce data complexity while preserving key variability also in environmental studies (Zahmatkesh et al., 2015; Carvalho et al., 2016; Cremonini et al., 2021; Uti et al., 2023; Martínez et al., 2024)—for example, Cremonini et al. (2021) implemented K-means clustering to identify sub-series of wave parameters and wind speed. He et al. (2024b) applied K-means to generate representative metocean scenarios for the simulation of e-waste dispersion. Clustering analysis has also been employed in partitioning other variables such as flood, rainfall, river discharge, and temperature for various research purposes (Zahmatkesh et al., 2015; Bárcena et al., 2016; Carvalho et al., 2016; Núñez et al., 2019). Based on those studies, it is possible to link the gap of risk prediction regarding marine mammals’ protection and propose reliable suggestions for better decision-making before conducting any coastal constructions.


This study aims to quantify the risk of sediment plumes caused by dredging operations to the habitat of Indo-Pacific humpback dolphins in Pearl River Estuary–Hong Kong (PRE–HK) waters by applying the risk assessment framework based on computational fluid mechanics (CFD) and machine learning techniques (He et al., 2024a). As shown in 
Figure 1
, PRE–HK is located in the subtropics of the Northern Hemisphere, one of the most important habitats for the Indo-Pacific humpback dolphins who live along the coast from tropical to warm temperature zones (Karczmarski et al., 2016; Guo et al., 2022). In addition, the north side of Lantau Island, the yellow block shown in 
Figure 1
, has been recognized as the Guangdong–PRE National Reservation of Indo-Pacific humpback dolphins for its importance in preserving the humpback dolphins. Therefore, it is an urgent need to build numerical risk assessment strategies and provide case studies to understand and predict the impact of coastal dredging on humpback dolphins. Moreover, this study investigates the impacts of dredging locations to evaluate dredging plume risks, which can guide site-specific conservation measures (e.g., sediment containment strategies, hydrodynamic mitigation), and provide scientific references for optimizing construction site selection based on environmental compatibility assessments.


[image: Map of the Pearl River Estuary showing river outlets: Humen, Jiaomen, Hongqimen, Hengmen, Modaomen, Jitimen, Hutiaomen, Yamen. Includes cities Shenzhen, Zhuhai, Macau, Hong Kong, Lantau Island, and the South China Sea. An inset highlights the location in China.]
Figure 1 | 
Map of the Pearl River Estuary (PRE) showing topographic features and isobaths (in meters), and the yellow block denotes the Guangdong-PRE National Reservation of Indo-Pacific humpback dolphins.








2 Risk assessment strategy




Figure 2
 presents the risk assessment strategy, which is an extension of the risk assessment framework proposed by He et al. (2024a). It is composed of two important parts, estimation of the “hazard” (H) and definition of the “vulnerability” (V). The “risk” (R) equals to the product of hazard and vulnerability, see 
Equation 1
 (Castanedo et al., 2009a, b; Chiri et al., 2020).


[image: Flowchart illustrating the risk assessment for sediment transport and dolphin habitats. Sediment transport modeling uses wind field and air pressure data, with clustering for inputs like tidal elevation and river discharge. Dolphin habitat considers high-frequency observation areas. Probability of contamination involves hazard identification. Risk is defined as the product of hazard and vulnerability.]
Figure 2 | 
Flowchart showing the risk assessment strategy, which was built on the numerical simulations and considered the vulnerability in terms of humpback dolphin habitats.
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where I denotes the hazard indexes, defined in the following and x represents any location in the domain of interest. Related concepts and terms in 
Figure 2
 are explained in the following sections.





2.1 Sediment transport modeling


The Finite Volume Coastal Ocean Model (FVCOM) and its sediment module was implemented with unstructured grid, finite-volume, three-dimensional (3D) primitive equations (Chen et al., 2003). The computational mesh followed the one used in He et al. (2024a), as well as the model validation (He et al., 2022, 2024a), with correlation coefficients of four tidal gauge stations exceeding 0.95 and SKILL numbers of velocity components reaching 0.83. Tide, wind, air pressure, and river discharge were applied as external forcing.


An unsupervised machine learning clustering algorithm, K-means clustering (Lloyd, 1982; Bishop and Nasrabadi, 2006) was used to generate a number of metocean scenarios (clusters) to represent the long-term climatology instead of selecting by randomly choosing or averaging 1-year conditions that cannot capture the local climatology features on a robust statistical ground. In this study, we follow the methodology described in Cremonini et al. (2021), and the clustering processes and results have been discussed in He et al. (2024a). Both 15- and 30-day scenarios have been selected as scenario durations to test the proper duration. The 15-day scenarios were chosen because they could capture the features of spring and neap tide, include almost the whole evolution of dredging plume, and save computational costs in the same time (He et al., 2024a). A total of 100 metocean scenarios with a length of 15 days each and their corresponding frequency were obtained based on 42 years of climatology data.


The dredging source terms (Feola et al., 2016; Di Risio et al., 2017; De Padova et al., 2020) were treated as point sources in the nearest mesh nodes. The choice of dredging source locations considered both ongoing/planned projects and local topography, which could generate site-specific flow structures. The HK government has announced several reclamation projects, such as the third runway of HK airport, Kau Yi Chau Artificial Island, Lantau Tomorrow Reclamation, and Sunny Bay Reclamation. Dredging is unavoidable since reclamation materials become unaffordable, even though the HK government suspended dredging in reclamation projects during the last two decades. Moreover, the maintenance of two navigation channels, Lantau Channel and Urmston Road, needs regular dredging operations, which are also considered when choosing the dredging source location. In this case, five dredging locations were chosen around Lantau Island, as shown in 
Figure 3
, considering the nearby ongoing and future dredging projects, i.e., the third runway of HK airport, Kau Yi Chau Artificial Island, and the maintenance of Urmston Road and Lantau Channel. Besides these, locations inside bay (III), facing river discharge (V), and near severe tidal streams (I and IV) were included for further comparison. The corresponding cases regarding different dredging locations (I, II, III, IV, and V) are labeled as cases I, II, III, IV, and V in the following context.


[image: Map showing Lantau Island with marked areas I-V, an airport, Urmston Road, and Lantau Channel. Dashed blue and orange lines indicate specific routes or boundaries. Coordinates provided are 113.9°E to 114°E and 22.25°N to 22.35°N.]
Figure 3 | 
Focused view of mesh grids showing the resolution around HK waters, five proposed dredging locations in blue dots (I, II, III, IV, and V), and two channels around Lantau Island (Urmston Road in blue color and Lantau Channel in brown color).




For the present analysis, we intend to simulate the sediment transport of dredging operations employing a cutter suction dredger (CSD) with a blow-filling speed of 6,000 m3/h, following the land reclamation proposal mentioned in Yin et al. (2022). In this case, two sources of dredging plumes can be generated, one of which is caused by the cutter head during the operation of CSD, the other of which is the effusion of sand–seawater mixture from the reclamation site. The grain size of fine sediment D
50 = 8.464 µm was obtained from the test of Hong Kong marine deposit and proved to be consistent with Feng et al. (2017). Based on the empirical estimation according to Becker et al. (2015), the sediment flux generated by the cutter head is around 26.9 kg/s if the CSD works for 12 h a day, and the effusion from the reclamation is around 38.3 kg/s. To mimic the real situation and consider the long tail effect of the sediment plume evolution, the timetable of the dredging work used in our simulation is designed as follows: (1) working 12 h per day, (2) working from day 1 to 6, and (3) suspending from day 7 to 15. The working duties directly relate to the dredging source term, thus affecting the modeling results. However, we tried to set up a standard case, convey the general information and dredging risks, and promote this strategy. The design mentioned above could be flexibly modified according to project recommendations, local policies, etc.


The erosion constant, critical shear stress for deposition, and the critical shear stress for erosion were 1.2 × 10−5 kg/(m2 s), 0.08 N/m2, and 0.2 N/m2, respectively. In addition, the input of sediment porosity Pb
 was 0.5, and the density ρs
 was 2,650 kg/m3. This model has been extensively validated in our previous work (He et al., 2022, 2023).






2.2 Hazard modeling


The spatial and temporal distribution of suspended sediment concentration (SSC) could be obtained through sediment transport modeling. Furthermore, by running hundreds of sediment transport simulations (the number of clusters multiplied by the number of dredging sources), an extensive dataset of dredging plume evolution patterns was generated, thanks to the application of K-means clustering. The hazard modeling mentioned in this section aims to quantify hazards by transforming SSC distributions into measurable indexes.


For each mesh node, one pollution event is defined if the time variation of SSC exceeds a certain threshold smin
 lasting for a certain time period tmin
. Two criteria were applied to evaluate the hazard of the dredging operations and the occurrence and significance of hazard (He et al., 2024a). Those two criteria reflect the hazard based on different considerations, among which the significance of hazard conveys a more comprehensive information by considering both SSC and duration time. Occurrence is “1” if at least one pollution event is observed, or else the occurrence is “0”. Significance index is assigned to the mesh node whose SSC variations satisfy the conditions following 
Table 1
. The numbers in 
Table 1
 were suggested by Lisi et al. (2017) and He et al. (2024a). The levels of SSC/s
min and corresponding periods can be adjusted for local concerns. It should be mentioned that the simulated SSC comes from the dredging sources, which is the extra load to adjacent environment. Thus, both the SSC and threshold smin
 mentioned here refer to the sediment amount above the background.



Table 1 | 
Definition of the significance of pollution based on both SSC/smin
 magnitudes and lasting time.





	SSC threshold (mg/L)

	Period during which SSC/smin
 exceeds the numbers




	
	0–10

	10–20

	20–50

	50–100

	>100






	1
	1
	1
	2
	3
	4



	2
	1
	2
	3
	4
	5



	3
	2
	3
	4
	5
	6



	4
	3
	4
	5
	6
	7



	6
	4
	5
	6
	7
	8










The decision of smin
 and tmin
 is the key in hazard modeling. Unfortunately, clear evidence that the turbidity directly influences marine mammals was limited. Weiffen et al. (2006) explored the impact of turbidity increase on the vision acuity of seals and reported that the ability of vision decreased sharply when the turbidity reached above 1 formazin turbidity unit (FNU). On the contrary, it was found that marine mammals often inhabited turbid environments and utilized sophisticated sonar systems to sense the surroundings (Au, 2000); however, construction noises were reported with negative impacts on detecting prey, navigating, and communicating (Mooney et al., 2009; Marine Aggregate Levy Sustainability Fund, 2009). It is agreed that marine mammals have a certain level of tolerance to turbidity, although the thresholds still remain unclear for individual mammals.


Recently, Lin et al. (2021) reported that turbidity was significantly negatively correlated with humpback dolphin activity (sighting rate and foraging) based on principal component analysis (PCA) near Taiwan, China. No observation of humpback dolphins was detected when the turbidity was above 16.07 NTU during the eight groups of seasonal measurements in 2017 and 2018 (Lin et al., 2021). If considering 16.07 NTU as a limit of potential harm to dolphins, the corresponding SSC could be calculated according to the quantified relationship between turbidity and SSC. Turbidity has been considered as the most ubiquitous of surrogate technologies used to estimate suspended-sediment concentration (Landers and Sturm, 2013). The relationship between turbidity and SSC is affected by several parameters, particularly sediment size (Loperfido et al., 2010). Xie et al. (2022) has analyzed the correlation between turbidity and SSC in waters with sediment sizes similar to those of Taiwan waters. In this case, turbidity of 16.07 NTU could be transformed into SSC of 16.5 mg/L according to the equation proposed by Xie et al. (2022), y = 1.0055x + 0.3829. Based on the observation released by HK Environmental Protection Department (EPD), the SSC of the majority of time and stations is within the range of 5–20 mg/L. Therefore, a rise of SSC of 5 mg/L has a huge chance leading to a total SSC exceeding 16.5 mg/L. Thus, 5 mg/L was used in this study as the threshold smin
 of a pollution event.


The choice of the time period threshold tmin
 can be more difficult and complex as there have been massive literatures explaining direct or indirect harm to humpback dolphins or marine mammals; however, few data could support the quantification of temporal accumulation. Todd et al. (2015) reviewed various negative effects brought by dredging sediment plume, including turbidity, toxins, and pollutants. Persistent organic pollutants (Gui et al., 2014), such as organotins (Zhang et al., 2022), heavy metals (Gui et al., 2017), and microplastics (Zhang et al., 2021), were proved to endanger the habitats of Indo-Pacific humpback dolphins. Aspects including objective harm, local policies, and subjective goals of projects should be considered when determining tmin
 in the application of this strategy.


In the present study, we related tmin
 to the concentration of heavy metals and persistent organic pollutants. Gui et al. (2017) investigated the spatio-temporal trends of the concentrations of 11 heavy metals in the liver and kidney of Indo-Pacific humpback dolphins (Sousa chinensis) from western PRE during 2004–2015 and found that Zn, Cu, and Hg were sufficiently high to cause toxicological effects. A comparison of the persistent organic pollutant concentrations has been summarized in Gui et al. (2014) regarding Indo-Pacific humpback dolphins from the Pearl River Estuary (PRE). However, heavy metals and persistent organic pollutants absorbed by seabed sediment can be re-suspended into water columns when dredging takes place. One of the references helping decide tmin
 is about the remobilization of particulate-phase metals in re-suspended coastal sediments (Kalnejais et al., 2007). This study showed that the metal contents remained in suspension over time scales of hours after re-suspension—for example, around 50% Pb, 20% Cu, and 80% Mn, corresponding to the amount of metal tested at the maximum of re-suspension in their experiment, remained in the water column after 8 h of settlement in a sample from Massachusetts Bay, USA (Kalnejais et al., 2007). Another proposed way to decide tmin
 in this study is to estimate the re-suspended of polyfluoroalkyl compounds. Wang et al. (2019) examined the distribution of polyfluoroalkyl substances in the seawater and sediment of the South China sea coastal region. Ahrens et al. (2010) provided information on the environmental behavior and fate of polyfluoroalkyl compounds found in water, suspended particulate matter, and sediment, although in Japan, and found that suspended sediment particles could absorb extra polyfluoroalkyl compounds as they stayed in the water column, increasing the chance of intake by marine animals. With this information, we implemented 4 h as tmin
, the minimum lasting period of one pollution event, based on the hypothesis that the accumulation of the defined pollution events could be harmful to humpback dolphins.


Following (
Equation 2
), by multiplying the frequency of the m-th scenario, generated by K-means clustering, and the spatial distribution of hazard indexes and then summing along those of M hydrodynamic scenarios, the probability of contamination in each location for a particular index (H(I,x)) is obtained as:
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where I(x) corresponds to the spatial distribution of the occurrence or significance index and fm
 to the cluster frequency.






2.3 Vulnerability


The vulnerability must be concerned to distinguish the spatial significance and better characterize the potential harm of dredging operations on humpback dolphins. The rating of vulnerability takes political, institutional, economic, and socio-cultural factors into account (Castanedo et al., 2009b; Viavattene et al., 2018; Rangel-Buitrago et al., 2020). In this study, the concern lies in the potential impact on humpback dolphins’ living habitats. The classification of vulnerability considers both official reservation areas, released by the Mainland China government, and the spatial distribution patterns of humpback dolphins based on the analysis of sighting surveys. It is worth noting that previous studies have demonstrated that the areas affected by sediment plumes from dredging projects near Lantau Island closely overlap with conservation zones and regions with a high frequency of humpback dolphin observations (He et al., 2024a).


There are two humpback dolphin reservations in the PRE area, Guangdong–PRE National Reservation and Guangdong–Jiangmen Provincial Reservation of Indo-Pacific humpback dolphins, the latter of which existed outside of our study domain and will not be considered. The Guangdong–PRE National Reservation is located in the west of Lantau Island (113°39′59″ E–113°51′37″ E, 22°10′57″ N–22°23′58″ N), occupying a large part of PRE main body.


The sighting survey is the main approach to evaluate the population size of the humpback dolphins, although it is time-consuming and inconvenient considering various limitations during the cruise, such as weather conditions and human and material resources. Guo et al. (2022) collected data on humpback dolphins from 2015 to 2021 based on boat surveys and presented spatial distribution patterns of sighting rates by kernel density analysis in PRE waters. The patterns showed that the area with high sighting rates of humpback dolphins lay on the west coast of Pearl River Estuary (PRE). Karczmarski et al. (2016) investigated Indo-Pacific humpback dolphins’ spatial behavioral dynamics in Hong Kong (HK) and presented maps based upon 50% and 95% kernel density estimators of area utilization distribution for all sightings, showing that the region of west and southwest Lantau Island possessed a large number of dolphins regarding both frequency and group sizes.


The assignment of the vulnerability indexes 1 to 4 refers to Guo et al. (2022) and Karczmarski et al. (2016): (1) the index of 4 is assigned to reservation areas, areas with high sighting rates, and areas with 95% kernel density; (2) the index of 3 is assigned to an area with medium sighting rates and an area with 50% kernel density; (3) the index of 2 is assigned to an area within 2 km from the reservation, an area with low sighting rates, and an area within 1 km far from the area of 50% kernel density; and (4) the index of 1 is assigned to the rest of the domain. Based on the above information, the vulnerability related to humpback dolphin habitats and activities is displayed in 
Figure 4
.


[image: Map visualization showing a region with color-shaded areas representing different values. Dark blue indicates the lowest value, followed by light blue, yellow, and red representing higher values. The values range from one to four, as shown in the legend on the right.]
Figure 4 | 
Vulnerability map considering national reservation areas and kernel density analysis based on the sighting of humpback dolphins during cruises (Karczmarski et al., 2016; Guo et al., 2022).









3 Results





3.1 Estimation of hazard




Figure 5
 shows the occurrence (a1)–(e1) and significance (a2)–(e2) of hazard of five dredging cases—I, II, III, IV, and V, respectively, noting that the calculation of hazard considered 100 metocean scenarios and their corresponding frequency.


[image: Series of paired heat maps labeled from (a1) to (e2) showing a geographic area with longitude and latitude axes. Each pair displays varying intensity levels from blue to red. Maps in the first column (1) use a scale from 0 to 1. Maps in the second column (2) use a scale from 0 to 8, highlighting different density patterns in the same region.]
Figure 5 | 
Hazard maps of five dredging locations regarding occurrence and significance: (a–e) denote the five dredging locations I, II, III, IV, and V; (a1–e1) hazard of occurrence, (a2–e2) hazard of significance.




In all five cases, the occurrence of hazard was retained in PRE–HK waters without entering into the South China Sea (SCS). However, the contour shapes were slightly different among the five cases. Cases I and II had similar occurrence maps, with hazard concentrated on the east-southeast coastlines and spread to the south-southwest coastlines of Lantau Island. The occurrence of hazard in case III was similar to the occurrence maps for the reason that two cases had close dredging locations. The hazard in case III centered around the west part of Lantau Island and extended to the west coast of PRE. Cases IV and V obtained the occurrence maps with the hazard distributed in the north of Lantau Island. However, case IV had a larger area of hazard occurrence than that of case V. In case IV, sediment particles had a large probability of occurrence, more than 0.8, to be found in the middle of PRE, i.e., Deep Bay, and the north of Lantau Island. In contrast, the occurrence of hazard in case V could hardly enter Deep Bay or go far inside the PRE and was totally blocked by the north coastlines of Lantau Island from spreading to the south part. The occurrence of hazard maps directly illustrated that the dredging locations had a significant impact on sediment transport, and locations III and IV may not be suitable for dredging operations considering the large affected areas.


The occurrence of hazard maps provided the probability information by considering the frequency of each scenario. However, the occurrence criterion cannot convey the message about pollution level or residence time. The significance criterion can highlight the areas that are more worthy of attention and protection by considering both SSC and residence time. 
Figures 5a2–e2
 present the significance of hazard regarding five dredging locations. The significance magnitude of 8 implies that the sum of the lasting time of all the events exceeds 100 h regarding a threshold of 30 mg/L. Based on this definition, the dark red color in 
Figures 5a2–e2
 reflects areas with serious pollution considering both SSC and lasting time.


Case I and II had high significance values around the east side of Lantau Island as shown in 
Figures 5a2, b2
; however, case I exhibited more severe pollution than case II, which could hardly be identified based on 
Figures 5a1, b1
. Dredging locations I and II were close to the end of Urmston Road, as shown in 
Figure 3
, and sat downstream of the northeast headland of Lantau Island, where the macro-vortices were periodically generated and collapsed under the dominance of tidal currents the whole year, as reported by He et al. (2022). Under this condition, sediment particles could be transported to far-fields in several tidal cycles, similar to the cases also reported in Hitchcock and Bell (2004). Thus, the high significance numbers only existed in areas close to the dredging locations, i.e., the bay on the east side of Lantau Island, and then decreased sharply when approaching the end of Urmston Road.


The areas with high significance of hazard in case III was quite different compared with that of cases I and II. The heavily polluted areas, in case III, were concentrated along the south coastlines of Lantau Island in a slender shape. On the contrary, the high significance area in case V was on the north side of Lantau Island. Dredging locations III and V were closer to Lantau Channel than Urmston Road. Macro-vortices were generated around the transition zone of Lantau Channel, i.e., area between the floodplain and the main channel, based on the previous study of compound channel flow (He et al., 2023). Thus, sediment particles reaching the west side of Lantau Island, i.e., around the Lantau Channel, could be spread along the tidal currents and macro-vortices. This illustrated why the area with high significance only existed near the coastlines instead of the adjacent waters to the west of Lantau Island. Areas with significance numbers below 6 in case III were observed in the west side and went inside the main body of PRE. In case V, the light pollution area was only distributed on the north side of Lantau Island, i.e., the east side of PRE.


Case IV had the most severe pollution among the five cases, shown as the largest area with high significance numbers in 
Figure 5d2
. Location IV was close to Urmston Road and located upstream of the northeast headland of Lantau Island. Based on the knowledge of local hydrodynamics presented in He et al. (2022), tidal currents rushed into PRE through this corner and interacted with headlands in narrow channels, during which process massive macro-vortices were generated, transported, and destroyed. Under this condition, the sediment plume caused by dredging could be enlarged toward the upstream of Urmston Road thanks to the tidal currents; however, it was hard for sediment particles to escape from the north side of Lantau Island, blocking by the northeast headland of Lantau Island and leading to a large pollution area with high significance.


The five locations were chosen around Lantau Island in five representative directions, namely, the east side near Urmston Road (I), the southeast side (II), the south side (III), the north side to the east of the airport (IV), and the north side to the west of the airport (V). Both Urmston Road and Lantau Channel had a positive impact on transporting the sediment particles to far-fields. In addition, the coastlines and headlands could shape the pollution, such as along the coastlines, in the lee of headlands, or inside the bays. The HK airport may play a role in separating the dangerous dredging locations compared with cases IV and V. The airport could block the sediment particles from spreading toward the east and reduce the affected area, unlike case IV, whose dredging location was the most dangerous one considering both the occurrence and the significance of hazard.






3.2 Estimation of risk


As illustrated in Section 2, the risk caused by dredging should not only consider the SSC distribution, i.e., the hazard, but also take the dolphin activities into account (Castanedo et al., 2009b; Rangel-Buitrago et al., 2020). The vulnerability indexes of PRE–HK waters were defined according to the location of reservation areas and the spatial distribution patterns of humpback dolphins (Karczmarski et al., 2016; Guo et al., 2022). 
Figure 4
 shows the vulnerability map regarding dolphin habitats. Note that the risk values obtained using (
Equation 1
) were normalized by its potential maximum value to better compare the risk of the two criteria.




Figure 6
 presents the occurrence (a1)–(e1) and significance (a2)–(e2) of risk of five dredging cases, I, II, III, IV, and V, respectively. The high-risk areas regarding occurrence in all five cases were concentrated on the west side of Lantau Island, more specifically, the reservation area, which was reasonable since the reservation area possesses high vulnerability values. Even for cases I and II in 
Figures 6a1, b1
, respectively, the occurrence of risk on the west side was far more significant than the east side, whose dredging locations were on the east side and the corresponding hazard was distributed in the east bay of Lantau Island, as shown in 
Figures 5a1, b1
. This indicated that vulnerability could greatly influence the risk assessment results, such as the “hot spot” in the north corner of Lantau Island (Jefferson, 2000; De Padova et al., 2020). Another huge difference is that case III had the most severe risk among the five cases, unlike the occurrence of hazard maps where case IV had a larger area of occurrence with a high probability than case III. In addition, case IV exhibited a higher risk than case V even though location V was closer to the dolphin reservation area than location IV. This is not in line with common sense that dredging in further locations could have a lower risk and will provide a valuable reference to decision-makers in view of field works.


[image: Maps in five rows labeled a to e, each with two panels numbered 1 and 2. The maps display a geographic area using color gradients from teal to red, indicating varying data intensities. The color scale on the right of each panel ranges from 0 to 0.7. Latitude and longitude coordinates frame the maps, ranging from approximately 22 to 22.5 degrees latitude and 113.5 to 114 degrees longitude.]
Figure 6 | 
Risk maps of five dredging locations regarding occurrence and significance: (a–e) denote the five dredging locations I, II, III, IV, and V; (a1–e1) risk of occurrence, (a2–e2) risk of significance.




The significance of risk of the five cases is shown in 
Figures 6a2–e2
. Cases I and II had the lowest risk among the five cases since the dredging locations were far from the reservation area and places with high dolphin sighting rates. Besides that, unlike the occurrence of risk in case I and II, the west side of Lantau Island exhibited similar risk magnitudes, around 0.2, compared with the east side, indicating the difference between the significance and occurrence parameters. The risk magnitudes of significance also decreased in the other three cases compared with the risk values of occurrence. In case III, the size of the high-risk area decreased and centered around the west headland of Lantau Island in a C-shape. The high-risk area in case IV was distributed in Urmston Road, starting from the dredging location and expanding toward the northwest until the northeast corner of the Guangdong–PRE National Reservation. Case V possessed a high-risk area very close to the northwest coastlines of Lantau Island, which was much smaller than that of case IV. The difference between cases IV and V again further confirmed that the shorter distance between dredging locations and the reservation will not definitely lead to a higher risk.


Basically, locations III and IV were the most unsuitable dredging locations from a comprehensive view. Location III represents the southwest adjacent waters of Lantau Island, facing the SCS. If dredging operations take place in this area, sediment particles would be convected into PRE by tidal currents and also transported toward the west owing to the macro-vortices’ dynamics around headlands and compound channels, i.e., Lantau Channel, based on the knowledge of local circulations demonstrated in He et al (2022, 2023). On the other hand, location IV stands for the area in the east of HK airport shielded by the north coastlines of Lantau Island and close to Urmston Road. This place is dominated by tide-generated macro-vortices which are persistent the whole year long. Sediment particles could be transported quickly to the upper stream of Urmston Road due to the generation and destruction of the high density of macrovortices, where the north coastlines of Lantau Island play an important role in preventing sediment particles from going downstream.







4 Discussion





4.1 Comparisons of risk regarding different dredging locations


The above maps of hazard and risk spatial distributions can directly reveal the highly polluted area. However, the comparison among the different dredging solutions, in our case, the dredging locations, is one of the main aspects during the planning and management phases of any dredging project (Feola et al., 2016; Zarzuelo et al., 2019; De Padova et al., 2020). A quantitative comparison is usually based on more synthetic indexes or graphical presentation. Examples are the SSC number (Erm and Soomere, 2006; Rapaglia et al., 2011) developed to describe the resuspension due to ship wakes and semivariogram functions (Matheron, 1963; Feola et al., 2016) and the more recent Dredging Sensitivity Index (DSI) (Trevisan et al., 2020). None of the mentioned approaches was designed in order to evaluate the direct potential risk on marine mammals.


In the following, we discuss the results, mainly the spatial distribution of the probability of risk, using two methods that can synthetically compare different dredging operations (He et al., 2024a). The new approaches to the evaluation of risk could represent a valuable tool during the planning and decision making process.


The first method, risk boxes, is to compute the statistical moments of the risk values obtained for each case. In fact, we use box plots based on the spatial distribution of the risk values. By demonstrating the locality, spread, and skewness groups, the risk values of all the mesh nodes could be considered as an arithmetic progression for one risk map of each dredging scenario. A risk box or box-and-whisker plot synthetically summarizes the main statistical properties of a set of data, in this case risk values. In fact, the median value is shown inside a box bounded between the first and third quartile. Moreover, the whiskers represent the minimum and maximum values, excluding the outliers.




Figure 7
 presents the risk boxes regarding occurrence and significance of risk. Panels (a) and (c) show the distribution of non-zero risk values calculated based on the whole domain, regarding occurrence and significance of risk, respectively. In addition, one trick was used to better visualize the dredging risk to dolphins by ignoring the area with vulnerability index equal to 1. By this means, 
Figures 6b, d
 could present the occurrence and significance of risk only in reservation areas and places with high sighting frequency of humpback dolphins.


[image: Four box plot graphs labeled a, b, c, and d display risk levels across five dredging locations D1 to D5. Each plot shows variations in risk: plot (a) indicates higher risk in D5, plot (b) shows increased variability in D3 and D4, plot (c) highlights elevated risk in D3, and plot (d) reveals higher variability in D4 and D5. Each box plot includes outliers marked with red crosses.]
Figure 7 | 
Box plots showing the risk numbers of five dredging locations: non-zero risk numbers of occurrence (a) and significance (c) calculated based on the whole domain and risk numbers of occurrence (b) and significance (d) calculated in the dolphin reservation and high probability of observation area.






Figure 7a
 shows the occurrence of non-zero risk values regarding five dredging locations. Since zero-risk data points were excluded, the cross-comparisons should be made when the data capacities are analogous. In this case, the polluted area should be roughly similar if comparing among the risk boxes. It could be found in panel (a) that case II had a higher risk than case I based on the mean value, 75th percentiles, and maximum values of the boxes, considering that these two cases had similar polluted areas as shown in 
Figures 6a1, b1
. Cases III and IV were another pair possessing similar sizes in terms of polluted areas. From the risk boxes, it could be found that case IV had a far larger mean risk value than case III, and both cases had a maximum value of more than 0.5 and massive outliers even reaching 1. For case V, the risk box showed that the maximum value reached 1 with no outliers, and the mean value was around 0.2. However, the contaminated area of case V was apparently smaller than case III or case IV regarding both occurrence and significance criteria. This indicated that the polluted area in case V was more concentrated with larger risk magnitudes. The significance of risk is shown in 
Figure 7c
 and could be analyzed following the same logic, leading to similar findings as above. In addition, the magnitudes of significance of risk were greatly lower than occurrence. Cases I and II had no outliers exceeding 0.4, whereas massive outliers were still found in cases III and IV, indicating a certain small area with a high risk of more than 0.4.




Figures 7b, d
 have targeted the area with a vulnerability index larger than 1. By this means, some of the risk data points from areas with limited humpback dolphin activities were excluded or, more probably, low risk points. The remaining sample capacities of five cases were more comparable than those of 
Figures 7a, c
. In addition, the boxes were enlarged in both sizes and characteristic values. It could be found that in highly vulnerable places, cases I and II had a lower risk in places among the five cases. It is worth noting that case IV had the largest risk without outliers, indicating that location IV was the most unsuitable dredging location.


It is worth noting that cases IV and V differed largely in risk, which could be found in both risk distribution maps and risk boxes. In fact, the north side of Lantau Island has attracted lots of attention regarding the protection of humpback dolphins due to the high abundance in dolphin population and reclamation projects, such as HK airport construction (Jefferson, 2000; Marcotte et al., 2015; Piwetz et al., 2021). In the meantime, this area exhibited complex circulations which further complicate the sediment transport during dredging and reclamation (Pan et al., 2020; Chu et al., 2022; He et al., 2022). Based on the abovementioned risk assessment strategy and analysis, it can be concluded that the dredging plume development varies significantly with the choice of dredging locations, which is mainly driven by the local circulations. Currently, the third runway of HK airport is under construction, located in the north of Lantau Island. This study can help the decision-makers with the choice of dredging or reclamation location based on quantified risk in terms of turbidity increase for the better protection of humpback dolphins.






4.2 Risk roses based on the wind features


In this section, we introduced the second method to synthetically represent the risk distribution.


Previous results have devoted to presenting the hazard and risk from a space-based view. However, the decision makers or project executers may also concern about the risk from a time-based view to avoid working in “dangerous” weather or take more measures to protect marine environment and creatures. The PRE–HK region experiences south–southwest monsoon wind in summer and stronger northeast wind in winter. Wind-induced circulations played a non-ignorable role in estuarine circulations and sediment transport. The 100 representative scenarios generated by K-means clustering could characterize the wind features; thus, the risk of each scenario could convey the information in terms of scenario-based distribution of risk. The risk of each scenario regarding wind is defined as:
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The wind direction is divided into 16 bins, and each of them occupies 22.5° in order to better group wind data points based on similar directions. The wind direction of data points, which had the frequency of six-hourly data, was calculated and assigned to the 16 classes for each scenario. The class that most frequently appeared was chosen as the representative wind direction of that scenario. Following the logic of wind rose plots, “risk rose” plots could be generated by assigning the Rw
(I) numbers, Equation 3, of the M scenarios onto a “rose” according to their representative wind direction instead of using the mean wind intensities of each scenario. By this means, the risk rose directly presents the relationship between the risk and wind features.




Figure 8
 presents the occurrence (a1)–(e1) and significance (a2)–(e2) of risk rose of five dredging cases, I, II, III, IV, and V, respectively, considering the area with vulnerability larger than 1. Risk roses only consider that areas with vulnerability higher than 1 could filter out the risk of less important areas and highlight the information regarding dolphin habitats. The block size on the risk roses represents the frequency of scenarios from the corresponding direction. The color of risk roses stands for the risk values.


[image: Six pairs of polar charts labeled a1 to e2 show varying risk levels by direction, using color gradients from yellow (high risk) to blue (low risk). Each chart includes percentage indicators and a risk level legend. Charts on the left (a1, b1, c1, d1, e1) generally show higher risk spread across directions compared to those on the right (a2, b2, c2, d2, e2), which feature more concentrated areas of risk primarily in the south and east directions.]
Figure 8 | 
Risk roses calculated over the dolphin reservation and high probability of observation area regarding five dredging locations: (a–e) denote the five dredging locations I, II, III, IV, and V; (a1–e1) risk roses of occurrence, (a2–e2) risk roses of significance.






Figures 8a1–e1
 show the occurrence of risk roses only considering areas with vulnerability higher than 1 regarding the five cases. The scenarios with northeast wind related to the most severe risk and highest frequencies in all five cases. Case II had the lowest risk among the five regarding occurrence, whereas cases III, IV, and V had comparable risk and frequencies in all directions. 
Figures 8a2–e2
 show the significance of risk roses only considering areas with vulnerability higher than 1 regarding the five cases. The risk rose of case IV had the most frequent high-risk scenarios compared with the remaining four cases, especially from the northeast direction, indicating the promoting role of winter monsoon in sediment transport. The remaining four cases show comparable risk levels regarding the significance parameter. Cases III and V had a larger frequency of high risk (yellow blocks) from the northeast direction than that of cases I and II. It could be observed that the risk roses of cases I and II had smaller sizes than the other roses when only considering the dolphins’ habitats and reservations—for example, the blocks in the southeast direction in (a2) and the blocks in the northeast direction in (b2). This conveyed the message that there existed scenarios generating zero risk if only areas with vulnerability higher than 1 were concerned in cases I and II.


Wind effects are always concerned in coastal management, such as extreme weather (Wang and Liu, 2021), wind farm, and its related ecosystem problems (Bergström et al., 2014). However, the management of wind regarding sediment transport was less mentioned (Zhang et al., 2023). Wind speed and direction play an important role in mass or sediment transport (Baeye et al., 2011; Sassi et al., 2015; Colosimo et al., 2020). The temporarily stored sediments in the shallow waters or intertidal system were easily re-suspended during wind events (Colosimo et al., 2020). The visualization of risk rose relates the risk of turbidity increase with the wind directions and intensities. Moreover, by selecting interested mesh nodes, this tool could be used as a predictor of risk levels in targeted areas varying with real-time weather information.







5 Conclusions


This study extended the risk assessment framework proposed by He et al. (2024a) to estimate the impact of dredging turbidity increase on the Indo-Pacific humpback dolphin by implementing ocean simulations and K-means clustering technique. Five dredging locations were selected around Lantau Island, in PRE–HK waters, where several ongoing or future dredging/reclamation would take place. A total of 500 sediment transport simulations were conducted, considering five dredging locations and 100 representative metocean scenarios generated by K-means clustering.


The occurrence and significance of hazard proved that the choice of dredging locations made a significant difference in the sediment transport patterns. Local circulations and topography conditions around dredging locations were particularly important for the sediment plume development. Sediment plumes could be enlarged rapidly if dredging around places with a high density of macro-vortices, such as location IV, the north corner of Lantau Island. The north coastlines of Lantau Island could block the transport of sediment particles from tidal currents, such as case V.


The risk values were the products of the hazard and vulnerability index, the latter of which was built based on the sighting rate of dolphins and the national reservation. Dredging on the north corner, case IV, generated the most severe risk to the humpback dolphins. Apart from the risk spatial distributions, the risk boxes and risk roses were introduced to present the risk comparisons among five cases and wind scenarios. Those visualization methods could help better quantify the risk and understand the scenarios requiring special attention.


This study illustrated the risk assessment strategy based on numerical ocean modeling and provides a detailed case study regarding the risk of dredging operations to the humpback dolphins. The strategy can be flexibly modified according to local policies, project tasks, and other marine mammals. This study can serve as an important reference to coastal and environmental management for different considerations.


Furthermore, two aspects of work are worth future efforts. Firstly, the dataset, including K-means results, sediment modeling, hazard modeling, and risk calculation, could be used in risk prediction. The weather forecast, for example, 15 days in this study, could serve as a data point in K-means clustering. It can be determined which cluster this data point belongs to. Then, the risk assessment results of that cluster can be used as a quick prediction. This prediction can also make up a deficiency that humpback dolphin breeding and migration cycles cannot be effectively clustered. An extra coefficient can be added to the risk calculation equation to emphasize the predicted time period. Secondly, this study can guide the risk mitigation operations before, during, and after the projects, such as optimizing the dredging location during the feasibility study, organizing working duties during dredging operations, instructing to set up silt curtains or coagulants, etc. More efforts are needed in quantifying the tolerance limits of marine mammals for better collaboration with computational fluid dynamics (CFD).
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