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Abstract 

Benthic animals have been widely used as health indicators of the marine 

benthic ecosystems in temperate regions. My PhD thesis mainly aimed to understand   

the responses of benthic ecosystem in tropical Hong Kong waters to the two 

management measures - pollution control and trawling ban. My study was based on 

sediment grab samples collected from 28 stations in three territory-wide surveys 

conducted in 2001, 2012 and 2015 in Hong Kong waters. I compared the spatial and 

temporal changes in macrobenthic community structure as well as physical and 

chemical characteristics of benthic habitats between surveys conducted before and 

after the pollution control measures in 2001 and 2012, as well as surveys before and 

after the fishery management measure in 2012 and 2015. 

The impacts of sewage pollution to benthic ecosystems had been noted in 

many studies, which included deteriorated water quality and bottom sediment, and 

disturbed, less diverse macrobenthic community dominated by opportunistic small-

sized species. Therefore, sewage treatment and cessation of sewage effluent discharge 

were expected to lead to notable improvement in benthic habitats, biodiversity and 

macrobenthic communities; besides, responses of benthic ecosystems to pollution 

control may be hydrologically varied. In Hong Kong, a series of sewage treatment 

schemes, e.g. Stage 1 of Harbour Area Treatment Scheme (HATS), Tolo Harbour 

Action Plan (THAP), Tolo Harbour Effluent Export Scheme (THEES) and a number 

of sewage treatment works had been conducted in different areas of Hong Kong. 

Changes in the community structure were noted in the three focal areas with pollution 

control measures, i.e. Victoria Harbour, Deep Bay and Tolo Harbour; while apparent 

recoveries were noted inside the Victoria Harbour, the changes in benthic 

communities inside the Tolo Harbour and Deep Bay could not be attributed to the 

pollution control measures. Specifically, a decline in nutrient input to the eastern part 

of Victoria Harbour due to the implementation of HATS might have led to declined 

sedimentary total organic matter and the disappearance of the opportunistic species, 

and hence a recovery of benthic ecosystem therein. But in the sheltered Tolo Harbour 

and Deep Bay, neither improvement in sediment quality nor biodiversity were noted, 
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thus indicating a longer duration is needed for the recovery of benthic ecosystems to 

take place in these land-locked bays. 

Degraded marine fishery resources and destruction in marine ecosystems had 

been noted since the introduction of modern trawling vessels had into Hong Kong 

since the 1950s and 1960s. Currently, most reports of benthic ecosystem responses to 

cessation of trawling originate from temperate regions, while it is not well understood 

for the situation in tropical areas. The territory-wide trawling ban in tropical Hong 

Kong waters was implemented by the Hong Kong government since December 31, 

2012. Although improvement in benthic ecosystems was anticipated after the ban, it 

was unknown when this would happen and how different parts of the Hong Kong 

waters would respond to the trawling ban. My study showed that, around 3 years after 

the trawling ban, sedimentary organic matter content had increased significantly, and 

bottom water suspended solid loads had decreased in most of the survey stations, 

indicating territory-wide improvement in the benthic environment.  Moreover, 

significant increases in richness, abundance and functional diversity of macrobenthos, 

as well as a more aggregated, fewer but larger station groups of macrobenthic 

communities were also detected after the trawling ban, indicating rapid recovery of 

the benthic communities. 

In conclusion, my study indicates that benthic communities in tropical Hong 

Kong can be used as bioindicators of environmental changes. Due to their restricted 

mobility, benthic organisms should be an integral part of the ecosystem monitoring 

aiming to detect the consequences of management measures to the marine 

environment. Environmental data including habitat complexity and hydrology are 

also required to fully understand the spatial and temporal dynamics of benthic 

ecosystems. Besides, my study has provided two territory-wide baseline data on the 

biodiversity and macrobenthic community structure in the tropical Hong Kong waters, 

which will be valuable for detecting future changes in the benthic ecosystems. 

My benthic ecology studies have resulted in a published paper and a 

manuscript ready for submission for publication. Besides focusing on benthic ecology, 

I have conducted taxonomic studies on benthic polychaetes, resulting in two 
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published papers. As good taxonomy is the basis of high-quality data in benthic 

ecology, the training I received from studying these benthic polychaetes has enhanced 

my understanding of the biology of benthos, which is also important for my career 

development. However, since these papers do not fall into the main theme of my 

thesis, they are included in the thesis as appendixes only. 
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Chapter 1 General introduction 

1.1 Research background 

This thesis is a consolidation of my work during the last three and a half years 

when I enrolled as a Ph.D. student in the Department of Biology, Hong Kong Baptist 

University. The research was initiated from the identification of macrobenthic faunas 

and determination of environmental variables sampled from subtidal Hong Kong 

waters in a consultancy project “Field Sampling, Species Identification and Data 

Analysis of Benthic Infaunal Communities of Hong Kong Marine Waters” conducted 

in June 2012 and in the project of “Ecology and biodiversity of benthic marine 

ecosystems before and after the trawling ban in Hong Kong coastal waters 

(HKU5/CRF/12G)” conducted in June 2015 by the research team of Prof. Qiu 

Jianwen. We fortunately obtained macrobenthic faunal data in the 2001 survey from 

the Agriculture, Fisheries and Conservation Department (AFCD), HKSAR. It 

provided the possibility to compare the 2001 and 2012 data to study the changes in 

biodiversity and macrobenthic communities after the pollution control treatment - 

Stage 1 of Harbour Area Treatment Scheme (HATS) in Hong Kong, which was fully 

commissioned in December 2001. This is the main subject of Chapter 2 in this thesis 

and based on the data, author of this thesis had published a paper as the first author. 

In Chapter 3, I made a comparison between the 2012 and 2015 data, which came to 

the main subject of Chapter 3 in this thesis, to study the responses of biodiversity and 

macrobenthic communities after the fishery management measure (i.e. trawling ban), 

which was made effective from 31 December 2012.  

Below is a brief introduction of the research background including the use of 

macrobenthos in marine environmental studies, why it is appropriate to study 

macrobenthos in Hong Kong waters and historical studies of macrobenthos in Hong 

Kong waters, the Hong Kong climate and hydrology in characterizing the local 

marine environment, research gaps, objectives and hypothesis of the studies. 

 

1.1.1 Macrobenthos 

Marcobenthos or macrobenthic faunas are organisms living in or on the 

bottom sediment of marine habitats, including a variety of marine invertebrate, such 
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as poriferians (Kröncke 1994), cnidarians (Louzao et al. 2010), platyhelminthes 

(Dittmann 1996), nemerteans (Hewitt et al. 1997), polychaetes (Cheung et al. 2008), 

sipunculans (Musale & Desai 2011), echiurans (Weston 1990), hemichordates 

(Gerdes et al. 1992), mollusks (Latypov 2000), echinoderms (Brey 1995), 

brachiopods (Gerdes et al. 1992), crustaceans (Serrano et al. 2003), tunicates (Feder 

et al. 2007) and other taxas that are usually larger than 0.5 mm in size (Galkin & 

Vedenin 2015; Sany et al. 2018). Of all the taxa belonging to macrobenthos, 

polychaetes, mollusks and crustaceans usually constitute the main components in 

both species numbers and species abundances (Coleman et al. 1978; Giberto et al. 

2007; Shi et al. 2014).  

Macrobenthos live a variety of life history traits (Glémarec & Hily 1981; Hily 

1984) characterized by distinctiveness in age at first reproduction, body size, life span, 

fecundity and egg size (McHugh & Fong 2002); and distinct feeding guilds (Root 

1967; Fauchald & Jumars 1979) such as carnivore, omnivore, filter feeder, burrower, 

and deposit feeder (Cheung et al. 2008). Besides, macrobenthos have various feeding 

organs such as jawed pharynx, unjawed pharynx and tentacles; and some 

filter/suspension feeders have various pumping systems (Fauchald & Jumars 1979; 

Cheung et al. 2008). According to their movement abilities, macrobenthos could be 

clustered into three groups, i.e. motile, discretely motile and sessile (Fauchald & 

Jumars 1979; Cheung et al. 2008). 

 As a key component of the marine benthic ecosystems (Reish 1955; Reish 

1970; Carvalho et al. 2011; Tyler & Kowalewski 2018), macrobenthos play important 

roles in nutrient cycling and sediment transportation (Jacquot et al. 2018) through the 

benthic-pelagic coupling (Zhang 2000). For example, bioturbations by burrowing 

macrobenthos could influence nutrient cycling in sediment (Michael 2018; Leslie & 

Lamp 2019). The suspension feeders could capture suspended solids and deposit 

them through fecal and pseudofecal deposition (Rhoads 1974), thus providing food 

resources for deposit feeders; conversely, some bivalves, such as deposit feeding 

tellinids, inject particles unsuitable for ingestion as fluid-particle jets into the 

overlying water column (Newell 1979). Besides, macrobenthos also influence the 

trophic dynamics in benthic ecosystems. For example, the predation on macrobenthos 
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by fish and other predators transfer benthic production to higher trophic levels 

(Nestlerode & Diaz 1998; Salen-Picard et al. 2002; Carvalho et al. 2011), thus 

making macrobenthos an important trophic link in marine food webs. 

 

1.1.1.1 The use of macrobenthos in marine environment studies 

Macrobenthos have a number of characteristics, which make them an ideal 

group for use in detecting marine environmental changes (Dauer 1993), i.e. limited 

motility (cannot avoid changes in water and sediment quality); relatively long life 

spans (indicate and integrate water and sediment quality); include many different 

species that exhibit different responses or tolerances to stress (widely used in 

different kinds of environmental changes); play important roles in marine nutrient 

cycling and trophic links. Due to these characteristics, macrobenthos are currently 

extensively used in monitoring a variety of environmental impacts of many coastal 

anthropogenic activities, such as coastal pollution (Leppäkoski 1975; Elias & Bremec 

1994; Gesteira et al. 2003; Magni et al. 2009), sediment deposition (Thrush et al. 

2003; Ellis et al. 2004), thermal discharge (Bozorgchenani et al. 2018; Lin et al. 

2018), climate change (Pitacco et al. 2018), plastic bags (Clemente et al. 2018), fish 

farms (Henderson & Ross 1995; Forchino et al. 2018), submarine mine tailing 

disposal (Trannum et al. 2018), heavy metal pollution (Calle et al. 2018), seabed 

dredging (Kenny & Rees 1996; Piló et al. 2019), dumping (Doherty & Otitoloju 2016; 

Arizaga et al. 2017; Donázar-Aramendía et al. 2018), reclamation (Yang et al. 2016; 

Liu et al. 2018) and bottom trawling (Jones 1992; Gislason et al. 2017; Ortega et al. 

2018). Currently, these monitoring studies were mainly conducted by detecting the 

spatial or temporal distinctiveness in the biotic variables of macrobenthic 

communities in the surveyed areas, such as the use of biotic index (AMBI) in 

detecting marine pollution effects; and the changes of diversity and community 

structure in detecting the bottom trawling effects. 

The responses of macrobenthic communities to the organic pollution could be 

depicted by the Pearson-Rosenberg model (Pearson & Rosenberg 1978). 

Macrobenthic community succeeds in stages along increasing organic gradient, i.e., 

from normal community structure with diverse fauna, to transitional community with 
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increased opportunistic species, and then reach to a peak of opportunistic species. 

Eventually to azoic sediment without of macrobenthos. According to their life history 

traits and sensitivity to organic gradient, the macrobenthic species were classified into 

five ecological groups (Grall & Glémarec 1997; Borja et al. 2000), i.e. Group I, II, III, 

IV, V. And an ATZI marine biotic index (AMBI) was calculated by summing up the 

abundance percentages of each group multiplied by a series of weighting, i.e. 0 for 

Group I, 1.5 for Group II, 3 for Group III, 4.5 for Group IV and 6 for Group V (Borja 

& Muxika 2005). This calculation produced a continuous value from 0 to 7, which 

means changes of benthic community status following normal community, 

impoverished community, unbalanced community, transitional stage to pollution, 

polluted community, transitional stage to heavy pollution, heavy polluted community, 

and finally azoic sediment. This therefore provides a method in evaluating the benthic 

habitats quality by using the responses of macrobenthos to pollution. 

Currently, macrobenthos are widely used in assessing the sustainability of 

bottom trawl fisheries (Hiddink et al. 2017). The impacts of bottom trawling on the 

macrobenthic communities were described by various studies, such as the removal of 

certain species especially the sessile, deposit-feeding, suspension feeding and large-

sized species (de Groot 1984; Kaiser et al. 2000; Kaiser et al. 2006); reduction in 

species richness and biomass (Hall 1994; Jennings & Kaiser 1998; Hiddink et al. 

2017); resuspension of sediments and reduction of the heterogeneity of benthic 

habitats (Jones 1992; Hiddink et al. 2017); increase in bottom water turbidity and 

oxygen consumpsion (Pusceddu et al. 2005). Therefore, a counter reaction in the 

benthic habitats and community composition is expected after the suspension of 

bottom trawling. Since epifauna could be important food supply for benthic fishes 

(Lopez-Jamar et al. 1984; Newcombe & Taylor 2010), the recovery of macrobenthic 

community is therefore a prelude in the recovery of benthic ecosystems and fishery 

resources.  

Due to their various life history traits and feeding guilds, the macrobenthos 

therefore could be grouped into different functional groups in the marine ecosystems. 

The functional diversity of macrobenthic communities could also be influences by 

anthropogenic, such as sewage discharge (Paganelli et al. 2012; Gusmao et al. 2016) 
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and marine acidification (Hossain 2019), as well as naturally induced environmental 

changes (Braeckman et al. 2010). By detecting the statuses of macrobenthic 

functional groups, such as the feeding evenness (Gamito & Furtado 2009), the health 

of ecosystems could be estimated (Peng et al. 2013). Comparing to the analysis based 

on species (taxonomic) basis, the use of functional groups in analyzing macrobenthic 

community structure could afford stronger demarcation (Roth & Wilson 1998) and 

better understanding of system functioning within habitats (Pacheco et al. 2011).   

Macrobenthos are an important trophic link in the marine food webs, 

transferring energy from lower trophic levels to higher trophic levels (Rhoads 1974; 

Aller 1982; Schaffner et al. 1987). The differences in macrobenthic community 

trophic groups indicate differences in food resource availability and food web 

interactions (Brown et al. 2000); besides, diverse macrobenthic communities indicate 

longer food chain length and more complex trophic structures, while poor species 

communities indicate shorter food chain length and simple trophic structures 

(Sokołowski et al. 2012). Since most species of macrobenthos are assigned to 

primary consumers (Sokołowski et al. 2012); the secondary production of 

macrobenthic communities therefore could reflect the quantity and quality of primary 

production in the studied area (Sprung 1994). The benthic production depends on the 

age structure of the population and species composition (Waters 1979) and is 

influenced by environmental variables, e.g. the temperature, water depth (Mistri et al. 

2001) and eutrophication (Dolbeth et al. 2003). As important food resources, the 

abundance and biomass of macrobenthos (e.g. epifaunal polychaetes) could positively 

influence the population sizes of higher trophic levels (e.g. some fish predators) 

(Salen-Picard et al. 2002).  

In addition to the use of macrobenthos in monitoring short-term changes in 

response to anthropogenic influences, long-term changes in macrobenthic 

communities could be used for evaluating and managing the changes in secondary 

production (Dolbeth et al. 2003), pollutant transfer within food webs, the ability of 

the new community in improving the process of sediment mineralization, and nutrient 

recycling from sediment back to the water column (Rhoads & Germano 1986). 

Besides, long-term studies are also needed for estimating natural variation in 
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undisturbed benthic ecosystems (Holland 1985; Fromentin et al. 1997; Grémare et al. 

1998), as well as for interpreting durative effects of influences on ecosystems (Reise 

1982; Dolbeth et al. 2003; Labrune et al. 2007). To achieve this, periodic surveys on 

local benthic communities (Holland 1985; Dolbeth et al. 2003) as well as the 

successional maps imaged by vessel-deployed sediment-profile camera are required 

for clarify the elusive process (Rhoads & Germano 1986). 

The use of macrobenthos in environmental studies also includes studying the 

dynamics of nonnative species in local marine habitats for detecting the succession of 

benthic communities and for managing long-term marine environmental protection. 

This kind of study should be based on accurate taxonomy of macrobenthic species 

(e.g. with molecular techniques) and long-term monitoring projects. 

 

1.1.1.2 Studies of macrobenthos in Hong Kong 

The notable and detectable responses of macrobenthic community to 

anthropogenic influences made it an efficient tool for detecting the statuses of coastal 

marine environment in Hong Kong in response to the severe exploiting influences in 

the famous modern city. Besides, the government-leading marine water and sediment 

quality monitoring system (Lee et al. 2006; Xu et al. 2011) as well as the 

comprehensive historical data on benthic surveys in Hong Kong had made it 

convenient to studying both short-term and long-term changes in macrobenthic 

communities and providing valuable insights for the marine environmental protection 

and resource conservation. 

Studies on macrobenthos in Hong Kong originated from the 1970s; with area-

specific (Thompson & Shin 1983; Shin 2003; Cheung et al. 2008) and territory-wide 

(Shin & Thompson 1982; Shin et al. 2004) benthic surveys conducted aiming to 

assess the statuses of benthic ecosystems and to detect the responses of benthic 

communities to anthropogencic activities (Morton 1996b; Valente et al. 1999). Here, 

these studies will be introduced according to the WCZs and following the study time. 

Victoria Habour has rapid and effective tidal flushing; therefore, it has been 

used as repository for receiving up to 75% of the daily sewage discharge in Hong 

Kong (Xu et al. 2011; Nicholson et al. 2011). The extent of pollution and status of 



 

7 
 

benthic ecosystem inside the harbour therefore had attracted many research attentions. 

Phillips & Yim (1981) found that both sediment and oysters from Victoria Harbour 

were contaminated by copper and zinc; besides, the two contaminants were also noted 

with high body concentration in barnacle species collected inside the harbour 

(Phillips & Rainbow 1988). Thompson & Shin (1983) conducted a comprehensive 

benthic study inside the harbour. The authors clustered five station groups and noted 

one azoic group in enclosed typhoon shelters. Compared with earlier surveys, the 

community conditions were similar (Thompson & Shin 1983), but the species 

abundances were greatly varied. A two-year study of taking samples bimonthly 

indicated signs of recovery in benthic communities after the commission of Stage 1 of 

HATS; however, the recovery was quite weak (Shin et al. 2008; Cheung et al. 2008). 

Tolo Harbour is a semi-enclosed harbour in northeastern Hong Kong, with a 

narrow channel connecting the Mirs Bay, leading to its high-water retention and poor 

tidal flushing (Lee et al. 2006). The urbanization along the harbour coast since the 

1970s (Owen & Sandhu 2000) had led to poor water quality inside the harbour since 

then (Lee & Arega 1999; Xu et al. 2004), even though sewage treatment had been 

implemented inside the harbour from 1980s (EPD 1997). In the baseline study on 

macrobenthos in Tolo Harbour, Shin (1980) found that a majority of the identified 

species in the harbour was polychaetes, and the delineation of benthic communities 

clustered was correlated with sediment characterisitics. In addition, the relatively low 

biodiversity inside the harbour may be the result of the deteriorated environment 

(Wong et al. 1977; Wong et al. 1980). A two-year study on the macrobenthic 

epifauna community in the harbour and channel (Wu 1982) demonstrated that there 

were defaunation in summer and subsequent recovery due to the eutrophication and 

oxygen depletion exacerbated by the stratification and halocline. Besides, Fleddum et 

al. (2011) noted that due to the seasonal hypoxia in the harbour, the community 

structure between summer and winter are distinctively different. By reviewing 

historical data from 1975 to 1999, Shin (2003) found that there was an overall 

decrease in species diversity inside the Tolo Harbour, and suggested that the organic 

enrichment from the inner harbour might have spread to the seaward, thus leading to 

wider contamination and defaunation inside the harbour.  
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Mirs Bay connects with the outer side of the Tolo Channel and open to the 

oceanic waters in the south. Since this area is remoter, relatively undeveloped and 

free from organic pollution (Morton 1982; Shin 1983; Liu & Hills 1998), ecological 

surveys were scarce until the one conducted in Tolo Harbour and part of the Mirs Bay 

(Shin 1983). The study indicated that the benthos in Mirs Bay were in a stable 

environment without much temporal changes in species compostion. Another study 

by Valente et al. (1999) investigated the benthic recolonization upon disposal of 

dredged materials on a designated open water site in Mirs Bay. Comparing to 

reference stations, this study demonstrated that disposal of uncontaminated dredging 

materials may create new habitats with higher abundance and diversity in subtropical 

soft-bottom environment. Lu & Wu (2000) conducted a field experiment in a 

sheltered site in western Mirs Bay to examine the recolonization and succession of 

macrobenthic infauna in defaunated sediments and noted the establishment of a stable 

macrobenthic community in 15 months. 

Deep Bay is a sheltered bay in the northwestern Hong Kong, open to the Pearl 

River estuary in the southwest. The serious organic pollution (EPD 1998) and 

physical perturbations such as seasonal fluctuation of fresh water (Morton & Morton 

1983) had led to relatively lower species diversity inside the harbour than in other 

areas in Hong Kong (Qiu 1999). In the baseline study of Shin et al. (2004), stations in 

Deep Bay were clustered as a distinct group according to the faunal similarities, 

showing relatively lower species diversity than the other groups except the one in the 

Victoria Harbour. Representative species in Deep Bay were Potamocorbula laevis 

(Hinds, 1843) in summer and changed to Nephtys polybranchia Southern, 1921 in 

winter. 

Western Waters are greatly influenced by both natural and anthropogenic 

disturbances, e.g. fluctuated bottom water salinity, marine pollution from the Pearl 

River Estuary and Deep Bay, as well as fishery activities (Morton & Wu 1975; EPD 

2012; AFCD 2006). Qian et al. (2003) studied the recolonization of infaunal benthos 

in east Sha Chau in Western Waters after capping of contaminated dredged materials 

with uncontaminated sediment and noted that the recolonized benthic community was 

numerically dominanted by small polychaetes; while in biomass the community was 
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dominated by mollusks and crustaceans. Lui et al. (2007) indicated that the 

abundance, biomass and diversity of commercially valuable decapods and 

stomatopods were significantly higher in Western Waters than in Eastern Waters; and 

the results of abundance-biomass comparison method indicated highly disturbed 

benthic communities which may result from anthropogenic activities, e.g. marine 

pollution and bottom trawling.  

Besides the studies conducted in certain areas, there were also ecological 

researches that covered several waters for comparing regional benthic characteristics 

and studying the benthic responses to disturbances. Shin & Fong (1999) investigated 

16 coastal stations from the Victoria Harbour and adjacent Western Waters and 

Eastern Waters. The authors noted that station groups were distinct in waters, with the 

highest species abundance in the group in the Victoria Harbour and the lowest 

abundance in the Eastern Waters. Morton (1996b) reported the responses of 

molluscan community to dredging and trawling in a resurvey study in Southern 

Waters and part of Eastern Waters. The study indicated that such disturbances 

reduced certain neogastropod predators and the post-dredging community was 

dominated by opportunistic scavengers and bivalves resistant to disturbances. 

From 1975 to 1977, the Agriculture, Fisheries and Conservation Department 

(AFCD) of Hong Kong conducted a large scale of benthic survey in 200 stations 

covering majority of the Hong Kong waters, especially in Western Waters, Victoria 

Harbour, Southern Waters and Eastern Waters. Based on the survey data, Shin & 

Thompson (1982) provided a detailed baseline including sediment quality, species 

composition, and community structure in the overall Hong Kong waters. The authors 

clustered five station groups in Western Waters, western Hong Kong Island, Victoria 

Harbour, southern Hong Kong Island, and the large group covered Eastern Waters, 

Mirs Bay and Tolo Harbour. Their study suggested that attributed to the dispersion by 

strong tidal currents the effects of large quantities of untreated sewage seemed not 

evident to the benthos in the majority of the Hong Kong waters, except azoic areas 

inside the Victoria Harbour.  

Shin et al. (2004) provided another baseline of macrobenthic communities in 

territory-wide Hong Kong waters based on the survey in 120 sampling stations in 
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both summer and winter of 2001. The classification of station groups between 

summer and winter were largely similar with only minor differences. However, it was 

quite different with the clutering of groups in Shin & Thompson (1982) by showing a 

even larger group covered the majority of Hong Kong waters including Western 

Waters, Southern Waters, Eastern Waters and part of Mirs Bay. The other four 

smaller groups dispersed in Deep Bay, Victoria Harbour, part of Tolo Harbour and a 

small bay of Tai Long Wan in Eastern Waters. Species diversity and evenness in the 

smaller groups were lower than that in the larger groups in oceanic waters. 

 

1.1.1.3 Taxonomic studies during my PhD study as appendices 

Polychaetes, or scientifically, the species in the Class Polychaeta, contribute 

to a majority of species abundance and species numbers of macrobenthos (Khan & 

Murugesan 2005), making it a key component of the biodiversity in many benthic 

habitats. So far, around 9,000 species of polychaetes had been reported from marine 

habitats around the world with the other several thousand names in synonyms (Rouse 

& Pleijel 2001; McHugh & Fong 2002). Besides, due to the popular perception that 

“cosmopolitan species were very common among polychaetes” before 1980s and the 

poor standards in descriptions and illustrations, as well as the deposits of type 

materials in the early studies (Hutchings & Kupriyanova 2018), the differences in 

type localities and morphological characteristics between specimens were ignored or 

not realized by the early researchers, leading to many reports of cosmopolitan 

polychaete species. Therefore, it is necessary to distinguish new polychaete species 

from the “cosmopolitan species” in local marine habitats around the world as efforts 

to clarify the biodiversity; detailed morphological characteristics and molecular 

techniques are widely used in current studies and specially recommended. 

The development of molecular techniques provides an effective tool for 

rigorously distinguishing living organisms, especially the extensive uses in the small, 

fragil polychaetes (Colgan et al. 2006; Wiklund et al. 2008; Zanol et al. 2014; 

Summers et al. 2015). However, comparing to the large number of polychaetes had 

been recorded in the world, just as the databases provided in the World Register of 

Marine Species (WoRMS Editorial Board 2019), the corresponding DNA sequences 
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of polychaetes in public databases are quite deficient, making it difficult to 

conducting phylogenetic analysis between new established species and those had 

been recorded in old literatures and lacking in description and illustrations. Therefore, 

future polychaete researches require more efforts on providing accurate DNA 

sequences associated with polychaete vouchers. 

The taxonomic and phylogenetic studies of living organisms could provide us 

their probable phylogenetic relationships; and coulpled with their localities and 

possible ways of natural transportation, the researchers could possibly explain the 

migration pattern of these organisms around the world (Hayes et al. 2009; Ip et al. 

2018; Xu et al. 2018). This kind of studies could also get a wide range of application 

in ecosystem conservation and marine environmental protection, especially in 

preventing and controlling the introduction of invasive species that through a series of 

anthropogenic transfering mechanisms, e.g. shipping and bait industries (Weigle et al. 

2005; Saito et al. 2014; Cole et al. 2018).  

Due to the changes in environments caused by natural or anthropogenic 

effects, many species become extinct before they are scientifically documented, 

leading to potential losses of biodiversity. Protections on the biodiversity, however, 

are based on the recognization of the existing species, which calls for systematical 

studies on taxonomy of species resources, especially the species with small-ranged, 

small-sized, and low abundance (Mora et al. 2011), such as some polychaetes.  

The two described polychaete species (i.e. Marphysa hongkongensa Wang, 

Zhang & Qiu, 2018 and Leocrates chinensis Kinberg, 1866) as attached in the 

appendices in this thesis are relatively large-sized polychaetes and are commonly 

seen in Hong Kong’s intertidal and subtidal habitats. Marphysa hongkongensa Wang, 

Zhang & Qiu, 2018 (Polychaeta: Eunicidae) is the first new species in genus 

Marphysa recorded from Hong Kong. Species in this genus commonly inhabit in 

intertidal shores and are often used as bait in recreational fishing (Glasby & 

Hutchings 2010; Cole et al. 2018). According to the previous studies, four species of 

Marphysa had been recorded from Hong Kong waters, i.e. M. sanguinea (Shin 1980; 

Morton & Morton 1983), M. adenensis Gravier, 1900 (Mak 1982; Morton & Morton 

1983), M. bellii (Audouin & Milne Edwards, 1833) (Shin 1980) and M. stragulum 
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(Grube, 1878) (Shin & Thompson 1982); however, these records were not 

accompanied by detailed morphological descriptions, and the species were originally 

described from localities far from Hong Kong. The study of M. hongkongensa from 

Hong Kong provided both morphological descriptions and DNA sequences associated 

with the vouchers. Leocrates chinensis Kinberg, 1866 (Polychaeta: Hesionidae) was 

originally collected from the Victoria Harbour of Hong Kong; however, the holotype 

of this species had dried out for many years; therefore, I redescribed this species 

based on specimens collected from the same location inside the Victoria Harbour, to 

providing both morphological descriptions and updated vouchers. 

Besides the two large-sized species, I have also found several polychaete 

species that had not been clearly described or could not be identified to any existing 

species. There are still ongoing works with their morphological descriptions and 

molecular phylogeny. However, because of some studies are partially finished and the 

space limit, they were not included in the thesis. 

 

1.1.2 Climate and hydrology of Hong Kong 

Hong Kong is a special administrative region of the People’s Republic of 

China, linking the city of Shenzhen in Guangdong Province. Hong Kong 

geographically locates in the southeastern China and to the northern coast of the 

South China Sea. Hong Kong has a total jurisdiction area of 2755 km2. A land area of 

1106 km2 covers New Territories, Hong Kong Island, Lantau Islands and the other 

263 smaller islands; and a water area of 1651 km2 surrounded by the marginal waters 

of the South China Sea. Hong Kong is one of world’s most important financial 

centers and commercial ports, with a total population of 7.4 million. The city’s major 

activities focus along both sides of the Victoria Harbour, a natural channel separating 

the New Territories and the Hong Kong Island, which is a major tourist attraction of 

Hong Kong. 

Hong Kong has a climate with two distinct seasons (Dudgeon & Corlett 2004), 

which is dominated by the two monsoons, the warm and rainy monsoon from 

southeast and the cold and dry monsoon from northeast. The wet season ranges from 

May to September each year, having about 80% of the total annual rainfalls; the dry 
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season ranges from October to March each year, leading to a dry winter in local 

regions. As a tropical city, the average air temperature in Hong Kong is as high as 

28°C in July; but the strong cold monsoon could lead to gusty coastal waters and a 

temperature as low as 15°C in February. 

The hydrology of Hong Kong waters is dominated by three water currents 

from different sources (Williamson 1970; Morton & Wu 1975): 1) the Hainan 

Current, which was characterised by high salinity (34.4‰ to 34.6‰) and distinct sea 

water temperature at the surface (29°C) and below surface (12°C). These current 

influences predominately throughout the year until it is replaced by the 2) Kuroshio 

Current and 3) Taiwan Current (Chau & Wong 1960) in winter. The Kuroshio 

Current has high salinity (34.4‰ to 35‰) and high temperature (26°C to 29°C), 

originating from the Pacific and invading the South China Sea in winter. The Taiwan 

Current has reduced salinity (31‰ to 33‰) and moderate temperature, originating 

from the East China Sea also invades Hong Kong waters in winter.  

Besides the effects from the ocean, the local hydrology of Hong Kong is also 

affected by fresh water dilution from two distinct sources: 1) The heavy rainfall 

(averaging 2, 170 mm/year) brought to Hong Kong by the summer monsoon from 

May to September dilute the coastal sea waters; 2) The accession of a large amount of 

fresh water issuing from the Pearl River estuary (approximately 330 × 109 m3 

annually), especially in summer during which the heavy rainfall leads to about 80% 

of the total discharge volume (Xu et al. 2011), dramatically affects the western and 

northwestern coastal waters of Hong Kong (Hodgkiss et al. 1981), leading to reduced 

coastal water salinity and reduced diversity of fauna and flora in mud flats and 

mangrove swamps (Morton & Morton 1983).  

As a consequence of the fresh water from the Pearl River, the waters in Hong 

Kong could be divided into three hydrological zones, i.e., the Estuarine Zone, 

including western and northwestern waters (Deep Bay), is greatly affected by the 

Pearl River flow; the Oceanic Zone, including eastern and northeastern waters, are 

virtually unaffected by the fresh water flow from Pearl River; and the Transitional 

Zone, between the Estuarine and Oceanic Zone, could encounter water stratification 

in summer, with high salinity oceanic water arriving from the southeast below the 
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low salinity water from the Pearl River. Several Water Control Zones (WCZs) are 

divided in Hong Kong waters mainly based on the hydrodynamic characteristics and 

pollution status; and each zone has its own set of beneficial uses and water quality 

objectives (Xu et al. 2011; EPD 2012). In this thesis, the geographies and names of 

seven WCZs, i.e. Deep Bay, Western Waters, Victoria Harbour, Southern Waters, 

Eastern Waters, Mirs Bay and Tolo Harbour are used for discussion.  

 

1.1.3 Anthropogenic influences in Hong Kong waters 

The economy of Hong Kong took off in the 1970s, and during the 30-year 

rapid growth in last century, Hong Kong has become a world class metrapolitan with 

developed economic and trade activities (Warren-Rhodes & Koenig 2001; Leung et 

al. 2012). However, the growth of economy and fast urban and infrastructure 

developments have brought serious deterioration to the local environment (Wu 1998), 

especially by the pollution (Watts 1973; Morton & Wu 1975; Thompson & Shin 1983; 

Wu 1988a; Wu 1988b; Morton 1989; Liang & Wong 2003; Shin et al. 2008; Chen et 

al. 2010; Pan & Wang et al. 2012) and other anthropogenic disturbances to the 

coastal waters, such as trawling (Lai & Yu 1995; Cheung et al. 2002; AFCD 2006), 

dredging (Morton 1996b; Leung & Morton 1997; Valente et al. 1999; Qian et al. 

2003), reclamation (Glaser et al. 1991; Ng & Cook 1997; Jiao et al. 2006). In this 

thesis, I will mainly focus on two anthropogenic influences, i.e. pollution and bottom 

trawling. There are other challenges to Hong Kong waters that could be referred to a 

series of studies (Lai et al. 2016). 

 

1.1.3.1 Pollution in Hong Kong waters 

The pollution in Hong Kong mainly comes from two sources. 1) The Pearl 

River Delta. This region has an area of 10,000 km2 and a population over 35 million; 

and the population live in the entire basin of the Pearl River are over 100 million (Lee 

et al. 2006). During the past decades, rapid urbanization and industrialization has 

taken place in the Pearl River Delta; the effluents from the industrializing cities such 

as Shenzhen and Guangzhou are therefore washed into Hong Kong waters to the west 

(Morton 1989; Wang et al. 2013). 2) Hong Kong. The main pollution load comes 
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from the sewage of local inhabitants, effluent of local factories and the pollution from 

the New Territory agriculture and livestock breeding (Morton 1989; Qiu 1999).  

Before the commission of Stage 1 of HATS in December 2001, a majority of 

the overall sewage generated from Hong Kong, with a volume of 1.6 million kg/day 

(Broom et al. 2003), was discharged into the Victoria Harbour (Richardson et al. 

2000; Nicholson et al. 2011) with only large screening treatment (Thompson & Shin 

1983; Lee et al. 2006). According to the annual report of the Hong Kong water 

quality (EPD 2001), the total volume of effluent discharged into the harbour in 2001 

was about 540 million m3, slightly higher than that of 520 million m3 in 2000. 

The new town development in Tai Po and Sha Tin since the 1970s and 1980s 

had led to a rapid growth in sewage effluent that finally discharged into the Semi-

enclosed Tolo Harbour (EPD 1997). Although the sewage was partially treated by the 

two large sewage treatment works in this region, i.e. Tai Po Sewage Treatment Works 

(TPSTW) from 1979 and Shatin Sewage Treatment Works (STSTW) from 1982; 

there was still a volume of treated sewage effluent about 88,000 m3/day from the 

TPSTW (EPD 2004a; DSD 2016) and about 200,000 m3/day from the STSTW (DSD 

2009b) discharging into the harbour before the commission of the Tolo Harbour 

Effluent Export Scheme (THEES) in 1997. Besides the effluent from the sewage 

treatment works, the heavy rainfall in summer also brings accumulated organic waste 

on the riverbeds into the harbour (Wu 1982).  

The sheltered Deep Bay is the largest estuarine area in Hong Kong, with a 

surface area of 112 km2 and an average depth of 2.9 m (Young & Melville 1993). 

Since the 1980s, Deep Bay received extensive joint pollution from both Hong Kong 

and Shenzhen (EPD 2004b), with an effluent volume of about two million tons each 

year (DSD 2018a). The sewage effluent was mainly from livestock farms along 

Shenzhen River and Yuen Long Creek (Qiu 1999), leading to serious organic (EPD 

1998; EPD 2006b) and heavy metal pollution (Anon 1994a; 1994b) inside the bay.  

The other WCZs, i.e. Southern Waters, Eastern Waters and Mirs Bay are 

relatively far from coasts. They therefore receive fewer impacts from the pollutants. 

Western Waters mainly suffered from the freshwater fluctuation between summer and 

winter. The strong tidal velocity in this region (Lee et al. 2006; Xu et al. 2011) may 
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create unconsolidated sediment thus leading to higher bottom water suspended solids 

than that in the transitional and oceanic zones (EPD 2007a), which may reduce the 

organic enrichment in sediment (Churchill 1998), thus abating the pollution effects 

coming from the Pearl River Estuary and inner Deep Bay. 

 

1.1.3.2 Pollution impacts in Hong Kong waters 

Sewage effluent generated by the development of industrialization and 

millions of population from the Pearl River Estuary and local Hong Kong resulted in 

wide scale pollution of water quality and contaminated sediment in this area, leading 

to odor, fish kills, red tides, faecal pollution (e.g. E. coli) to swimming beaches, 

declined dissolved oxygen and deterioration of marine habitats (Wu 1988a; Wu 

1988b; Morton 1989; Phillip 1990; Fung 1993; Wu et al. 1998; Lee et al. 2006). 

Besides the eutrophication, heavy metal pollution in sediment of this area had also 

been noted as in severe condition (Pan & Wang 2012). 

Before the implementation of the Stage 1 of HATS, sewage discharged into 

the harbour had led to poor water quality characterized by eutrophication and high 

suspended solids (Yung et al. 1999; EPD 2007), although there was strong tidal 

action inside the Victoria Harbour (Xu et al. 2011). Organic enrichment had also been 

noted in sediment inside the harbour, with the sedimentary total organic matter (TOM) 

almost doubled from 1977 to 2001 (Shin et al. 2008). From 1974 to 1995, the percent 

saturation of dissolved oxygen inside the harbour had declined from more than 80% 

to less than 70% (Wu et al. 1998). Besides, the harbor sediment was also noted with 

contamination from high level of heavy metals (Wong et al. 1995; Zhou et al. 2007b), 

especially Cu and Ag, which was mainly discharged by the industries from the 1960s 

to 1980s (EPD 2001). Zhou et al. (2007c) indicated that the sources of heavy metal 

pollution inside the Victoria Harbour were mainly from industrial effluent, 

agricultural runoff and vehicle emission. According to the marine water quality report, 

the E. coli concentration inside the harbour had a dramatic increase in the 1990s 

(EPD 2007a). However, compared to other water regions in Hong Kong (e.g. Tolo 

Harbour), Victoria Harbour is more resilient to eutrophication due to the high 

flushing rate in the harbour and vertical mixation in certain seasons (Xu et al. 2010a). 
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Tolo Harbour is susceptible to eutrophication due to its semi-enclosed 

hydrology, which lead to poor flushing rate and seasonal water stratification (Choi & 

Lee 2004; Xu et al. 2010a). The impacts of pollution to water quality and benthic 

ecosystems had been noted in many studies. The inner Tolo Harbour was a hot spot 

for heavy metal contaminations, especially Zn and Pb, sourcing from chemical 

industries and leaded fuel (Zhou et al. 2007c). Since mid 1970s, severe red tides were 

frequently noted, leading to notable mariculture losses inside the harbour (Wong & 

Wu 1987; Lam & Ho 1989; Wong 1989; EPD 1997). Gradually changes in 

phytoplankton composition were noted from the dominance in diatoms to 

dinoflagellates (Lam & Ho 1989; Hodgkiss & Yim 1995), as well as the thriving of 

macroalgae and filamentous algae (Wu 1999). Changes in benthic community 

structure, species composition and diversity to nutrient enrichment were notable 

inside harbour in the early 1980s (Wu 1982). In addition, the mass mortality of 

benthic faunas in summer had been noted to became regular in Tolo Harbour 

(Horikoshi & Thompson 1980; Wu 1982), which is very likely to be the result of the 

seasonal oxygen depletion, a continuing process inside the harbour and the organic 

pollution from the coastal towns (Shin et al. 2004). 

Deep Bay in the northwestern Hong Kong has a sheltered shallow inner bay 

with vertically well-mixed nature (Lee et al. 2006) and an open outer bay with 

relatively stronger flushing rate than that in Tolo Harbour (Qian 2003; Choi & Lee 

2004). Due to the increasing pollution during the 1980s and 1990s, water quality in 

this region was among the worst in Hong Kong waters (Qiu 1999; EPD 2007b). 

According to the annual report of marine water quality from 1986 and 2001, there 

was a decreased trend in dissolved oxygen and an increasing trend in ammonia 

nitrogen and concentration of E. coli (EPD 2001). Besides the nutrient enrichment 

inside the bay, contaminations from heavy metals detected from local animals, such 

as oysters (Phillips et al. 1982) and young egrets and herons (Burger & Gochfeld 

1993) had shown excessive high levels. The Deep Bay was a hot spot for heavy metal 

contaminations, i.e. Zn in the inner bay and V and Fe in the outer bay. According to a 

7-year study (Zhou et al. 2007c), the sources of heavy metal pollution in this region 

were mainly from industrial effluent, agricultural runoff and vehicle emission. 
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Benthic communities and the low diversity inside the bay were affected by the 

seasonally fluctuated salinity and other environmental perturbations in Deep Bay 

(Morton & Wu 1975; Qiu 1999; Yu et al. 2000; Lee et al. 2006). 

 

1.1.3.3 Trawling in Hong Kong waters 

Bottom trawling, which accounts for roughly 25% global catch fisheries 

production (FAO 2016), has increasingly been recognized as a non-sustainable 

fishing practice (De Groot 1984; Dayton et al. 1995; Kumar & Deepthi 2006; Foden 

et al. 2011) by directly and indirectly impacting the benthic ecosystems (Jones 1992; 

Churchill 1998; Kaiser et al. 2000; Jennings et al. 2001; Thrush & Dayton 2002; 

Pusceddu et al. 2005). 

As a coastal city, Hong Kong has a high per capita per year consumption for 

local marine fish, which is only second to Japan and about seven times more than that 

of the United States (EVS 1996). The high demand for marine fish calls for dramatic 

expansion of local marine capture fisheries (Cheung et al. 2002). Since the 1950s and 

1960s, modern fishing technologies including mechanization of fishing vessels and 

invention of trawlers were introduced to Hong Kong to replace traditional trawlers 

(Stather 1975; Buchary et al. 2003; Cheung 2015), leading to a fishery production of 

about 166 million HKD in 1965 increasing to a peak of 2320 million HKD in 1993 

(Xu et al. 2015). However, due to the over-exploit of coastal fishery resources (ERM 

1998), the production had gradually dropped from the peak to a decreasing of about 

one third in 2007 (Xu et al. 2007). 

Fishing activities was allowed in all territory waters before 1970s, after which 

it was banned by the government inside the Victoria Harbour, a major shipping 

channel and home to an international, busy container port and in six marine protected 

areas that in total account for only approximately 1% of the marine area (Morton 

1996a; Wilson et al. 2002; Morton 2011). According to a report of the Legislative 

Council of Hong Kong (2010), the trawling activities in Hong Kong waters mainly 

included pair, stern, shrimp and hang trawling. The peak number of fishing vessels in 

Hong Kong was in 1960s with more than 10,000 but the number gradually decreased 

due to the enhanced fishing efficiency (Xu et al. 2015), and to around 3700 in 2010, 
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of which about 1100 were trawlers. Among them, only 400 were operating partly or 

wholly in Hong Kong waters (Morton 2011). Despite of the decreasing trend in 

number of fishing vessels, the total engine power kept increasing during the period 

from mid 1980s to mid 2000s, and then declined sharply to about one fifth in 2010 

(Xu et al. 2015). 

 

1.1.3.4 Trawling impacts in Hong Kong waters 

As a destructive fisheries operation to seabed habitats, bottom trawling can 

lead to reduction in habitat complexity by towing with its metallic fishing gears on 

the bottom, which could also lead to increasing suspended solids in bottom waters 

(Jones 1992; Thrush & Dayton 2002). The resuspension of sediment therefore could 

enhance the transportation of organic and inorganic materials into bottom water, thus 

resulting in reduction in sedimentary nutrient contents (Churchill 1998) and increases 

in bottom water turbidity and oxygen consumption (Pusceddu et al. 2005). For the 

benthic communities, bottom trawling could remove target and non-targeted species, 

especially the large-sized K-selected species, leaving the community dominated by 

small-sized R-selected species (Kaiser et al. 2000; Jennings et al. 2001). 

In Hong Kong, after the half-century long, intensive, territory-wide trawling 

activities, serious impacts had been noted, such as the degradation of commercially 

valuable fishery resources, deterioration of coastal habitats and the destruction of 

benthic ecosystems. Besides, reduced catch per unit effort had also been reported 

(Morton 1996b; ERM 1998; Leung & Morton 2003). 

A consultancy study commissioned by the Agriculture, Fisheries and 

Conservation Department (AFCD) in 1998 had shown that there was a 50% decline in 

total catches and a 90% decline in fry production in the preceding decade, indicating 

the over-fishing situation in Hong Kong waters (Morton 2011). 

The contrary trends in the decreasing total fishery production and the 

increasing total engine power, had led to a half-cut decrease in the catch of per unit of 

effect (CPUE) from 483 kg/kW to 205 kg/kW from 1985 to 2008, indicating an 

apparent and continuous reduction in fishing efficiency before the law on trawling 

ban was carried out in December 2012.  
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1.1.4 Management measures implemented in Hong Kong waters 

1.1.4.1 Pollution control measures 

To deal with the deterioration in local water quality since the 1980s, the Hong 

Kong Government implemented a series of actions such as the Sewerage Master 

Plans (SMPs) in the territory and the implementation of environmental laws such as 

the Water Pollution Control Ordinance (WPCO). The prioritized attention was given 

to the protection of 41 gazetted beaches, water gathering ground and the construction 

of sewage treatment works in the densely populated New Territories and Victoria 

Harbour (Panel on Environmental Affairs 2017). 

To get a comprehensive understanding of the overall water quality and to 

obtain efficient measures for deteriorated water environment, an extensive water 

quality monitoring program was put into effect by two government departments, the 

Environmental Protection Department (EPD) and the Agriculture, Fisheries and 

Conservation Department (AFCD) in 1982 (Lee et al. 2006; Xu et al. 2011). 

Thereafter, monthly sampling at 86 monitoring stations for a wide range of water 

quality parameters by EPD and the monitoring for fish and shellfish culture zones and 

marine conservation sites for phytoplankton species, especially an emphasis on red 

tides by AFCD had provided valuable information on the status and temporal trend of 

water quality, which could be used for characterizing the water quality dynamics in 

Hong Kong (Lee et al. 2006; Zhou et al. 2007a; Zhang et al. 2011). 

To control water pollution, the Hong Kong government proposed a three-

pronged approach (EPD 2018a). 1) Controlling pollution from the source. The EPD 

controls wastewater discharges through the Water Pollution Control Ordinance 

(WPCO) that have specific requirements to the operators to regulate their discharging 

activities; and inspections by the EPD were taken regularly to respond to and 

prosecute the operators according to their discharging activities. 2) Providing sewers. 

The EPD develops Sewerage Master Plans to be carried out by the DSD. And the 

updates of these plans are reviewed by the EPD according to the development of 

Hong Kong. 3) Collecting and treating sewage. Specific remedial measures were 

conducted in Hong Kong since the 1980s and 1990s and the measures/plans were 

conducted regionally with subsequent updates.  
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Up till now there had been several important plans/projects and their updates 

in Hong Kong, e.g. Stage 1 and Stage 2A of HATS, Yuen Long Sewage Treatment 

Works (YLSTW), Yuen Long Effluent Polishing Plant (YLEPP), Sha Tin Sewage 

Treatment Works (STSTW), Tai Po Sewage Treatment Works, and Tolo Harbour 

Action Plan (THAP), Tolo Harbour Effluent Export Scheme (THEES). These plans 

will be introduced in the following texts. 

In December 2001, the Stage I of the HATS was commissioned to improve 

the water quality inside the Victoria Harbour and it adjacent waters. This scheme 

aimed to collect 75% of the sewage generated by 4.5 million inhabitants from 

northeastern Hong Kong Island and Kowloon and channel them to the newly 

constructed Stonecutters Island Sewage Treatment Works (SCISTW) for chemically 

enhanced primary treatment (CEPT) (Shin et al. 2008; Xu et al. 2011; EPD 2018b), 

which could remove 70% of the biodegradable carbonaceous organic matter (BOD), 

80% of the suspended solids and 50% of the E.coli (EPD 2005). The treated sewage 

was then discharged to the western part of Victoria Harbor through a submarine 

outfall (Xu et al. 2011; EPD 2014a). By the end of 2009, disinfection facilities were 

installed to reduce the bacterial content in all the sewage collected in the HATS 

before discharge (DSD 2009c). The Stage 2A of HATS was commissioned in 

December 2015 to collect the remaining 25% sewage generated from the harbour area 

and transport them to the SCISTW for further treatment (DSD 2015). Moreover, the 

sewage treatment capacity of the SCISTW will be upgraded from 1.7 million m3/day 

in 2002 to 2.45 million m3/day after fully commissioned (DSD 2009c; DSD 2015).  

The Yuen Long Sewage Treatment Works (YLSTW) is a secondary sewage 

treatment works serving northwestern New Territories. The treated sewage was 

discharged into Shan Pui River and eventually to the Deep Bay (DSD 2018a). The 

Stage 1 of YLSTW was implemented in 1984, with a designed sewage treatment 

capacity of 53,000 m3/day and the Stage 2 was implemented in 1992, with a designed 

sewage treatment capacity of 70,000 m3/day. According to the estimated increase in 

sewage flow from the extended sewerage systems and the housing development in 

this region, there is a need to update the current YLSTW to the Yuen Long Effluent 
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Polishing Plant (YLEPP), which could provide a sewage treatment capacity of 

180,000 m3/day (DSD 2018a). 

San Wai Sewage Treatment Works (SWSTW) is a primary sewage treatment 

works located at the northwestern New Territories (DSD 2018b). The designed 

sewage treatment capacity of SWSTW was 164,000 m3/day with a peak flow of 

410,000 m3/day. To increase its treatment capacity to 200,000 m3/day for further 

development in this area and to enhance the treatment levels to chemical enhanced 

primary treatment with disinfection facilities, a new project Upgrading of San Wai 

sewage treatment works - phase 1 was implemented in May 2016 and will be 

completed at end of 2020 (DSD 2018b).  

The Tai Po Sewage Treatment Works (TPSTW) in the western side of Tolo 

Harbour is the second largest secondary sewage treatment works in Hong Kong. The 

Stage 1 of TPSTW was commissioned in 1979, and after the commission of the Stage 

2 in 1982, the whole STW could provide a sewage treatment capacity of 33,600 

m3/day. The further extension part Stage 4A and Stage 4B was implemented in 1986 

and 1995 respectively, with the sewage treatment capacity extended to 88,000 m3/day. 

The construction of Stage 5 Phase 1 started from 2005 and was fully commissioned in 

2009, after that it could provide a total sewage treatment capacity of 100,000 m3/day. 

The Stage 5 Phase 2A to add UV disinfection facilities starting from 2008 together 

with the Stage 5 Phase 2B starting from 2009 could provide a total sewage treatment 

capacity of up to 120,000 m3/day since its commission in June 2014 (DSD 2016).  

Shatin Sewage Treatment Works (STSTW) in the southwestern side of Tolo 

Harbour is the largest secondary sewage treatment works in Hong Kong (DSD 

2009b). The STSTW was implemented in 1982, which was designed to have a 

sewage treatment capacity of 100,000 m3/day. The further improvement had 

increased its capacity to 200,000 m3/day since 1986. To meet the long-term 

development needs of Shatin and Ma On Shan Districts and to improve the water 

quality, the Sha Tin Sewage Treatment Works Stage 3 Extension project was 

commenced in February 2001 and completed in April 2012, which provide an UV 

disinfection system and a treatment capacity of 340,000 m3/day since then (DSD 

2009b; DSD 2014a; DSD 2014b). A new project, Sha Tin Cavern Sewage Treatment 
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Works, aims to replace the existing STSTW by the development of a new sewage 

treatment works in caverns at Nui Po Shan of A Kung Kok in Sha Tin (DSD 2014b). 

This project could provide a same daily sewage treatment capacity with that of the 

current STSTW (340,000 m3/day); and the relocation of the existing STSTW could 

improve the community environment and release land for other uses beneficial to the 

development of Hong Kong.  

In addition to the TPSTW and STSTW implemented in Tolo areas since the 

1970s to 1980s, the Tolo Harbour Action Plan (THAP) was implemented in 1987. It 

aims to maintain the water quality objectives such as the load of biodegradable 

carbonaceous organic pollutants (BOD) be reduced to 5,000 kg/day, the load of total 

nitrogen be reduced to 600 kg/day, as well as the discharges of toxic pollutants be 

strictly controlled (EPD 1997). To achieve these targets, a series of actions was 

carried out including the updates in the existing STSTW and TPSTW, controls in 

waste treatment in the Tolo area and the essential Tolo Harbour Effluent Export 

Scheme (THEES). The THEES was in full operation since mid 1997. Since then, all 

treated sewage had been moved from STSTW and TPSTW to Kowloon Bay inside 

the Victoria Harbour for discharge (EPD 1997; DSD 2009b).  

Up to 2012, the Drainage Services Department of Hong Kong SAR operated a 

total of 287 sewage handling facilities (68 sewage treatment works and 219 sewage 

pumping stations), treated an average of 2.69 million m3 of sewage daily, which 

served for 93% of the total population (DSD 2012). Among all treated sewage, about 

17% was treated by secondary and tertiary treatments, about 54% by chemical 

enhanced primary treatment (CEPT) and about 30% were treated by preliminary 

screening (DSD 2012). 

To deal with cross boundary pollution problems between Hong Kong and 

Guangdong Province, the two government set up the Hong Kong-Guangdong 

Environmental Protection Liaison Group (EPLG) in 1990 and the Hong 

Kong/Guangdong Joint Working Group on Sustainable Development and 

Environmental Protection (the Joint WG) in 2000 to enhance the cooperation on the 

environment management in Deep Bay and Mirs Bay (EPD 2006a). Through the Joint 

WG, the two governments had formulated the Deep Bay (Shenzhen Bay) Water 
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Pollution Control Joint Implementation Program in January 2000 to progressively 

reduce the pollution load discharged into the Deep Bay and had completed the Mirs 

Bay Water Quality Regional Control Strategy Joint Study in 2003 to assess the 

receiving capacity of Mirs Bay by advanced modeling tools (Planning Department 

2002; EPD 2018a). 

 

1.1.4.2 Effectiveness of pollution control measures 

The implementation of pollution control measures in the last four decades had 

led to notable improvements in water quality of Hong Kong since the 1980s (EPD 

2018a). The monitoring stations with poor water quality in Hong Kong rivers had 

declined from 50% to less than 10% in the last three decades; besides, the overall 

marine water quality compliance with the Water Quality Objectives (WQOs) in Hong 

Kong had increased from 79% in 2001 to over 80% from 2002 to 2017, except in the 

year 2011 and 2014 that low dissolved oxygen was noted in many parts of Hong 

Kong waters largely due to the unusually hot weather (EPD 2011; EPD 2014b; EPD 

2017). For the 41 gazetted beaches, all of them had met the WQZ since 2010 

compared to 26 beaches in 1997 (Panel on Environmental Affairs 2017). According 

to Wang et al. (2013), there was a continuous decline in sedimentary heavy metal 

concentrations in Hong Kong since the early 1990s. However, a considerable part of 

the heavy metals was noted persistent in sediment, which may have long-term 

harmful effects on benthic faunas (Tang 2007; Shin et al. 2008).  

After the full commission of the Stage 1 of HATS in December 2001, the 

water quality inside the harbour had increased significantly with increased dissolved 

oxygen (by 10%) and decreased ammonia (by 31%), total inorganic nitrogen (by 

16%), phosphorus (by 36%) and E. coli level (by 50%) (EPD 2007a; Shin et al. 2008; 

EPD 2014a). According the EPD annual reports from 1986 to 2005, the scheme could 

achieve a 70% decrease in organic matter according to the 5-day biochemical oxygen 

demand (BOD) and an 80% decrease in suspended solids (EPD 2007a; Shin et al. 

2008). There were also signs of recovery in benthic communities in the Victoria 

Harbour after pollution control with increased proportion of carnivores and 

replacement of opportunistic species by ubiquitous species (Cheung et al. 2008; Shin 
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et al. 2008). However, there was no reduction in Chlorophyll a; besides, there were 

increased concentration of E. coli and fecal coliform levels, which calls for 

disinfection process to the effluent in the Stage 2 of HATS (Xu et al. 2011). 

After the commission of the sewage treatment works from Tai Po (TPSTW) 

and Sha Tin (STSTW) in the Tolo area since the 1970s and 1980s, all sewage 

discharged into the harbour was under secondary treatment. Because of the 

implementation of the Tolo Harbour Action Plan (THAP) in 1987 and the Tolo 

Harbour Effluent Export Scheme (THEES) in mid 1997, the water quality inside the 

harbour had improved markedly (DSD 2009b), with an increasing trend in WQO 

compliance during the last four decades (EPD 2015). Biodegradable carbonaceous 

organic matter (BOD) discharged into the harbour was anticipated to be reduce to 

5000 kg/day; and the total nitrogen load was anticipated to be reduced from 6000 

kg/day to 600 kg/day (Water Policy and Planning Group 1997; Shin 2003). The mean 

concentration of total phosphorous in Tolo Harbour had decreased from more than 

0.035mg/L during 1986 to 1996 to less than 0.01 mg/L during 2007 to 2016 (EPD 

2016). The red tide occurrences had a decreasing trend from a peak of 43 occurrences 

in 1988, reduced to an average of 5 during 2013-2017 (EPD 2017). 

Compared with other WCZs in Hong Kong, the nutrient level in Deep Bay 

was relatively higher. However, reports of red tides in the bay were fewer, which may 

be due to the high background suspended solids abating the growth of phytoplankton 

(EPD 2017).  The water quality was distinct between the inner Deep Bay and the 

outer Deep Bay. The nutrient level, e.g. Ammonia nitrogen, Orthophosphate 

phosphorous and total inorganic nitrogen and the concentration of E. coli were 

apparently higher in the inner bay than that in the outer bay (EPD 2017), which 

encountered strong flushing effects from the both the tide and the Pearl River Estuary 

(Lee et al. 2006; Xu et al. 2011). In the inner bay, there was a temporary increase in 

nutrient levels such as the overall WQO compliance, Ammonia nitrogen, 

Orthophosphate phosphorous, and total inorganic nitrogen and the concentration of E. 

coli during the period from 1986 to 2004. In contrary, there was an apparent decrease 

trend in the nutrient levels and the concentration of E. coli during the period from 

2004 to 2017. The notable water quality improvement since the 2004 may be a result 
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of the collaboration from both Hong Kong and Shenzhen governments in reducing 

pollution loads, for example, the voluntary farm surrender schemes for poultry and 

pig farms implemented in 2005-2008 (AFCD 2005; EPD 2017).  

 

1.1.4.3 Fishery management measures 

Given the negative impacts of trawling activities, a number of countries have 

conducted fishery management measures in their territory waters (Pipitone et al. 2000; 

Pranovi et al. 2015) or in the international waters they manage (Ardron et al. 2008). 

In Hong Kong, as a solution for the over-exploited local marine fishery 

resources, the government set apart several designated coastal water areas for private 

cultured fishery in 1982, leading to an increase in cultured fishery production from a 

few hundred tons to over 3000 tons in the first six years (Lai & Yu 1995). Although 

the cultured fish industry had made great success in Hong Kong, it suffered from 

urban development and water pollution (Wu 1988a; Morton 1989); besides, the 

environmental impacts assessment and monitoring are also in urgent need for the 

sustainable fishery culture activities (Wu 1995). 

In view of the decline in fisheries resources, a change of fishery objectives 

from “facilitating production” and “improving productivity” to “sustainable use of 

fishery resources” had been accepted by the Hong Kong government in the mid-

1990s (Leung 2003). However, no laws or policies were made to change the fisheries 

conditions in Hong Kong during that period. The change in the fishery policy of 

Hong Kong eventually came in 2006, when a report by the Chinese Academy of 

Fisheries Science (CAFS) had shown that the fishery production (26,700 tons) in 

Hong Kong waters was 30% higher than its maximum sustainable production (20,500 

tons); besides, the total engine power of vessels (270,000 kW) was 93% percent 

higher than the estimated total engine power necessary to achieve the maximum 

sustainable production (140,000 kW). Thereafter, the government established the 

Committee on Sustainable Fisheries in 2006 to deal with the future fishery policy in 

Hong Kong. According to the final report delivered by the committee in 2010, the 

Hong Kong government announced the implementation to ban trawling activities in 

Hong Kong waters with the aim to protect the marine resources and ecosystems. 
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Subsequently, a territory-wide trawling ban was put into effects on December 31, 

2012, after which, all trawling activities, including pair, stern, shrimp and hang 

trawling were banned in the Hong Kong waters (AFCD 2006; Morton 2011).  

Before the trawling ban in 2012, the Hong Kong government introduced a 

one-off assistant scheme for fishermen affected by the law, to mitigating the 

influences on their livelihoods, and to equipping them with the skills and knowledge 

for switching to other sustainable fishing activities such as mariculture and 

recreational fishing (AFCD 2006). The scheme included a variety of measures, such 

as providing pension payments to affected fishermen; buying out affected inshore 

trawlers from the owners who voluntarily surrender their vessels; and providing one-

off grant to affected local deckhands (Legislative Council 2016). According to the 

AFCD (2006), some of the bought-out trawlers will be processed and used as 

artificial reefs, which are serving for rehabilitation of fisheries resources and 

improvement of coastal habitats in Hong Kong waters. 

 

1.1.4.4 Effectiveness of fishery management measures 

After the implementation of the law on trawling ban since 2013, a series of 

surveys had been carried out to study the effects of the trawling ban to benthic 

ecosystems in Hong Kong, such as the changes in community of dermersal fishes 

(Mak et al. 2015; Perkins et al. 2018) and demersal crustaceans (Tao et al. 2015a, b; 

Tao et al. 2018). Currently, only partial or initial recovery were noted in the 

communities after the trawling ban, such as the increased abundances of demersal 

crustaceans (Tao et al. 2015a), increased mean weight and proportion of large-sized 

stomatopod species (Tao et al. 2018), and changes in community structure of 

demersal fishes (Mak et al. 2015) and demersal crustaceans (Tao et al. 2015a); while 

the Shannon-Wiener diversity index (H’), richness index and biomass of these 

benthic communities did not show apparent changes. 

 

1.2 Research gaps  

1.2.1 Baseline on macrobenthos in Hong Kong waters 
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Updated baseline data on the biodiversity and macrobenthic community 

structure are lacking in territory Hong Kong waters. Before our studies the most 

updated data are from surveys in June 2001 (Shin et al. 2004). After that, several 

essential management measures (e.g. pollution control and fishery management 

measures) had been commissioned in Hong Kong waters, which may have caused 

notable changes in the biodiversity and macrobenthic communities. Therefore, two 

surveys of macrobenthic communities covering a majority of Hong Kong waters were 

conducted in June 2012 and June 2015, to provide updated baselines for 

macrobenthic studies. 

 

1.2.2 Responses of tropical macrobenthic ecosystems to trawling ban 

Bottom trawling has been banned in some jurisdictions to mitigate the 

problems of habitat destruction and overfishing. However, most recent studies of 

macrobenthic ecosystem responses to absence of trawling were from temperate 

waters and have seldom been studied in tropical regions. Therefore, to provide an 

empirical study in tropical Hong Kong waters, a survey conducted in June 2015, 

which was two and a half years after the trawling ban policy was commissioned in 

Hong Kong on December 31, 2012. 

 

1.3 Objectives and hypothesis 

1.3.1 Pollution control 

This research aims to study the changes in biodiversity and macrobenthic 

communities after the pollution control measures in Hong Kong waters, especially the 

effects of Stage 1 of HATS, which was fully commissioned in December 2001. In 

addition, we hoped to better understand the effects of the changes of sedimentary 

parameters on the restructuring of the benthic communities. 

Shin et al. (2004) had illustrated that before the commission of the Stage 1 of 

HATS, a majority of the stations were clustered as one group with species 

composition close to unaffected, oceanic, Eastern Waters. Several smaller groups 

with a few stations in Deep Bay, Victoria Harbour and Tolo Harbour had relatively 

distinct species composition with the larger group. In view of the distinct process of 
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pollution control activities in the three focal areas, two hypotheses were proposed on 

the distinctiveness of biotic and abiotic changes. Hypothesis 1: Macrobenthic 

communities would display apparent changes in the focal areas of Deep Bay, Victoria 

Harbour and Tolo Harbour, where pollution control had been implemented for 

decades. Hypothesis 2: More changes in biotic and abiotic variables in the two 

harbours than in Deep Bay were expected due to the complicated issue of controlling 

trans-border pollution.  

I plan to divide the 28 surveyed stations in the 2012 survey into clusters 

according to the dividing similarity level in the 2001 survey (Shin et al. 2004). From 

there, I could study the possible changes in grouped stations in the three focal groups, 

if there were any notable changes in species composition under pollution control in 

the last decades. Besides, I plann to compare the temporal changes in biotic and 

abiotic variables in the three areas to test if there were distinct changes in regional 

ecosystems. 

 

1.3.2 Trawling ban 

This research aims to study the responses of biodiversity and macrobenthic 

communities to the fishery management measures: the territory-wide ban on trawling 

in the tropical Hong Kong waters. In addition, the research aims to understand the 

changes in functional groups of macrobenthic communities in such an essential 

anthropogenic activities. 

Previous studies conducted in temperate regions had demonstrated a series of 

impacts that trawling may have on abiotic and biotic variables, such as reduction of 

habitat complexity/heterogeneity and resuspension of sediments into water column 

(Jones 1992; Hiddink et al. 2017), increases in bottom water turbidity and oxygen 

consumption (Pusceddu et al. 2005), reduction in sedimentary nutrient contents 

(Churchill 1998), removal of certain species, especially large-sized K-selected species, 

leaving the community dominated by small-sized R-selected species (Kaiser et al. 

2000; Jennings et al. 2001a).  

Therefore, three hypotheses were proposed on the responses of abiotic and 

biotic factors after the trawling ban. Hypothesis 1: Sedimentary organic matter 
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(TOM) will increase and suspended solids (SUS) in the water column will decline 

because the ban will prevent physical disturbance of the seabed by the fishing gear 

and thus reduce the resuspension of sediments and enhance the accumulation of 

sedimentary organic matters. Hypothesis 2: The abundance, biomass, richness and 

functional groups of macrobenthos will increase due to the cessation of direct/indirect 

removal of macrobenthos by trawling. Hypothesis 3: In the absence of trawling 

(which tends to reduce the niche breadth of wide spreading species), the Bray-Curtis 

similarity index between stations will tend to be increased and hence lead to fewer 

fragmented macrobenthic communities.  
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Chapter 2 Macrobenthic communities and biodiversity in response 

to pollution control in Hong Kong waters 

2.1 Abstract 

Macrobenthic communities in 2001 and 2012 were compared across the 

marine environment of Hong Kong based on sediment grab samples collected from 

28 stations. CLUSTER analysis showed in both surveys that the stations could be 

divided into four groups at 20% faunal similarity. However, there were notable 

changes in the macrobenthic community structure between 2001 and 2012 in three 

focal areas of pollution control (i.e. Victoria Harbour, Deep Bay and Tolo Harbour). 

The potential link between macrobenthos and pollution abatement measures, and the 

contributions of environmental conditions to the differential responsiveness of 

macrobenthos were explored. Notably, a decline in nutrient input to the eastern part 

of Victoria Harbour due to the implementation of HATS might have led to the 

disappearance of opportunistic species, and hence a recovery of benthic communities 

therein. 

 

2.2 Introduction 

Macrobenthos are widely used as bioindicators in marine pollution monitoring 

due to their limited motility and responsiveness to pollutant loading (Snelgrove & 

Butman 1994; Magni et al. 2009). Different types of sediment are usually inhabited 

by macrobenthos of different life-history traits (Gray 1982; Gray et al. 1990), and 

their changes in abundance and species composition could correspond to the loading 

of pollutants (Warwick & Pearson 1987; Clarke & Green 1988; Wildsmith et al. 

2011). For instance, along a gradient of organic pollution from highly polluted to 

pristine sites, macrobenthic community usually changes from a dominance of few 

opportunistic species to a diverse fauna (Pearson & Rosenberg 1978); therefore, 

determining their community structure can reveal the status of organic pollution in 

the sediment. Nevertheless, there is limited knowledge on the recovery of degraded 

benthic communities from cessation of organic enrichment (Sanz-Lázaro & Marin 

2006; Shin et al. 2008). Although it is generally assumed that recovery in low latitude, 

tropical areas is rapid due to the dominance of short-living opportunistic species 
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(Santos & Simons 1980; Wu 1982; Lu & Wu 2000), other forms of disturbances in 

tropical marine systems such as storm and dredging may affect benthic community, 

making it difficult to detect the recovery from organic enrichment (Shin 1989; Qian et 

al. 2003; Cheung et al. 2008). 

Assessment of benthic community changes caused by various human 

activities requires baseline data on the abundance, species composition, and 

community structure. However, such updated data are generally lacking in Hong 

Kong (Shin & Thompson 1982; Shin et al. 2004). In this study, a territory-wide 

survey of macrobenthic communities therefore was conducted in 2012 and compared 

with data collected in 2001 (Shin et al. 2004) to provide an updated baseline and 

identify areas that might have undergone substantial faunal changes. The period 

between 2001 and 2012 was interesting because several organic pollution control 

projects had either been completed or under construction (Nicholson et al. 2011). 

Around Victoria Harbour, Stage I of the HATS which aimed to collect and treat 75% 

of the sewage generated by an urban population of 4.5 million inhabiting the area, 

was commissioned in December 2001 (Shin et al. 2008; Xu et al. 2011). Under this 

scheme, sewage collected from Kowloon and northeastern Hong Kong Island was 

conveyed to the Stonecutters Island through deep tunnels, treated there and 

discharged to the western part of Victoria Harbor through a submarine outfall (Figure 

2.1). In the Tolo Harbour area, implementation of the Tolo Harbour Action Plan, 

especially the export of effluent from the Sha Tin and Tai Po Sewage Treatment 

Works to Victoria Harbour, has resulted in a reduction in total nitrogen load of 6,000 

kg d-1 in 1987 to 600 kg d-1 after 1998 (Shin 2003). Deep Bay, which receives 

freshwater discharges from rivers in New Territories of Hong Kong to the south and 

Shenzhen to the north, has suffered from serious organic pollution since the 1980s 

(Qiu 1999; Xu et al. 2010b). The Hong Kong and Shenzhen governments have 

implemented various pollution control measures in recent decades, especially the 

Deep Bay (Shenzhen Bay) Water Pollution Control Joint Implementation Program 

(DSD 2009a; Zhao et al. 2014). 

The present study aimed to test the hypothesis that the macrobenthic 

communities would display considerable temporal changes in these three focal areas 
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(i.e. Victoria Harbour, Tolo Harbour and Deep Bay) where pollution control 

intervention measures had been implemented. More changes in macrobenthic 

community in both harbours than in Deep Bay due to the complicated issue of 

controlling trans-border pollution were expected. In addition, this study aimed to 

understand how the changes in sedimentary parameters might have restructured the 

benthic communities.  

 

2.3 Materials and methods 

2.3.1 Study area and field sampling 

Samples were collected on 5-8 June 2012 by the research team of Prof. Qiu 

Jianwen from Hong Kong Baptist University from 28 stations covering the seven 

WCZs in the entire Hong Kong waters that are different in hydrology and human 

impact (Figure 2.1; Table 2.1). The station localities and numbers corresponded to a 

subset of stations in the Environmental Protection Department (EPD)’s regular 

sediment monitoring program (EPD 2012). The stations were located by differential 

Global Positioning System (GPS) and the water depths determined by echo sounding. 

At each station, five sediment samples were collected using a 0.1 m2 van Veen grab 

for faunal analysis, and one sediment sample was collected for sediment analysis. The 

sediment samples for faunal analysis were gently rinsed through a 0.5 mm sieve. The 

residues retained on the sieve were carefully transferred into plastic containers and 

preserved in 5% formalin in seawater stained with 1% Rose Bengal. For sediment 

analysis, approximately 400 g of each sediment sample was kept in a Ziplock bag and 

placed on ice in a cooler on board the survey vessel and stored at -20°C in a 

refrigerator after the samples were transported to Hong Kong Baptist University. 

 

2.3.2 Faunal analysis 

For faunal analysis, sediment residues retained on the sieve were sorted, and 

macrobenthos were transferred to 70% ethanol and later identified to the lowest 

possible taxonomic level. The identification of all macrobenthos collected during the 

survey were done by the Institute of Oceanology, Chinese Academy of Sciences and 

the sample preparation affairs were done by Dr. Yanan Sun. Specimens with an 
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anterior fragment were counted to determine the abundance, and biomass was 

determined as ethanol-preserved wet weight using a SHIMADZU AUW220 

electronic balance after the sample was blotted dry with a paper towel. To facilitate 

the determination of temporal changes in macrobenthic fauna, 28 of the 120 stations 

sampled in 2001 by Shin et al. (2004) that overlapped with our 28 stations were 

included in the analysis. Since Shin et al. (2004) showed that samples collected in 

summer (June-July) and winter (November-December) of the same year showed 

substantial differences in abundance and composition, only the summer dataset was 

used to avoid the confounding effect of season. 

 

2.3.3 Sediment analysis 

Several sedimentary parameters were analyzed to understand their influence 

on the faunal structure. The sedimentary total organic matter (TOM) content were 

determined with the sediment collected at each site during the survey. The sediment 

samples were freeze-dried. Approximately 20 g freeze-dried sediment from each 

sample was treated with 35% H2O2 overnight, dried at 100°C to constant weight and 

combusted at 500°C for 8 h in a muffle furnace. The content of TOM was calculated 

as the loss in weight after combustion, as compared with the weight after drying at 

100°C. Data for other sedimentary parameters, including chemical oxygen demand 

(COD), electrochemical potential (EP), particle size fraction < 63 μm (%) (PF63), total 

carbon (TC) content, total Kjeldahl nitrogen (TKN) content and total sulphide (TS) 

content were obtained from the Environmental Protection Department (Table 2.2). 

 

2.4 Statistical analysis 

Faunal data from the five grab samples of each station were pooled for 

calculation of univariate and multivariate community parameters. Univariate diversity 

parameters (i.e. Shannon-Wiener diversity index and Pielou’s evenness index) were 

calculated for each station. Based on the species-abundance data, the stations were 

grouped using CLUSTER analysis, followed by non-metric multi-dimensional scaling 

(MDS) to spatially depict the relationships among the stations.  
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CLUSTER analysis was carried out based on the Bray-Curtis coefficient 

values between every pair of stations (Clarke & Warwick 2001). The Bray-Curtis 

coefficient is a commonly used coefficient to describe the similarity between 

biological communities, which measure the similarities contributed by both species 

and abundance between two samples (Bray & Curtis 1957). Since similarities may be 

over-dominated by a few high abundant species in both samples, the original 

abundance data were fourth-root transformed to down-weight the abundant species 

before the CLUSTER procedure. In the present study, I used the group-average mode 

to successively group samples. The significance within each group was tested by the 

SIMPROF procedure with 5% significant level and 999 simulations. 

MDS is an ordination technique used to visually assess the similarities of 

samples. This technique aims to capture the dissimilarities of the original data matrix 

with distances in a low dimensional ordination (Clarke & Warwick 2001). The 

PRIMER software provided a non-parametric regression of distances on 

dissimilarities among the samples, with Stress value calculated to show the matching 

degree of the regression (Shepard 1962; Kruskal 1964). 

The similarity percentage (SIMPER) routine was further applied to quantify 

the contributions of different species to the similarities within each faunal group. 

Multi-collinearity was conducted for the various sediment parameters, with 

parameters having a variance inflation factor (VIF = 1/(1−R2)) > 10 being considered 

to have clear evidence of collinearity (Neter et al. 1990). The BEST procedure using 

the BIOENV method was applied to calculate the Spearman rank correlation between 

benthic community and sediment quality parameters with no collinearity using the 

fourth-root transformed abundance data and square-root transformed environmental 

data. The univariate and multivariate analyses were conducted using the software 

package PRIMER 6 (Clarke & Gorley 2006). To compare the biological and 

environmental parameters, a paired t-test was performed with the software SPSS 17.0. 

 

2.5 Results 

A total of 7095 specimens were collected in the 2012 survey, including 266 

taxa from 116 families in 9 phyla. Among the 266 taxa, 252 were identified to species 
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or genus level and 14 to family or higher level. The most diverse taxon was Annelida 

(127 polychaetes), followed in descending order by Crustacea (60 species), Mollusca 

(41bivalves, 13 gastropods, 1 polyplacophoran, 1 scaphopod), Echinodermata (14 

species) and five minor phyla (9 species). Polychaetes, crustaceans and bivalves were 

numerically dominant, comprising 69.7%, 12.8% and 6.8% of the specimens, 

respectively. 

A total of 11822 specimens were collected in the 2001 survey from the 28 

stations, including 255 taxa from 101 families in 10 phyla. Among the 255 taxa, 247 

were identified to species or genus level and 8 to family or higher levels. The most 

diverse taxon was Annelida (144 polychaetes and 1 oligochaete), followed in 

descending order by Mollusca (29 bivalves, 8 gastropods and 1 polyplacophoran), 

Crustacea (37 species), Echinodermata (13 species) and six minor phyla (22 species). 

Polychaetes, bivalves, oligochaetes, and crustaceans were numerically dominant, 

comprising 34.6%, 33.6%, 24.7% and 4.0% of the specimens, respectively. 

From 2001 to 2012, the mean abundance per station declined from 365 to 253 

individuals, which was mainly due to the decline in the abundance in two stations 

(Figure 2.2). Specifically, in station 1, the decline in total number of specimens in 

2012 survey was mainly due to the decline in the abundance of the bivalve 

Potamocorbula laevis from 1430 individuals to 0. Similarly, in station 12, there was a 

remarkable decline in the abundance of the oligochaete Thalassodrilides gurwitschi 

from 2920 individuals to 0, and of the bivalve Ruditapes philippinarum (Adams & 

Reeve 1850) from 2338 to 0 individuals. No substantial decline in abundance was 

apparent in other stations. In association with the decline in the respective dominant 

species from 2001 to 2012, station 1 showed remarkable increases in H’ from 0.45 to 

1.82 and J from 0.20 to 0.80, respectively. Station 12 also showed remarkable 

increases in H’ from 1.23 to 2.92 and J from 0.34 to 0.75, respectively. 

Results of CLUSTER analysis based on species abundance data showed that, 

at 20% similarity, the 28 stations could be clustered into four station groups in both 

the 2001 and 2012 surveys (Figure 2.3). These groups were broadly consistent 

between the two surveys, but there were notable differences within each group, which 
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are shown more nicely in MDS plots, calculated based on the same abundance-

species matrix. 

Three-dimensional MDS plots showing the similarities among the stations had 

low stress values (0.12 for the 2001 survey and 0.13 for the 2012 survey), indicating 

their good representation of the data (Figure 2.4). There were distinct spatial patterns 

in station grouping (Figure 2.5): group A included most of the stations distributed 

throughout the study area; group B included 2 stations (11 and 12) in Victoria 

Harbour in 2001 and only one station (station 11) in 2012; group C had 5 stations (1, 

2, 3, 4 and 5) in the Deep Bay area in 2001 and 2 stations in 2012; group D had 5 

stations (22, 23, 24, 26 and 27) in the Tolo Harbour and western Mirs Bay area in 

2001 and 3 stations (21, 23 and 26) in 2012. The station grouping was very similar 

between the two surveys, with the majority of stations being clustered in group A. 

However, there were notable changes in the other smaller groups from 2001 to 2012, 

with the number of stations in the smaller groups reduced and most of those with 

changed station grouping were merged into group A. 

The station groups were also distinct in environmental characteristics and 

univariate biological parameters (Table 2.2). Group A, which including the majority 

of stations, had the highest mean depth, and relatively low total organic matter 

(TOM), total sulphide (TS), total carbon (TC), and chemical oxygen demand (COD). 

The bottom sediment was fine, and it supported the highest species diversity and 

evenness. The macrobenthic fauna was dominated numerically by polychaetes 

(69.7% in the 2012 survey and 69.4% in the 2001 survey), followed by crustaceans 

and molluscs. Group B, located in Victoria Harbour, had a sandy bottom that 

supported the highest number of species, number of individuals and biomass, but the 

lowest evenness in both surveys. This group was co-dominated by polychaetes and 

molluscs. The highest TS in both 2001 and 2012, highest TC, total Kjeldahl nitrogen 

(TKN) and COD in 2012 were noted in this group. Group C, located in the relatively 

shallow Deep Bay area with a bottom of fine sediment, had intermediate values of 

species number but low diversity. This group was co-dominated by polychates and 

molluscs in 2001 but polychaetes only in 2012. Relatively low TOM, TS, TKN, TC, 

and high electrochemical potential (EP) were noted in this group. Group D, situated 
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in Tolo Harbour and western Mirs Bay with a bottom of fine sediment, had an 

impoverished fauna with the lowest number of species, number of individuals, and 

biomass. This group had the highest TOM, and high TKN, TC, and COD in both the 

2001 and 2012 surveys among the four station groups. 

There was no apparent multi-collinearity (VIF < 5) among the eight 

environmental parameters used, therefore all these parameters were used to analyze 

the correlation with macrobenthic community structure. The results of BIOENV 

(Table 2.3) showed that the four station groups described from the CLUSTER 

analysis were correlated with five environmental variables in 2001, including COD, 

EP, PF63, TKN, and TS (Spearman rank coefficient = 0.597, no. permutations = 999, 

P < 0.001), with EP being the single variable that best explained the grouping 

(Spearman rank coefficient = 0.405, no. permutations = 999, P < 0.001). In 2012, the 

CLUSTER result had high correlation with COD, EP, and TOM (Spearman rank 

coefficient = 0.534, no. permutations = 999, P < 0.001), and TOM was the single 

variable which best explained the faunal grouping (Spearman rank coefficient = 0.382, 

no. permutations = 999, P < 0.001). 

Table 2.4 summarizes the results of SIMPER analysis showing species 

with >50% cumulative contribution to station group similarities. In all station groups 

of the two surveys, polychaetes had the highest contribution to the similarities. In 

particular, the polychaete Sigambra hanaokai was a significant contributor to the 

similarity of stations within groups A, C and D. Group A was primarily represented 

by several species of small polychaetes, especially Micronephthys oligobranchia, 

Sigambra hanaokai, Mediomastus sp. and Paraprionospio pinnata. Group B with two 

stations in the 2001 survey was mainly represented by seven species of polychaetes 

with Cirratulus sp. and Schistomeringos rudolphi being the most dominant, and the 

bivalve R. philippinarum. With station 12 being merged to group A in 2012, group B 

had station 11 as the only station, which was still characterized by high abundance of 

R. philippinarum and high polychaete diversity. Group C was mainly represented by 

two species of polychaetes (Heteromastus filiformis, S. hanaokai) and the bivalve 

Potamocorbula laevis. Group D was primarily represented by the polychaete 

Sigambra hanaokai in both surveys. Although polychaetes were dominant in most 
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station groups in both years, the bivalve R. philippinarum was also dominant in group 

B in both years, and so was the bivalve Potamocorbula laevis in group C in 2001. 

Moreover, due to their relatively heavy weight, these two species of bivalves were the 

most important contributor to the overall biomass of the two station groups, 

respectively. 

To understand the changes in faunal composition between the two surveys, 

the faunal and sedimentary data were compared for the eight stations (3, 4, 5, 12, 21, 

22, 24 and 27) that had changed their group assignment between 2001 and 2012 

(Table 2.5). Station 3 and station 4 showed low abundance for all species in both 

surveys, and there was an increase in the abundance of the clam Potamocorbula 

laevis in station 3 from 0 individual in 2001 to 25 individuals in 2012, and the crab 

Xenophthalmus pinnotheroides in station 4 from 0 individual to 140 individuals. At 

station 5, there was a remarkable increase in the small opportunistic polychaete 

Paraprionospio pinnata from 0 individual to 1712 individuals. At these three stations 

located outside Deep Bay, sedimentary TOM ranged from 3.5% to 6.4% in 2001 and 

3.5% to 4.5% in 2012. However, there was no significant difference in TOM between 

the two surveys (P > 0.05). At station 12 inside Victoria Harbour, there was 

dramatically decline in the abundance of the clam R. philippinarum and the 

oligochaete Thalassodrilides gurwitschi from 2338 and 2920, respectively, in 2001 to 

complete absence in 2012. During this period, the sedimentary TOM of station 12 

decreased dramatically from 11.98% to 3.74% and total sulphide from 250 mg/kg to 

12 mg/kg. At station 21, there was a decline in the number of species from 22 in 2001 

to 6 in 2012. During this period, the sedimentary TOM, TS and EP increased from 

5.8% to 8.1%, 200 mg/kg to 290 mg/kg, and -362 mV to -185 mV, respectively. At 

station 22, there was an increase in the number of species from 5 in 2001 to 16 in 

2012, and the presence of large bodied echiurid Listriolobus brevirostris Chen & Yeh, 

1958 led to a great elevation of biomass in 2012. The sedimentary TOM, TS and EP 

increased from 8.4% to 9.6%, 200 mg/kg to 270 mg/kg, and -320 mV to -190 mV, 

respectively. At station 24, there was an increase in the abundance of the polychaete 

Nereis longior from 0 to 15 and the large bodied echiurid L. brevirostris from 0 to 14, 

leading to a great elevation of biomass in 2012. Between the two surveys, the 
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sedimentary TS increased from 64 mg/kg to 88 mg/kg, and the EP increased from -

220 mV to -135 mV. At station 27, the number of species increased from 11 to 25, 

and the disappearance of the large bodied clam Paratapes undulatus (Born, 1778) led 

to a decline in biomass from 2001 to 2012. During this period, the sedimentary TOM, 

TS and COD decreased from 8.9% to 5.4%, 34 mg/kg to 6.1 mg/kg, and 20,000 

mg/kg to 12,000 mg/kg, respectively; but the EP increased from -135 mV to -95 mV. 

 

2.6 Discussion 

Results from the present study clearly showed that there were four distinct 

macrobenthic communities in the marine environment of Hong Kong, which were 

characterized by different levels openness, water depth and sediment characteristics. 

Group A, the prevalent community encompassing most of the study area and 

dominated by small polychaetes, inhibited the deeper waters with a bottom of poorly 

sorted fine mud, reflecting the weak wave and low current movements in the near-

shore waters of Hong Kong (Shin et al. 2004). This community was stable between 

2001 and 2012, with only few changes in the MDS station group assignment. Other 

communities were smaller with more notable changes in the MDS station assignment 

between the two surveys. 

Victoria Harbour had a community (group B) of the highest diversity, biomass, 

and number of specimens. This group inhabited a coarse sandy bottom, reflecting the 

higher tidal currents that flow in the southwest-northwest direction in the narrow 

harbour area (Morton & Wu 1975). This community, co-dominated by the bivalve R. 

philippinarum and the polychaetes Cirratulus sp. and Schistomeringos rudolphi, 

comprised of only two stations (stations 11 and 12) in 2001. Due to the complete 

disappearance of high abundance species R. philipphinarum and Thalassodrilides 

gurwitschi in 2012, station 12 was merged with group A in 2012. The two species 

were reported to flourish in eutrophic habitats (Svensson et al. 2001; Humphreys et al. 

2007), and their abundance at station 12 was much higher than at all other stations in 

2001, which was consistent with the high TOM in sediment and high nutrient 

concentration reported in eastern Victoria Harbour before implementation of the 

Harbour Treatment Scheme (HATS) (Cheung et al. 2008; Shin et al. 2008; Xu et al. 
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2011), and reduction in TOM after the implementation of the sewage control measure 

that involved the transportation of sewage to Stonecutters Island that was originally 

channeled from Shatin and Taipo sewage treatment works and discharged to 

Kowloon Bay. However, station 11 showed an increase of R. philippinarum in 2012, 

consistent with the increase in COD, TC, TKN, TS, TOM and PF63 after the 

implementation of HTAS due to the discharge of treated effluent from Stonecutters 

Island Sewage Treatment Works.  

Deep Bay, characterized by low water depth and proximity to the Pearl River 

Estuary, supported a distinct community (group C) co-dominated by two polychaetes 

(Heteromastus filiformis and S. hanaokai) and the bivalve Potamocorbula laevis 

(Table 2.4) in 2001. Three outer stations (3, 4, and 5) of this community was merged 

with group A in 2012. Previous studies of macrobenthos showed that the abundance 

of some estuarine species could experience dramatic fluctuation (Huang et al. 2002), 

and such change could potentially affect the community structure and thus the 

assignment of stations to faunal groups. In these outer stations, there have been 

dramatic changes in even the dominant species, from the polychaete Heteromastus 

filiforms, and the bivalve Potamocorbula laevis in 2001 to the polychaete Magelona 

cincta in 2012 (Table 2.4). For faunal diversity, stations 3 and 4 were noted with 

increased H’ and station 4 showed increased J. However, due to the dramatically 

increased opportunistic polychaete Paraprionospio pinnata, station 5 was noted with 

declined H’ and J. For sediment parameters, only slightly declined mean values of 

TOM, COD, EP, TS and increased mean values of TC, TKN and PF63 were noted in 

the three outer stations, but the changes were not significant (P > 0.05). Therefore, 

the changes in MDS station assignment between the two surveys in the Deep Bay 

area could not be attributed to the implementation of pollution control measures and 

thus the recovery of benthic community may need an even longer duration. 

The area of Tolo Harbour and western Mirs Bay (group D) was land-locked 

with high water retention and poor tidal flushing (Lee et al. 2006), and poor water 

quality had been reported especially from 1980s to 1990s (Lee & Arega 1999; Xu et 

al. 2004). Despite implementation of organic pollution control measures since 1980s 

(EPD 1997), there had been only minor change in TOM, and the changes of other 
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organic nutrients (TC, TKN and TS) were not significant (P > 0.05) over our study 

period in this area. Consistent with previous reports (Shin 2000; Shin 2003; Shin et al. 

2004), in both 2001 and 2012, group D was characterized by the presence of few 

species in low abundance, with the small polychaete Sigambra hanaokai being 

dominant species, with high contributions to the similarities of group D in both the 

2001 (57.7%) and 2012 (76.6%) surveys. No significant change in faunal diversity 

(P > 0.05) was noted between the two surveys. Due to the presence of only few 

species in low abundance in this area, small changes in abundance and number of 

species between the two surveys could lead to changes in MDS group assignment 

(Figure 2.5). Thus, the limited water exchange with the open water appeared to have 

limited the improvement of the sedimentary environment, and changes in group 

assignment between the two surveys should not be viewed as a sign of faunal 

recovery. 

In conclusion, our study has established a new baseline of macrobenthic 

community structure in Hong Kong waters. Our results have illustrated the 

importance of hydrological environment in shaping the differential responses of 

macrobenthos to pollution control measures. Together with data from other forms of 

marine life including bacteria (Guo et al. 2016), our data can be used for future 

assessment of the impact of human activities on environmental quality in tropical 

Hong Kong.  
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Figure 2.1 A map of surveyed stations in Hong Kong. The 28 surveyed stations located in 

three hydrological (i.e., Estuarine, Transitional and Oceanic) zones and seven Water Control 

Zones (i.e., A: Deep Bay, B: Western Waters, C: Victoria Harbour, D: Southern Waters, E: 

Eastern Waters, F: Mirs Bay and G: Tolo Harbour) in Hong Kong waters. Abbreviations: GD, 

Guangdong; HKI, Hong Kong Island; KL, Kowloon; LI, Lantau Island; NT, New Territories. 
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Figure 2.2 Abundance pattern of benthos in the 28 stations across Hong Kong waters in the 

2001 and 2012 surveys. Data for each station were pooled from five replicate grab samples. 

Note that in several stations there were substantial differences in abundance between the 

two surveys. 
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Figure 2.3 CLUSTER analysis results based on species abundance data in the 2001 (a) and 

2012 (b) surveys. There are four station groups at 20% similarity. 
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Figure 2.4 Non-metric MDS configuration (Stress = 0.13) cover 28 stations in the 2001 (a) 

and 2012 (b) survey, four station groups independently overlaying CLUSTER in 2001 and 

2012 survey at similarity level of 20%. 
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Figure 2.5 Geographic distribution of the station groups in Hong Kong waters from 2001 (a) 

and 2012 (b) data, overlaying CLUSTER at similarity level of 20%. 
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Table 2.1 The grouping of the 28 surveyed stations in seven Water Control Zones in Hong 

Kong. 

No. Water Control Zones Surveyed stations 

1 Deep Bay 1, 2, 3 & 4 

2 Western Waters 6 & 7 

3 Southern Waters 8 

4 Victoria Harbour 9, 10, 11, 12, 13 & 14 

5 Eastern Waters 15, 16, 17, 18 & 19 

6 Tolo Harbour 21, 22, 23 & 24 

7 Mirs Bay 20, 25, 26, 27 & 28 
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Table 2.2 Major biological and environmental characteristics of the 4 station groups in the 

2001 and 2012 surveys. Whenever there are replicates, data are presented as mean ± 

standard deviation, as well as range. Note that in the 2012 survey, group B had only one 

station. 

    Faunal Groups     

    A B C D 

Number of stations 2001 16 2 5 5  
2012 22 1 2 3 

Biological parameters      

No. individuals 2001 104.9±75.8 3048.1±4184.5 463.2±642.7 26.6±17.6 

2012 218.2±378.

6 

2166.0 48.5±2.1 11.3±6.1 

No. species 2001 33.8±16.9 43.0±8.5 20.0±10.1 7.6±4.2 

2012 29.9±14.3 77.0  12.5±2.1 4.0±1.73 

Species diversity (H') 2001 2.92±0.46 1.83±0.86 1.74±0.82 1.13±0.93 

2012 2.50±0.71 3.06 1.92±0.14 1.15±0.44 

Species evenness (J) 2001 0.85±0.05 0.48±0.20 0.59±0.28 0.61±0.34 

2012 0.76±0.18 0.71 0.76±0.01 0.85±0.12 

Percent polychaetes 2001 69.4±18.4 46.5±48.5 66.5±35.4 69.7±21.9 

2012 69.7±21.4 43.7  73.1±26.8 47.7±31.1 

Percent molluscs 2001 4.9±6.1 21.9±24.2 26.4±37.6 28.0±22.0 

2012 7.8±8.0 32.7 19.7±22.2 48.6±29.1 

Percent crustaceans 2001 8.4±7.5 7.1±9.9 2.7±1.9 0 

2012 7.2±8.6 23.3 2.1±2.9 0 

Percent echinoderms 2001 6.6±8.6 0.1±0.1 3.0±5.6 0 

2012 4.4±7.9 0.2  0 3.7±6.4 

Percent minor taxa 2001 10.7±9.7 24.4±34.3 1.4±2.0 2.3±2.8 

2012 10.8±14.7 0.1  5.1±1.6 0 

Biomass (g) 2001 15.70±35.4

9 

390.31±425.71 61.24±83.02 3.86±4.68 

2012 19.01±21.1

3 

1407.12 4.59±4.24 1.25±1.08 

Environmental parameters      

Chemical Oxygen Demand 

(mg/kg) 

2001 14250±306

6 

11150±5445 15600±1817 19000±1414 

2012 11205±223

4 

22000 14000±1414 17000±4000 

Electrochemical Potential (mV) 2001 -

173.7±75.4 

-395.5±36.1 -167.8±46.3 -267.6±89.0 

2012 -

180.0±96.7 

-345.0 -72.0±28.3 -245.7±53.5 

Particle size fraction < 63 μm 

(%w/w) 

2001 88.0±10.2 31.0±1.4 74.4±20.9 89.2±17.0 

2012 75.0±21.1 94.0 49.0±18.4 85.7±14.3 

Total Carbon (%w/w) 2001 0.69±017 0.75±0.07 0.52±0.04 0.80±0.07 

2012 0.73±0.21 1.00 0.60±0.00 0.77±0.06 

Total Kjeldahl Nitrogen (mg/kg) 2001 426.3±132.

2 

350.0±14.1 324.0±80.2 614.0±81.4 

2012 515.9±133.

6 

750.0 480.0±70.7 660.0±43.6 

Total Sulphide (mg/kg) 2001 62.6±57.6 220.0±42.4 139.8±171.6 125.2±85.7 

2012 32.8±58.7 360.0 25.0±15.6 150.7±126.8 

Total Organic Matter (%w/w) 2001 6.44±1.91 7.50±6.34 5.48±1.28 8.82±0.25 

2012 5.17±2.13 3.21 3.86±1.03 9.68±1.37 

Depth (m) 2001 20.0±7.5 16.5±0.7 9.5±8.4 18.4±4.1 

2012 18.8±9.2 12.2 1.9±1.1 13.0±5.0 
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Table 2.3 Results of BIOENV procedures, showing the best matches of biotic and 

environmental similarity matrices, as measured by spearman rank correlation (Corr.). 

Variables includes: 1, Chemical Oxygen Demand; 2, Electrochemical Potential; 3, particle 

size fraction < 63 μm (%); 4, Total Carbon; 5, Total Kjeldahl Nitrogen; 6, Total Sulphide; 7, 

Total Organic Matter. 

  Best Results 

  2001 2012 

No. No. Vars Corr. Selections No. Vars Corr. Selections 

1 5 0.597  1-3, 5, 6 3 0.534  1, 2, 7 

2 6 0.587  1-3, 5-7 2 0.533  1, 7 

3 4 0.586  2, 3, 5, 6 4 0.525  1, 2, 6, 7 

4 5 0.578  2, 3, 5-7 3 0.514  1, 6, 7 

5 4 0.578  1-3, 6 5 0.510  1, 2, 5-7 

6 5 0.576  1-3, 6, 7 3 0.505  2, 6, 7 

7 6 0.575  1-6 4 0.498  1, 2, 5, 7 
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Table 2.4 Results of SIMPER analysis showing species with > 50% cumulative contribution 

to station group similarities in the 2001 and 2012 surveys. 

Faunal 

group 
Species 

Mean abundance 

(individuals 0.5 

m-2) 

% contribution to 

faunal similarity 

within group 

Cumulative % 

contribution to 

faunal 

similarity within 

group 

Group A     

2001     

P Mediomastus sp. 7.6±6.8 11.3 11.3 

P Micronephthys oligobranchia 5.7±5.7 8.6 19.9 

P Sigambra hanaokai 3.4±3.3 7.2 27.2 

P Paraprionospio pinnata 1.1±1.1 5.2 32.4 

E Amphiodia obtecta 2.3±2.6 5.2 37.6 

P Cossurella dimorpha 1.3±1.7 4.6 42.2 

C Callianassa japonica 2.0±2.1 4.2 46.4 

S Apionsoma trichocephalus 8.9±112.6 4.2 50.5 

2012     

P Micronephthys oligobranchia 5.8±3.1 16.6 16.6 

P Sigambra hanaokai 13.3±20.7 12.7 29.2 

P Mediomastus sp. 7.5±11.9 8.8 38.0 

P Paraprionospio pinnata 87.5±363.2 6.3 44.3 

N Nemertea 1.1±1.3 4.7 48.9 

P Nereis longior 6.5±16.8 4.7 53.6 

Group B     

2001     

P Cirratulus sp. 230.5±198.7 9.6 9.6 

P Schistomeringos rudolphi 206.5±219.9 8.4 18.0 

M Ruditapes philippinarum 1193.5±1618.6 8.3 26.3 

P Dodecaceria sp. 82.5±95.5 6.2 32.5 

P Naineris sp. 127.0±161.2 5.9 38.4 

P Spiophanes sp. 149.0±199.4 5.3 43.7 

P Sthenelais sp. 9.0±2.8 5.1 48.8 

P Ophiodromus obscura 41.0±50.9 4.7 53.4 

2012     

 Less than 2 samples in group 

Group C     

2001     

P Heteromastus filiforms 13.0±14.4 23.7 23.7 

P Sigambra hanaokai 5.6±5.9 14.4 38.1 

M Potamocorbula laevis 292.8±635.8 10.6 48.7 

P Mediomastus sp. 4.0±4.5 8.3 57.0 

2012     

P Sigambra hanaokai 15.0±4.2 42.6 42.6 

P Magelona cincta 5.0±2.8 30.1 72.8 
     

Group D     

2001     

P Sigambra hanaokai 11.4±12.2 57.7 57.7 

2012     

P Sigambra hanaokai 3.7±1.2 76.6 76.6 

P = Polychaeta, M = Mollusca, C = Crustacea, E = Echinodermata, S = Sipuncula, N = Nemertea. 
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Table 2.5 Abiotic and biotic differences at individual stations between 2001 and 2012. 

Stations 
Water Control 
Zones 

Station group TOM Dominant species & abundance (inds./0.5m2) 

2001 2012 2001 2012 2001 2012 

3 Western Waters C A 6.4% 4.5% 
Heteromastus filiforms 
(11) & Mediomastus 
sp. (11) 

Potamocorbula laevis 
(25) 

4 Western Waters C A 5.2% 3.8% 
Prionospio malmgreni 
(289) 

Xenophthalmus 
pinnotheroides (140) 

5 Western Waters C A 3.5% 3.5% Heteromastus sp. (73) 
Paraprionospio pinnata 
(1712) 

12 Victoria Harbour B A 12.0% 3.7% 

Thalassodrilides 
gurwitschi (2920) & 
Ruditapes 
philippinarum (2338) 

Tharyx multifilis (81) 

21 Tolo Harbour A D 5.8% 8.1% 
Apionsoma 
trichocephalus (9) & 
Sigambra hanaokai (5) 

Sigambra bassi (3) 

22 Tolo Harbour D A 8.4% 9.6% 
Sigambra hanaokai 
(33) 

Sigambra bassi (87) 

24 Tolo Harbour D A 8.8% 8.8% 
Sigambra hanaokai (4) 
& Tellina cygnus (4) 

Sigambra bassi (19) 

27 Mirs Bay D A 8.9% 5.4% Sigambra hanaokai (5) Tharyx multifilis (139) 
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Chapter 3 Macrobenthic communities and functional groups in 

response to trawling ban in Hong Kong waters 

3.1 Abstract 

Bottom trawling, a destructive fisheries operation to seabed habitats, has been 

banned in few jurisdictions to mitigate the problem of habitat destruction and 

overfishing. Most reports of ecosystem responses to cessation of trawling have come 

from temperate regions, focusing on epi-fauna and commercial species. In contrast, 

such responses are rarely known in tropical regions. In tropical Hong Kong, a long 

history of extensive trawling activities had resulted in the collapse of fisheries in 

1970s. To facilitate the recovery of marine benthic ecosystems and associated 

fisheries resource, the government has implemented a territory-wide ban on trawling 

since 31 December 2012. This study aimed to test the hypotheses that the trawling 

ban led to significant changes in physicochemical properties of sediments such as 

having higher total organic matter in surface sediment and lower suspended solids in 

bottom water column; significant increases in richness, abundance and biomass of 

macroinfauna as well as significant changes in their community compositions. We, 

therefore, compared the abiotic and biotic variables between June 2012 (half year 

before the trawl-ban) and June 2015 (two and a half years after the trawl-ban) through 

a systematic survey at 28 stations across the marine environment of Hong Kong. Here 

we show, the trawling ban in tropical waters led to 1) significant decrease in bottom 

water suspended solids and increase in total organic matter in surface sediment; 2) 

significant increases in richness, abundance and functional groups of macrobenthos; 

and 3) fewer fragmented macrobenthic communities. Our results support the adoption 

of trawling ban as an effective measure for fisheries management and biodiversity 

conservation in tropical waters. 

 

3.2 Introduction 

Bottom trawling, which accounts for roughly 25% global catch fisheries 

production (FAO 2016), has increasingly been recognized as a non-sustainable 

fishing practice (De Groot 1984; Dayton et al. 1995; Kumar & Deepthi 2006; Foden 

et al. 2011). Bottom trawling can impact the benthic ecosystem in two ways. First, 
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trawling can destruct bottom habitats because metallic fishing gears penetrate the 

sediment, resulting in the loss of habitat complexity/heterogeneity and resuspension 

of sediments into water column (Jones 1992; Thrush & Dayton 2002; Hiddink et al. 

2017). Sediment resuspension enhances the transportation of both organic and 

inorganic materials into bottom water, leading to reduction in sedimentary nutrient 

contents (Churchill 1998), and increases in bottom water turbidity and oxygen 

consumption (Pusceddu 2005). Second, trawling can lead to changes in benthic 

communities because trawling removes targeted and non-targeted species, which are 

usually large-sized K-selected species, leaving the community dominated by small-

sized R-selected species (Kaiser et al. 2000; Jennings et al. 2001). Given these 

negative impacts, some countries have implemented total or partial ban on bottom 

trawling in their territory waters (Pipitone et al. 2000; Pranovi et al. 2015) or in the 

international waters they manage (Ardron et al. 2008). Many studies have been 

conducted to study the responses of benthic ecosystems after implementation of 

trawling ban (Dernie et al. 2003; Kaiser et al. 2006); however, most of these studies 

were conducted in temperate waters (Kaiser et al. 2006; Collie et al. 2000). For 

instance, in a recent global review of ecosystem recovery after trawling ban (Hiddink 

et al. 2017), 69 of the 70 studies covered were from temperate waters; only one was 

from tropical waters, although it is expected that ecosystem dynamics, including 

recovery from disturbance, would differ between tropical and temperate waters due to 

environmental characteristics especially temperature and seasonality. 

Modern fishing technologies including mechanization of fishing vessels and 

invention of trawlers were introduced into Hong Kong between the 1950s and1960s 

(Buchary et al. 2003; Cheung 2015). Since the late 1970s, serious degradation of 

coastal ecosystems and fisheries resources, such as declined landings and over-

exploitation of commercially valuable species (ERM 1998), reduced catch per unit 

effort, and destruction of marine benthic habitats (Morton 1996b; Leung & Morton 

2003) had been reported. In view of the decline in fisheries resources, the Hong Kong 

government turned the fishery objectives from “facilitating production” and 

“improving productivity” to “sustainable use of fishery resources” in the mid-1990s 

(Leung 2003). A port survey conducted by the Agriculture, Fisheries and 
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Conservation Department (AFCD 2006) showed that bottom trawling was carried out 

in almost all Hong Kong waters, except in six marine protected areas that in total 

account for only approximately 1% of the marine area, and inside Victoria Harbour 

where is a major shipping channel and home to an international, busy container port 

(Morton 1996a; Wilson et al. 2002). There were around 400 trawlers operating partly 

or wholly in Hong Kong waters in 2010, contributing 80% of the total fishing efforts 

(Legislative Council of Hong Kong 2010). To rehabilitate the damaged seabed and 

depleted fisheries resources, the Government of the Hong Kong Special 

Administrative Region (HKSAR) has implemented a territorial-wide ban on all types 

of trawling activities, including pair, stern, shrimp and hang trawling since 31 

December 2012. 

As pointed out by several authors, the unpolluted, subtidal benthic 

communities in Hong Kong do not undergo substantial seasonal changes in species 

abundance or faunal composition (Shin & Thompson 1982; Morton 1996a; Qian et al. 

2003; Shin et al. 2004; ERM 1998). Our previous study comparing a dataset collected 

in summer 2001 and summer 2012 indeed showed only slight changes in benthic 

abundance and community structure during the 11 years, except in two areas where 

sewage pollution control measures had been implemented (Wang et al. 2017). 

Ecosystem recovery is expected after the implementation of the trawling ban but 

given the limited information available for tropical waters (Hiddink et al. 2017), 

empirical studies are urgently needed to determine the rate of recovery and 

understand environmental factors that can mediate the recovery process.  

This study is specifically designed to test three inter-related hypotheses on the 

responses of abiotic/biotic factors after the trawling ban. First, sediment organic 

matter (TOM) will increase and bottom water suspended solids (SUS) will decrease 

because trawling ban would stop physical disturbance of the seabed by the fishing 

gear and thus reduce the resuspension of sediment and minimize nutrient loss from 

the sediment (Hypothesis 1). Second, there will be higher abundance, biomass, 

richness and functional diversity of macrobenthos due to the cessation of 

direct/indirect removal of benthos by trawling and hence reduction of fishing 

mortality (Hypothesis 2). Third, in the absent of trawling, a driver of habitat 
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segregation, there will be fewer fragmented macrobenthic communities (Hypothesis 

3). It is also anticipated that the recovery in terms of biotic variable ratios would vary 

among different stations across Hong Kong’s waters due to the presence of a 

hydrological gradient from the western estuarine water to the eastern oceanic water, 

and a complex coastline featuring sheltered and open stations. Overall, our empirical 

study would provide valuable results to demonstrate if trawling ban is an 

effectiveness management measure to facilitate recovery of benthic ecosystems and 

associated biodiversity in tropical regions like Hong Kong. 

 

3.3 Materials and methods 

3.3.1 Study stations and field survey 

Faunal and sediment samples were collected on 5-8 June 2012, half year 

before the implementation of the trawling ban, and on 8, 9, 17, 29, 30 June 2015, two 

and a half year after the implementation of the trawling ban by the research team of 

Prof. Qiu Jianwen from Hong Kong Baptist University, from 28 stations covering 

various areas of Hong Kong waters (Figure 3.1). Data from an ecological survey 

conducted in June-July 2001 (Shin et al. 2004), which applied the same sampling 

method of the current study, were also used for determination of temporal changes in 

benthic communities. The sampling stations were located by differential GPS and the 

water depths were measured by echo sounding from the research vessel. Five 

sediment samples for faunal analysis and one sediment sample for sediment analysis 

were collected using a 0.1 m2 van Veen grab at each station. The faunal samples were 

gently rinsed through a 0.5 mm-mesh sieve at sea. Residues retained on the sieve, 

including macrobenthos, were transferred into labeled plastic bags, fixed in 5% 

formalin solution in seawater and stained with 1% Rose Bengal. Approximately 400 g 

sediment at each station was scooped into a plastic bag for sediment analysis, kept on 

ice on board in a cooler, and transported to the laboratory and frozen at -20 °C in a 

freezer. 

 

3.3.2 Sample treatment and data collection 
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In the laboratory, macrobenthic samples were rinsed with freshwater, picked 

up from the sieved residues, transferred to 70% ethanol and later identified to the 

lowest possible taxonomic level. The identification of part of the crustaceans, 

molluscs and echinoderms collected during the 2015 survey were done by the 

Institute of Oceanology, Chinese Academy of Sciences; and all the polychaetes and 

other taxas were identified by the author of this thesis. Abundance was determined by 

counting only specimens with anterior fragment. Samples were then blotted dry with 

a paper towel and weighed using an electronic balance (Shimadzu AUW220, Japan). 

To detect the responses of macrobenthic community to the cessation of the bottom 

trawling, data (Wang et al. 2017) obtained by sampling the same set of stations in 

June-July 2001 and June 2012 using identical methods, were used as the baseline. 

    Because benthic communities are largely structured by sedimentary 

characteristics and bottom water quality (find 1 or 2 appropriate citations), several 

sedimentary variables, measured by the Environmental Protection Department (EPD 

2018c) during its regular sediment and water quality monitoring, were used to assess 

the relationship between benthic community structure and environmental quality. The 

following data from the time corresponding to the sampling periods (June 2012 and 

June 2015) were extracted from the monitoring stations that corresponded to our 

sampling stations: sediment chemical oxygen demand (COD), electrochemical 

potential (EP), total carbon (TC), total Kjeldahl nitrogen (TKN), total sulphide (TS), 

total phosphorous (TP), particle size fraction < 63 μm (%) (PF63) and bottom water 

variables including suspended solids (SUS), turbidity (TUR) and total volatile solids 

(TVS). Due to the shallow water depth (1.1-3.8 m), natural turbulences (territorial 

surface flow, tides) strongly affected the bottom sediment in the inner Deep Bay, 

leading to much higher surface suspended solids (SUS) and turbidity (TUR) than the 

other surveyed stations; besides, corresponding bottom water SUS and TUR data 

were not available. Mean values of SUS and TUR data from 12 months before and on 

the sampling month (July 2000-June 2001, July 2011-June 2012, July 2014-June 

2015; measurement once per month) of the other 25 stations exclude the three stations 

in the inner Deep Bay were used. Total organic matter (TOM), a potential 

determinant of benthic community structure that was not measured in the EPD 
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sediment monitoring program, was determined using our sediment samples. Around 

20 g freeze-dried sediment from each sample was treated with 35% hydrogen 

peroxide (H2O2) solution overnight and dried at 100 °C to a constant weight. The 

content of TOM was calculated as the weight loss after combustion at 500 °C for 8 h 

in a muffle furnace [GPC 12/65, Carbolite (UK)]. 

 

3.3.3 Data analysis 

Data analysis of this study focused on comparing the abiotic and biotic 

variables between the two surveys conducted in 2012 and 2015. Additional 

comparisons with data from the 2001 survey were provided in the supplementary 

materials (Figure 3.2; Figure 3.3; Table 3.1). Paired samples t-test was applied to 

compare abiotic and biotic variables between surveys. Independent samples t-test was 

applied to compare mean intragroup similarities of macrobenthic groups clustered 

between surveys. Principal Components Analysis (PCA) was applied to identify key 

variables that could explain the variances in the environmental dataset. The analysis 

was run using R-Studio 1.0.143 (RStudio Team 2015) in the “FactoMineR” package 

(Lê et al. 2008). Before the analysis, multi-collinearity among the abiotic variables 

was detected with the VIF (variance inflation factor) command in the “CAR” package 

(Fox & Weisberg 2011). Variables had a clear sign of collinearity (i.e., VIF value > 

10) were removed from further analysis (Neter et al. 1990; Chatterjee & Price 1991). 

Due to the strong natural turbulences between water and sediment as well as lack of 

bottom water SUS and TUR data in the inner stations of Deep Bay, PCA analysis was 

run based on 25 station exclude Station 1, 2 and 3 (Figure 3.4).  

Abundance and biomass data of the five benthic samples from each station 

was pooled to 0.5m2 to increase the representativeness of the data for univariate and 

multivariate analyses. The following biotic parameters were determined: total 

abundance (ABD), total biomass (BIO), species number (S), Margalef’s richness 

index (d), Pielou’s evenness index (J), Shannon-Wiener diversity index (H’), AZTI's 

Marine Biotic Index (AMBI), functional groups (FG), functional diversity (FD), and 

abundance of the functional groups in six feeding modes and three motility patterns 

including burrowers (BU), carnivores (CA), omnivores (OM), surface deposit feeders 
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(SDF), suspension feeders (SP), suspension and surface deposit feeders (SS), 

discretely motile (DM); motile (MO) and sessile (SL). The three characteristics of the 

functional groups, i.e., (1) feeding mode, (2) motility pattern and (3) morphological 

structure used in feeding were determined based on several references (Cheung et al. 

2008; WoRMS Editorial Board 2019; Taurusman 2010), and relevant studiesthirty-

five functional groups were thereafter established based on the combination of the 

three characteristics (Table 3.2). The ecological groups of macrobenthos (Grall & 

Glémarec 1997), which have been shown to respond differently to increasing organic 

matter in sediment (Borja et al. 2000), were obtained from the AMBI software 

(AMBI software 2017). Functional groups of all the 429 identified macrobenthos in 

the two surveys were provided; ecological groups of 401 species could be classified, 

while the remaining 28 taxa were left as unassigned (Table 3.3). 

Multivariate analyses of the macrobenthic communities were conducted using 

PRIMER 6 (Clarke et al. 2001). The cluster analysis in the software package was 

used to determine the spatial and temporal variations in community structure. Species 

abundance data were fourth-root transformed, paired-samples resemblances were 

calculated using the Bray-Curtis similarity coefficient, and the hierarchical clustering 

was conducted using the group-average linking method. Significant station groups 

were detected using the SIMPROF procedure (1000 permutations, 5% significance 

level), and representative species, which has the highest percentage contributions to 

the similarities of each group in different station groups, were determined by the 

SIMPER analysis was then used to select the representative species. The abiotic co-

variable best explaining the variations in species composition among surveyed 

stations was selected with the BEST procedure. Pair-wise tests under PERMANOVA 

procedure were used to compare the similarities between/within surveys and to test if 

the differences were significant. The Canonical Analysis of Principal Coordinates 

(CAP) routine was further used to plot the distribution of stations in different surveys. 

Generalized Linear Mixed Model (GLMM) was used to determine the 

influence of abiotic variables on biotic variables. Like PCA, GLMM was run using R-

Studio 1.0.143 based on data from 25 stations. A set of 30 models were constructed 

(Bolker et al. 2009). These models included the full model with all variables and 

http://www.marinespecies.org/aphia.php?p=popup&name=citation
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models with one to a few variables. Random-intercept models were used in the 

present study, with surveyed stations treated as random factors and sets of 

environmental variables treated as fixed-effects (Millar & Anderson 2004). To test 

for temporal correlations, “Year” (i.e., the two sampling years) was also regarded as a 

fixed factor (Caliman et al. 2010). The Shapiro-Wilk normality test was applied to 

test for normality and the data were log-transformed when necessary (Royston 1982a; 

Royston 1982b; Royston 1995). Biotic variables with P value larger than 0.05 were 

fitted with a linear mixed-effects model by the maximum likelihood estimation using 

command “lmer” in the “lme4” package (Bates 2015); and according to diagnostics 

and residuals distribution, other indices with P value less than 0.05 were fitted with 

Poisson or negative binomial family (command “glmer” and “glmer.nb” in the 

“lme4” package) as the best error distribution. Akaike’s Information Criterion (AIC) 

value was used for ranking and selecting the best models (Burnham & Anderson 2002) 

(see Table 3.4). Models with delta AIC less than 2 were selected and the estimates of 

the most important variables on biotic variables were averaged using the “model.avg” 

command in the “MuMIn” package (Burnham & Anderson 2002) when there was 

more than one best model. To predict the effects of fixed factors in changing biotic 

variables, the coefficient estimate was calculated using the “summary” function 

(Chambers & Hastie 1992). Residuals of the selected models were checked for over-

dispersion. To test how well the models fitted the data, marginal and conditional R 

squares were used to interpret variances explained by fixed effects and fixed + 

random effects; both R squares were calculated using the “r.squaredGLMM” function 

(Nakagawa & Schielzeth 2013; Johnson 2014). 

 

3.4 Results 

3.4.1 Responses of abiotic variables 

Among the 11 abiotic parameters tested, four (COD, TKN, TOM and TVS) 

significantly increased (paired samples t-test, P < 0.05), while two (EP and SUS) 

significantly decreased (P < 0.05) from 2012 to 2015 (Figure 3.5, Table 3.1). The 

other five variables did not show significant changes due to substantial variations 

among the stations, although the mean values of PF63, TC, and TP had increased, 
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while those of TS and TUR had decreased. Comparing with the 2001 survey, the 

results showed that several parameters relating to total sedimentary nutrients (TOM, 

TVS and COD) significantly declined from 2001 to 2012 but significantly increased 

from 2012 to 2015. The mean bottom water SUS significantly decreased from 2001 

to 2012, and then to 2015 (Table 3.1). The mean decrease of bottom water SUS in the 

latter three years was 0.45 mg/L·yr-1, larger than the 0.22 mg/L·yr-1 in the first 11 

years before the trawling ban. 

Multi-collinearity analysis among abiotic variables showed that TVS had a 

VIF value larger than 10, therefore it was removed from PCA analysis. PCA analysis 

reduced the variability of the 11 abiotic factors to two components that had an 

eigenvalue larger than 1, which in total captured 56.7% of the total variability (Figure 

3.4; Table 3.5). Along the first principal component (explaining 39.97% of variance), 

variables including TKN, TOM, COD, TC, TS and PF63 had positive loadings; while 

TUR, SUS, EP and TP had negative loadings. Along the second principal component 

(explaining 16.72% of variance), TP, PF63, EP, TOM and TKN had positive loadings, 

while COD, TS, SUS, TUR and TC had negative loadings. 

When the two surveys were compared, most of the stations in 2015 shifted 

towards a positive direction along the first principal component, reflecting increases 

in sedimentary nutrients, finer particle size in sediment, less SUS and lower TUR in 

the bottom water after the trawling ban (Table 3.1). Spatially, stations in Victoria 

Harbour (i.e. Stations 11, 12 and 13) that had a long sewage discharge history and 

Port Shelter (i.e. Station 18), Tolo Harbour (i.e. Stations 21, 22, 23 and 24) and Yan 

Chau Tong (i.e. Station 26) that are sheltered had higher sedimentary nutrients (TOM, 

TVS, TKN, COD) than those stations in open waters (Figure 3.4; Figure 3.5). 

Stations in outer Deep Bay (i.e., Station 4) and Western Waters (i.e., Stations 5, 6 and 

7) in general exhibited higher SUS and TUR in bottom waters than those in Eastern 

Waters (i.e. Stations 15, 16, 17, 18 and 19) and the sheltered Tolo Harbour and Mirs 

Bay (i.e. Stations 20, 25, 26, 27 and 28). Stations in Tolo Harbour, Mirs Bay and 

Eastern Waters had smaller particle sizes than those in Western Waters and Victoria 

Harbour. The spatial variations of surveyed stations depicted by the abiotic variables 

were larger in scale than the temporal variations before and after the trawling ban. 
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3.4.2 Responses of biotic variables 

The results of CAP analysis show that the scattering of stations was 

significantly distinct between each two of the three surveys (Pair-wise tests, P < 0.01) 

as shown in Figure 3.2. A non-metric MDS configuration showed that the scattering 

of the community in the 2015 survey was apparently more aggregated than those in 

the 2001 and 2012 survey (Figure 3.3). Since our main interest was to study the 

effects of the trawling ban, our analyses below focused on the 2012 and 2015 datasets.  

Although there was a minor decline in collected macrobenthic taxa from 263 

(123 families in 8 phyla) in the 2012 survey to 254 (119 families in 8 phyla) in the 

2015 survey,  total abundance (ABD), Margalef’s richness index (d), and functional 

groups (FG) per station increased significantly from 253 to 848 individuals (paired 

samples t-test, t = -4.554, df = 27, P < 0.001), from 5.33 to 7.30 (t = -5.179, df = 27, 

P < 0.001), and from 11.9 to 14.7 groups (t = -3.865, df = 27, P < 0.001), 

respectively (Figure 3.6a, c and d). All three motility patterns had their mean 

abundance significantly increased after the trawling ban (Figure 3.7a-c), i.e., motile (t 

= -4.044, df = 27, P < 0.001), discretely motile (t = -2.852, df = 27, P < 0.01) and 

sessile (t = -2.943, df = 27, P < 0.01). For the six feeding modes, suspension and 

surface deposit feeder (t = -2.780, df = 27, P < 0.05), carnivores (t = -3.238, df = 27, 

P < 0.01) and surface deposit feeders (t = -2.863, df = 27, P < 0.01) had significant 

increases (Figure 3.7d, e). The mean biomass (BIO) increased from 65.61 g to 70.81 

g with several stations having remarkable increases in this parameter, though the 

changes were not significant due to large variations among stations (t = -0.087, df = 

27, P > 0.05). Specifically, remarkable increases in biomass was noted at Stations 2, 

3, 5, 12 and 15 (Figure 3.6b), with the bivalves P. undulatus (Stations 2 and 3), 

Ruditapes philippinarum (Adams & Reeve, 1850) (Stations 5 and 12) and the 

echiurid L. brevirostris (Station 15) being the top biomass contributors (87-98% total 

biomass) of the corresponding stations. Nevertheless, a remarkably decrease in total 

biomass from 1407.1 g to 23.9 g was noted at Station 11, which was mainly due to 

the disappearance of the bivalve R. philippinarum in the 2015 survey. Biodiversity 

indices, such as Shannon-Wiener diversity (H’), Pielou's evenness index (J) and 
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AMBI, did not show any significant differences (paired samples t-test, df = 27, P > 

0.05). Nevertheless, there are 19 stations with increased H’ comparing to 9 stations 

with decreased H’ (Figure 3.5d), and the decreases were mainly due to the thriving of 

opportunisitic, smaller sized polychaetes in the overall Hong Kong waters after the 

trawling ban, which led to great decreases in Pielou's evenness index J (Figure 3.5e). 

Sixteen of the 28 surveyed stations showed decreased AMBI, in which stations, the 

relatively high proportion of abundance in species belonging to the Group Ⅳ and 

Group Ⅴ had turned lower after the trawling ban and those in species belonging to the 

Group Ⅱ and Group Ⅲ had turned higher, especially due to the thriving of some 

Group Ⅱ carnivores, e.g., Sigambra hanaokai and Aglaophamus toloensis. 

By comparing all 429 species in the two surveys, the mean niche breadth 

(here refers to the presence of a certain species in 28 stations) increased significantly 

from 6.4% in the 2012 survey to 11.2% in the 2015 survey (paired samples t-test, t = -

5.156, df = 428, P < 0.001). Further, the niche breadth of the six feeding modes and 

three motility patterns in species level were compared, significant increases were 

noted in suspension and surface deposit feeders (5.6% vs. 12.6%, t = -3.862, df = 118, 

P < 0.001), carnivores (8.8% vs. 16.3%, t = -2.900, df = 86, P < 0.01), motile (7.2% 

vs. 12.7%, t = -4.190, df = 234, P < 0.001), discretely motile (5.6% vs. 9.6%, t = -2.5, 

df = 145, P < 0.05) and sessile (4.1% vs. 8.8%, t = -2.200, df = 47, P < 0.05); while 

the changes of the surface deposit feeders (2.9% vs. 9.3%, t = -1.811, df = 27, P > 

0.05), burrowers (8.8% vs. 15.4%, t = -1.771, df = 41, P > 0.05), omnivores (6.3% vs. 

7.1%, t = -0.438, df = 65, P > 0.05) and suspension feeders (4.6% vs. 5.7%, t = -0.966, 

df = 86, P > 0.05) were not significant. 

Bray-Curtis similarity coefficient (Sjk) between each paired stations 

significantly increased from 20.5% in the 2012 survey to 31.3% in the 2015 survey 

(paired samples t-test, t = -18.49, df = 377, P < 0.001) and the mean intragroup 

similarity significantly increased from 36.9% to 48.9% (independent samples t-test, t 

= -2.388, df = 13, P < 0.05). At the 20% similarity level, the number of station groups 

decreased from 4 in the 2012 survey to 2 in the 2015 (Figure 3.8). Station groups with 

significantly distinct similarities decreased from 9 in the 2012 survey to 6 in the 2015 

survey (SIMPROF test, 1000 permutations, P < 0.05). For instance, the three station 
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groups in Tolo Harbour and Mirs Bay for the 2012 survey had merged into a larger 

northeastern group in the 2015 survey (Figure 3.9). Likewise, two station groups in 

the Eastern Waters in the 2012 survey had merged into a larger one in the 2015 

survey; and a few stations previously scattered in Western Waters, western Victoria 

Harbour and Southern Waters aggregated to a larger one after the trawling ban. In 

addition, two stations in Victoria Harbour (11 and 12) were clustered as a distinct 

group. The BEST analysis identified “COD+EP+TP+TOM” (R = 0.550, P < 0.05) as 

the co-variables best explaining the variations in community composition among the 

survey stations in 2012; and “TOM+TVS” (R = 0.656, P < 0.05) as the co-variables 

best explaining the variations in community composition in 2015. 

SIMPER analysis showed that the representative species in Deep Bay (the 

deposit feeder Mediomastus sp., the carnivores Sigambra hanaokai and 

Micronephthys oligobranchia) and Tolo Harbour - Mirs Bay (the carnivores 

Sigambra hanaokai and Micronephthys oligobranchia) remained the same in the two 

surveys. However, in Western Waters, western Victoria Harbour and Southern 

Waters, representative species changed from the carnivore Micronephthys 

oligobranchia and deposit feeder Mediomastus sp. in 2012 to the deposit feeders 

Mediomastus sp. and Aphelochaeta multifilis in 2015. In Eastern Waters, 

representative species changed from the carnivores Sigambra hanaokai and Glycera 

chirori in 2012 to suspension/surface deposit feeders Prionospio sp., Mediomastus sp. 

and the burrower Apionsoma trichocephalus in 2015. The thriving of deposit feeders 

and suspension feeders as representative species in 2015 was coupled with the 

aggregation of smaller faunal groups into larger faunal groups in Western Waters, 

Eastern Waters, and western Victoria Harbour and Southern Waters, where heavy 

bottom trawling activities were reported before the trawling ban (ERM 1998). 

The best Generalized Linear Mixed Models are shown in Table 3.4, which 

were selected by having Akaike’s Information Criterion (AIC) value less than 2. 

According to the models and their estimates, TOM and Year are the two most 

important variables influencing the biotic variables (Table 3.6). Abundance of all 9 

functional types (BU, CA, OM, SD, SL, SP, SS, MO, DM and SL) were significantly 

influenced by the factor Year; and eight of the nine types, except DM, were 
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significantly influenced by TOM (Table 3.6). Besides, they appeared to exert 

opposite effects on most of the biotic variables (Figure 3.10; Supplementary 

Information Text S1). For other biotic indices, TOM had significant negative effects 

on BIO, d, FG, H’ and FD; while Year had significant positive effects on d, FG and S 

(Table 3.6). 

Results show that, the biotic variable ratios between 2015 and 2012 were 

hydrologically varied after the trawling ban (Figure 3.11). Evidently, there were 

relatively lower ratios in non-trawled areas (i.e., Stations 11, 12, 13, 14 and 26), the 

sheltered Tolo Harbour (Stations 21, 22, 23, and 24) and Port Shelter (Station 18); 

and much higher ratios in heavily trawled stations (i.e., Stations 5, 6, 7, 8, 9, 10, 15, 

16, 17, 19, 20, 25, 27 and 28) after the trawling ban. The non-trawled areas include 

stations in Victoria Harbour, the busiest channel in Hong Kong, and Yan Chau Tong, 

a marine park established since the year 1996 (Morton 1996a); and the heavily 

trawled stations cover several open waters encountered long period, high intensity 

trawling activities (ERM 1998).  

To compare the changes of abiotic and biotic variables between relatively 

heavily trawled and non-heavily trawled areas, the 28 stations were divided into two 

groups: Group 1 includes 14 stations located in Western Waters (Stations 5, 6, 7), 

western Victoria Harbour (Stations 8 and 9) and Southern Waters (Station 10), 

Eastern Waters (Stations 15, 16, 17 and 19) and Mirs Bay (Stations 20, 25, 27 and 28) 

with higher number of trawlers; Group 2 includes the other 14 stations in Deep Bay 

(Stations 1, 2, 3 and 4), Victoria Harbour (Stations 11, 12, 13 and 14), Port Shelter 

(Station 18), Tolo Harbour (Stations 21, 22, 23 and 24) and Yan Chau Tong (Station 

26) without or with lower number of trawlers. Results of paired samples t-test (Table 

3.7) showed that 16 biotic variables (except J and AMBI) had increased in Group 1, 

and 12 biotic variables (except BIO, J, AMBI, FH, BU and OM) had increased in 

Group 2. Significant changes in biotic variables were noted in both Groups; the 

number was 9 (i.e. ABD, S, d, FG, BU, CA, SDF, MO and SL) in Group 1 (P < 0.05) 

and 6 (i.e. ABD, S, d, J, FG and DM) in Group 2. 
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3.5 Discussion 

Bottom trawling could affect benthic habitat and macrobenthic communities 

by direct or indirect effects, but their responses after the trawling ban is not well 

understood in tropical areas. Our results demonstrate that 2.5 years after the trawling 

ban in tropical Hong Kong waters, responses in benthic habitat could be noted as 

decreases in bottom water suspended solids (SUS) and turbidity (TUR), and increases 

in sedimentary nutrients, e.g., TOM, TVS and COD (Hypothesis 1); responses in 

macrobenthic community could be noted as increases in diversity (Hypothesis 2), 

e.g., abundance (ABD), biomass (BIO), Margalef’s richness index (d) and functional 

groups (FG), and fragmented macrobenthic communities aggregated into fewer but 

larger communities (Hypothesis 3). Besides, our study also revealed the relationships 

between the abiotic and biotic variables and implications for trawling ban as a fishery 

management method in tropical waters. 

 

3.5.1 Abiotic variables 

The spatial variations in abiotic variables were mainly due to the distinct 

hydrology in Hong Kong waters. In estuarine waters, suspended solids undergo 

repeated cycles of resuspension and deposition before permanent accumulation or 

transportation into the sea (Nichols 1986), leading to the higher bottom water 

suspended solids in Deep Bay, Western Waters and western Victoria Harbour (Figure 

3.5a). Besides, the resuspension of sediment enhances the loss of organic materials 

into water column (Churchill 1998), which may explain the relatively lower 

sedimentary TOM in estuarine than in other waters. Tolo Harbour has the land-locked 

hydrology with high water retention and poor tidal flushing (Lee 2006); seasonal 

water stratification (Xu et al. 2010a) and annual oxygen depletion (Wu 1982) inside 

the harbor may reduce the mineralization of organic materials in sediment, thus 

leaving a higher level of TOM in surface sediment (Figure 3.5b) than in open waters.  

Before the survey in 2015, significant decreased sedimentary TOM were 

noted after the commissioning of the Stage 1 of the HATS from 2001 to 2012 (Table 

3.1); after that, the Stage 2A of HATS was put into construction (Xu et al. 2011) and 

improved water quality inside the Victoria Harbour (DSD 2014c), Deep Bay and Tolo 
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Harbour (EPD 2015). Therefore, the temporally increased sedimentary nutrients 

(Figure 3.4) from 2012 to 2015 should be the effects of the trawling ban on benthic 

habitats by stopping the resuspension of bottom sediment and the extraction of 

sedimentary organic materials into bottom water column. 

 

3.5.2 Biotic variables 

The spatial variations of biotic variables in open waters and sheltered waters 

(Figure 3.6; Figure 3.7) were due to the distinctions in hydrology and benthic habitats. 

Stations along the “Western Waters - Victoria Harbour” channel encounter a 

relatively stronger current (Xu et al. 2011), which could bring in oxygen-enriched 

bottom water, enhance the input of food supply and diffusion of sewage discharged 

from the submarine outfall nearby Stonecutters Island, thus supporting a highly 

diverse macrobenthic community. Stations in the land-locked Tolo Harbour could 

only maintain a relatively low diversity since the high sedimentary organic pollution 

(Shin et al. 2004; Wang et al. 2017) and low dissolved oxygen in bottom waters (Wu 

1982). Temporally, the larger biotic variable ratios in open waters than in the 

sheltered waters after the trawling ban may be due to the faster migration of 

macrobenthic species from nearby undisturbed areas (Lambert 2014), such as the 

marine parks established in different areas of Hong Kong waters (Morton 1996a). 

Besides, the poor benthic habitat as mentioned in sheltered waters may hinder the 

recruitment of benthic species (Chandler & Scott 1991; Lu & Wu 2003).  

The responses of macrobenthic faunas to bottom trawling were considered 

differing among sizes (De Groot 1984; Dayton et al. 1995) and functional groups 

(Kaiser et al. 2006; Jennings & Kaiser 1998). From our study, both large-sized (e.g., 

bivalves P. undulatus and R. philippinarum, see Figure 3.12) and small-sized benthic 

faunas (e.g. small polychaetes) had notable increases in either biomass or abundance. 

Sessile benthic species were considered especially vulnerable to trawling disturbances 

(Morton 1996b; Lindeboom & de Groot 1998); from our study, the two sessile (SL) 

polychaete families, Terebellidae and Maldanidae, widely distributed in both 

estuarine and oceanic waters, had significant increases in abundance (Paired samples 

t-test, P < 0.05), with extended niche breadth. Therefore, it is suggested to use the 



 

68 
 

two families as biological indicators to the recovery of benthic communities after the 

trawling ban. Although the impact of bottom trawling on deposit feeders is usually 

smaller than other functional groups (Rijnsdorp 2015), these small, fast growing 

deposit feeders could respond more quickly than other functional groups, especially 

to the increased sedimentary nutrients as food after the trawling ban; for instance, the 

abundance of surface deposit feeders (SDF) and suspension and surface deposit 

feeders (SS), which basically includes small-sized, opportunistic polychaetes and 

amphipods, had significant increases in their abundance (Paired samples t-test, t = -

3.075, df = 27, P < 0.01) and niche breadth (Paired samples t-test, t = -4.279, df = 146, 

P < 0.001) after the trawling ban. The widespread of carnivores (CA), which were 

basically carnivorous polychaetes, indicates a higher diversity of macobenthic 

communities after the trawling ban (Cheung et al. 2008). 

Our results strongly support the adoption of the trawling ban as an effective 

management intervention for improving the marine benthos biodiversity in tropical 

coastal waters. Compared with the 11-year period study (Wang et al. 2017) from 

2001 to 2012, which aimed to study the effects of sewage treatment inside the 

Victoria Harbour and other Hong Kong waters, the trawling ban in Hong Kong 

waters had led to more profound changes in both abundance and community structure 

within 2.5 years (Figure 3.3). Our results also support previous studies (Shin et al. 

2004; Wang et al. 2017) that the macrobenthic communities (i.e. abundance, richness 

and functional diversity) significantly correlated to the hydrologically varied 

sedimentary total organic matter (TOM). Our study therefore provides a valuable 

reference on how marine benthic ecosystems respond to a trawling ban in small scale 

tropical coastal water, as well as an updated territory-wide baseline for biodiversity 

and macrobenthic community structure in the tropical Hong Kong waters. However, 

further studies are needed to 1) reveal the mechanisms and driver of the recovery and 

2) examine the relationship between the status of the re-establishment of benthic 

biogenic habitats (e.g. as measured by rugosity) and species/functional diversity over 

time. 
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3.6 Supplementary Information 

3.6.1 Text S1 The spatial and temporal effects on biotic variables 

When treating “Year” as a fixed factor to testing the temporal effects in the GLMM 

analysis, researchers must also pay attention to the spatial variations of abiotic 

variables. Abiotic variables with large spatial variations may be selected as an 

important factor influencing the biotic variables; they may have contradictory effects 

on biotic variables between its spatial and temporal changes. For example, our results 

showed opposite estimates of biotic variables to TOM and Year; the former showed 

negative estimates for biotic variables, but the latter was simultaneously coupled with 

significant temporal increases of TOM in the surveyed stations after the trawling ban 

as well as the significant increases of biotic variables, e.g. abundance (ABD), 

Margalef’s richness index (d) and functional groups (FG), thus showing a positive 

correlation between the TOM and biotic variables. The contradictory correlation 

between TOM and biotic variables thus were due to the distinct dimensions of the 

two variables TOM and Year, which respectively interpreted spatial (WCZs as shown 

in Figure 3.1) and temporal (before and after trawling ban) effects on biotic variables.  

Spatially, negative estimates for biotic variables could be explained by the 

“Pearson-Rosenberg model” that macrobenthic community usually turns from a 

diverse fauna to a dominance of a few opportunistic species along an increasing 

gradient of organic pollution (Pearson & Rosenberg 1978). Similar phenomenon had 

been noted from Hong Kong waters (Shin & Thompson 1982; Shin et al. 2004; Wang 

et al. 2017). There was a quite distinct TOM content between the open waters and the 

sheltered Tolo Harbour, from as low as 3.8% (Stations 10, 11, 19 and 20) in open 

waters to as high as 9.5% (Stations 21, 22, 23 and 24) inside the Tolo Harbour and 

Channel; while the corresponding biotic variable (e.g. Margalef’s richness index, d) 

was from 9.41 to 1.98, which results in an apparent negative correlation between the 

spatial variation of TOM and biotic variables as exhibited in the GLMM results. 

Temporally, the estimates of most biotic variables were positive with time after the 

trawling ban, which indicated the recovery of macrobenthic community in the overall 

surveyed stations. The significantly increased sedimentary TOM from 5.5% to 7.1% 

(Figure 3.5b, Table 3.1) were attributed to the reduced resuspension of sediment into 
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the water column, which indicated the improved benthic hatbitat that could hold 

enough organic materials to support complicated macrobenthic communities. 
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Figure 3.1 A map of surveyed stations in Hong Kong. The 28 surveyed stations located in 

three hydrological (i.e., Estuarine, Transitional and Oceanic) zones and seven Water Control 

Zones (i.e., A: Deep Bay, B: Western Waters, C: Victoria Harbour, D: Southern Waters, E: 

Eastern Waters, F: Mirs Bay and G: Tolo Harbour) in Hong Kong waters. Abbreviations: GD, 

Guangdong; HKI, Hong Kong Island; KL, Kowloon; LI, Lantau Island; NT, New Territories. 
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Figure 3.2 Diagram of Canonical Analysis of Principal Coordinates (CAP) for abundance 

data of macrobenthic faunas in the 28 stations in the three surveys in 2001, 2012 and 2015. 

The analysis is based on fourth-root transformed family abundance data (Resemblance: 

Bray-Curtis similarity; No. of permutation used: 999), showing a pattern of significant 

differences among three surveys (pair-wise test, P < 0.05).  
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 Figure 3.3 Non-metric MDS configuration. The analysis is based on fourth-root transformed 

family abundance, covering 28 stations in the three surveys conducted in 2001 (blue), 2012 

(green) and 2015 (red). The 3D stress value equals to 0.15. 
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Figure 3.4 Graph of Principal Components Analysis (PCA) results, showing ordination of the 

stations and the contributions of various abiotic variables to the ordination. Blue and brown 

circles represent the 2012 and 2015 survey, respectively. Positive or negative correlation 

between abiotic variables and the two principal components are represented by the direction 

of arrow. 
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Figure 3.5 Histograms showing abiotic variables with significant changes (paired samples t-

test) between the 2012 (blue) and 2015 (red) surveys in the 28 stations. a, suspended solids 

(SUS). b, total organic matter (TOM). c, total volatile solids (TVS). d, total kjeldahl nitrogen 

(TKN). e, electrochemical potential (EP). f, chemical oxygen demand (COD). SUS data is 

lacking in Deep Bay (station 1, 2, 3) due to the shallow waters. 
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Figure 3.6 Histograms showing biotic variable values of the 28 macrobenthic sampling 

stations across Hong Kong waters in the 2012 and 2015 surveys. a, total abundance. b, total 

biomass. c, Margalef’s richness index. d, Functional groups. The biotic variables in each 

station in the diagrams are calculated from the pooled five benthic samples to the area of 

0.5m2. 
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Figure 3.7 Biotic variables of the 28 surveyed stations across Hong Kong waters in the 2012 

and 2015 surveys. a, abundance of motile species. b, abundance of discretely motile species. 

c, abundance of sessile species. d, abundance of carnivores. e, abundance of surface 

deposit feeders, with primary axis for the 2012 data and secondary axis for the 2015 data. f, 

Shannon-Wiener diversity index (H’). g, Pielou's evenness index (J). h, AZTI Marine Biotic 

Index (AMBI). The biotic variables in each station in the diagrams are calculated from the 

pooled samples of the area of 0.5 m2. 
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Figure 3.8 Graph of CLUSTER results. a, The 2012 survey half year before the trawling ban. 

b, The 2015 survey 2.5 years after the trawling ban. The analysis is based on fourth-root 

transformed species abundance data and group-average clustering. Four station groups in 

the 2012 survey and two station groups in the 2015 survey are clustered at 20% similarity 

level (dashed line). Stations between color patches are significant distinct in Bray-Curtis 

similarities (SIMPROF test, P < 0.05). 
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Figure 3.9 Spatial distribution of macrobenthic station groups in Hong Kong waters. a, The 

2012 survey half year before the trawling ban. b, The 2015 survey 2.5 years after the trawling 

ban. The analysis is based on fourth-root transformed species abundance data. Four station 

groups in the 2012 survey and two station groups in the 2015 survey clustered at 20% 

similarity level (as shown in Extended data Figure 5) are marked by different symbols. 

Stations between color patches are significant distinct in Bray-Curtis similarities (SIMPROF 

test, P < 0.05). 
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Figure 3.10 Estimates of biotic variables for the optimal generalized linear mixed models 

(GLMM). a, The estimates for per 1% TOM content increases (spatially). b, The estimates for 

per 2.5 years after the trawling ban (temporally). Error bars represent 95% confidence 

intervals. Abbreviations of biotic variables see Methods. 
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Figure 3.11 Biotic variable ratios between 2015 and 2012 in different hydrological waters. 

The hydrological waters refer to the non-trawled (Stations 11, 12, 13, 14 and 26), Deep Bay 

(Stations 1, 2, 3 and 4), Western Waters (Stations 5, 6 and 7), Western Victoria Harbour 

(Stations 9 and 10) & Southern Waters (Station 8), Eastern Waters (Stations 15, 16, 17 and 

19), Mirs Bay (Stations 20, 25, 27 and 28) and Tolo Harbour (Stations 21, 22, 23 and 24) & 

Port Shelter (Station 18). Dash line represents the ratio = 1. Abbreviations of biotic variables 

see Methods. 
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Figure 3.12 Histograms showing the relationships between number of individuals and shell 

length of bivalves after the trawling ban. Histograms in blue represent data of Ruditapes 

philippinarum collected from the Western Waters (station 5 and 7); and histograms in brown 

represent Paratapes undulatus collected from the Deep Bay (station 2 and 3). Probability 

density curves are constructed with the function NORMDIST in software Microsoft Excel with 

the means and standard deviations calculated from the raw data. Neither of the two bivalves 

is collected in referred stations in the 2012 survey. 
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Table 3.1 Statistics for the abiotic variables between surveys. 

Variables 

2001 2012 

t P Variables 

2012 2015 

t P 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

COD (mg/kg) 15118 3399 12411 3501 4.562 <0.001*** COD (mg/kg) 12411 3501 14229 4034 -4.310 <0.001*** 

EP (mV) -205.3 94.59 -185.3 99.16 -0.982 0.335 EP (mV) -185.3 99.16 -323.2 51 7.166 <0.001*** 

PF (%w/w) 81.71 19.99 75.00 21.24 1.356 0.186 PF (%w/w) 75.00 21.24 79.43 15.38 -1.358 0.186 

TC (%w/w) 0.686 0.158 0.736 0.199 -1.457 0.157 TC (%w/w) 0.736 0.199 0.800 0.221 -1.819 0.08 

TKN (mg/kg) 436.1 143.0 537.1 134.8 -5.126 <0.001*** TKN (mg/kg) 537.1 134.8 577.1 121.4 -2.446 0.021* 

TP (mg/kg) 201.1 40.49 212.5 31.34 -1.758 0.090 TP (mg/kg) 212.5 31.34 220.7 31.02 -1.774 0.087 

TS (mg/kg) 98.82 98.28 56.57 93.85 2.119 0.043* TS (mg/kg) 56.57 93.85 58.06 85.35 -0.073 0.942 

TOM (%w/w) 0.068 0.022 0.055 0.025 2.988 0.006** TOM (%w/w) 0.055 0.025 0.071 0.021 -6.115 <0.001*** 

TVS (%w/w) 7.771 1.930 7.039 1.978 8.051 <0.001*** TVS (%w/w) 7.039 1.978 7.729 2.169 -3.270 0.003** 

SUS (mg/L) 7.951 6.840 5.493 3.485 2.866 0.008** SUS (mg/L) 5.493 3.485 4.135 1.618 2.904 0.008** 

TUR (NTU) 13.87 7.903 4.248 2.391 2.870 0.008** TUR (NTU) 4.248 2.391 3.953 1.932 1.216 0.236 

Abiotic variables in 28 stations (25 stations for SUS and TUR) between surveys are compared with paired samples t-
test. Abbreviations for abiotic variables see Materials and methods. 
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Table 3.2 Functional groups classified for macrobenthos in Hong Kong waters.  

 Functional groups Motile Discretely motile Sessile 

Suspension feeder (S)    

Arm spines & tube feet (A) SMA - - 

Choanocyte (C) - - SSC 

Maxillipeds (M) SMM - SSM 

Pumping (P) - SDP - 

Radula (R) - SDR - 

Tentacle (T) -  SST 

Suspension and Surface deposit feeder (&)   

Maxillipeds (M) &MM - - 

Pumping (P) - &DP - 

Tentacle (T) &MT &DT &ST 

Unarmed pharynx (U) - &DU - 

Surface deposit feeder (D)    

Jawed pharynx (J) DMJ - - 

Maxillipeds (M) DMM - - 

Tentacle (T) - - DST 

Teeth (E) DME - - 

Unarmed pharynx (U) DMU - - 

Burrower (B)    

Maxillipeds (M) BMM - - 

Radula (R) BMR - - 

Tentacle (T) BMT BDT - 

Unarmed pharynx (U) BMU - BSU 

Carnivore (C)    

Jawed pharynx (J) CMJ CDJ - 

Maxillipeds (M) CMM - - 

Radula (R) - CDR - 

Unarmed pharynx (U) CMU - - 

Omnivore (O)    

Jawed pharynx (J) OMJ ODJ - 

Maxillipeds (M) OMM ODM - 

Radula (R) - ODR - 

Unarmed pharynx (U) OMU - - 

First letter code: major feeding mode; Second letter code: motility pattern; Third letter code: 
morphological structure used in feeding. -: No macrobenthic fauna fit for such functional 
group. 
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Table 3.3 Groups classified for macrobenthic species in Hong Kong waters.  

Macrobenthic species Groups Functional 

groups 

Ecological 

groups 
Acaudina sp. Holothuroidea BDT Ⅱ 

Acetes sp. Decapoda SMM Ⅰ 

Acoetes melanonota Polychaeta CMJ Ⅱ 

Actiniaria Cnidaria SST Ⅱ 

Actiniidae A Cnidaria SST Ⅱ 

Actiniidae B Cnidaria SST Ⅱ 

Actiniidae C Cnidaria SST Ⅱ 

Actiniidae D Cnidaria SST Ⅱ 

Aglaophamus toloensis Polychaeta CMJ Ⅱ 

Alpheus malabaricus Decapoda CMM Ⅱ 

Alpheus sp. Decapoda CMM Ⅱ 

Amaeana occidentalis Polychaeta &DT Ⅲ 

Ampelisca bocki Amphipod &MM Ⅰ 

Ampelisca brevicornis Amphipod &MM Ⅰ 

Ampharete acutifrons Polychaeta DST Ⅱ 

Ampharete anobothrusiformis Polychaeta &ST Ⅱ 

Amphibalanus amphitrite Barnacle SSM Ⅱ 

Amphicteis scaphobranchiata Polychaeta DST Ⅰ 

Amphinome jukesi Polychaeta OMU Ⅰ 

Amphiodia (Amphispina) obtecta Ophiuroidea SMA Ⅰ 

Amphiodia sp. Ophiuroidea SMA Ⅰ 

Amphioplus (Amphioplus) lucidus Ophiuroidea SMA Ⅱ 

Amphioplus (Lymanella) depressus Ophiuroidea SMA Ⅱ 

Amphioplus (Lymanella) laevis Ophiuroidea SMA Ⅱ 

Amphioplus sp. Ophiuroidea SMA Ⅰ 

Amphipholis sobrina Ophiuroidea SMA Ⅰ 

Amphipoda A Amphipod &MM N.A. 

Amphipoda B Amphipod &MM N.A. 

Amphiura sp. Ophiuroidea SMA Ⅱ 

Amphiuridae Ophiuroidea SMA Ⅱ 

Anadara sp. Bivalve SDP N.A. 

Anisocorbula sp. Bivalve SDP Ⅳ 

Anobothrus gracilis Polychaeta DST Ⅲ 

Anodontia stearnsiana Bivalve SDP Ⅰ 

Aonides oxycephala Polychaeta &MT Ⅲ 

Aoroides longimerus Amphipod &MM Ⅱ 

Aphelochaeta filiformis Polychaeta &DT Ⅲ 

Aphelochaeta multifilis Polychaeta &DT Ⅳ 

Apionsoma (Apionsoma) 

trichocephalus 

Sipuncula BMU Ⅱ 

Apseudes manna Tanaidacea &MM Ⅲ 

Arcopsis sp. Bivalve SDP Ⅰ 

Arcturina psittacus Isopod DMM N.A. 

Arcuatula japonica Bivalve SDP Ⅱ 

Aricidea (Aricidea) fragilis Polychaeta BMU Ⅰ 

Aricidea sp. Polychaeta BMU Ⅰ 

Armandia intermedia Polychaeta BMU Ⅰ 

Artacama obscura Polychaeta &ST Ⅰ 
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Artacama proboscidea Polychaeta &ST Ⅰ 

Artacama sp. Polychaeta &ST Ⅰ 

Asthenognathus inaequipes Decapoda OMM Ⅱ 

Asychis cf. gangeticus Polychaeta BSU Ⅱ 

Asychis disparidentata Polychaeta BSU Ⅱ 

Athanas sp. Decapoda OMM Ⅰ 

Barantolla sp. Polychaeta BMU Ⅱ 

Barbatia sp. Bivalve SDP Ⅰ 

Bemlos quadrimanus Amphipod &MM Ⅱ 

Bhawania goodei Polychaeta CMU Ⅰ 

Bhawania sp. Polychaeta CMU Ⅰ 

Bivalvia Bivalve SDP N.A. 

Boccardia proboscidea Polychaeta &DT Ⅳ 

Boccardiella hamata Polychaeta &DT Ⅲ 

Boccardiella proboscidea Polychaeta &DT Ⅲ 

Bodotria ovalis Cumacea &MM Ⅱ 

Borniopsis ochetostomae Bivalve SDP Ⅱ 

Borniopsis tsurumaru Bivalve SDP Ⅱ 

Brada sp. Polychaeta &DT Ⅰ 

Branchiomma cingulatum Polychaeta SST Ⅰ 

Byblis brachyura Amphipod &MM Ⅰ 

Callianassa thailandica Decapoda BMM Ⅲ 

Calyptraeidae Gastropod SDR Ⅰ 

Campylaspis fusiformis Amphipod &MM Ⅱ 

Capitella capitata Polychaeta BMU Ⅴ 

Capitellidae Polychaeta BMU Ⅴ 

Cardiomya sp. Bivalve SDP Ⅰ 

Cavernularia sp. Cnidaria SST Ⅰ 

Cephalopisella propagatio Amphipod &MM Ⅰ 

Ceradocus nanhaiensis Amphipod &MM Ⅰ 

Chaetozone setosa Polychaeta &DT Ⅳ 

Chaetozone sp. Polychaeta &DT Ⅳ 

Charybdis (Goniohellenus) 

hongkongensis 

Decapoda CMM Ⅱ 

Charybdis callianassa Decapoda CMM Ⅱ 

Charybdis sp. Decapoda CMM Ⅱ 

Cheiriphotis chilkensis Amphipod &MM Ⅰ 

Cheiriphotis megacheles Amphipod &MM Ⅰ 

Cheiriphotis sp. Amphipod &MM Ⅰ 

Chitonomandibulum 

jiaozhouwanensis 

Amphipod &MM N.A. 

Cirratulidae Polychaeta &DT Ⅳ 

Cirratulus cirratus Polychaeta &DT Ⅳ 

Cirriformia tentaculata Polychaeta &DT Ⅳ 

Clibanarius longitarsus Decapoda ODM Ⅱ 

Coppingeria sp. Polychaeta &DT N.A. 

Corbula erythrodon Bivalve SDP Ⅳ 

Corbula sp. Bivalve SDP Ⅳ 

Cossura dimorpha Polychaeta BMU Ⅳ 

Cossura sp. Polychaeta BMU Ⅳ 

Crepidula onyx Gastropod SDR Ⅲ 

Crepidula sp. Gastropod SDR Ⅲ 
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Cultellus attenuatus Bivalve SDP Ⅰ 

Cycladicama dubia Bivalve SDP Ⅲ 

Cycladicama ethima Bivalve SDP Ⅲ 

Cycladicama sp. Bivalve SDP Ⅲ 

Cyclaspis linguiloba Cumacea &MM Ⅱ 

Cylichna cylindracea Gastropod ODR Ⅱ 

Dasybranchus caducus Polychaeta BMU Ⅲ 

Decapoda A Decapoda OMM N.A. 

Decapoda B Decapoda OMM N.A. 

Dendronereis pinnaticirris Polychaeta CDJ Ⅰ 

Dendronereis sp. Polychaeta CDJ Ⅰ 

Diogenes dubius Decapoda ODM Ⅱ 

Diogenes spinifrons Decapoda ODM Ⅱ 

Diopatra chiliensis Polychaeta CMJ Ⅱ 

Diopatra sp. Polychaeta CMJ Ⅱ 

Ditrupa sp. Polychaeta SST Ⅰ 

Dorippoides facchino Decapoda OMM Ⅱ 

Dorvillea pseudorubrovittata Polychaeta CMJ Ⅱ 

Dosinia japonica Bivalve SDP Ⅰ 

Drilonereis filum Polychaeta CDJ Ⅱ 

Echinocardium cordatum Echinoidea DME Ⅰ 

Echiura A Echiura &DU Ⅱ 

Ehlersileanira incisa Polychaeta CMJ Ⅱ 

Elasmopus hooheno Amphipod &MM Ⅲ 

Eocuma latum Cumacea &MM Ⅱ 

Episiphon kiaochowwanense Scaphopoda BMT Ⅰ 

Eriopisa chilkensis Amphipod &MM Ⅰ 

Eriopisella sechellensis Amphipod &MM Ⅰ 

Eteone longa Polychaeta CMU Ⅲ 

Euchelus sp. Gastropod ODR Ⅰ 

Euclymene sp. Polychaeta BSU Ⅰ 

Eucrate crenata Decapoda OMM Ⅱ 

Eulalia viridis Polychaeta CMU Ⅱ 

Eulepethus sp. Polychaeta CMU N.A. 

Eumida sp. Polychaeta CMU Ⅱ 

Eunice afra Polychaeta OMJ Ⅱ 

Eunice indica Polychaeta OMJ Ⅱ 

Eunoe sp. Polychaeta CMJ Ⅱ 

Exotica cygnus Bivalve SDP Ⅰ 

Faorina chinensis Echinoidea DME Ⅰ 

Flabelliderma sp. Polychaeta &DT N.A. 

Fulvia hungerfordi Bivalve SDP N.A. 

Gafrarium divaricatum Bivalve SDP Ⅰ 

Galathea consobrina Decapoda OMM Ⅰ 

Gammaropsis sp. Amphipod &MM Ⅰ 

Gari lessoni Bivalve SDP Ⅰ 

Gari sp. Bivalve SDP Ⅰ 

Glycera alba Polychaeta CMJ Ⅳ 

Glycera chirori Polychaeta CMJ Ⅱ 

Glycera onomichiensis Polychaeta CMJ Ⅱ 
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Glycera sp. Polychaeta CMJ Ⅱ 

Glycera tenuis Polychaeta CMJ Ⅱ 

Glycera tesselata Polychaeta CMJ Ⅱ 

Glycera tridactyla Polychaeta CMJ Ⅱ 

Glycinde gurjanovae Polychaeta CMJ Ⅱ 

Goniada japonica Polychaeta CMJ Ⅱ 

Goniada maculata Polychaeta CMJ Ⅱ 

Goniada sp. Polychaeta CMJ Ⅱ 

Grandidierella japonica Amphipod &MM Ⅲ 

Grandidierella sp. Amphipod &MM Ⅲ 

Gyptis lobatus Polychaeta CMU Ⅱ 

Hamimaera hamigera Amphipod &MM Ⅰ 

Hanleyanus vestalis Bivalve SDP Ⅰ 

Harmothoe asiatica Polychaeta CMJ Ⅱ 

Harmothoe dictyophora Polychaeta CMJ Ⅱ 

Harmothoe imbricata Polychaeta CMJ Ⅱ 

Harpiniopsis sp. Amphipod &MM Ⅰ 

Hermadionella truncata Polychaeta CMJ Ⅱ 

Heteromastus filiformis Polychaeta BMU Ⅳ 

Heteromastus sp. Polychaeta BMU Ⅳ 

Heteroplax dentata Decapoda OMM N.A. 

Hippolytidae Decapoda OMM N.A. 

Hipponicidae Gastropod SDR N.A. 

Holothuroidea Holothuroidea BDT Ⅰ 

Idunella curvidactyla Amphipod &MM Ⅱ 

Idunella longipalmata Amphipod &MM Ⅱ 

Idunella robustoflagellata Amphipod &MM Ⅰ 

Iphinoe tenera Cumacea &MM Ⅰ 

Isolda albula Polychaeta DST Ⅲ 

Isolda sp. Polychaeta DST Ⅲ 

Joannisiella oblonga Bivalve SDP Ⅲ 

Kellia sp. Bivalve SDP Ⅰ 

Lanice conchilega Polychaeta DST Ⅱ 

Laonice cirrata Polychaeta &MT Ⅲ 

Latigammaropsis atlantica Amphipod &MM Ⅰ 

Leander sp. Decapoda OMM Ⅰ 

Lenisquilla lata Crustacea CMM Ⅰ 

Lepidasthenia sp. Polychaeta CMJ Ⅰ 

Lepidonotus sp. Polychaeta CMJ Ⅱ 

Lepidonotus tenuisetosus Polychaeta CMJ Ⅱ 

Lepidozona coreanica Polyplacophora BMR Ⅱ 

Leptochela (Leptochela) gracilis Decapoda OMM Ⅲ 

Leptochela sp. Decapoda OMM Ⅲ 

Leptomya pura Bivalve SDP Ⅱ 

Leucothoe sp. Amphipod &MM Ⅰ 

Linopherus ambigua Polychaeta CMU Ⅳ 

Listriolobus brevirostris Echiura &DU Ⅲ 

Loimia medusa Polychaeta &ST Ⅲ 

Lovenia subcarinata Echinoidea DME Ⅲ 

Lucifer typus Decapoda SMM Ⅲ 
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Lumbrineridae Polychaeta CMJ Ⅱ 

Lumbrineris cruzensis Polychaeta CMJ Ⅱ 

Lumbrineris heteropoda Polychaeta CMJ Ⅱ 

Lumbrineris inflata Polychaeta CMJ Ⅱ 

Lumbrineris latreilli Polychaeta CMJ Ⅱ 

Lumbrineris longiforlia Polychaeta CMJ Ⅱ 

Lumbrineris nagae Polychaeta CMJ Ⅱ 

Lumbrineris sp. Polychaeta CMJ Ⅱ 

Lysidice ninetta Polychaeta OMJ Ⅱ 

Lysmata sp. Decapoda OMM N.A. 

Macomopsis chinensis Bivalve SDP Ⅰ 

Maera hirondellei Amphipod BMM Ⅰ 

Maera sp. Amphipod BMM Ⅰ 

Magelona cincta Polychaeta &DT Ⅰ 

Magelona japonica Polychaeta &DT Ⅰ 

Magelona pacifica Polychaeta &DT Ⅰ 

Malacoceros sp. Polychaeta &DT Ⅲ 

Mariaplax granulifera Decapoda OMM N.A. 

Marphysa bellii Polychaeta OMJ Ⅱ 

Marphysa depressa Polychaeta OMJ Ⅱ 

Marphysa sanguinea Polychaeta OMJ Ⅱ 

Marphysa sp. Polychaeta OMJ Ⅱ 

Marphysa stragulum Polychaeta OMJ Ⅱ 

Mediomastus sp. Polychaeta DMU Ⅲ 

Melinna cristata Polychaeta &ST Ⅲ 

Melita hoshinoi Amphipod &MM Ⅰ 

Melita koreana Amphipod &MM Ⅰ 

Melita sp. Amphipod &MM Ⅰ 

Melitidae Amphipod &MM Ⅰ 

Menippe rumphii Decapoda OMM Ⅱ 

Merisca sp. Bivalve SDP Ⅰ 

Mesochaetopterus sp. Polychaeta SST N.A. 

Mesocibota bistrigata Bivalve SDP Ⅰ 

Metaphoxus simplex Amphipod &MM Ⅰ 

Metaplax sp. Decapoda OMM N.A. 

Metasychis gotoi Polychaeta BSU Ⅱ 

Michaelcallianassa sinica Decapoda BMM Ⅲ 

Micronephthys oligobranchia Polychaeta CMJ Ⅱ 

Micropodarke dubia Polychaeta CMU Ⅲ 

Mimachlamys nobilis Bivalve SDP Ⅰ 

Mitrella bella Gastropod ODR Ⅰ 

Modiolatus plicatus Bivalve SDP Ⅰ 

Modiolus modulaides Bivalve SDP Ⅰ 

Moerella sp. Bivalve SDP Ⅰ 

Monodonta sp. Gastropod ODR Ⅰ 

Mysida Mysida SMM Ⅱ 

Mysta tchangsii Polychaeta OMJ Ⅲ 

Naineris laevigata Polychaeta BMU Ⅰ 

Naineris sp. Polychaeta BMU Ⅰ 

Nassarius dorsatus Gastropod ODR Ⅱ 



 

90 
 

Nassarius siquijorensis Gastropod ODR Ⅱ 

Nassarius succinctus Gastropod ODR Ⅱ 

Natica vitellus Gastropod CDR Ⅱ 

Neanthes glandicincta Polychaeta ODJ Ⅰ 

Neanthes sp. Polychaeta ODJ Ⅲ 

Nectoneanthes oxypoda Polychaeta CDJ Ⅲ 

Nectoneanthes sp. Polychaeta CDJ Ⅲ 

Nemertea Nemertea CMU Ⅲ 

Neoxenophthalmus obscurus Decapoda OMM Ⅱ 

Nephtys polybranchia Polychaeta CMJ Ⅱ 

Nereididae Polychaeta ODJ N.A. 

Nereiphylla castanea Polychaeta CMU Ⅱ 

Nereis longior Polychaeta ODJ Ⅲ 

Nereis sp. Polychaeta ODJ Ⅲ 

Ninoe palmata Polychaeta CMJ Ⅱ 

Nitidotellina iridella Bivalve &DP Ⅲ 

Nitidotellina sp. Bivalve &DP Ⅲ 

Nitidotellina valtonis Bivalve &DP Ⅲ 

Notomastus aberans Polychaeta BMU Ⅲ 

Notomastus latericeus Polychaeta BMU Ⅲ 

Notomastus sp. Polychaeta BMU Ⅲ 

Oedicerotidae Amphipod &MM N.A. 

Ogyrides orientalis Decapoda BMM Ⅰ 

Onuphis eremita Polychaeta DMJ Ⅱ 

Onuphis geophiliformis Polychaeta DMJ Ⅱ 

Ophelina acuminata Polychaeta BMU Ⅲ 

Ophionephthys difficili Ophiuroidea SMA Ⅱ 

Opisthobranchia Gastropod ODR N.A. 

Orbinia exarmata Polychaeta BMU Ⅰ 

Orbinia vietnamensis Polychaeta BMU Ⅰ 

Orbiniidae A Polychaeta BMU Ⅰ 

Orthoyoldia lepidula Bivalve SDP Ⅰ 

Owenia collaris Polychaeta &DT Ⅰ 

Oxydromus agilis Polychaeta CMU Ⅱ 

Oxydromus angustifrons Polychaeta CMU Ⅱ 

Oxydromus obscurus Polychaeta CMU Ⅰ 

Oxydromus sp. Polychaeta CMU Ⅱ 

Paleanotus chrysolepis Polychaeta OMJ Ⅰ 

Paphia sp. Bivalve SDP Ⅰ 

Paracerceis sculpta Isopod DMM Ⅲ 

Parahalosydnopsis sp. Polychaeta OMJ Ⅱ 

Paralacydonia paradoxa Polychaeta CMU Ⅱ 

Parametaphoxus fultoni Amphipod &MM Ⅰ 

Paramphicteis angustifolia Polychaeta &ST Ⅱ 

Paranthura japonica Isopod DMM Ⅲ 

Paranursia abbreviata Decapoda OMM Ⅰ 

Parapenaeopsis tenella Decapoda OMM Ⅰ 

Paraprionospio pinnata Polychaeta &DT Ⅳ 

Paraprionospio sp. Polychaeta &DT Ⅳ 

Paratapes undulatus Bivalve SDP Ⅰ 



 

91 
 

Parelasmopus echo Amphipod &MM N.A. 

Parheteromastus tenuis Polychaeta BMU Ⅴ 

Pectinaria conchilega Polychaeta BMU Ⅰ 

Pectinaria sp. Polychaeta BMU Ⅰ 

Pelecyora trigona Bivalve SDP Ⅰ 

Perinereis cultrifera Polychaeta ODJ Ⅲ 

Perinereis sp. Polychaeta ODJ Ⅲ 

Pherusa bengalensis Polychaeta &DT Ⅰ 

Phyllocomus hiltoni Polychaeta DST Ⅰ 

Phylloda foliacea Bivalve SDP Ⅰ 

Phyllodoce chinensis Polychaeta CMU Ⅱ 

Phyllodoce madeirensis Polychaeta CMU Ⅱ 

Phyllodoce papillosa Polychaeta CMU Ⅱ 

Phyllodoce sp. Polychaeta CMU Ⅱ 

Phylo ornatus Polychaeta BMU Ⅰ 

Pilargidae A Polychaeta CMU Ⅰ 

Pilargidae B Polychaeta CMU Ⅰ 

Pilargidae C Polychaeta CMU Ⅰ 

Pinguitellina casta Bivalve SDP Ⅰ 

Pinnixa penultipedalis Decapoda OMM Ⅰ 

Pista cristata Polychaeta &ST Ⅰ 

Pista pacifica Polychaeta &ST Ⅰ 

Pista sp. Polychaeta &ST N.A. 

Pista typha Polychaeta &ST Ⅰ 

Placamen lamellatum Bivalve SDP Ⅰ 

Platyhelminthes Platyhelminthes DMU Ⅱ 

Poecilochaetus serpens Polychaeta &DT Ⅰ 

Poecilochaetus sp. Polychaeta &DT Ⅰ 

Poecilochaetus tropicus Polychaeta &DT Ⅰ 

Polydora complex A Polychaeta &DT Ⅳ 

Polydora complex B Polychaeta &DT Ⅳ 

Polydora complex C Polychaeta &DT Ⅳ 

Polydora complex D Polychaeta &DT Ⅳ 

Pontocrates altamarinus Amphipod &MM Ⅱ 

Porifera  Porifera SSC N.A. 

Portunus (Xiphonectes) hastatoides Decapoda CMM Ⅰ 

Potamilla neglecta Polychaeta SST Ⅱ 

Potamocorbula laevis Bivalve SDP Ⅴ 

Praxillella cf. affinis Polychaeta BSU Ⅲ 

Praxillella gracilis Polychaeta BSU Ⅲ 

Praxillella pacifica Polychaeta BSU Ⅰ 

Praxillella praetermissa Polychaeta BSU Ⅲ 

Praxillella sp. Polychaeta BSU Ⅲ 

Prionospio cirrifera Polychaeta &DT Ⅳ 

Prionospio japonicus Polychaeta &DT Ⅳ 

Prionospio multibranchiata Polychaeta &DT Ⅲ 

Prionospio pygmaeus Polychaeta &DT Ⅱ 

Prionospio queenslandica Polychaeta &DT Ⅳ 

Prionospio sp. Polychaeta &DT N.A. 

Prionospio sp. A Polychaeta &DT Ⅳ 
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Prionospio sp. B Polychaeta &DT Ⅳ 

Prionospio sp. C Polychaeta &DT Ⅳ 

Prionospio sp. D Polychaeta &DT Ⅳ 

Prionospio sp. E Polychaeta &DT Ⅳ 

Prionospio sp. F Polychaeta &DT Ⅳ 

Prionospio sp. H Polychaeta &DT Ⅳ 

Prionospio sp. I Polychaeta &DT Ⅳ 

Prionospio sp. J Polychaeta &DT Ⅳ 

Processa sulcata Decapoda OMM Ⅰ 

Protankyra bidentata Holothuroidea BDT Ⅱ 

Protapes gallus Bivalve SDP Ⅰ 

Psammacoma gubernaculum Bivalve &DP Ⅲ 

Pseudonereis gallapagensis Polychaeta ODJ Ⅲ 

Pseudopolydora kempi Polychaeta &DT Ⅲ 

Pseudopolydora paucibranchiata Polychaeta &DT Ⅳ 

Quadrimaera pacifica Amphipod &MM Ⅰ 

Raeta sp. Bivalve SDP Ⅱ 

Raphidopus ciliatus Decapoda OMM Ⅰ 

Ringicula doliaris Gastropod ODR Ⅰ 

Ruditapes philippinarum Bivalve SDP Ⅲ 

Sabellastarte spectabilis Polychaeta SST Ⅱ 

Saccella confusa Bivalve SDP Ⅰ 

Saccella cuspidata Bivalve SDP Ⅰ 

Samytha gurjanovae Polychaeta &ST Ⅰ 

Scalibregma inflatum Polychaeta BMU Ⅲ 

Scalopidia spinosipes Decapoda OMM Ⅱ 

Schistomeringos incerta Polychaeta CMJ Ⅱ 

Sclerodactylidae Holothuroidea &DT N.A. 

Scolelepis (Scolelepis) squamata Polychaeta &DT Ⅲ 

Scoloplos (Leodamas) rubra Polychaeta BMU Ⅰ 

Scoloplos (Leodamas) rubra 

orientalis 

Polychaeta BMU Ⅰ 

Scoloplos (Scoloplos) marsupialis Polychaeta BMU Ⅰ 

Scoloplos sp. Polychaeta BMU Ⅰ 

Scoloplos vietnamensis Polychaeta BMU Ⅰ 

Semelidae Bivalve &DP Ⅱ 

Septaria porcellana Gastropod ODR Ⅱ 

Sigalion sp. Polychaeta CMJ Ⅰ 

Sigalionidae A Polychaeta CMJ N.A. 

Sigambra bassi Polychaeta CMU Ⅳ 

Sigambra hanaokai Polychaeta CMU Ⅱ 

Sipuncula Sipuncula BMU Ⅰ 

Solen sp. Bivalve SDP Ⅱ 

Solenocera sp. Decapoda OMM Ⅱ 

Spio martinensis Polychaeta &DT Ⅲ 

Spiochaetopterus sp. Polychaeta &ST Ⅲ 

Spionidae Polychaeta &DT Ⅲ 

Sternaspis scutata Polychaeta BMU Ⅲ 

Sthenelais fusca Polychaeta CMJ Ⅱ 

Sthenolepis areolata Polychaeta CMJ Ⅰ 

Sthenolepis japonica Polychaeta CMJ Ⅱ 
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Syllis amica Polychaeta CMJ Ⅱ 

Syllis cornuta Polychaeta CMJ Ⅱ 

Syllis gracilis Polychaeta CMJ Ⅲ 

Syllis sp. A Polychaeta CMJ Ⅱ 

Syllis sp. B Polychaeta CMJ Ⅱ 

Tambalagamia fauveli Polychaeta CMJ Ⅱ 

Tellinidae Bivalve &DP Ⅰ 

Temnopleurus reevesii Echinoidea DME Ⅰ 

Terebella plagiostoma Polychaeta &ST Ⅱ 

Terebellidae Polychaeta &ST Ⅱ 

Terebellides stroemii Polychaeta &ST Ⅱ 

Thalamita sp. Decapoda CMM Ⅰ 

Themisto sp. Amphipod &MM Ⅲ 

Theora lata Bivalve SDP Ⅰ 

Timoclea scabra Bivalve SDP Ⅰ 

Timoclea sp. Bivalve SDP Ⅰ 

Trigonothracia jinxingae Bivalve SDP Ⅰ 

Trissoplax dentata Decapoda OMM Ⅱ 

Tritodynamia longipropoda Decapoda OMM Ⅱ 

Tritodynamia sp. Decapoda OMM Ⅱ 

Typhlocarcinops sp. Decapoda OMM Ⅱ 

Typhlocarcinus nudus Decapoda OMM Ⅱ 

Typhlocarcinus sp. Decapoda OMM Ⅱ 

Typhlocarcinus villosus Decapoda OMM Ⅱ 

Upogebia sp. Decapoda SMM Ⅰ 

Venerupis aspera Bivalve SDP Ⅲ 

Veretillidae Cnidaria SST Ⅰ 

Verilarca thielei Bivalve SDP Ⅰ 

Vexillum sp. Gastropod ODR Ⅰ 

Virgularia gustaviana Cnidaria SST Ⅰ 

Virgularia sp. Cnidaria SST Ⅰ 

Xenophthalmus pinnotheroides Decapoda OMM Ⅱ 

N.A. within Ecological groups indicates that the species is not assigned to any ecological 
group due to lack of relevant literature. 
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Table 3.4 The best fitted Generalized Linear Mixed Models (GLMM) for biotic variables. 

Best Generalized Linear 

Mixed Models for biotic 

variables 

Family Overdispersion Marginal Conditional K AICc Wi 

Abundance:ABD 

Yr+TOM+(1|fSTN) NL 0.083 0.429 0.711 3 73.30 1.0 

AZTI Marine Biotic Index:AMBI 

Yr+TOM+(1|fSTN) NL 0.343 0.007 0.272 2 119.8 0.7 

Yr+TC+(1|fSTN) NL 0.303 0.061 0.346 3 121.8 0.3 

Biomass:BIO 

Yr+TOM+(1|fSTN) NL 1.158 0.175 0.175 3 153.4 1.0 

Burrower:BU 

Yr+TOM+(1|fSTN) NL 0.280 0.552 0.552 3 86.70 1.0 

Carnivore:CA 

Yr+TOM+(1|fSTN) NL 0.093 0.467 0.678 3 69.70 1.0 

Discretely motile:DM 

Yr+TOM+(1|fSTN) NL 0.130 0.243 0.635 3 96.40 1.0 

Margalef’s richness index:d 

Yr+TOM+(1|fSTN) NL 2.378 0.515 0.705 3 221.8 1.0 

Motile:MO 

Yr+TOM+(1|fSTN) NL 0.114 0.498 0.682 3 76.60 0.5 

Yr+TS+TOM+(1|fSTN) NL 0.057 0.593 0.823 4 76.70 0.5 

Omnivore:OM 

Yr+TOM+(1|fSTN) NL 0.161 0.237 0.520 3 93.40 1.0 

Suspension feeder:SP 

Yr+TOM+(1|fSTN) NL 0.346 0.279 0.349 3 105.4 1.0 

Suspension and surface deposit feeder:SS 

Yr+TOM+(1|fSTN) NL 0.215 0.453 0.616 3 100.6 1.0 

Functional Groups:FG 

Yr+TOM+(1|fSTN) NL 8.847 0.590 0.679 3 268.3 1.0 

Species number:S 

Yr+EP+(1|fSTN) PN 1.122 0.118 0.964 3 437.3 0.4 

Yr+TS+TOM+(1|fSTN) PN 1.485 0.329 0.948 4 437.5 0.4 

Yr+EP+ PF63+(1|fSTN) PN 1.101 0.115 0.965 4 438.7 0.2 

Functional diversity:FD 

Yr+TOM+(1|fSTN) BN 0.187 0.090 0.090 3 158.8 1.0 

Shannon-Wiener diversity index:H' 

Yr+TOM+(1|fSTN) BN 0.309 0.153 0.153 3 181.2 1.0 

Pielou's evenness index: J 

Yr+(1|fSTN) BN 0.033 0.003 0.003 2 96.70 1.0 

Surface deposit feeder:SDF 

Yr+TS+TOM+(1|fSTN) BN 1.045 0.636 0.744 4 367.1 1.0 

Sessile:SL 

Yr+TOM+SUS+(1|fSTN) BN 0.842 0.769 0.805 4 312.6 0.4 

Yr+TOM+(1|fSTN) BN 0.701 0.751 0.796 3 312.9 0.4 

Yr+TS+TOM+(1|fSTN) BN 0.653 0.754 0.803 4 313.6 0.2 

The models are fitted with normal (NL), poisson (PN) or negative binomial (NB) distribution. K 
= number of variables estimates + intercept; Wi = AIC weights; PF63 = particle size fraction < 
63μm (%); TOM = Total organic matter; Yr = Year; TS = Total Sulphide; EP = 
Electrochemical potential; TP = Total Phosphorous. 
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Table 3.5 Results of principal components analysis (PCA).  

Variable PC1 PC2 PC3 PC4 PC5 

Chemical oxygen demand (mg/kg)  0.331 -0.500 -0.176 0.047 0.108 

Electrochemical potential (mV) -0.218 0.166 0.552 -0.161 0.632 

Particle size fraction < 63μm (%)  0.231 0.313 -0.336 0.400 0.517 

Total carbon (%w/w) 0.281 -0.111 0.012 -0.606 -0.142 

Total Kjeldahl nitrogen (mg/kg) 0.456 0.088 -0.111 -0.033 0.088 

Total phosphorous (mg/kg) -0.008 0.471 -0.556 -0.409 0.101 

Total sulphide (mg/kg) 0.233 -0.490 -0.045 -0.151 0.467 

Total organic matter (%w/w) 0.366 0.090 0.171 0.471 -0.197 

Suspended solids (mg/L) -0.396 -0.269 -0.265 0.093 0.160 

Turbidity (NTU) -0.397 -0.249 -0.359 0.153 -0.024 

Eigenvalues 4.00 1.67 1.18 0.96 0.76 

Cumulative % variation 40.0 56.7 68.5 78.0 85.6 

Abiotic variables of 25 stations in the 2012 and 2015 surveys are used for PCA (n = 50). The 
results show component loadings, eigenvalues, and percentage of variance explained. 
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Table 3.6 Estimates of biotic variables from the effects of abiotic variables. 

Model coefficients Estimate S.E. LRT Pr(Chi) 

Abundance:ABD.25     
TOM -12.09 3.396 6.365 0.012 * 

Yr 0.789 0.109 32.97 <0.001 *** 

Biomass:BIO.25     

TOM -19.16 6.476 7.377 0.007 ** 

Yr -0.122 0.314 0.160 0.689 

Burrower:BU.25     

TOM -23.98 3.183 28.64 <0.001*** 

Yr 0.610 0.154 14.33 <0.001*** 

Carnivore:CA.25     

TOM -9.568 3.140 6.761 0.009 ** 

Yr 0.853 0.109 35.98 <0.001 *** 

Margalef’s richness index:d.25 

TOM -92.96  15.81 15.20 <0.001 *** 

Yr 3.127 0.553 23.70 <0.001 *** 

Discretely motile:DM.25     

Yr 0.702 0.138 20.87 <0.001 *** 

TOM -8.594 4.389 2.964 0.085 

Functional groups:FG.25    

TOM -181.5 24.09 18.96 <0.001 *** 

Yr 4.621 0.975 18.22 <0.001 *** 

Shannon-Wiener diversity index:H'.25   

TOM -9.533 0.509 7.965 0.005 ** 

Yr 0.204 0.148 1.633 0.201 

Pielou's evenness index: J (J.9)    

Yr -0.124 0.223 0.139  0.709 

Omnivore:OM.25     

TOM -13.06 3.994 7.443 0.006 ** 

Yr 0.400 0.142 7.682 0.006 ** 

Suspension feeder:SP.25 

TOM -15.98 4.049 10.74 0.001 ** 

Yr 0.485 0.181 6.889 0.009 ** 

Suspension and surface deposit feeder:SS.25   

TOM -17.17 4.185 11.11 <0.001 *** 

Yr 1.024 0.158 28.34 <0.001 *** 

Functional diversity:FD.25 

TOM -8.503 0.329 4.523 0.03343 * 

Yr 0.101 0.170 0.281 0.596 

Surface deposit feeder:SDF.27 

TOM -45.87 13.71 15.42 <0.001 *** 

Yr 3.514 0.483 62.46 <0.001 *** 

TS 0.006 0.002 7.948 0.005 ** 

Model-average coefficients Estimate S.E. Z value Pr (>|Z|) 

AZTI Marine Biotic Index:AMBI(AMBI.25,AMBI.29) 
TOM 1.734 4.570 0.379 0.704 

TC 0.243 0.488 0.497 0.619 

Yr -0.098 0.198 0.495 0.620 

Motile:MO(MO.25,MO.27)     

TOM -15.80 3.362 4.700 <0.001 *** 

Yr 0.858 0.111 7.739 <0.001 *** 

TS 0.001 0.001 0.926 0.354 

Species number:S(S.8,S.27,S.7)    

Yr 0.499 0.166 3.011 0.003 ** 

TOM -4.264 6.205 0.687 0.492 

EP -0.001 0.001 1.067 0.286 

TS 0.001 0.001 0.712 0.476 

PF63 0.001 0.002 0.342 0.732 

Sessile:SL(SL.21,SL.25,SL.27)    

TOM -84.52 14.19 -5.958 <0.001 *** 

Yr 3.067 0.496 6.181 <0.001 *** 

TS 0.003 0.002 1.329 0.184 

The estimates of biotic variables are from the best generalized linear mixed models with the smallest AICc values (see Methods). 
Significant variables (P < 0.05) are marked in bold and ordered following variable estimates. LRT = likelihood ratio test. 
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Table 3.7 Statistics for the biotic variables between surveys. 

Heavily trawled 14 stations (Group 1) Non-heavily trawled 14 stations (Group 2)  

Variables 
2012 2015 

t P 
2012 2015 

t P 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

ABD 236.9 471.5 911.3 1022.1 -4.312 <0.001*** 274.7 558.3 784.5 1244.4 -2.410 0.031* 

BIO 10.94 10.83 32.85 61.85 -1.349 0.200 120.1 371.3 108.8 239.8 0.091 0.929 

S 29.93 12.63 57.93 20.36 -7.405 <0.001*** 25.14 22.86 38.71 28.15 -3.386 0.005** 

d 6.053 2.214 8.672 2.731 -5.033 <0.001*** 4.598 3.296 5.928 3.757 -2.564 0.024* 

J 0.771 0.212 0.698 0.145 1.880 0.083 0.776 0.087 0.655 0.135 2.719 0.018* 

H' 3.662 1.155 4.053 1.045 -2.072 0.059 3.091 1.077 3.162 1.353 -0.235 0.818 

AMBI 2.455 0.911 2.316 0.659 0.741 0.472 2.601 0.692 2.275 0.913 0.904 0.382 

FD 2.678 0.754 2.724 0.569 -0.308 0.763 2.300 0.791 2.191 0.876 0.526 0.608 

FG 13.57 3.777 16.36 3.734 -2.986 0.011* 10.29 6.799 13.07 6.810 -2.455 0.029* 

SS 157.9 455.1 292.9 265.8 -1.881 0.083 65.07 97.08 278.6 471.1 -2.042 0.062 

BU 22.07 17.80 102.9 110.6 -3.108 0.008* 67.50 214.3 30.36 57.66 0.616 0.549 

CA 30.14 21.81 202.1 49.88 -12.85 <0.001*** 43.79 52.84 254.8 487.5 -1.765 0.101 

SDF 2.143 2.413 74.43 60.76 -4.507 <0.001*** 6.143 12.67 106.1 230.9 -1.697 0.113 

OM 13.00 19.27 19.43 14.25 -1.038 0.318 55.71 123.7 40.57 96.11 1.273 0.225 

SP 11.64 11.60 219.0 700.4 -1.118 0.284 31.71 84.92 73.86 133.6 -1.018 0.327 

DM 162.8 460.7 440.6 960.9 -2.020 0.064 90.93 151.2 231.3 277.0 -2.708 0.018* 

MO 67.36 34.27 435.9 209.3 -7.358 <0.001*** 170.4 389.1 542.9 1005.3 -2.071 0.059 

SL 6.714 8.062 34.36 33.92 -3.729 0.003** 8.571 22.98 10.07 15.00 -0.331 0.746 

Paired sample statistics and t-test are used for the biotic variables between the two surveys in 2012 and 2015. Heavily trawled 
(Group 1) and non-heavily trawled (Group 2) stations are separately displayed. 
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Chapter 4 General conclusion and discussion 

4.1 General conclusion 

The studies included in thesis have contributed to a better understanding of 

the background information including the hydrology, the anthropogenic influences 

and their impacts on benthic habitats, management measures and their effects in 

improving the deterioration in coastal environment in Hong Kong; besides, the two 

surveys on macrobenthic communities in the territory Hong Kong waters conducted 

in 2012 and 2015 and a previous survey in 2001 provided valuable examples in 

showing the changes of marine benthic ecosystems in the tropical Hong Kong waters 

in response to the two management measures, i.e. the pollution control measures, the 

Stage 1 of HATS and the fishery management measure, the territory-wide trawling 

ban.  

The Chapter 1 of this thesis was to provide the essential background 

information for studies included in the thesis. Macrobenthos had been widely used in 

marine environmental studies due to their limited motility and sensitivity to various 

changes in marine environments. Studies on the macrobenthos could provide 

information on ecosystem health, functioning and trophic structure; therefore, it could 

be used for managing marine environmental protection and resources conservation. In 

tropical Hong Kong, the local climate and hydrology had formed specific marine 

environments, which influenced the statuses of benthic ecosystems and responses to 

habitats disturbances. The conducted marine water and sediment quality monitoring 

systems, as well as some regional and territory-wide surveys on macrobenthos could 

provide valuable baseline data for further benthic studies and for detecting effects of 

natural and anthropogenic influences on benthic ecosystems. The historical studies 

had provided very abundant information on the statuses of benthic ecosystems as well 

as their responses to pollution control measures and the fishery management 

measures in Hong Kong waters. Signs of recoveries were noted in macrobenthic 

communities to the management measures; however, the recovery was very weak. 

Overall, the background information provided in this part indicated that there were 

urgent needs in operating comprehensive studies on macrobenthic communities in the 

territory-wide Hong Kong waters, which could be used as important baseline, as well 



 

99 
 

as references on the recovery of benthic ecosystems to environmental management 

measures in the tropical Hong Kong waters. 

The Chapter 2 of this thesis was to detect the changes in macrobenthic 

community and biodiversity in response to the pollution control measures, i.e. Stage 1 

of HATS aiming to reduce the sewage discharged inside the Victoria Harbour. During 

the period between the two surveys, pollution control actions were also conducted in 

the two sheltered waters, i.e. Tolo Harbour and Deep Bay. The results of this study 

demonstrated that notable changes in macrobenthic community structure were only 

noted in three focal areas with pollution control actions in Victoria Harbour, Tolo 

Harbour and Deep Bay; however, responses of macrobenthos to pollution control 

measures could be hydrologically varied. 1) In eastern Victoria Harbour, the 

reduction in sedimentary total organic matter (TOM) and the complete disappearance 

of the two species Ruditapes philippinarum (Adams & Reeve, 1850) and 

Thalassodrilides gurwitschi (Hrabĕ, 1971), which were reported to thriving in 

organic-enriched habitats, could be signs of recovery in benthic ecosystem after the 

cessation of sewage discharge in this region; while in the western Victoria Harbour, 

the increased sedimentary nutrients (e.g. COD, TC, TKN, TS, TOM and PF63) and the 

increase in abundance of R. philippinarum (Adams & Reeve, 1850) in the western 

Victoria Harbour was due to discharged effluent from the nearby new established 

Stonecutters Island Sewage Treatment Works. 2) In outer Deep Bay, three outer 

stations had changed station groupings. However, the non-significant changes in 

sedimentary nutrients (e.g. COD, TOM, EP, TS, TC, TKN and PF63) and the 

substantial increase in the opportunistic small-sized polychaete Paraprionospio 

pinnata (Ehlers, 1901) in the outer bay indicated that although there were pollution 

control measures implemented along the coasts of Deep Bay, the changes in station 

groupings in the outer bay could not be attributed to the pollution control measures 

and the recovery of benthic community in this area may need a longer period. 3) In 

Tolo Harbour, there were only minor changes in sedimentary nutrients (e.g. TOM, TS, 

TC and TKN) and the dominant species in both studies were the small, ubiquitous 

polychaete Sigambra hanaokai (Kitamori, 1960) and the communities in both studies 

were characterized by few species with low abundance. Therefore, the changes in 
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station groupings in Tolo Harbour may be caused by small changes in abundance and 

number of species. The results indicated that the limited flushing rate inside the Tolo 

Harbour had abated the improvement of benthic habitats; besides, the changes in 

station grouping assignment should not be regarded as recovery in benthic 

communities. In addition to the conclusions in the Chapter 1, this study provided an 

updated baseline in June 2012 on the biodiversity and macrobenthic community 

structure in the territory Hong Kong waters. 

The Chapter 3 of this thesis was to detect the changes in macrobenthic 

community and biodiversity in response to the trawling ban, which aims to protecting 

the commercially valuable fishery resources and marine ecosystems. The results of 

this study demonstrated that the territory-wide trawling ban in Hong Kong waters had 

led to comprehensive recoveries in both benthic habitats and macrobenthic 

communities. For the benthic habitats, the significantly reduced bottom water 

suspended solids indicated the cessation of disturbances to the bottom sediment by 

the fishing gears and the recovery in benthic habitats heterogeneity; besides, the 

significantly increased sedimentary total organic matter indicated that the trawling 

ban had led to reduced transportation of sedimentary materials into the bottom water 

column, thus leading to an accumulation of organic materials in sediment. Profound 

recoveries in macrobenthic communities were also noted after the trawling ban, such 

as the increased total abundance, richness and diversity in a majority of the surveyed 

stations, the significantly increased niche breadth of macrobenthic species and the 

more aggregated, fewer but larger station groups of macrobenthic communities. 

Specifically, the notable increases in biomass of several stations in Western Waters 

and Eastern Waters due to the presence of large-sized bivalves Paratapes 

undulatus (Born, 1778), Ruditapes philippinarum (Adams & Reeve, 1850) and the 

echiurid Listriolobus brevirostris Chen & Yeh, 1958 indicated a relatively stable 

benthic habitats after the trawling ban. 

 

4.2 Implications and inspirations from this study 

The two crucial management measures, the HATS and the territory-wide 

trawling ban in Hong Kong implemented in the last two decades, had showed 
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delightful changes in local water quality, fishery resources and benthic ecosystems as 

indicated by studies in different research fields.  

The results in the Chapter 2 of this thesis indicated that the effectiveness of 

pollution control measures differed according to the hydrology of the implementation 

region. In open waters with strong flushing rates and high bottom current velocity, e.g. 

Victoria Harbour, the organic pollution could be remediated in a short period of time 

(< 11 years), within which notable recovery in macrobenthic community could also 

be noted; while in sheltered waters with poor flushing rates and low bottom current 

velocity, e.g. Tolo Harbour, no apparently decreased sedimentary total organic matter 

content were noted even though all treated sewage from local sewage treatment 

works had been conveyed to the Victoria Harbour for discharge during the study 

period from 2001 to 2015. Therefore, planning of new city or town in coastal waters 

should pay attention to the construction of sewerage systems; for the objective of 

coastal environmental conservation, the sewage generated from the new city or town 

should not be discharged directly into sheltered waters, if there was one. A 

recommendation is that, all sewage should be collected to sewage treatment factories 

for a series of enhanced treatment to meet the standard for final discharge. Pay 

attention to the heavy metals in effluent, since they are difficult to clean up once 

accumulated in sediment. Besides, it is better to transport all treated sewage to open 

waters with high flushing rates for discharge, thus to reduce the residence time of the 

sewage effluent. 

Actually, the effectiveness of the territory-wide trawling ban in Hong Kong 

waters in remediating the fishery resources and benthic ecosystems could be well 

anticipated; and the only uncertainty is the recovery time needed for complete (or at 

least a considerable proportion of) recovery comparing to original conditions before 

the disturbances (i.e. trawling) was introduced in this region. The recovery time in 

response to the trawling ban varies according to faunal taxa. Although further 

evidences are needed, the notable recoveries of macrobenthic communities, which are 

important food for fishery resources, could be regarded as a prelude for the recovery 

of fishery resources. The cessation of trawling would lead to increased sedimentary 

total organic matter (TOM) and more diverse macrobenthic community due to 
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reduced resuspension of sediment into water column that sediment could hold more 

organic materials therefore it could support community with higher diversity. 

Macrobenthos is a key component of the biodiversity of marine ecosystems; 

besides, they play important roles in the ecosystem functions. Polychaetes contribute 

to a key proportion of macrobenthos in many benthic ecosystems; therefore, studies 

on polychaetes, especially their taxonomy are also ecologically important. During my 

study period in Hong Kong, my supervisor and I had noted several new polychaete 

species in a couple of families, and some of the species were described and published. 

It is noted that the diversity of polychaete species is underestimated in Hong Kong, 

which needs intensive exploitation. Besides, due to the development of techniques 

and methods in invertebrate taxonomy, especially the technology of molecular 

science, many polychaete species previously recorded in Hong Kong need further 

identifications. Therefore, there is urgent need for updating the polychaete data base 

in Hong Kong waters. 

For the protection of marine environment and conservation of marine 

resources, the Hong Kong government had carried out many projects and schemes, as 

well as the ecological surveys. The studies included in this thesis were based on three 

macrobenthic surveys (2001, 2012 and 2015) conducted in a territory-wide Hong 

Kong waters. Such surveys are essential in understanding the statuses of benthic 

ecosystems and giving advices to the decision makers in selecting suitable 

management measures and detecting the effectiveness of the measures; thus call for 

regular, comprehensive macrobenthic surveys in Hong Kong waters. 

 

4.3 Intensive research 

The studies in this thesis had provided crucial information for the responses of 

biodiversity, macrobenthic communities, and physical and chemical characterisitics 

of benthic habitats to the pollution control measures and fishery remediation 

measures, i.e. trawling ban in the tropical Hong Kong waters. However, since the 

influences to the benthic habitats and ecosystems may be long-lasting (Borja et al. 

2006; Tang 2007) and the complete recovery of benthic communities after bottom 

trawling, especially those encountered chronic, high intensity and large-scale trawling 
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activities, may need much longer recovery time (Collie et al. 2000; Kaiser et al. 

2006). Therefore, intensive studies in the future are needed for studying the long-term 

responses of benthic habitats and benthic ecosystems to these remedial measures in 

Hong Kong waters and evaluating the effectiveness of these measures in remediating 

environment in the long-term in tropical waters. 

According to our results, the high level of sedimentary total organic matter 

and low dissolved oxygen inside the sheltered Tolo Harbour and Deep Bay did not 

alleviate even after decades of pollution control measures and no apparent changes in 

macrobenthic communities were noted during the study period; while in the Victoria 

Harbour, notable recovery were noted in both sedimentary organic pollution and 

macrobenthic community structure, as well as the presence of large-sized benthic 

species. Therefore, the hydrologically dependent responses of benthic ecosystems to 

the pollution control measures calls for future studies to revealing the mechanisms 

and driver of the recovery in these focal areas. 

Heavy metal contamination had been noted Hong Kong waters, especially in 

Victoria Harbour, Deep Bay and Tolo Harbour; and studies had shown that a 

considerable proportion of the heavy metals remained persistent inside the Victoria 

Harbour even after a decade of sewage controlling in this region (Tang 2007). 

Currently, little is known about their long-term impacts on the abatement of the 

recovery of benthic communities (Shin et al. 2008); thus, future studies are needed 

for solving this problem. 

The macrobenthic survey conducted in 2015 was two and a half years after the 

fishery management measures (i.e. territory-wide trawling ban). Although there are 

significant increases in total abundance in the majority of the surveyed stations, it is 

not sure whether the increased abundance noted in this 2015 survey was due to the 

thriving of opportunistic small-sized species in an early stage of the recovery of 

macrobenthic communities or it represent a developed stable stage; besides, the 

notable increases in biomass were currently only noted in a few stations. Accordingly, 

there is need for further studies to confirm our expectation in the recovery of 

abundance and make better estimates for the recovery of biomass. 
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Appendix 1 A New Species in the Marphysa sanguinea Complex 

(Annelida, Eunicidae) from Hong Kong 

1.1 Abstract 

Marphysa hongkongensa n. sp. (Annelida: Eunicidae) is described based on 

samples from the intertidal zone of Tolo Harbour, Hong Kong. This new species 

belongs to the Marphysa sanguinea species complex. It is characterized by a 

subacicular hook from chaetiger 26-58 to the posterior end, branchiae with up to 5-10 

flaments from chaetiger 14-35 to the posterior end, and four types of pectinate 

chaetae. Molecular analyses indicated that the cytochrome oxidase c subunit I gene 

and 16S RNA gene of Marphysa hongkongensa diverged from the corresponding 

sequence of the closest related species of Marphysa in GenBank by 19.5% and 12.1%, 

respectively. An identifcation key is provided for species in the Marphysa sanguinea 

complex along the Chinese coast. 

 

1.2 Introduction 

With 83 recognized species, Marphsya Quatrefages, 1865 is a large genus in 

the family Eunicidae (Polychaeta: Eunicida) (Read & Fauchald 2018). Species in this 

genus commonly inhabit intertidal shores, and are often used as bait in recreational 

fishing (Glasby & Hutchings 2010; Cole et al. 2018). Marphysa is characterized by 

the presence of three central antennae and two lateral palps (Glasby & Hutchings 

2010), notopodial branchiae and the absence of peristomial cirri. Fauchald (1970) 

divided this genus into four groups according to the type of compound chaetae: 

Mossambica, with no compound chaetae (Group A); Sanguinea, with only compound 

spinigers (Group B); Aeana, with only compound falcigers (Group C); and Belli, with 

both compound spinigers and falcigers (Group D). Each of the four groups can be 

further divided into two subdivisions: those with branchiae present only on a short 

anterior region (subdivision 1), and those with branchiae present over a long region of 

the body (subdivision 2) (Fauchald 1970). Glasby & Hutchings (2010) further 

identified the Teretiuscula group, which falls between Group A and Group B and is 

characterized by the presence of compound spinigerous subacicular chaetae in 

anterior segments and limbate chaetae in anterior and posterior segments. 
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The Sanguinea group (Group B) was named after the type species of this 

genus, Marphysa sanguinea (Montagu, 1813), based on specimens collected from the 

south coast of England. This species has been subsequently recorded from many parts 

of the world, including northern Europe, North America, South America, South 

Africa, Australia and Asia (Miura 1977; Yang & Sun 1988; Hutchings & 

Karageorgopolous 2003; Wu 2013). Hutchings & Karageorgopolous (2003) and 

Hutchings et al. (2012) provided a detailed redescription of M. sanguinea. 

Subsequent studies showed that many records of M. sanguinea from outside its type 

locality were misidentified and actually represent new species (see Lewis & 

Karageorgopoulos 2008; Molina-Acevedo & Carrera-Parra 2015; Zanol et al. 2016; 

Zanol et al. 2017; Lavesque et al. 2017). 

To date, seven species of Marphysa have been described from Chinese coastal 

waters: M. sinensis Monro, 1934; M. orientalis Treadwell, 1936; M. tripectinata Liu, 

Hutchings & Sun, 2017; M. multipectinata Liu, Hutchings & Sun, 2017; M. 

tribranchiata Liu, Hutchings & Sun, 2017; M. bulla Liu, Hutchings & Kupryanova, 

2018; and M. maxidenticulata Liu, Hutchings & Kupryanova, 2018. Among them, 

only M. sinensis Monro, 1934 belongs to the Belli group (Group D), and all the other 

six species belong to the Sanguinea group (Group B). 

Seven species of Marphysa with non-Chinese type localities have been 

recorded from the mainland Chinese coast [namely Marphysa sanguinea (Montagu, 

1813); Marphysa depressa Schmarda, 1861; Marphysa stragulum Grube, 1878; 

Marphysa macintoshi Crossland, 1903; Marphysa gravelyi Southern, 1921; 

Marphysa mossambica Peters, 1854; Marphysa formosa Steiner & Amaral, 2000] 

(Wu 1962; Wu et al. 1980; Meng et al. 1994; Yang & Sun 1988; Wu 2013). However, 

only the species names were mentioned in most of these publications; in Yang and 

Sun (1988), the descriptions were too brief to allow for species identification. Liu et 

al. (2017), based on the fact that most of these species were described from localities 

very distant from China, suggested that these species do not occur in Chinese waters, 

although they were unable to locate the specimens reported by Wu (2013) to be 

deposited at the Institute of Oceanology, Chinese Academy of Sciences, Qingdao. 

Four species of Marphysa have also been recorded from Hong Kong waters. Morton 
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& Morton (1983) reported M. sanguinea as a common species in intertidal 

sedimentary rock crevices and M. adenensis Gravier, 1900 as a common species 

associated with subtidal corals. Shin (1980) reported M. bellii (Audouin & Milne 

Edwards, 1833) and M. sanguinea from the subtidal soft sediment of Tolo Harbour 

and Mirs Bay. Mak (1982) reported M. adenensis from the subtidal coral community 

in Hoi Ha Wan. Shin & Thompson (1982) reported M. stragulum from the soft 

sediment of Victoria Harbour. Similar to most other Marphysa species recorded from 

the mainland Chinese coast, these records were not accompanied by detailed 

morphological descriptions, and the species were originally described from localities 

far from Hong Kong. In this study, a new species in the Marphysa sanguinea 

complex was described based on specimens collected from Tolo Harbour, Hong 

Kong. The COI and 16S RNA genes of this new species were sequenced; and 

phylogenetic analyses was conducted to assess its relationship with other Marphysa 

species based on the corresponding gene sequences deposited in public databases. A 

key to the Sanguinea group of Marphysa described from the Chinese coast is 

provided. 

 

1.3 Materials and methods 

1.3.1 Sampling 

Twenty-four specimens of Marphysa hongkongensa n. sp. were collected 

from the intertidal zone of six soft shore beaches (Tolo Pond, Ting Kok West, Ting 

Kok East, Nai Chung, Sai Keng and Starfish Bay) inside Tolo Harbour (Table S1; 

Figure S1) during surveys conducted from 2015 to 2018. Samples were fixed with 

either 10% formaldehyde in seawater and later transferred into 75% ethanol for 

preservation, or in 95% ethanol. 

 

1.3.2 Morphological analysis 

Morphological characteristics of all specimens were recorded under an 

Olympus SZX9 stereoscope (Table S1). Photographs showing the gross morphology 

were taken using a Canon 550D digital camera mounted on the stereoscope. Finer 

details of the parapodia and chaetae were captured using a True Chrome II camera 
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mounted on a Motic BA210 compound microscope. Maxillary apparatuses and 

mandibles were dissected and treated with 10% sodium hypochlorite solution (Sigma-

Aldrich, Belgium) for a few minutes to remove the tissue. All light 

stereo/microscopic photographs were taken at different foci and stacked into fully 

focused images using the software Helicon Focus 6 as described in Wang et al. 

(2018). Parapodia from anterior, middle and posterior parts of the holotype (SWIMS-

ANN-18-012) were dissected for observation under a scanning electron microscope 

(SEM). The dissected parapodia were dehydrated in pure ethanol, dried after being 

treated with gradient hexamethyldisilazane-ethanol solution (50%, 75% and 100%), 

observed and glued on NEM conductive carbon adhesive tape under a light 

microscope, then coated with gold and observed under a LEO 1530 FESEM scanning 

electron microscope. 

 

1.3.3 Molecular analysis 

Specimens of M. hongkongensa n. sp. (SWIMS-ANN-18-012, SWIMS-ANN-

18-022) were preserved in 95% ethanol for DNA extraction. Genomic DNA was 

extracted from a small piece of tissue in the pharynx from each specimen using a 

DNeasy blood & tissue kit (QIAGEN). The primers ACOIAF 

(CWAATCAYAAAGATATTGGAAC) and COIEU-R 

(TCDGGRTGDCCAAARAATCA) were used for amplifying the mitochondrial 

cytochrome oxidase I (COI) gene (Zanol et al. 2010). The primers 16SAR-L 

(CGCCTGTTTATCAAAAACAT) and 16SBR-H 

(CCGGTCTGAACTCAGATCACGT) were used to amplify the mitochondrial 16S 

rRNA gene (Struck et al. 2006). PCR products were purified using a Zymoclean™ 

Gel DNA Recovery Kit and sequenced using Sanger sequencing at BGI Hong Kong. 

Phylogenetic analysis was conducted as described in Zhang et al. (2015; 2017) 

using the COI and 16S rRNA sequences of M. hongkongensa n. sp. and other species 

of Marphysa available in GenBank. Several sequences from specimens collected 

from Chinese waters that were not included in the original species description were 

confirmed by Yubin Liu (Table S2). The corresponding sequences of several species 

in other genera of the family Eunicidae were used as the outgroup (Table S2). The 
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COI and 16S rRNA sequences were aligned using the Muscle algorithm in the 

Mesquite software (Edgar 2004), and the online Gblocks Server was applied to 

remove the unaligned sequences and highly divergent regions. Molecular evolution 

models for the COI and 16S genes and their concatenated sequences were evaluated 

using jModeltest2 based on the Akaike Information Criterion (AIC) (Darriba et al. 

2012), which resulted in the selection of the GTR+G model as the best model for the 

16S gene and the GTR+I+G model as the best model for the COI gene and their 

concatenated sequences. Phylogenetic analyses were conducted using the Maximum 

Likelihood (ML) method implemented in the RaxmlGUI 1.5 beta software based on 1, 

000 replicates. 

 

1.4 Results 

1.4.1 Systematics 

Order Eunicida 

Family Eunicidae Berthold, 1827 

Genus Marphysa Quatrefages, 1866 

Type species: Marphysa sanguinea (Montagu, 1813). Type locality: southern 

England. 

 

Marphysa hongkongensa n. sp. 

(Figures S1-S4, Tables S1-S2) 

urn:lsid:zoobank.org:act:B0F18CCD-A482-4873-9525-1E6889F153EF 

 

Materials examined: 24 type specimens collected from the intertidal zone of six 

beaches in Tolo Harbour, Hong Kong during 2015-2018 (Table S1). Holotype: 

SWIMS-ANN-18-012. Paratypes: SWIMS-ANN-18-013-SWIMS-ANN-18-023; AM 

W.50930-AM W.50941. 

Description: Live worms light green with iridescence; middle part with red branchial 

filaments on dorsal side (Figure S2A). Preserved specimens beige. Complete 

specimens 23-147 mm long, 129-288 chaetigers; anterior prostomial margin to 
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chaetiger 10 3.3-7.0 mm; chaetiger 10 (without parapodia) 2.2-5.3 mm wide (Table 

S1). 

Prostomium with two dorsoventrally flattened buccal lips and an anterior 

notch between them (Figure S2B-D). Two palps and three antennae slender, attached 

on short palpiphore, arranged in a more or less curved line on the posterior margin of 

the prostomium. All five prostomial appendages approximately the same length, 1.5 

times as long as prostomium (Figure S2B-D). Peristomium approximately 3 times as 

long as segment 2, with notched anterior margin on ventral side (Figure S2C). 

Mandibles slightly longer than Mx I plus carriers (Figure S2I-J). Mx I 

approximately 2.4 times as long as carriers. Mx II edge serrated, with teeth on left 

and right sides well matched. Mx III single, arched, slightly smaller than right Mx IV. 

Mx IV paired, both attached with basal lamellae; left Mx IV smaller than the right 

one. Mx V paired, flat, left one slightly smaller than right one (Figure S2I-J). 

Maxillary formula: I = 1 + 1, II = 5-6 + 5-6, III = 7 + 0, IV = 4 + 8, V = 1 + 1. 

Parapodia commencing from segment 3 (Figure S2B-D). First parapodia 

located below the middle line of body wall, but gradually positioned dorsally in 

following segments (Figure S2D-F). Notopodial cirri tapering, approximately as 

along as neuropodial cirri, longer than acicular lobes in anterior chaetigers, and 

similar in length with acicular lobes in posterior chaetigers (Figure S3). Neuropodial 

cirri conical, similar in size with notopodial cirri in first few chaetigers, but inflated in 

middle and posterior chaetigers (Figure S3). 

Branchiae pectinate, commencing from anterior (15th-35th chaetiger) to near 

end. Branchiae single filament in anterior parapodia, pectinate with up to 5-10 

filaments in middle parapodia (Figure S3B), reducing to 1 in last several chaetigers. 

Aciculae black with paler tip, approximately three per parapodia in anterior 

chaetigers, two per parapodia in middle chaetigers, and one per parapodia in posterior 

chaetigers. Supra-acicular chaetae with limbate capillaries and pectinates. Capillaries 

present from first chaetiger to near pygidium, numbering up to 20 in anterior 

chaetigers. Pectinate chaetae commencing from first few chaetigers to near end, four 

types: a) isodont with 8-15 fine and short teeth, lateral teeth longer and usually 

straight, plate symmetrical or slightly asymmetrical, distributed in anterior chaetigers, 
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1-3 per parapodia (Figure S4G, J); b) isodont with 15-23 fine and short teeth, lateral 

teeth longer and usually incurved, plate asymmetrical, distributed from middle to 

posterior chaetigers, 1-7 per parapodia (Figure S4I, K, O-P); c) anodont with 

approximately 15 median teeth, teeth length approximately ¼-⅓ plate width, plate 

asymmetrical, distributed in posterior chaetigers, 1-3 per parapodia (Figure S4L, P); d) 

anodont with 7-13 large teeth, three medial teeth larger or similar in size with 

adjacent teeth, teeth length approximately ½ of plate width, plate asymmetrical, 

distributed in posterior chaetigers, 1-2 per parapodia (Figure S4M-P). Pectinates 

arranged in rows in posterior chaetigers, with asymmetrical short and fine-toothed 

isodonts (type b) in anterior two rows, median- and large-toothed anodonts in 

posterior row (types c and d); Median-toothed anodonts (type c) in near middle 

chaetigers (anterior part of posterior chaetigers), approximately three in posterior row 

and gradually replaced by 1-2 large-toothed anodonts (type d) in posterior chaetigers 

(Figure S4L, O-P). 

Subacicular chaetae compound spinigers and subacicular hooks (Figure S3D-

F). Compound spinigers commencing from first chaetiger to near pygidium, with long, 

tapered blade bearing unilateral fine serration (Figure S4C, F). Subacicular hooks 

amber in colour, commencing from anterior chaetiger (26th-58th) to near end and 

inferior to bundle of spinigers, one per parapodia; slightly thinner than aciculae; Most 

subacicular hooks unidentate, thin and bidentate ones only present in last few 

parapodia (Figure S2D-F, S3D-E). 

Pygidium round, dorsally positioned, with two pairs of tapering pygidial cirri 

attached at the ventral edge, one pair 2 x and another pair half of pygidial diameter 

(Figure S2G-H). 

Variations in morphological characters: The complete specimens vary in length 

from 2.3 cm for 147 segments to 14.7 cm for 288 segments (Table S1). The first pair 

of branchia occurs in chaetiger 15-35, being more posterior in larger individuals. The 

maximum number of branchial filaments varied between 5-10. In complete specimens, 

the last pair of branchia is present in the last 8th-10th chaetiger with only one filament. 

Most of the specimens have a maxilla formula of Mx II = 5 + 5-6 (21 specimens) or 

Mx II = 6 + 5-6 (2 specimens); but in one specimen the left Mx II was broken and the 
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right has five teeth. Subacicular hooks commence from parapodia 26-58, but all of 

these parapodia carry only one subacicular hook. Hooded bidentate subacicular hooks 

are only present on terminal posterior chaetigers, which explains why these hooks are 

missing in the several incomplete specimens. 

Distinction from closely related species: Marphysa hongkongensa n. sp. resembles 

the other 25 Marphysa species belonging to Group B2 by having compound spinigers 

but no compound falcigers and having branchiae in middle and posterior segments. 

This species can be distinguished from the type species M. sanguinea (Montagu, 

1813) by having unidentate and unhooded subacicular hook from anterior to middle 

chaetigers, hooded bidentate hook only present in terminal posterior chaetigers and 

subacicular limbate capillaries absent. Of the seven species that have been considered 

to be valid in Chinese waters (Liu et al. 2017; 2018), M. sinensis Monro, 1934 

belongs to the Belli group (Group D1) by having both compound spinigers and 

falcigers. M. orientalis Treadwell, 1936 has pectinate chaetae from more posterior 

chaetigers (193th vs. 1st chaetiger), fewer teeth in Mx II (3 + 3 vs. 5-6 + 5-6), and a 

smaller maximal number of branchial filaments (3 vs. 5-10). M. multipectinata Liu, 

Hutchings & Sun, 2017 has pectinate chaetae first present from more posterior 

chaetigers (70th vs. 1st chaetiger), fewer teeth in Mx II (3 + 3 vs. 5-6 + 5-6), and a 

smaller maximal number of branchial filaments (3-5 vs. 5-10). M. tribranchiata Liu, 

Hutchings & Sun, 2017 has pectinate chaetae first present from more posterior 

chaetigers (20th vs. 1st chaetiger), fewer teeth in Mx II (4 + 4 vs. 5-6 + 5-6), and a 

smaller maximal number of branchial filaments (2-3 vs. 5-10). M. tripectinata Liu, 

Hutchings & Sun, 2017 has subacicular hook from more posterior chaetigers (170th 

vs. 26th-58th chaetiger), and has only one pair of pygidial cirri. M. bulla Liu, 

Hutchings & Kupriyanova, 2018 has fewer teeth in Mx II (4 + 4 vs. 5-6 + 5-6), 

subacicular hooks from more posterior chaetigers (71th vs. 26th-58th chaetiger), more 

teeth (30-40 vs. 15-23) in posterior fine-toothed isodonts, and fewer teeth (3-5 vs. 7-

13) in posterior large-toothed anodonts. M. maxidenticulata Liu, Hutchings & 

Kupriyanova, 2018 has smaller maximal number of branchial filaments (3 vs. 5-10), 

and fewer teeth (3-6 vs. 7-13) in posterior large-toothed anodonts. 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=329257
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991824
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991824
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991825
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991825
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991793
http://www.marinespecies.org/aphia.php?p=taxdetails&id=991793
http://www.marinespecies.org/aphia.php?p=taxdetails&id=1057127
http://www.marinespecies.org/aphia.php?p=taxdetails&id=1057127
http://www.marinespecies.org/aphia.php?p=taxdetails&id=1057128
http://www.marinespecies.org/aphia.php?p=taxdetails&id=1057128
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Marphysa hongkongensa n. sp. can also be distinguished from the other 18 

species of Marphysa of the Group B2 that were originally described from localities 

beyond Chinese waters. Nine species [i.e. M. acicularum Webster, 1884 (Molina-

Acevedo & Carrera-Parra, 2015); M. brasiliensis (Hansen, 1882); M. elityeni Lewis 

& Karageorgopoulos, 2008; M. fauchaldi Glasby & Hutchings, 2010; M. gravelyi 

Southern, 1921; M. kristiani Zanol, da Silva & Hutchings, 2016; M. mullawa 

Hutchings & Karageorgopoulis, 2003; M. schmardai Gravier, 1907 and M. viridis 

Treadwell, 1917 (Molina-Acevedo & Carrera-Parra 2015)] have bidentate subacicuar 

hook, but M. hongkongensa n. sp. has unidentate subacicular hook. M. victori 

Lavesque, Daffe, Bonifácio & Hutchings, 2017 has no subacicular hook. M. januarii 

(Grube, 1881) and M. teretiuscula (Schmarda, 1861) have a smaller maximal number 

of branchial filaments (4 vs. 5-10). M. borradailei Pillai, 1958 (Glasby & Hutchings 

2010) has a larger maximal number of branchial filaments (10-20 vs. 5-10). Three 

species (i.e. M. macintoshi Crossland, 1903; M. mangeri Augener, 1918 and M. 

tamurai Okuda, 1934) have an undivided prostomium but M. hongkongensa n. sp. has 

a bilobed prostomium. M. sanguinea (Montagu, 1813) and M. furcellata Crossland, 

1903 have subacicular limbate capillaries but this type of chaetae are absent in M. 

hongkongensa n. sp. M. simplex (Langerhans, 1884) (Crossland 1903) has fewer teeth 

in Mx II than M. hongkongensa n. sp. (3 + 3 vs. 5 + 5-6). 

Etymology: The specific epithet hongkongensa refers to the type locality of Hong 

Kong. 

Habitat: Lower intertidal zone on sandy shores. 

Distribution: Currently only known from Tolo Harbour, Hong Kong. Given its 

common occurrence on several beaches in Tolo Harbour (as found in this study) and 

the wide presence of “Marphysa sanguinea” recorded from local sea shores (Morton 

& Morton 1983), it is expected that this species is also distributed on other shores 

along the eastern coasts of Hong Kong. 

 

Molecular analysis 

Partial DNA sequences of COI (435bp) and 16S RNA (466bp) were used for 

phylogenetic analysis based on the Maximum Likelihood (ML) method (Figure S5). 
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Results based on the two single genes showed that Marphysa species form a 

monophyletic clade; however, support for the clade is weak for both single genes 

(bootstrap values < 65). The results of COI and 16S concatenated sequences are 

consistent with each single gene in that Marphysa species form a monophyletic clade, 

but the support value was higher (bootstrap values = 82). These results are in 

agreement with the results of Zanol et al. (2010; 2014). Phylogenetic analysis placed 

M. hongkongensa n. sp. as sister to M. tripectinata Liu, Hutchings and Sun, 2017 

based on the COI gene; and as sister to a clade consisting of M. victori Lavesque, 

Daffe, Bonifácio & Hutchings, 2017 and M. viridis Treadwell, 1917 based on 16S 

gene with low bootstrap values (bootstrap values < 50). Nevertheless, there are much 

larger interspecific divergences in COI sequences (19.5%) and 16S sequences (12.1%) 

between M. hongkongensa n. sp. and the closest related Marphysa species than the 

intraspecific divergences (<1%) of both two genes in Marphysa species. These 

analyses, therefore, support M. hongkongensa n. sp. as a valid species. 

 

Key to species in the Marphysa sanguinea complex from Chinese waters 

(Modified after Liu et al. 2017) 

1. Subacicular hooks present after chaetiger 70……………………… 2 

1. Subacicular hooks present before chaetiger 60 …………………… 3 

2. Subacicular hooks present from posterior chaetigers, Mx II = 3 + 3, branchiae from 

chaetigers 35-45, up to 3 filaments; pectinates from chaetiger 193, posterior pectinate 

3 types: asymmetrical isodont approximately 30 teeth, median teeth anodont 16 teeth, 

large-toothed anodont 4-5 teeth …………………………………... M. orientalis  

2. Subacicular hooks present from 170th chaetiger, Mx II = 5 + 5, branchiae from 

chaetiger 15-24, up to 6-8 filaments; Pectinates from first few chaetigers, four types, 

anterior isodonts approximately 10 teeth, posterior pectinates 3 types: fine-toothed 

isodont > 30 teeth, median teeth anodont 14-18 teeth, large-toothed anodont 5-7 

teeth ……………………………………….…………..…………… M. tripectinata 

2. Subacicular hooks present from approximately 71th chaetiger, Mx II = 4 + 4, 

branchiae from chaetiger 29-36, up to 5 filaments; pectinates from first few chaetigers, 

four types, anterior isodonts 13-17 teeth, posterior pectinates 3 types: fine-toothed 
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isodont approximately 30-40 teeth, median-toothed anodont approximately 14 teeth, 

large-toothed anodonts 3-5 teeth, ventral cirri with a swollen base and a globular 

tip ……………………………….………………………………… M. bulla 

3. Subacicular hooks present after 20th chaetiger, pectinates present from first few 

chaetigers, 4 types ……………………………………….………… 4 

3. Subacicular hooks present from 20th chaetiger, pectinates present after 20th chaetiger, 

3 types ……………………………………….…………………….. 5 

4. Subacicular hooks present from chaetiger 25, Mx II = 4 + 6, branchiae from 

chaetiger 28, up to 3 filaments; anterior isodonts 10-12 teeth; posterior pectinates 3 

types: fine-toothed isodont approximately 25 teeth, median-toothed anodont 14 teeth, 

large-toothed anodont 3-6 teeth …………………….………… M. maxidenticulata 

4. Subacicular hooks present from 26 to 58 chaetigers, Mx II = 5 + 5-6, branchiae from 

chaetiger 14-35, up to 5-10 filaments, 1-3 anterior isodonts, 8-15 teeth, posterior 

pectinate 3 types: approximately 5 fine-toothed isodonts arranged in 2 rows, 

approximately 23 teeth; 1-2 median-toothed anodonts, approximately 15 teeth; 2-3 

large-toothed anodonts, 7-13 teeth ……………….………….. M. hongkongensa n. sp. 

5. Mx II = 4 + 4, branchiae present from chaetigers 16-26, up to 2-3 filaments; 

pectinate from approximately 20th chaetiger, anterior fine-toothed isodonts 

approximately 12 teeth, posterior pectinate 2 types: fine-toothed isodont 

approximately 17 teeth, median-toothed anodont 14 teeth, large-toothed anodont 

absent ……………………………………………………..…. M. tribranchiata 

5. Mx II = 3 + 3, branchiae present from chaetigers 29-32, up to 3-5 filaments; 

pectinate from approximately chaetiger 70, anterior fine-toothed isodonts absent; 

posterior pectinate 3 types: fine-toothed isodont approximately 12-16 teeth, median-

toothed anodont 14 teeth, large-toothed anodont approximately 4 

teeth ………………………………………………………..… M. multipectinata 
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Figure S1. Sampling stations (red dots) of Marphysa hongkongensa n. sp. in the 

intertidal zone of Tolo Harbour, Hong Kong. 
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Figure S2.  Marphysa hongkongensa n. sp. A-E, I-J, paratype (AM W.50939); F-H, 

paratype (AM W.50940). (A) living worm, dorsal view; (B) anterior end, dorsal view; 

(C) anterior end, ventral view; (D) anterior end, lateral view, labels represent 

chaetiger numbers; (E) anterior parapodia, lateral view, labels represent chaetiger 

numbers; (F) posterior parapodia, lateral view; (G) pygidium, dorsal view, showing 

pygidium and long pygidial cirri (lpc); (H) pygidium, ventral view, showing short 

(spc) and long pygidial cirri (lpc); (I) dissected maxillary apparatuses, dorsal view; (J) 

mandible, ventral view. Abbr. bf, branchial filament; bl, buccal lip; dc, dorsal cirrus; 

la, lateral antenna; lpc, long pygidial cirrus; ma, median antenna; pa, palps; pt, 

peristomium; py, pygidium; spc, short pygidial cirrus; vc, ventral cirrus. Scale bars: A 

= 2 mm; B-J = 1 mm. 
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Figure S3.  Marphysa hongkongensa n. sp. parapodia, left side, anterior views. A-C, 

paratype (SWIMS-ANN-18-014); D-F, paratype (SWIMS-ANN-18-023). (A) 

chaetiger 2; (B) chaetiger 30; (C) chaetiger 70; (D) chaetiger 143; (E) chaetiger 153; 

(F) chaetiger 163. Abbr. ac, acicula; bf, branchial filament; dc, dorsal cirrus; sbh, 

subacicular hook; sbs, subacicular spinigers; spc, supra-acicular capillary; vc, ventral 

cirrus. Scale bars: A, D-F = 200 μm; B-C = 500 μm. 
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Figure S4.  Marphysa hongkongensa n. sp. chaetae. A-C, G-I, L-N: paratype 

(SWIMS-ANN-18-014); D-E: paratype (SWIMS-ANN-18-023); F, J-K, O-P: 

holotype (SWIMS-ANN-18-012). (A) chaetiger 30, capillaries; (B) posterior 

chaetiger, capillaries; (C) chaetiger 30, CS; (D) chaetiger 75, unidentate SH; (E) 

chaetiger 165, bidentate SH; (F) chaetiger 30, CS; (G) chaetiger 2, AFI; (H) chaetiger 

70, FI; (I) chaetiger 160, PFI; (J) chaetiger 26, AFI; (K) chaetiger 103, PFI; (L) 

chaetiger 160, PMA; (M-N) chaetiger 165, PLA; (O-P) chaetiger 147-148, 

arrangement of pectinates, showing PFI, PMA and PLA. Abbr. AFI: anterior fine-

toothed isodont (a); CS: compound spiniger; FI: fine-toothed isodont; PFI: posterior 

fine-toothed isodont (b); PLA: posterior large-toothed anodont (d); PMA: posterior 

median-toothed anodont (c); SH: subacicular hook. Scale bars: A-D, L-P = 50 μm; E, 

G-K = 20μm; F = 10μm. 
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Figure S5.  Phylogenetic tree generated by maximum likelihood (ML) method based 

on COI (A), 16S (B) and their concatenated sequences (C). Numbers on the branches 

represent ML bootstrap values (maximum: 100) based on 1000 replicates. Genbank 

accession numbers of the COI and 16S genes used are shown in parentheses. 
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Table S1 Major morphological characteristics and sampling information for type 

specimens of Marphysa hongkongensa n. sp. 

Catalog No. 

Length 

to 

chaetige

r 10 

(mm) 

Width 

of 

chaetige

r 10 

(mm)* 

Total 

chaetiger

s 

First 

branchia

e on 

chaetige

r 

Maximu

m No. of 

branchia 

filaments 

First 

subacicul

ar hook 

on 

chaetiger 

MxII

-teeth 

No. 

(L+R

) 

Collectio

n date 

Locality
† 

Fixation†

† 

SWIMS-ANN-18-

012 

4.7 3.0 215 21 6 34 5 + 6 2016.7.8 Ting 

Kok 

West 

Ethanol 

SWIMS-ANN-18-

013 

7 2.3 230 22 6 39 5 + 5 2015.1.3

0 

Ting 

Kok 

West 

Ethanol 

SWIMS-ANN-18-

014 

5.2 2.8 209 25 7 45 5 + 5 2016.7.2

2 

Nai 

Chung 

Ethanol 

SWIMS-ANN-18-

015 

4.2 2 127** 15 6 29 6 + 6 2016.7.2

2 

Nai 

Chung 

Ethanol 

SWIMS-ANN-18-

016 

7 3 81** 27 7 36 5 + 6 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

017 

9 3.8 110** 25 7 26 5 + 6 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

018 

6 3.5 79** 19 7 29 5 + 6 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

019 

5.3 3.3 190 22 5 31 5 + 5 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

020 

5.7 4.3 233 23 7 41 5 + 6 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

021 

5.3 3.5 288 35 10 39 5 + 5 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

022 

3.8 1.8 213 20 6 29 5 + 5 2016.8.6 Tolo 

Pond 

Ethanol 

SWIMS-ANN-18-

023 

5.2 2.3 174 20 7 30 5 + 6 2016.9.3 Ting 

Kok 

East 

Formalin 

AM W.50930 3.5 1.3 129 18 6 27 5 + 6 2017.3.2

9 

Ting 

Kok 

East 

Ethanol 

AM W.50931 3.3 1.5 147 17 4 27 5 + 6 2017.3.2

9 

Ting 

Kok 

East 

Ethanol 

AM W.50932 11 4.5 151** 26 7 44 5 + 6 2017.6.2

2 

Starfish 

Bay 

Ethanol 

AM W.50933 6.8 4 109** 22 7 58 6 + 5 2017.6.2

4 

Tolo 

Pond 

Ethanol 

AM W.50934 4.7 2.7 109** 22 8 38 *** + 

5 

2017.6.2

4 

Tolo 

Pond 

Ethanol 

AM W.50935 6.3 4.2 108** 25 7 41 5 + 6 2017.6.2

4 

Tolo 

Pond 

Ethanol 

AM W.50936 4 2 155 22 5 28 5 + 6 2017.7.2

1 

Ting 

Kok 

West 

Ethanol 

AM W.50937 5.7 3.5 140** 25 7 37 5 + 5 2017.7.2

1 

Ting 

Kok 

West 

Ethanol 

AM W.50938 3.2 2.3 197** 22 5 32 5 + 6 2017.8.8 Sai 

Keng 

Ethanol 

AM W.50939 9.2 3 162** 24 8 41 5 + 5 2018.3.1

9 

Ting 

Kok 

East 

Ethanol 

AM W.50940 7 2.5 217 18 5 32 5 + 5 2018.3.1

9 

Ting 

Kok 

East 

Ethanol 

AM W.50941 5.5 2 147 24 5 58 5 + 6 2018.3.1

9 

Ting 

Kok 

East 

Ethanol 

*Width data without parapodia; **Number of chaetigers in anterior fragment; ***Teeth on left Mx II broken in this specimen. 
†GPS coordinates of sampling stations: Ting Kok West (22°28'18" N, 114°12'56" E); Nai Chung (22°25'56" N, 114°15'22" E); 

Tolo Pond (22°26'18" N, 114°11'20" E); Ting Kok East (22°28'06" N, 114°13'02" E); Starfish Bay (22°25'56" N, 114°14'41" E); 
Sai Keng (22°25'11" N, 114°16'07" E). ††Formalin means fixed with 10% formaldehyde then transferred to 75% ethanol; 

Ethanol means 95% ethanol. 
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Table S2 DNA sequences with GenBank accession numbers used for the 

phylogenetic analysis. 

Taxa 
Accession Number 

References 
COI 16S 

Lysidice ninetta Audouin & H Milne Edwards, 1833 GQ497564 GQ478169 Zanol et al. 2010 

Leodice rubra (Grube, 1856) GQ497528 GQ478132 Zanol et al. 2010 

Nicidion angeli (Carrera-Parra & Salazar-Vallejo, 1998) GQ497550 GQ478161 Zanol et al. 2010 

Nicidion cf. hentscheli (Augener, 1931) GQ497551 GQ478164 Zanol et al. 2010 

Marphysa fauchaldi Glasby & Hutchings, 2010 KX172165 — Zanol et al. 2016 

Marphysa mossambica (Peters, 1854) JX559751 JX559747 Direct Submission* 

Marphysa kristiani Zanol, da Silva & Hutchings, 2016 KX172142 — Zanol et al. 2016 

Marphysa fallax Marion & Bobretzky, 1875 — GQ478160 Zanol et al. 2010 

Marphysa bellii (Audouin & Milne Edwards, 1833) KT307661 AY838835 
Aylagas et al. 2016; 

Struck et al. 2006 

Marphysa disjuncta Hartman, 1961 GQ497549 GQ478159 Zanol et al. 2010 

Marphysa californica Moore, 1909 GQ497552 GQ478162 Zanol et al. 2010 

Marphysa bifurcata Kott, 1951 KX172178 — Zanol et al. 2016 

Marphysa tripectinata Liu, Hutchings & Sun, 2017 KY315333 — Liu et al. 2017† 

Marphysa bulla Liu, Hutchings & Kupriyanova, 2018 KY328276 — Liu et al. 2018†† 

Marphysa maxidenticulata Liu, Hutchings & Kupriyanova, 2018 KY328278 — Liu et al. 2018††† 

Marphysa victori Lavesque, Daffe, Bonifácio & Hutchings, 2017 MG384998 MG385001 Lavesque et al. 2017 

Marphysa sp. KY129891 — Direct Submission** 

Marphysa viridis Treadwell, 1917 GQ497553 GQ478163 Zanol et al. 2010 

Marphysa gravelyi Southern, 1921 KP258205 — Direct Submission*** 

Marphysa sanguinea (Montagu, 1813) KR916872 GQ478157 
Lobo et al. 2016; 

Zanol et al. 2010 

Marphysa mullawa Hutchings & Karageorgopoulis, 2003 KX172173 — Zanol et al. 2016 

Marphysa regalis Verrill, 1900 GQ497562 GQ478165 Zanol et al. 2010 

Marphysa brevitentaculata Treadwell, 1921 GQ497548 GQ478158 Zanol et al. 2010 

Marphysa hongkongensa n. sp. Holotype MH598525 MH598527 This study 

Marphysa hongkongensa n. sp. Paratype MH598526 MH598528 This study 

*Zanol (28-Aug-2016); **Chen et al. (12-Nov-2016), this species was labeled as Marphysa sanguinea in GenBank; 

***Gomathy et al. (10-Dec-2014); †This sequence was labeled as Marphysa sp. 1 in GenBank; ††This sequence was labeled as 
Marphysa sp. 2 in GenBank; †††This sequence was labeled as Marphysa sp. 3 in GenBank. 

 

 

 

 

 

 



 

157 
 

Appendix 2 Redescription of Leocrates chinensis Kinberg, 1866 

(Annelida, Hesionidae) 

2.1 Abstract 

Leocrates chinensis Kinberg, 1866 is the type species of Leocrates Kinberg, 

1866 (Annelida, Hesionidae). Its original description, based upon a single specimen 

collected off Hong Kong, was brief; its illustrations were published almost 50 years 

afterwards, and the type specimen was dried out before it could be redescribed. The 

late Marian Pettibone redescribed the species in 1970 but she illustrated some 

specimens from the Mediterranean Sea, Porto Rico, and Samoa. In order to define the 

morphological features, herein this species was redescribed based upon newly 

collected specimens from the type locality. This species is characterized by the 

following features: prostomium subrectangular with a posterior notch, lateral 

antennae slightly longer than palps, palps with palpophores about 2.5 times longer 

than palpostyles, anterior eyes twice larger than posterior ones, slightly emarginated, 

posterior ones circular, median antenna fixed slightly ahead of posterior eyes, nuchal 

organs C-shaped; pharynx with a prominent dorsal papilla, a mid-dorsal jaw and a 

mid-ventral jaw; first four chaetigers subbiramous, others biramous with 

neuroacicular lobes blunt, as long as wide, or longer than wide; notochaetae spinulose 

capillaries; most neurochaetae with blades bidentate, guards approaching subdistal 

tooth; a few neurochaetae with long, tapered hoods.  

 

2.2 Introduction 

As a result of the Eugenie Expedition around the world in 1851-1853, Kinberg 

(1866, 1910) published a series of articles dealing with the annelidous polychaetes. 

He proposed several families and genera and described many new species. Diagnoses 

and descriptions were telegraphic and written in Latin, but the illustrations, prepared 

by P.D. Holm, C.E. Åkerman, A. Ringdahl, and himself were of remarkably high 

quality. However, the plates were mostly published in the posthumous compilation, 

since only 8 out of 29 ones were available in 1858 (Théel 1910). 

Leocrates was proposed with L. chinensis as its type and only species, based 

upon a single specimen collected off Hong Kong (Kinberg 1866). To date, this genus 
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has 13 recognized species (Read & Bellan 2013), but at least partly due to the brief 

original description of L. chinensis, morphological features to delineate species in this 

genus are poorly defined, leading to the proposition of a few doubtful synonyms. The 

taxonomic history of this species is briefly reviewed below. 

Kinberg (1866) distinguished Leocrates from Hesione Savigny in Lamarck, 

1818 that also has 16 chaetigers by three morphological features: a pharynx with jaws, 

a median antenna, and biramous parapodia with denticulate notochaetae. The original 

diagnosis for L. chinensis, translated from Latin, was: “prostomium wide, rectangular; 

first three segments of similar length; palps short, about half as long as lateral 

antennae; dorsal cirri longer than body width” (Kinberg 1866:244). 

The illustration, published as part of plate 23 (Kinberg 1910) shows that the 

prostomium is slightly wider than long; eyes are small, with the anterior pair slightly 

more separated than the posterior pair, but of about the same size; lateral antennae are 

about 1/3 longer than palps; the median papilla (facial tubercle ex auctore) has a 

transverse constriction; the dorsal sharp jaw is exposed and a lateral vesicle is present 

on the left side of pharynx. In chaetiger 10, the parapodium has a well-defined dorsal 

cirrophore, but there seems to be no ventral cirrophore, and the ventral cirrus is 

medial to neurochaetal lobe. Notochaetae are delicate and very finely denticulate, 

whereas neurochaetae are compound with blades 3–11 times longer than wide.  

All of Kinberg specimens were deposited in the Swedish Museum of Natural 

History, Stockholm, and the type material of L. chinensis has been examined by a 

number of authors. Ehlers (1901: 83–84) indicated that the type specimen was in poor 

condition, and that he found no differences with his specimens collected from Juan 

Fernández off the Pacific coast of Chile. Ehlers’ illustrations (1901, Pl. 11, Figs 10-

15), however, show some differences despite the fact that in both specimens the 

pharynx was exposed. For example, in the specimens from Juan Fernández the 

prostomium is trapezoidal without a posterior notch, wider anteriorly, or about as 

long as wide, median pharyngeal papilla (facial tubercle) is larger than palps, anterior 

eyes are smaller than posterior ones, and neurochaetal blades are 4-7 times longer 

than wide. 
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Hartman (1940:212) thought that a Mediterranean species, L. claparedii 

(Costa in Claparède, 1868), could be a junior synonym of L. chinensis, and listed 

several publications recording these two species from Japan, Indonesia, Australia, 

Juan Fernández archipelago, and the Indian Ocean. Hartman (1949) examined 

Kinberg’s polychaetes; she indicated the there was a single type specimen of L. 

chinensis, that it has been dried out in 1913, but confused the type locality by 

referring it to Honolulu, Hawaii (Hartman 1949:47). She also added that L. chinensis 

was recorded “from tropical seas of both hemispheres,” hence cosmopolitan, and 

cited her previous publication for this. Pettibone (1970) made a revision of Leocrates, 

concurred with Hartman’s supposed synonymy of L. claparedii, and included four 

other species as junior synonyms of L. chinensis: two from the Philippines (L. 

cupreus Grube, 1867 and L. iridus Grube, 1878), one from Japan (L. anonymus 

Hessle, 1925), and the other from Porto Rico (L. longicirrata (Treadwell, 1902)). 

This conclusion indicates the cosmopolitan status for the species. Although the 

specimens she examined came from around the world, they did not include the type 

specimen. Thanks to a good editorial idea, the illustrations of some of her specimens 

were included such that their differences from the original description of the species 

can be readily noted. For example, there are differences in the size proportions 

between palpophore and palpostyle, between lateral antennae and median pharyngeal 

papilla (facial tubercle), the levels of development of nuchal organs, the position of 

median antenna, and the size of ventral cirri. These differences make this synonymy 

questionable and stress the need to properly describe the species. 

In this contribution, L. chinensis was redescribed with details about the 

variation of several diagnostic features given based on recently collected topotype 

specimens, such that delimitation among different species of Leocrates can be made. 

This is especially relevant because, as indicated above, L. chinensis is the type 

species of Leocrates. Further, a key to identify all described species is also included. 

 

2.3 Materials and methods 

Fourteen specimens of Leocrates chinensis were collected during 

macrobenthic ecological surveys conducted in 2012 (Wang et al. 2017) and 2015 
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(Chapter 3). The two surveys covered the same set of 28 stations across Hong Kong 

waters that are divided into an estuary, a transitional, and an oceanic zone. Benthic 

samples were taken using a Van Veen grab and sieved on board the survey vessel 

through a mesh of 0.5 mm. Materials retained on the sieve were fixed in a 5% 

formalin-seawater solution and stained with 1% Rose Bengal, later sorted and the 

specimens transferred into 75% ethanol for preservation. It must be noted that L. 

chinensis specimens were found only at two transitional zone stations in Victoria 

Harbour (stations 11 and 12 in Wang et al. 2017, with a water depth of 14 m and 12 

m, respectively). Specimens were deposited in two institutions: Swire Marine 

Institute, University of Hong Kong (SWIMS), and El Colegio de la Frontera Sur, 

Chetumal, México (ECOSUR). 

Specimens were observed under an Olympus SZX9 stereo microscope and a 

Motic BA210 compound microscope. A relatively intact specimen was selected for 

redescription and selected specimens were prepared for observation under a LEO 

1530 FESEM scanning electron microscope for finer details. The dissected materials 

were dehydrated in graded series of alcohol (75%, 95% and 100%), dried with graded 

series of hexamethyldisilazane (50%, 75% and 100%), observed under the light 

microscopes, then coated with gold, and observed under the electron microscope. 

Light microscopic photographs were taken using either a Canon 550D digital camera 

mounted on the dissecting microscope, or a True Chrome II camera mounted on the 

compound microscope. The depth of each photograph was enhanced by stacking 20-

30 photographs of the same object with different focuses using the software Helicon 

Focus 6. 

 

2.4 Results 

SYSTEMATICS 

Family Hesionidae Grube, 1850 

Subfamily Hesioninae Grube, 1850 

Tribe Hesionini Grube, 1850 

Genus Leocrates Kinberg, 1866 
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Type species. Leocrates chinensis Kinberg, 1866, by monotypy. 

Type locality. Hong Kong. 

Leocrates Kinberg, 1866: 244, 1910: 57; Pleijel 1998:108-109 (synonymy). 

 

Diagnosis. Body with 16 chaetigers. Prostomium with two pairs of eyes, palps 

biarticulate; three antennae. Nuchal organs usually exposed, horizontal C-, L- or U-

shaped. Pharynx with prominent dorsal papilla, and a ventral jaw and one or two 

dorsal jaws. Peristomium with eight pairs of tentacular cirri. Parapodia biramous, 

except a few anterior subbiramous ones. Notochaetae subidstally spinulose capillaries. 

Neurochaetae heterogomph compound falcigers; blades uni- or bidentate, guards 

present, approaching subdistal tooth or slightly surpassing it.  

 

Leocrates chinensis Kinberg, 1866 restricted 

Figures S1-S3, Table S1 

Leocrates chinensis Kinberg, 1866: 244; Kinberg 1910: 57, pl. 23 fig. 7; Pettibone 

1970: 14–20, Figs 12-15 (partim). 

Material examined. Victoria Harbour, Hong Kong: Three specimens (SWIMS-ANN-

18-001, SWIMS-ANN-18-002, SWIMS-ANN-18-003), 22°17'29.91" N, 

114°09'29.98" E, 14 m, sand, 6 Jun. 2012, 12.0–20.2 mm long, 4.5–5.0 mm wide 

including chaetae; 10 specimens (SWIMS-ANN-18-004, SWIMS-ANN-18-005, 

SWIMS-ANN-18-006, SWIMS-ANN-18-007, SWIMS-ANN-18-008, SWIMS-ANN-

18-009, SWIMS-ANN-18-010, SWIMS-ANN-18-011, and ECOSUR 9, ECOSUR 

11.3), 22°17'36.72" N, 114°09'21.06" E, 14 m, sand, 30 Jun. 2015, 9.5–20 mm long, 

2.5–6.0 mm wide including chaetae; 1 specimen (ECOSUR 13), 22°18'14.34" N, 

114°11'46.68" E, 12 m, sandy silt, 8 Jun. 2015, 23.2 mm long, 8.0 mm wide including 

chaetae. 

Description. Best preserved specimen (ECOSUR 13) nearly complete; body stout 

with most cirri still present; integument without pigmentation in ethanol (Figure S1A). 

Prostomium subrectagular, slightly wider anteriorly, posterior notch about ¼ 

as long as prostomium (Figure S1B, C). Lateral antennae tapered, slightly longer than 

palps, about as long as prostomium. Palps biarticulate, palpophores thicker and about 
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2.5 times longer than palpostyle. Eyes black, trapezoidally distributed; anterior pair 

about twice as large as posterior ones, wider apart, oval, with a small anterolateral 

notch; posterior eyes smaller, oval. Median antenna tapered; base slightly anterior to 

top of posterior notch, parallel with posterior eyes. Nuchal organs C-shaped; 

refringent ciliated bands along posterolateral and posterior prostomial edges (Figure 

S1C).  

Pharynx with prominent dorsal papilla located immediately anterior to frontal 

edge of prostomium; subconical, wider than long, not apparently constricted 

subdistally, base width about 1.5 times of palpophores, half as long as lateral 

antennae (Figure S1D, E). Pair of swollen vesicles located laterofrontally to 

prostomium (Figure S1D); 20 papillae on outer edge (Figure S1E, Table S1). Two 

chitinous sharp jaws (Figure S1E); dorsal jaw single, larger than ventral one (Figure 

S1F). 

Tentacular cirri biarticulate; cirrophores cylindrical with 8-9 rings; aciculae 

black, as long as half cirrophore; cirrostyle filiform multiarticulate, superior 

cirrostyles longer than inferior ones, longest ones reaching chaetiger 5 (Figure S1A-B, 

G). 

First 4 chaetigers with subbiramous parapodia (Figure S2D). Dorsal cirri 

biarticulate, similar in shape and length to superior tentacular cirri, longer than body 

width (Figure S1A); aciculae extending along half the length of cirrophores. 

Parapodia lobe-shaped with upper acicular lobes globose, pre-chaetal; about twice 

longer than wide; aciculae black, extended into acicular lobes. Ventral cirri without 

cirrophore, filiform, extending to tip of neurochaetae. 

Chaetigers 5-16 with biramous parapodia (Figure S2E-G). Dorsal cirri 

biarticulate; cirrophore cylinder-shaped, with 8-12 rings; cirrostyle filiform, as long 

as 4-5 chaetigers (Figure S1A). Notopodia conical, positioned anteriorly to dorsal 

cirri. Notoaciculae black, extending to near tip. Neuropodia much larger than 

notopodia, lobe-shaped with upper acicular lobes globose, pre-chaetal, 1.5 times 

longer than wide. Ventral cirri without cirrophore, filiform, extending to near tips of 

neurochaetae (Figure S2E-G). 
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Notochaetae capillaries, cross-striated, subdistally spinulose to near tips, 

spines arranged in transverse series, decreasing in number distally (9-10 spines per 

series basally, 1-2 distally) (Figure S3A-F). Notochaetal numbers more abundant in 

mid-body segments (20 in chaetiger 5 and 16, 50 in chaetiger 8) (Figure S2E-G). 

Most neurochaetae heterogomph falcigers; blades bidentate; distal teeth stronger in 

longer blades, while subdistal teeth stronger in shorter blades, but variable due to 

abrasion; guard (spine) extending to or slightly beyond subdistal tooth; (Figure S3G-

P). Blade cutting edges finely spinous, especially distinct in longer blades. 

Neurochaetal numbers variable; more abundant in median parapodia (about 30 in 

chaetiger 2, 50 in chaetiger 5, 35 in chaetiger 8, 15 in chaetiger 16); shorter blades 

straight; longer blades bending downward slightly (Figure S3G-N). Delicately 

hooded falcigers rarely present, 0 or 2 per parapodia, usually distributed as most 

ventral neurochaetae, sometimes among non-hooded neurochaetae (Figure S2H-I, 

S3O-P). 

Pre-anal segment without chaetae but with two pairs of lateral cirri; dorsal 

cirri with cirrophore, ventral ones without it; ventral cirri shorter and thinner than 

dorsal ones (Figure S1G). Pygidium with anus dorsally, pair of anal cirri attached 

ventrally, about as long as those in previous segment. 

Variation. All specimens have 16 chaetigers and the parapodia become biramous 

from chaetiger 5. The prostomium is wider than long, but the width/length ratio 

depends upon pharynx eversion, ranging from 1.20 to 1.40 when only slightly 

exposed, and 1.33 to 1.76 when nearly fully exposed (Table S1). The posterior notch 

in prostomium is always visible, even in pharynx extended specimens where the 

nuchal organs are partially hidden by the posterior prostomial edge and the anterior 

margin of tentacular segments (Figure S1B, C; S2A-C). The ratio of palp 

length/lateral antenna length varies slightly according to the condition of fixation, but 

close to 1 in most specimens. The anterior eyes are always roughly twice the size of 

anterior eyes, but the eye shape varies slightly: in most specimens the anterior eyes 

are oval with a small anterolateral notch, while few others are fully oval without 

notch; posterior eyes are always round, sometimes with a small black spot near one of 

them (Figure S1B, S4A-C). The middle antenna is tapered, ¼ as long as prostomium; 
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in some specimens the median antenna is lost but its place of attachment is indicated 

by a scar (Figure S1B-C, S2A-C). The palpophores are always much thicker and 

about 2.5 times the length of the palpostyles. The pharynx has a circlet of 20 terminal 

papillae along the outer edge, but they are only visible when the pharynx is nearly 

fully extended (Figure S1D-E). Two swollen lateral vesicles at the base of pharynx 

are visible in all specimens, but they are more distinct when the pharynx is nearly 

fully extended. The dorsal papilla in all specimens is subconical, without apparent 

constriction in any specimens; the length of the dorsal papilla apparently varies 

substantially among the specimens, but when the pharynx is extended and the papilla, 

lateral antennae and palps are in the same plane, it is 1/2 to 2/3 as long as the lateral 

antennae (Figure S2A-C). The falciger blade length/width (L/W) ratios are smaller in 

the inferior chaetae than in the superior ones in all chaetigers. The largest ratio in 

each chaetiger declined from anterior to posterior. For instance, in the largest 

specimen, the largest ratio changes from 18.7 in chaetiger 3 to 14.6 in chaetiger 7 and 

to 11.4 in chaetiger 16; however, the smallest ratio does not change substantially, 

ranging from 5.2 to 5.5 along the whole worms (Figure S3G-N; Table S1). The 

hooded neurochaetae are present in all 14 specimens, from chaetiger 2 to 16, but their 

number varies from 0–2 per parapodium, 1-9 per specimen, and 1-8 parapodia with 

this type of chaetae (Figure S2D, H-I, S3O-P; Table S1). However, since the hooked 

chaetae are shorter than other neurochaetae and are difficult to see without dissecting 

the parapodia, the true numbers of this type of chaetae might be underestimated. The 

anal cirri are usually lost; if present, they can reach chaetiger 14. The anus is dorsal in 

all specimens. No oocytes were observed in any specimens. 

Distribution. Victoria Harbour, Hong Kong. Other records require confirmation. 

 

2.5 Discussion 

The holotype and only specimen of Leocrates chinensis Kinberg, 1866 was 

collected by the Swedish naval frigate Eugenie during a round-the-world cruise in 

1851–1853. The original locality of L. chinensis, translated from Latin, is “China, sea 

next to the castle near Hong Kong, bottom 2 fathoms”. During that period, the Hong 

Kong Island was under British control, and the castle Kinberg referred to was likely 
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the Murray Barracks (22°16'40.8" N, 114°09'39.6" E), which was at the shore of 

Victoria Harbour. Since the water depth of the type locality was only 2 fathoms 

(about 3.7 meters), we suspect that the frigate Eugenie was anchored just in front of 

the military base, and specimens were collected near shore using a smaller boat. 

Specimens of L. chinensis studied here were all collected inside Victoria Harbour, 

close to the original locality, but in slightly deeper waters (12-14 m).  

Our specimens match the description by Kinberg (1866, 1910) in several key 

morphological features including the shape of the prostomium, the locations and 

relative sizes of the antennae, the palps and the dorsal papilla, the locations of the 

four eyes, the shape of the mid-dorsal tooth, the shapes of the dorsal capillaries and 

ventral non-hooked falcigers, the shape of the parapodia, and the length of the dorsal 

cirri. However, the newly collected specimens show the following differences: 1) In 

the original description the eyes are of similar size, but in our specimens the anterior 

pair is consistently twice as large as the posterior pair; 2) The C-shaped nuchal organs 

(i.e., cilia band along posterolateral and posterior prostomial edges) were not 

mentioned or illustrated in the original description, probably due to the fully everted 

pharynx which compressed the prostomium towards the peristomium, making them 

unobservable, as is the case for some of our specimens with extended pharynx 

(Figure S2A-C); 3) In the original description, the dorsal papilla, located immediately 

anterior to the frontal prostomial margin on the pharynx, has a delicate transverse 

constriction, which could be an artifact of preservation, and none of our samples 

show this; and 4) The original illustration shows a swollen vesicle on the left side, 

close to the tip of the extended pharynx; in our samples, there are two swollen 

vesicles near the base, but this difference could be due to the difference in the extend 

of eversion of the pharynx, or an artifact of preservation. 

Further, Kinberg also showed that the notochaetae of L. chinensis are capillary; 

the neurochaetae are compound heterogomph with bidentate blade, longer in superior 

position, straight guard reaching subdistal tooth. However, he did not observe the 

hooded neurochaetae, probably because this type of chaetae is not present in every 

parapodia, or because he did not check all parapodia. 
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Previous studies noticed the prominent dorsal papilla as a diagnostic feature 

for Leocrates (Pettibone 1970; Pleijel 1998), but the term “facial tubercle” they used 

might be inappropriate as it gives a false impression that it is a prostomial structure. 

Our observations (Figure S2B) confirm Grube’s (1878) and Ehlers’ conclusion (1910) 

that it is a pharyngeal structure. It is homologous to the middorsal pharynx papilla in 

Hesione (e.g., Kinberg 1910, Pl. 23, Fig. 8B for H. eugeniae Kinberg, 1866), but it is 

more basal in Leocrates. Therefore, dorsal papilla instead of facial tubercle was used 

when referring to this structure. Nevertheless, there are two differences between the 

dorsal papilla of Leocrates and that of Hesione: 1) this structure in Leocrates is much 

larger, and 2) as a consequence of this hypertrophy, when the pharynx is withdrawn, 

the dorsal papilla of Leocrates is clearly visible, whereas that of Hesione is not. 

The additional morphological details of L. chinensis provided in the present 

study should help clarify the statuses of several species that were synonymized. For 

instance, among the 10 species and one subspecies proposed as junior synonyms of L. 

chinensis by Pettibone (1970), three specimens were illustrated. The specimens 

collected from Porto Rico in the Western Atlantic (Fig. 14 in Pettibone 1970) and 

Samoa in the Western Pacific (Fig. 15 in Pettibone 1970) both have prominent L-

shaped rather than C-shaped nuchal organs. Consequently, they should not be 

included under the same species name. The specimen from the Mediterranean Sea has 

a prostomium that closely matches that of L. chinensis, but its notopodia are stronger 

and the notochaetae form a fan-shaped array (Fig. 13 in Pettibone 1970), rather than a 

bundle as in L. chinensis; further, the blade of the longest neurochaetae appears to 

have lower L/W ratio than those present in our specimens of L. chinensis. However, L. 

claparedii was redescribed recently by Parapar et al. (2004) and their study helps to 

clarify the differences with L. chinensis and to restrict it. In L. chinensis palpophores 

are twice longer than palpostyles, anterior eyes are twice larger than posterior ones, 

and neurochaetal blades in median chaetigers are 5-15 times longer than wide, 

whereas in L. claparedii palpophores are three times longer than palpostyles, anterior 

eyes are slightly larger than posterior ones, and neurochaetal blades in median 

chaetigers are 3-10 times longer than wide. 
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On the other hand, there are two figures of specimens identified as L. 

chinensis in Pleijel’s revision. The first one (Pleijel 1998:111, Fig. 6) depicts a 

juvenile (8 chaetigers; 1 mm long) specimen from the Great Barrier Reef which has 

C-shaped nuchal organs, groups of cilia over the median papilla, no notochaetae, and 

very long, delicate, twisted neurochaetae. its identity could not be confirmed because 

juveniles or newly recruited larvae had not been studied. The second is a larger 

specimen (Pleijel 1998:112, Fig. 7), collected from Madang, Papua New Guinea, 

which has a longer than wide prostomium, medially attached median antennae, and 

U-shaped nuchal organs (posterior notch extending to the middle of prostomium); 

these features differ from both the original description and our redescription. This 

specimen was believed to belong to another species. 

Pettibone (1970) recognized seven species of Leocrates. Among them, L. 

djangkarensis Augener & Pettibone in Pettibone, 1970 and L. wesenberglundae 

Pettibone, 1970 could be distinguished from L. chinensis by having unidentate, rather 

than bidentate neurochaetae. Two species of Leocrates have been reported from Hong 

Kong (Shin & Thompson 1982, Shin 1998, Wang et al. 2017). L. chinensis occurs in 

the coarser sandy to sandy silt bottom in Victoria Harbour, whereas L. 

wesenberglundae, having compound neurochaetae with a tapered fine tip, is 

distributed in muddy bottoms in more southern waters.  

Sun &Yang (2004:82) keyed out two Leocrates species in China seas, L. 

chinensis and L. claparedii. They separated the former from latter according to 

presence of balloon-like vesicles and bilateral spinous notochaetae. We think that if 

no other difference is found, both records should belong to the same species. First, 

vesicles are present and visible in all our Leocrates specimens, though in some they 

are not distinct due to slightly extended pharynx; their presence could be widely 

distributed in Leocrates species, and consequently, they cannot be diagnostic. Second, 

the successive transverse series of spines in notochaetae have a variable number of 

spines; when they are more abundant, they could extend up to half the chaetal 

diameter, and this would explain why they have been illustrated as being present 

along a single side, or along both sides. After the examination of these structures, and 

in confirmation of the findings by Parapar et al. (2004:223, Fig. 79C), these 
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notochaetae have transverse series of spines instead of having lateral denticles. Again, 

the extent of the series of denticles along chaetae varies in the same chaetal bundle 

and could not be used as a diagnostic character. 

Several studies have shown the presence of hooded neurochaetae in Leocrates 

species. Ehlers (1901) illustrated this kind of chaetae for what he regarded as L. 

chinensis collected from the coast of Juan Fernández, but his illustration shows that 

the posterior eyes are twice the size of anterior eyes, therefore they differ from L. 

chinensis. Fauvel (1923:236, repeated in 1953:106) provided a figure of it in what he 

regarded as L. claparedii from India. However, no details about the number and 

distribution of hooded chaetae along body were presented. Our examination of the L. 

chinensis specimens indicates that the hooded chaetae, when present, are usually 

located among chaetae in the lower chaetal bundle, and that a large part of the shaft is 

usually embedded in the parapodia, with only the blade exposed, and this explains 

why they can be referred as newly exposed chaetae. These chaetae are present in 

either side of the body, from anterior to posterior (except chaetiger 1) parapodia. 

These chaetae are more frequent in chaetigers 5–10, and 13–15, with frequencies of 

52% and 28% respectively. In most parapodia when the hooded chaetae are present, 

the number is just one, and rarely 2 per bundle. Since the hooded neurochaetae are 

similar and as complex as the other neurochaetae, it is concluded that their hoods are 

due to their recent emergence of the body wall, and that they could be widely 

distributed in Leocrates species. 

 

Key to species of Leocrates Kinberg, 1866 

(Modified Pettibone 1970; references therein) 

l Neurochaetal tips bidentate ……………………………………………………… 2 

– Neurochaetal tips entire, not bidentate; upper neurochaetae with very long blades; 

notochaetae from chaetiger 4; upper jaw single; pharynx without papillae …. 12 

2(1) Notochaetae from chaetiger 5 (rarely 6); pharynx without papillae …………. 3 

– Notochaetae from chaetiger 4 …………………………………………………… 7 

3(2) Upper jaw single ……………………………………………………………… 4 
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– Upper jaw double, in form of a bifid fan; lateral antennae twice longer than palps; 

palpostyles 1/3 as long as palpophores ………….... L. diplognathus Monro, 1922, 

Macclesfield Bank (16°00' N, 114°30' E), South China Sea 

4(3) Nuchal organs horizontal C-shaped lobes .......................................................... 5 

– Nuchal organs L-shaped; anterior eyes twice larger than posterior ones; lateral 

antennae longer than palps …………………………………………………….. 6 

5(4) Anterior eyes twice larger than posterior ones; palpophores twice longer than 

palpostyles; neurochaetal blades in median chaetigers 5-15 times longer than 

wide ………………………………………….….... L. chinensis Kinberg, 1866, 

Hong Kong (perhaps including L. anonymous Hessle, 1925, Japan) 

– Anterior eyes slightly larger than posterior ones; palpophores three times longer 

than palpostyles; neurochaetal blades in median chaetigers 3-10 times longer 

than wide ……… L. claparedii (Costa in Claparède, 1868), Mediterranean Sea 

6(4) Palpophores 3 times longer than palpostyles; median antenna between posterior 

eyes ………………………….... L. longicirratus (Treadwell, 1902), Puerto Rico 

– Palpophores 5 times longer than palpostyles; median antenna central to 

eyes …………………………………………… L. auritus Hessle, 1925, Japan 

7(2) Upper jaw single; pharynx with about 20 papillae ……………………………. 8 

– Upper jaw double; pharynx without papillae ……………………………………. 10 

8(7) Eyes medium-sized; lateral eyes separated, anterior ones twice larger than 

posterior ones; lateral antennae and palps subequal; nuchal organs horizontal C-

shaped structures; neurochaetal blades 2–12 times longer than 

wide ………………………………………….. L. giardi Gravier, 1900, Red Sea 

– Eyes large; lateral eyes close to each other, anterior ones slightly larger than 

posterior ones; lateral antennae larger than palps; nuchal organs U-shaped …… 9 

9(8) Middorsal pharynx papilla as long as palpophores; neurochaetal blades 5–16 

times longer than wide ………………….. L. oculatus (Treadwell, 1906), Hawaii 

– Middorsal pharynx papilla ¼ longer than palpophores; neurochaetal blades 5–11 

times longer than wide ………………………… L. anomalus Chamberlin, 1919, 

Marshall Islands (perhaps including L. papillosus Monro, 1926, Macclesfield 

Bank (16°00′N, 114°30′E), South China Sea) 
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10(7) Nuchal organs U-shaped; upper neurochaetal blades over 20 times longer than 

wide; notochaetae abundant, long …………………………………………. 11 

– Nuchal organs L-shaped; upper neurochaetal blades 4 times longer than wide; 

notochaetae scarce, short ……… L. greeffianus Augener, 1918, Western Africa 

11(10) Anterior eyes twice larger than posterior ones; palpostyles slightly shorter than 

palpophores; median antenna between posterior 

eyes ……………………………… L. atlanticus (McIntosh, 1885), NE Atlantic 

– Anterior eyes slightly larger than posterior ones; palpostyles markedly shorter than 

palpophores (1/3–
1/4 as long); median antenna central to all 

eyes ………………………………………… L. indicus Horst, 1921, Banda Sea 

12(1) Anterior eyes slightly larger than posterior ones; lateral antennae as long as palps; 

tips of neurochaetae taper abruptly to fine tips, without 

guards ……………………..... L. wesenberglundae Pettibone, 1970, Gulf of Oman 

– Anterior eyes twice larger than posterior ones; lateral antennae 1/3 longer than palps; 

tips of neurochaetae blunt, guards extended far beyond tips 

........................ L. djangkarensis Augener & Pettibone in Pettibone, 1970, Sulu Sea 

 

Remarks. Pettibone (1970) included as junior synonyms some species based upon 

specimens from distant localities with different morphologies; after our study of 

variation in L. chinensis they are herein regarded as distinct and are included in the 

key. 
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Figure S1. Leocrates chinensis Kinberg, 1866. A, C, F: Sample 13 (ECOSUR 13; 

middle antenna missing); B, D, G: Sample 10 (SWIMS-ANN-18-007); E: Sample 7 

(SWIMS-ANN-18-003). A, dorsal view of whole worm; B-C, dorsal view of the 

prostomium; D-E, ventral view of pharynx; F, dorsal (larger) and ventral (smaller) 

jaws, lateral view. G, tentacular cirri, showing cirrophore and cirrostyle; H, dorsal 

view of pre-anal segments and anal cirri (right anal cirrus missing). Scale bar: A: 2 

mm; B-F. H: 500 μm; G: 200 μm. 
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Figure S2. Leocrates chinensis Kinberg, 1866. Anterior end of three specimens with 

an extended pharynx, dorsal view, and parapodial features. A, Sample 9 (ECOSUR 9); 

B, Sample 11-3 (ECOSUR 11.3); C, Sample 11-1 (SWIMS-ANN-18-009). Sample 

13 (ECOSUR 13). D, anterior view of chaetiger 2 (cirrostyle missing); E, anterior 

view of chaetiger 5 (cirrostyle broken); F, anterior view of chaetiger 8; G, anterior 

view of chaetiger 16; H, anterior view of chaetiger 2, showing a hooded neurochaeta 

in the most inferior position of the chaetal bundle; I, posterior view of chaeitger 7, 

showing two hooded neurochaetae among several non-hooded neurochaetae. Scale 

bar: A-G: 500 μm; H-I: 200 μm. 
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Figure S3. Leocrates chinensis Kinberg, 1866. Sample 13 (ECOSUR 13). A-D, H, 

L: Setiger 6; E, J: Chaetiger 16; F: Chaetiger 8; G, K: Chaetiger 3; I: Chaetiger 9; M: 

Chaetiger 7; N: Chaetiger 15. A, gross view of notochaetae; B, basal of notochaetae; 

C, middle of notochaetae; D, distal part of notochaetae; E, middle of notochaetae, 

showing lateral and dorsal view of first several rows of spines; F, subdistal part of 

notochaetae; G-J, subdorsal neurochaetae, showing the longest blades; K-N, ventral 

neurochaetae, showing the shortest blades; O-P, hooded neurochaetae. Scale bar: A-D, 

K-P: 100 μm; E-F: 3 μm; G-J: 250 μm. 
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Table S1. Morphological features of Leocrates chinensis. Body width data (with 

chaetae, and without chaetae) were taken from a middle chaetiger. Prostomium (W/L) 

are ratios of prostomial width/length. Hooded neurochaetae represent the number of 

hooded chaetae and hooded chaetae bearing parapodia in one specimen. Blade (L/W) 

are the range of blade length/width ratio.  

Catalogue number* 

Body 

length 

(mm) 

Body 

width 

(mm) 

Prosto

mium 

(W/L) 

Pharynx 

extension 

Marginal 

papillae** 
Hooded neurochaetae 

Blade 

(L/W) 

SWIMS-ANN-18-001 20.2 5.0, 4.0 1.50 near fully 20 9 in 9 parapodia 5.2–14.8 

SWIMS-ANN-18-002 12 4.5, 3.5 1.20 slightly 12 7 in 7 parapodia 4.6–19.6 

SWIMS-ANN-18-003 16.9 4.5, 3.5 1.33 near fully 20 6 in 5 parapodia 4.0–18.8 

SWIMS-ANN-18-004 20 6.0, 5.0 1.40 slightly 20 4 in 4 parapodia 5.3–20.0 

SWIMS-ANN-18-005 20 5.0, 4.0 1.29 slightly 20 1 in 1 parapodium 5.0–15.0 

SWIMS-ANN-18-006 16.5 5.0, 4.0 1.38 slightly 20 4 in 4 parapodia 5.2–16.9 

SWIMS-ANN-18-007 16.6 5.5, 4.5 1.38 slightly 12 2 in 2 parapodia 4.4–18.1 

SWIMS-ANN-18-008 15 5.0, 4.0 1.25 slightly 20 4 in 4 parapodia 5.5–18.5 

SWIMS-ANN-18-009 20 5.0, 4.0 1.64 near fully 20 2 in 2 parapodia 5.3–17.6 

SWIMS-ANN-18-010 15 5.0, 4.0 1.69 near fully 20 4 in 4 parapodia 5.8–12.6 

SWIMS-ANN-18-011 9.5 2.5, 1.8 1.28 slightly not distinct 1 in 1 parapodium 5.1–19.2 

ECOSUR 2904 23.2 8.0, 6.0 1.33 slightly 12 9 in 9 parapodia 5.2–18.7 

ECOSUR 2905 14.9 5.0, 3.5 1.45 near fully 20 4 in 4 parapodia 4.6–16.3 

ECOSUR 2906 18.2 5.5, 4.5 1.76 near fully 20 1 in 1 parapodium 4.3–14.4 

* These specimens will be deposited into a museum. Sample numbers will be replaced by catalogue numbers before the paper is 

published in its final form. 

** These are not papillae; they are wrinkles. Some have 12 because the pharynx is not fully extended. 
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