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Abstract 

 

 Coral ecosystems are highly diverse and productive ecosystems in tropical and 

subtropical oceans, playing a significant role in marine ecosystems. They have many 

important functions: a carbon sink in the global carbon cycle via calcification, habitats 

for many economically important species, acting as shoreline buffers, and a potential 

source of natural chemical substances of medical importance (Moberg et al. 1999).  

 Growth and erosion are the two driving forces that determine the fate of a coral 

reef. Coral growth is achieved by calcification - the deposition of calcium carbonate 

skeleton by living coral polyps, and erosion refers to the removal of calcium 

carbonate by physical or biological factors. When calcification exceeds erosion, a reef 

is considered to be growing and vice versa. Hence, the study of this growth-erosion 

balance is the key to evaluating the health status of a reef. 

 Hong Kong, as a marginal environment for coral survival has a remarkable 

diversity of coral communities in its waters. However, little is known about the 

calcium carbonate budget of these communities. My study thus aims to fill in this gap 

of knowledge in order to better understand and conserve these valuable communities. 

This study is timely given that many global and regional stressors are expected to 

affect coral calcium budget. The results of my study can contribute to a better 

understanding of how corals respond to environmental changes. 

This study aims to 1) explore any correlation between environmental factors and 

abundance of internal borers on corals; 2) study the growth rate of corals across 
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different environmental gradients  in Hong Kong; and 3) study the rate of erosion of 

corals across different environmental gradients across nine sites in Hong Kong. 

 

Field surveys were carried out at 33 sites from October 2012 to December 2012 

covering two environmental gradients - from estuarine to oceanic and from sheltered 

to exposed. Two 50-meter transects were laid at each site and coral coverage and 

abundance of eroders per colony was determined using photo quadrants. Three 

sediment traps were also deployed at each site and collected after a month to 

determine sedimentation and nutrition deposition rate. Correlation analyses were 

conducted to explore any underlying relationships between borehole densities on 

corals and environmental factors. It was found that polychaete boreholes were 

significantly positively related to the amount of sedimentation. Also, the bioerosion of 

corals in Hong Kong was found out to be much more serious than that in other 

regions.  

 From the 33 sites surveyed to determine borehole densities, 10 sites chosen to 

cover two environmental gradients were selected for more detailed studies of coral 

growth. Three colonies of Porties lutea of around 20 cm x 20 cm x 20 cm were 

collected from each site, and were cut into 1cm slabs parallel to the direction of 

maximum growth. X-ray radiography was done for each slab to analyze the growth 

rate. The growth of Porties lutea across the 10 sites were compared against other 

regions and underlying relationships with environmental factors were explored. It was 

found that the growth of corals was negatively correlated with sedimentation rate, and 
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the calcification rates of corals in Hong Kong were much lower than those reported 

from many study conducted in tropical regions. 

 To understand the rate of bioerosion of corals in Hong Kong, a study was 

conducted by deploying experimental coral skeleton blocks at nine chosen sites. Three 

blocks were deployed at each site. Blocks were retrieved after one year and scanned 

with MicroCT to examine the contribution on internal bioerosion by different taxa as 

well as the total amount of bioerosion at each site. The data were analyzed to 

understand internal how bioerosion is determined by environmental factors. It was 

found that bioerosion contributed by polychaetes had positive correlation with the 

sedimentation rate, which was consistent with the results found in the forth-mentioned 

study of coral slabs. The internal bioerosion rates of corals in Hong Kong were within 

the range of the corresponding data reported from overseas. 
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Chapter 1 Introduction 

1.1    Introduction to Scleractinia 

Stony Corals or Scletactinia are an order of corals under the class Anthozoa and 

Phylum Cnidaria. Most stony corals are colonial, composed of hundreds to thousands 

of individuals called polyps (Barnes et al. 1987, Lalli & Parsons et al. 1995). Polyps 

are usually cone shaped with an opening on the top. The opening, which is the mouth, 

is surrounded by tentacles with venomous sting cells, nematocysts for food capture 

and defense (Barnes et al. 1987). Besides preying on zooplankton, hematypic corals 

also obtain food via photosynthesis from their symbiotic algae - zooxanthellae. The 

coral provides protection and shelter for the algae while the algae generate glucose, 

glycerol, and amino acids from photosynthesis for the host coral (Sumich et al. 1996). 

It has been reported that over 90 percent of the organic compounds produced by the 

zooxanthellae through photosynthesis is transferred to the host coral (Sumich et al. 

1996). This mutualistic relationship between corals and zooxanthellae explains why 

coral reefs can thrive in nutrient poor ocean environments, creating massive 

communities where there is little primary production. 

Polyps secrete calcium carbonate during growth, which forms a skeleton that 

provides shelter and protection for both the polyp and its zooxanthellae. Although the 

skeleton of each polyp is small, many polyps join together to form a colony, and coral 

colonies can have a skeleton of meters in height.  

The calcium carbonate skeletons of coral polyps accumulate through decades or 
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even centuries, creating massive coral colonies. When coral colonies grow together 

and dominate the substrate of an area, a reef is formed. Coral reefs are highly diverse 

and productive ecosystems in tropical and subtropical oceans, playing a significant 

role in marine ecosystems. 

They have many important functions: a carbon sink in the global carbon cycle via 

calcification, habitats for many economically important species, acting as shoreline 

buffers, and a potential source of natural chemical substances of medical importance 

(Moberg et al. 1999). Reports have stated that global coral reefs generate a total of 

29.8 billion US dollars every year (Cesar et al. 2003). 

When polyps grow, they take up calcium ions from sea water along with 

carbonate ions which are created from carbon dioxide, to form a calcium carbonate 

skeleton. This process is called calcification. Previous studies have shown that coral 

reefs remove 111 million tonnes of atmospheric carbon dioxide per year, which is 

equivalent to around 2% of anthropogenic annual carbon dioxide production (Kinsey 

et al. 1991).  

The calcium skeleton created by polyps also provide shelters for the larvae of 

many fish and crustaceans. This in turn attracts a lot of larger fishes and other 

predators, thus constructing a massive food web and large diverse ecosystem. It has 

been stated that over 25% of the world's fish species and 9-12% of the world's total 

fisheries are associated with coral reefs (Spalding et al. 2001). The high biodiversity 

of coral reefs directly support the local economy via tourism, fisheries, and aquarium 

trade. Reports have stated that the high biodiversity of coral reefs have contributed of 
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5.5 billion US dollars annually (Cesar et al. 2003).  

Besides enhancing biodiversity, coral reefs also provide shoreline protection from 

storms, waves and currents. It was reported that up to 90% of the energy from wind 

generated waters is absorbed by reefs, and the structure of coastlines that are protected 

by waves are more stable when compared to those without (UNEP-WCMC 2006; 

Spalding et al. 2001). It was estimated that about 9 billion US dollars is contributed 

towards shoreline protection by coral reefs every year (UNEP-WCMC 2006). Erosion 

from coral reefs also acts as a natural supply of sand for beaches.  

Many species in coral ecosystems produce chemicals for defense or predation, 

especially for immobile or sessile groups like nudibranchs and corals. Many of these 

chemicals produced are found to be effective against bacterial or viral infections, 

cancer, or used in various nutrition supplements and cosmetics (Bruckner et al. 2002). 

For example, the neurotoxins of cone snails have been studied to be used as a strong 

painkiller, and antiviral drugs Ara-A and AZT have been developed from extracts of a 

Caribbean sponge (Bruckner et al. 2002; Spalding et al. 2001). 

Coral ecosystems have been a focus of ecological research in recent decades 

because of their vulnerability to natural and anthropogenic disturbances such as 

coastal development, overfishing, global warming, ocean acidification, bleaching, 

tourism and pollution. 

 Despite the small marine area (1600 km
2
), Hong Kong has recorded a high coral 

diversity especially in the eastern waters where the influence of freshwater discharge 

from the Pearl River is limited (Morton & Morton 1983, DeVantier & McCorry D 
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2003, Lun 2003, Chan et al. 2005). The corals of Hong Kong have been studied 

extensively since the 1980s, covering many areas of coral biology such as taxonomy, 

distribution, community composition, bioindicators of pollution, and recruitment (e.g., 

Morton 1994, Clark 1998, McCorry 2002, DeVantier & McCorry 2003, Lam & 

Morton 2003, Ng & Morton 2003, Fabricius & McCorry 2006, Lam et al. 2007, Wang 

et al. 2011). A total of 84 species of scleractinian corals (Ang et al. 2003, Chan et al. 

2005), 42 species of octocorals (Fabricius & McCorry 2006), and over 200 species of 

coral-associated fish (Sadovy & Cornish 2000) have been reported from local waters. 

Reef Check surveys reported that local coral communities are relatively healthy 

(AFCD 2011). However, studies have been done locally which indicate several threats 

to the coral communities, such as bioerosion by urchins (Qiu et al. 2014), corallivory 

(Tsang et al. 2015), and reduced fertilization and settlement due to high levels of 

nutrient levels in water (Chui et al. 2015). 

1.2    Introduction to Porites lutea 

The species used in this study is Porites lutea, which is commonly used globally 

for studying growth and erosion of corals (Scoffin et al. 1992, Tanzil et al. 2009). 

Porites lutea is a massive reef building coral that is dominant along the shores of 

Hong Kong. It is also commonly found in other Pacific tropical areas such as 

Thailand, Philippines, Indonesia, Hawaii and Australia. They grow into massive 

hemi-spheres that can reach over 4 meters in diameter.  

Many slab-based growth studies has been conducted on this species because of 

the highly contrasting growth rings they present during growth and also their massive 

growth form which allows easy counting of growth rings along slabs or coral cores. 
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Figure 1.1 shows a picture of this coral in Hong Kong waters. 

A previous study revealed calcification rates of 1.8-2.4 g cm
-2

 year
-1

 for P. lutea 

in southern Thailand (Tanzil et al. 2009). While southern Thailand is located in the 

tropical region which is more favorable for coral growth, Hong Kong is located in the 

subtropical region where low winter temperatures limit coral growth. A previous study 

by Goodkin et al. 2011 recorded only around 2 mm of linear extension rate in Pak Lap 

Tsai in Hong Kong, which is much lower than the linear extension rates of P. lutea in 

many other studies conducted in tropical areas. However, Pak Lap Tsai is rather 

exposed when compared across other coral communities in Hong Kong, and may not 

be the best indicator for growth rate of corals in Hong Kong. Hence, it is important to 

determine P. lutea extension rates across Hong Kong waters, and understand water 

quality factors affecting such rates. The results will allow for determining effective 

conservation measures. 

1.3   Introduction to Coral Growth 

1.3.1   General information 

Living coral polyps deposit calcium carbonate when they grow, which 

accumulate to form skeleton and overtime will become a massive structure. Different 

coral species have different growth forms. While some can grow into large branching 

tree like structures, others may be semi-spherical or just simply encrusting and just 

forming a thin layer on the substrate.  

Generally, corals grow best in warmer waters of 21-29 degrees Celsius, which 
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explains why coral reefs are mostly found in the tropical regions. Exceptions exist and 

some coral reefs are found in high latitude areas with lower temperatures. Corals rely 

on photosynthesis of their symbiotic zooxanthellae for food and energy, hence most 

reefs are typically found in clear shallow waters above 30m. Under favorable 

conditions, they are reported to grow as much as 10-25 mm per year, depending on 

species. 

Under unfavorable conditions, corals have much slower growth rates or may 

completely stop growing. If exposed to prolonged durations of heat or cold, bleaching 

would be induced which is the release of the symbiotic zooxanthellae by corals. This 

is because of the increased stress that the symbionts add on the corals under extreme 

unfavorable conditions. It is claimed that releasing the symbionts would increase the 

chance of survival for the corals under stressed conditions, so that they would have a 

chance to survive and re-uptake the zooxanthellae when conditions become more 

favorable again. 

When bleached, growth and development of coral completely stops and the corals 

enter a “starving” phase. It has been reported that corals can recover from short term 

bleaching, but prolonged bleaching events usually lead to mass death of coral reefs 

and recovery would take a very long time, if the reefs could recovery at all. 

Hence, understanding the growth conditions of corals is very important when 

trying to conserve these species, especially in a sub-optimal growth environment like 

Hong Kong where they are facing extremely temperature and salinity fluctuations 

throughout the year. By understanding what favors their growth, better management 
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measures can be implemented such as better routing for sewage discharge and closer 

monitoring of water quality for certain pollutants that may hinder coral growth. 

1.3.2   Growth studies in tropical areas 

Growth of corals has been widely studied worldwide in tropical regions as it is a 

topic of great interest among scientists. Most studies focus on the effects of sea 

surface temperature (SST), pH and light intensity on the linear extension rate and 

calcification rate of corals.  

As many studies have suggested, the sea surface temperature has risen by about 

0.08 degrees Celsius per decade at an increasing rate, and more and more mass 

bleaching reports have been reported over the years. It is thus important to determine 

the thresholds of thermal stress that will lead to reduced growth in corals, and whether 

corals can adapt to the changing climate.  

Many scientists have also studied the effect of decreased pH levels on 

calcification rates of corals. It is reported that calcification can be lowered by half 

when pH was lowered from 8.0 to 7.2 (Garrison 2002). With the increase in carbon 

dioxide concentration in oceans globally, it is worried that calcification of corals 

would be much slower due to the lower pH which would reduce the concentration of 

carbonate ions, which in turn causing a reduce in uptake by corals that is essential for 

calcification.  
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1.4   Introduction to Coral Bioerosion 

1.3.1   General information 

The fate of coral reefs depends on the balance between reef calcification and 

erosion. Bioerosion is defined as actions by living organisms that remove calcium 

carbonate skeleton erosion (Neumann 1966). Moderate to light degrees of bioerosion 

are beneficial to the development of a healthy coral reef environment due to its 

clearance of dead coral to allow new settlements (McClanahan, 1997; Edinger et al., 

2000). Reef destruction or development greatly depends on the balance of calcium 

carbonate deposition and erosion (Goreau, 1959; Hein and Risk, 1975; MacGeachy 

and Steam, 1976). However, heavy bioerosion greatly weakens the integrity coral 

skeleton, which increases the risk of collapse or destruction during bad typhoons or 

storms (Glynn, 1997). This shift in the equilibrium may hinder reef growth and lead to 

reef destruction or overgrowth by algae (Hallock and Schlager, 1986; Hallock 1988; 

Glynn, 1997). Today, bioerosion is generally considered as one of the biggest 

disruptive forces of reef development (Zubia and Peyrot-Clausade 2001).  

In the case of corals, there are two main causes of erosion, which is biocorrosion 

caused by chemicals to dissolve the calcium carbonate skeletons and bioabrasion by 

mechanical removal of carbonate by grazers (Wisshak 2006).  

1.3.2   Internal Coral Bioerosion 

Common internal bioeroders in Hong Kong coral communities include 

polychaetes and bivalves. Bivalves are the second largest class in the phylum 
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Mollusca, which includes scallops, mussels, oysters, and clams. They generally have 

the ability to attach on substrates by secreting stringy filaments called byssus. 

Surface-dwelling bivalves such as mussels and clams can adhere to the surface of 

corals, blocking them from undergoing photosynthesis and starving them to death; 

boring bivalves such as the Lithophaga mussel can secret acidic substances to create a 

borehole and thus live in limestones, whale bones, or corals. 

Bivalves are filter feeders that capture a large quantity of plankton or detritus 

during feeding and release large amounts of feces and pseudofeces (Zhou et al., 2006). 

Corals often become the victim of both types of bivalves, with their surface being 

covered by free living species and skeleton eroded by boring bivalves. Studies of 

coral associated mollusks in Palk Bay of southeastern India identified 27 species of 

bivalves (Ramesh et al., 1996) - 12 of the species were embedded in live coral, and 13 

others lived inside the dead coral parts. Some of them were attached by byssal threads 

to the coral skeleton while only 6 species were observed in the coral sand (Ramesh et 

al., 1996). These show the relationship between coral and bivalves, as bivalves act as 

a commensal or sometimes parasite to coral colonies.  

Scott (1980) reported a total of 10 species of coral-boring molluscs from eight 

genera of scleractinian corals collected from five sites in the eastern waters of Hong 

Kong, and observed that some species of borers were more common in estuarine 

waters, whereas others were more common in clear oceanic waters. 

Polychaetes worms belong to the phylum Annelida. They are named for their 

presence of many chaetae or bristles on their parapodia. They exhibit two lifestyles, 
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either sedentary or errant. In the case of coral bioerosion, the focus is on the sedentary 

worms species. 

Some sedentary polychaetes bore into corals by secreting chemicals or by hard 

structure rasping. Others live on the surface of corals or among coral rubbles. Species 

usually observed are those that reside in a calcareous tube and have a crown formed 

by tentacles. The crown has two functions, for gaseous exchange and filter feeding. 

Polychaetes can extend their crowns for feeding and gaseous exchange and withdraw 

into their tube when under harassment from other organisms.   

1.3.3   External Coral Bioerosion  

External bioerosion is mainly caused by the grazing of more mobile organisms. 

Examples of organisms in this group include parrot fishes, sea urchins, sea stars, 

mollusks are crustaceans. The grazing activity may not be targeted at the corals. For 

instances, algae grazers tend to graze on the surface of coral skeletons for algae or 

other organic matters on the coral surface.  

In Hong Kong, the largest group of external bioerdors is the long-spined sea 

urchin Diadema setosum. Although their reported diet consists of mainly algae, coral 

skeleton is also removed when they graze on the surface of coral skeletons for algae 

(Dumont et al. 2013). Sometimes it is even observed that they will graze on corals if 

no algae is present. Not many predators are reported for this sea urchin, and its 

population is high in areas that are observed with high bioerosion (Qiu et al. 2014). 
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Other bioeroders such as parrot fishes although present, are not commonly 

observed in Hong Kong and thus are not believed to have a significant impact on 

external bioerosion in Hong Kong.  

1.3.4   Studies done overseas on Coral Bioerosion  

 Coral Bioerosion has been described in several reviews throughout the world, 

including the Indo-Pacific, Australia, and the Caribbean (Hutchings 1986, Bak 1994, 

Le Grand 2011). Studies have quantified coral bioerosion along a gradient of turbidity 

and chlorophyll concentrations (Le Grand 2011), suggesting that the quantity of 

bioerosion in corals from an area can represent the water quality of that area. 

There have been several studies that aimed to quantify the rate of bioerosion in 

different reefs. Reaka-Kudla et al. 1996 reported a shocking 25.4 kg m
-2

 year
-1

 in the 

Galapagos Islands, while Tribollet et al. 2002 reported that the highest bioerosion rate 

found in the Great Barrier Reef was only around 3.6 kg m
-2

 year
-1

. 

 However, not many studies have been done on this topic in regions that are less 

favorable for coral growth. The status of bioerosion in sub-tropical areas such as 

Hong Kong is not well understood. Chen et al. (2012) described the erosion patterns 

of Porites corals from South China Sea and suggested that it may be contributed by 

costal urbanization and aquaculture activities. However, the actual correlation was not 

determined and no correlations were explored. 
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1.4   Geographic location and coral communities of Hong 

Kong 

Hong Kong is located in southeastern China, about 130 km to the south of the 

Tropic of Cancer. The coasts of Hong Kong are lined with volcanic bedrocks that 

usually do not extend beyond 10 m below the chart datum (Morton and Morton, 1983). 

Below bedrock is usually soft mud, which is easily stirred up, resulting in high water 

turbidity. The climate of Hong Kong is monsoonal with a wet season (May-October) 

and a dry season (November-April). During the dry season water temperature can 

drop to as low as 14
o
C (Fabricius and McCorry, 2006; Yang and Goodkin, 2014). 

These environmental conditions are not optimal for the development of coral 

communities. Therefore, corals in Hong Kong can only develop into fringing reef 

communities; they do not form true reefs. Due to the influence of freshwater 

discharge from the Pearl River in the west, there is a great difference in coral 

community development along the east-west or oceanic-estuarine direction. 

Scleractinian corals are present only in the transition and the oceanic zones, with 

those in the oceanic zone being more diverse and abundant (Ang et al., 2004; Chan et 

al., 2005; Goodkin et al., 2011). We selected 33 sites to quantify coral borehole 

density (Fig. 1.2). These sites represented environmental gradients such as salinity, 

sedimentation, and dissolve oxygen that are known to affect coral diversity and 

coverage (Hodgson and Yau 1997).  

Hong Kong is located to the east of the Pearl River estuary. Thus its waters are 

greatly influenced by the large influx of fresh water from Pearl River, especially 
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during the wet season. Because of that, Hong Kong waters can roughly be divided into 

an estuarine zone in the west, an oceanic zone in the east, and a transition zone in 

between these two (Morton & Morton 1983). Corals do not occur in the estuarine zone 

and the coral diversity is low in the transitional zone. The oceanic zone where most of the 

coral communities are found can be further divided into the southern region, eastern 

(sheltered) coastal region, eastern region, and north-eastern region (DeVantier & 

McCorry 2003, Fabricius & McCorry 2006). Coral communities can be found in waters < 

10m (Morton & Morton 1983).  

It is suggested that the influx for fresh water will lead to higher sedimentation 

rate on locations closer to Pearl River (estuary zone), and lower sedimentation in 

locations further away from Pearl River (oceanic zone). Since many internal eroders 

are filter feeders, we expect the rate of bioerosion of coral communities to be changed 

in accordance with the distance from the Pearl River. Thus, 33 sites were chosen in 

this study that covered the environmental gradient, from an estuarine to an oceanic 

environment. Moreover, we also included exposure (exposed, intermediate or 

sheltered) as another environmental gradient. 

1.5   Objectives and hypotheses 

The aim of this study was to provide baseline information on coral growth and 

bioerosion in Hong Kong. The results would enable an estimation of the calcium 

carbonate budget, which is a composite index of coral health. The results would be 

useful for future implementation on coral conservation polices or identifying locations 
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with healthy coral communities as candidate sites for marine protected areas. The data 

could be used as a background for quantification of the responses local coral 

communities to environmental changes. 

This thesis includes five chapters with a focus on the growth and erosion of corals 

in Hong Kong along different environmental gradients. The first chapter is a general 

introduction which introduces the basic concepts of growth and erosion and a short 

summary of studies done in tropical areas. The lack of studies done locally makes it 

hard to compare the results. 

The second chapter focuses on the borehole density in corals in Hong Kong and 

its relationship with various environmental gradients. A large scale survey was done 

to quantify the borehole density on massive coral communities in Hong Kong at 26 

selected sites. Environment data was gathered at each site via sediment trap and water 

sample collection for DO and salinity. The environmental data was analyzed along 

with the borehole density that was categorized down to taxon level, in order to 

understand the factors that influence the formation of boreholes. The results of this 

chapter have already been published in Marine Pollution Bulletin (Xie et al. 2016). 

The third chapter focuses on the growth of the massive coral Porites lutea in 

Hong Kong waters across different environmental gradients. It provided baseline 

information regarding growth and calcification rates of corals in Hong Kong. The 

results were compared with those from studies conducted in other regions, especially 

tropical regions, and its underlying relationships with various environmental factors. 

Thirty colonies of the massive coral Porites lutea were collected from 10 sites of 
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Hong Kong covering various environmental gradients. They were cut into slabs along 

the maxim growth axis and bleached to remove organic tissues. Afterwards, they were 

taken to perform x-ray radiography to visualize their alternating light and dark growth 

bands, which tells us their growth rates. The skeletal density of each slab was also 

measured in order to deduce the calcification rate of the corals. The growth and 

calcification rates were then compared with their respective environmental data to 

explore any relationships. The growth trends of the corals of older age were also 

looked at to see if there were any mass deaths or significant growth trends over the 

past few decades. 

The fourth chapter focuses on the erosion rates of the massive coral Porites lutea 

in Hong Kong waters across different environmental gradients. It provided 

information in the bioerosion rates of corals in Hong Kong compared to other tropical 

regions, and to explore any underlying relationships with different environmental 

gradients. A total of 28 experimental blocks made with the skeleton of Porites lutea 

were deployed in nine different sites in Hong Kong waters across different 

environmental gradients. They were retrieved after 1 year of deployment to be 

scanned by MicroCT to quantify their erosion rates. The sites were identical to those 

selected in chapter three but we were unable to retrieve the coral blocks frm Sunshine 

Island, perhaps due to the high water turbidity resulting in extremely low visibility (< 

0.5 m). The bioerosion rates were calculated as total bioerosion rate contributed by all 

taxa, as well as taxon-specific bioerosion rates contributed by particular taxa. Data 

were compared with the environmental data to explore any underlying relationships. 
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The bioerosion rates of the experimental blocks were also compared with similar 

studies done in other regions to determine their differencs. 

The fifth chapter is a general conclusion for the previous three experimental 

chapters. It connects the data between chapter three and four to determine the 

accretion-erosion balance of coral communities in different sites in Hong Kong. This 

chapter also explores possibilities for further studies that could be conducted and 

discusses any implications for conservation efforts. 
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Fig. 1.1 

A picture of Porites lutea in Hong Kong waters.   
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Fig. 1.2 

A map of the substrate composition of the 33 study sites in Hong Kong waters.   
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Chapter 2  

Borehole density on the surface of living Porites corals 

as an indicator of sedimentation in Hong Kong  

  

2.1 Introduction 

Bioerosion, the process of calcium carbonate removal by biota, has been a 

focus of research in recent decades due to the recognition that its change can tip the 

balance between reef accretion and destruction (Glynn, 1997). Bioerosion can occur 

externally or internally. Because internal bioeroders such as bivalves, polychaetes, 

sipunculans and sponges live inside coral skeleton, they are less visible than external 

biooeroders such as parrot fish and sea urchins. Nevertheless, internal bioeroders can 

contribute substantially to the overall bioerosion and should not be overlooked when 

assessing reef health. For example, the date mussels, Lithophaga spp., common 

internal bioeroders, have been reported to remove 9 kg CaCO3 m
−2

 yr
−1

 (Scott et al., 

1988), exceeding or accounting for most of the typical accretion rates of 0.3 to 12 kg 

CaCO3 m
−2

 yr
−1

 in tropical reefs (Smith, 1983). Polychaetes can also be dominant 

internal bioeroders, reaching up to 80,000 individuals m
-2

 and removing up to 1.8 kg 

CaCO3 m
-2

 yr 
-1

 (Davies and Hutchings, 1983). 

The level of internal bioerosion has been shown to correlate with water quality 

(Edinger et al., 2000; Holmes et al., 2000; Cooper et al., 2008) and has been proposed 

as a bioindicator for assessing reef health in tropical waters (Risk et al., 2001; Le 

Grand and Fabricius, 2011; Fabricius et al., 2012). Such correlation can be explained 

by the fact that most internal macro-bioeroders are filter-feeders of plankton, therefore 

environmental gradients that determine plankton abundance should also affect the 



 

20 
 

abundance of internal bioeroders (Pastorok and Bilyard, 1985). Following the same 

logic, disturbance of environmental gradients by human activities (e.g., sewage, 

agricultural runoff, mining) should affect the abundance of internal bioeroders (Le 

Grand and Fabricius, 2011; Fabricius et al., 2012). 

Internal bioerosion has been estimated by several methods (Le Grand and 

Fabricius, 2011). Collecting live coral colonies and observing their cross-sections can 

directly provide data on internal bioerosion, but this method is time consuming, labor- 

and resource-intensive and requires the sacrifice of live coral. Collecting coral rubble 

for observation is non-destructive, but it suffers from the drawback of unknown age of 

the rubble, which makes it difficult to interpret the data collected from different sites. 

Other methods have also been explored such as deployment of experimental blocks to 

measure the rate of bioerosion on corals, but these methods are generally time 

consuming and cannot obtain results immediately (Londoño-Cruz et al., 2003; 

Hutchings et al., 2005; Osorno et al., 2005). Borehole density on the surface of 

Porites coral heads can indicate the abundance of internal bioeroders and thus the 

level of bioerosion (Edinger et al., 2000; Holmes et al., 2000). It is easy to determine 

and non-destructive, therefore this method has been adopted as an index in the 

bioindicator system for inshore waters of the Great Barrier Reef (Fabricius et al., 

2012).  

Although the borehole counting method is appealing due to is simplicity, its 

applicability in other areas has not been explored. A case in point is the coasts along 

southern China where severe coral bioerosion has been reported (Lam et al., 2007; 

Chen et al., 2013; Dumont et al., 2013, Qiu et al., 2014; Yang and Goodkin, 2014), but 

no nondestructive method of coral health assessment has been explored. We therefore 

aimed to provide baseline data on borehole densities in Porites, and to assess the 
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relationship between coral borehole density and water quality. We conducted the study 

in Hong Kong where there are two gradients of environmental factors (estuarine to 

oceanic; sheltered to open) (Hodgson and Yau, 1997; Fabricius and McCorry, 2006), 

which are known to affect the development of bioeroder communities elsewhere (Le 

Grand and Fabricius, 2011). We assessed such correlation using both total boreholes, 

as in Le Grand and Fabricius (2011) for Porites, and borer taxon-specific boreholes 

because taxon-specific data might have better correlation with water quality 

parameters. 

 

2.2 Materials and Methods 

2.2.1. Study area 

Hong Kong is situated on the southeastern coast of China, about 130 km south 

of the Tropic of Cancer. The coasts of Hong Kong are lined with volcanic bedrocks 

that usually do not extend beyond 10 m below the chart datum (Morton and Morton, 

1983). Below bedrock the seabed is usually soft mud, which can easily be stirred up, 

resulting in high water turbidity. The climate of Hong Kong is monsoonal with a wet 

season (May-October) and a dry season (November-April). During the dry season 

water temperature can drop to as low as 14
o
C (Fabricius and McCorry, 2006; Yang 

and Goodkin, 2014). These environmental conditions are not optimal for the 

development of coral communities. Therefore, corals in Hong Kong can only develop 

into fringing reef communities; they do not form true reefs. Due to the influence of 

freshwater discharge from the Pearl River in the west, there is a great difference in 

coral community development along the east-west or oceanic-estuarine direction. 

Scleractinian corals are present only in the transition and the oceanic zones, with 
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those in the oceanic zone being more diverse and abundant (Ang et al., 2004; Chan et 

al., 2005; Goodkin et al., 2011). We selected 26 sites to quantify coral borehole 

density (Fig. 1). These sites represented environmental gradients such as salinity, 

sedimentation, and dissolve oxygen that are known to affect coral diversity and 

coverage (Hodgson and Yau 1997). These sites were located in four geographical 

regions (Fabricius and McCorry, 2006): the Southern Region (S-R) which included 5 

sites in the transition zone; the Southeastern Region (SE-R) which included 7 exposed 

sites in the oceanic zone; the Southern-Coastal Region (SC-R) which included 4 

sheltered sites; and the Northeastern (NE-R) which included 10 sheltered sites.  

2.2.2. Coral borehole density  

Surveys of coral borehole density were conducted from late October to early 

December 2012. Self-contained underwater breathing apparatus (scuba) was used for 

underwater surveys. At each site, a photographic quadrat method (Le Grand and 

Fabricius, 2011) was applied by recording digital photographs of Porites coral 

surfaces. Specifically, two 50 m transects were laid parallel to the coastal line at 3-5 m 

depths in locations with the highest coral cover. For every Porites colony (3-29 

colonies depending on their availability at the site) within 1 m of the transect, five 

digital photographs of a 15 x 15 cm quadrat were taken using a Canon G10 camera 

with an underwater housing. Several coral colonies with different shapes of boreholes 

were collected from the field and cut open in the laboratory in order to match the 

shape of borehole with the identity of the internal macroeroder. The photo quadrats 

were analyzed in the laboratory to determine the identity and abundance of 

macrobioeroders based on the shape and number of their external boreholes (Fig. 2). 

Previous studies done have showed that the external boreholes on Porites were mainly 

caused by the boring polychaete Spirobranchus tetraceros (Sun et al., 2012) and the 
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boring bivalves, Lithophaga spp. (Scott, 1980), for ease of data presentation they were 

classified as bivalve boreholes which are keyhole-shaped, polychaete boreholes which 

are circular, and other boreholes (i.e. boreholes created by other borers such as 

barnacles and sponges) which are often irregular in shape.  

2.2.3. Environmental parameters  

To understand how environmental factors might affect the abundance of coral 

boreholes, we measured dissolved oxygen concentration (DO) with a TPS FLMV-90 

Multi-Parameter Field Logger, and salinity with an ATC handheld refractometer in 

situ during the borehole surveys. We also deployed three sediment traps at each site to 

quantify the deposition of sediment and sediment-bound organic matter, nitrogen and 

phosphorus. Each sediment trap measured 17.5 cm in height and 6.5 cm in diameter, 

with a height to diameter ratio of around 3:1, which is required to prevent the escape 

of collected sediment due to stray currents (English et al., 1997). A sieved baffle was 

installed 1 cm below the top of the trap to prevent small fish and invertebrates from 

entering the trap to cause sediment re-suspension. Each trap was held in place by a 

steel rod, whose lower part was hammered into the seabed. The bottom of the trap 

was 30 cm above the seabed to minimize collecting re-suspended bottom sediment. At 

each site, three sediment traps were deployed, with a distance of roughly 1 m between 

any two traps. The traps were recovered from the field after one month. Sediment dry 

mass in each trap was determined using an electronic balance after freeze-drying the 

sample. Sedimentation rate (mg cm
−2

 d
−1

) was calculated as dry mass (mg) per area 

(cm
2
) divided by the number of days of trap deployment.  

Subsamples of each trap were used to determine several nutrient-related 

parameters (i.e. percentage of mud, organic carbon, organic nitrogen and total 

Kjeldahl phosphorus). Around 2 mg of freeze-dried sediment from each sample was 
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weighed with a Perkin Elmer AD-4 ultramicrobalance and wrapped inside a tin 

capsule. The capsules were then analyzed using a Perkin Elmer 2400 Series II 

CHNS/O analyzer to determine the percentage of organic carbon and nitrogen. Total 

phosphorus in the sediment was determined using the Kjeldahl method. The 

remaining samples were sieved through a 63 µm mesh, and sediment that passed 

through the sieve (mud) was compared with the total sample mass to determine mud 

percentage and deposition rate. 

Exposure was expressed as Modified Maximum Fetch (MFF), a map based 

index (Hawkins and Jones, 1992) calculated as: 

MFF = MF x (SH + 180)/ MW / (Dist  + MW) x D/ Dmax, 

where MF is maximum fetch (distance to nearest land), SH is angle subtended by the 

sea horizon, MW is maximum width of channel or mouth of bay, Dist is distance to 

outer coast, D is maximum depth offshore within 1 km of the shore, and Dmax is the 

maximum depth in the whole survey region, which was obtained using the data from 

the Marine Department of Hong Kong 

2.2.4. Statistical analyses 

Data analysis was carried out using SPSS ver. 20 for Windows. Principle 

component analysis was carried out to characterize the environmental parameters in 

the 26 study sites. To allow easier interpretation, the data was rotated using the 

Varimax method (Norušis, 2006). Multi-collinearity was conducted for the various 

environmental factors (sedimentation rate, organic carbon deposition rate, organic 

nitrogen deposition rate, total phosphorus deposition rate, mud percentage, dissolved 

oxygen, salinity, and exposure), and factors with a variance inflation factor (VIF = 

1/(1-R
2
)) > 10) were considered to have strong evidence of collinearity (Neter et al., 
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1990). Multiple regression and Pearson correlation analyses were carried out after 

factor reduction to determine the relationships between environmental factors and 

density of boreholes on Porites. 

 

2.3 Results 

2.3.1. Borehole density 

Table 1 shows borehole densities on Porites at the 26 study sites. Boreholes 

were found on every colony of Porites encountered, with a mean total density of 1106. 

3 ± 421.4 individuals m
-2

 (mean ± SD) and a range of 474.1 to 2340.7 individuals m
-2

.  

Polychaete boreholes were numerically dominant (mean: 61.4%, range: 33.8-81.6%), 

followed by bivalve boreholes (mean: 31%, range: 13.2-53.8%). Most animals 

grouped under “other taxa” were sponges, barnacles or other animals with irregular 

holes that could not be identified down to taxa. They accounted for only a small 

proportion of total boreholes (mean: 7.6%, range: 0-36.1%). At most sites, their 

abundances were low (0-19.9%), except at Lo Fu Ngam (site 13, 36.1%) and Tai She 

Wan (site 16, 21.0%), which were both sheltered sites in the SC-R region.  

There was a remarkable difference in borehole density among the regions, 

with an average of 1216.0 individuals m
-2

 (mean ± SD) in S-R, 1502.2 ± 305.8 

individuals m
-2

 in SE-R, 911.9 ± 453.3 individuals m
-2 

in SC-R and 852.1 ± 266.9 

individuals m
-2 

in NE-R. 

2.3.2. Environmental parameters  

All of the measured environmental parameters varied among the sites, but 

their levels of variation differed (Table 2). Specifically, salinity (25 to 34 ppt) and DO 
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(6.1 to 7.1 mg l
-1

) varied within a relatively small range. Salinity was in general lower 

in the S-R region but higher in the other three regions, consistent with the influence of 

freshwater input from the Pearl River Estuary. The lowest salinity was found at 

Cheung Chau (site 1) in the S-R region, while the highest salinity was found at 

Ninepins (site 8) in the SE-R region. Dissolved oxygen concentration was similar 

among sites, with Cheung Chau in the S-R region having the lowest value, and East 

Dam (site 11) in the SE-R region having the highest value. 

Exposure (MMF) varied greatly among the sites, ranging from the highest 

(6.87) at East Dam (site 11) in SE-R to the lowest (0.07) at Ping Chau (site 3) in S-R. 

S-R and SE-R sites in general had much higher MFF values when compared to SC-R 

and NE-R sites (1.60 and 1.81 vs 0.52 and 0.42), which are consistent with the 

sheltered geographical locations of SC-R and NE-R sites. 

Several sediment related parameters [i.e. sedimentation rate, organic carbon 

(OC) deposition rate, organic nitrogen (ON) deposition rate, and total phosphorous 

(TP) deposition rate, and mud deposition rate] all varied greatly among the sites. For 

example, sedimentation rate ranged from 0.88 mg cm
-2

 d
-1

 at Moon Island (site 19) to 

280.1 mg cm
-2

 d
-1

 at East Dam (site 11). There were substantial variations in 

sedimentation rate among sites in the same region, but overall the value appeared 

higher at the S-R and SE-R sites, but much lower and less variable among SC-R and 

NE-R sites (Fig. 1, Table 2).  

2.3.3. Relationship between borehole density and environmental parameters 

PCA was used to analyze the environmental data (Table 3). The eight 

parameters measured were reduced into two main components with Eigen values over 

1, which explained 82.2% of the total variance. The analysis resulted in a 
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Kaiser-Meyer-Oklin value of 0.737, indicating its adequacy in representing the data. 

Six of the eight factors had strong positive loadings on PC1, which included 

sedimentation rate, organic carbon deposition rate, organic nitrogen deposition rate, 

total phosphorus deposition rate, mud deposition rate and exposure. Dissolved oxygen 

had a low positive loading, while salinity had a low negative loading. PC 2 was 

mostly dominated by dissolved oxygen and salinity with high positive loadings, while 

the other factors had low positive or negative loadings. The scores of the two 

components extracted were presented in a 2D scree plot (Fig. 3). When the sites from 

the four zones (Fabricius and McCorry, 2006) were color-coded, the clustering pattern 

of sites from the same region was observed (Fig. 3). SC-R and NE-R both clustered 

with low loadings on both PC1 and PC2, indicating that their environmental 

parameters were similar with respect to low values in nutrient related factors 

(sedimentation, carbon etc.) and dissolved oxygen. SE-R sites in general had higher 

PC1 and PC2 loadings, which was due to both high values in nutrient related factors 

and dissolved oxygen and salinity. S-R sites in general had a high loading for PC1 but 

negative loading for PC2, which was due to high values in nutrient related factor but 

low dissolved oxygen and low salinity. Multi-collinearity test among the 

environmental parameters showed that that sedimentation rate had significant 

multi-collinearity with organic carbon (VIF = 18.2), organic nitrogen (VIF = 53.3) 

and total phosphorus (VIF = 48.5) deposition rates. Hence, only sedimentation rate 

and those parameters with VIF < 10 were used in the regression analysis between 

environmental factors and borehole densities to simplify the data interpretation.  

Pearson correlation analysis and stepwise multiple regression analysis were 

conducted to assess the relationship between borehole density (i.e. polychaete 

boreholes, bivalve boreholes, other boreholes as well as total boreholes) and 
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environmental factors (i.e. percentage of mud, salinity, dissolved oxygen and 

exposure). Pearson correlation analysis showed that bivalve borehole density and 

other borehole density had no significant correlation with any of the environmental 

parameters (Fig. 4). Polychaete borehole density had significant positive correlation 

with sedimentation rate (R
2 

= 0.428, P < 0.001), but had no significant correlation 

with other environmental parameters. Total borehole density had a significant but 

weaker correlation with sedimentation rate (R
2 

= 0.182, P = 0.03). Stepwise multiple 

regression analysis gave identical results. For bivalve and other borehole densities, 

none of the environmental parameters were significant predictors. For polychaete 

borehole, only sedimentation rate was selected as the significant predictor (d.f. = 25, 

R
2
 = 0.428, P < 0.001). For total borehole density, sedimentation rate was selected as 

the only significant predictor (d.f.= 25, R
2
= 0.182, P = 0.03). 

 

2.4 Discussion 

The present study showed that borehole densities on Porites colonies varied 

substantially (474.1 to 2340.7 individuals m
-2

) across Hong Kong waters, indicating 

that variation in bioerosion on the regional scale is large and there is a need to assess 

its causes. An examination of the borehole density data showed that, in 16 out of 26 of 

the study sites, Porites were heavily infested with more than 1000 boreholes m
-2

. 

These sites are generally exposed (eg. Waglan Island (site 7), Nine Pins (site 8), East 

Dam (site 11)) or heavily affected by the Pearl River discharge (eg. Cheung Chau (site 

1), Sunshine Island (site 2)), providing some clues to the possible environmental 

factors that might explain the density of coral borers.  The high density values at 

these 16 sites are comparable to the values on Porites colonies living near river 



 

29 
 

mouths on the Great Barrier Reef (Le Grand and Fabricius, 2011). The seriousness of 

bioerosion in Hong Kong is exemplified at more than half of the study sites, 

indicating the need for both an assessment of the balance between bioerosion and 

accretion on a regional scale and how future anthropogenic and climate changes will 

impact the hydrologic cycle and subsequently this balance. 

Although many studies have been conducted to understand the relationship 

between internal bioeroder density and eutrophication, pollution or terrestrial runoff 

(review by Fabricius and McCorry, 2006), few of them have incorporated multiple 

environmental parameters to allow for the determination of their relative contribution 

and potential duplication in information extracted from these parameters. In the 

present study, we applied PCA to characterize the environment of our study area, and 

multi-collinearity test among the environmental parameters to assess the collinearity 

of several environmental factors. Without these tests, we would have included organic 

carbon, organic nitrogen and total phosphorus deposition rates in our correlational 

analysis between environmental factors and borehole density, which would have been 

duplicative. Therefore deploying sediment traps could be a cost-effective method to 

determine the level of coral bioerosion in our region along the northern coasts of 

South China Sea. 

Fabricius and McCorry (2006) used total boreholes on Porites as an indicator 

of water quality in the Great Barrier Reef because of the simplicity of the method. Our 

study showed that total borehole in deed had significant correlation with 

sedimentation, supporting the potential use of this bioindicator in Hong Kong. 

However, the correlation of determination of this relationship was quite low in our 

study (R
2
 = 0.182, P = 0.03), indicating sedimentation can explain only a small 

percentage of the variance. This relationship was improved substantially when 
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polychaete boreholes were used (R
2
 = 0.428, P < 0.001). This improvement was due 

to the removal of data from bivalves and other bioeroders, whose densities were not 

significantly correlated with any of the eight environmental factors included in our 

analysis.  

The differential responses of boring bivalves and polychaetes to the same 

gradient of water quality have been reported previously, but the patterns appear to 

vary with the composition of the bioeroders in the study region. Among the several 

studies conducted in the Great Barrier Reef, Sammarco and Risk (1980) found that, 

bivalve density increased from inshore to offshore reefs, whereas polychaete 

abundances did not differ. They emphasized that boring bivalves, especially 

Lithophaga spp., were dominant filter-feeders and their abundances would therefore 

decrease in with decreased availability of nutritional resources in offshore waters. 

Although polychaetes are also commonly coral-boring bioeroders in the Great Barrier 

Reef, they are not as dominant as bivalves. The most common groups include both 

deposit-feeders (i.e. Dodecaceria, Polydora) and filter-feeders (i.e. Sabellidae) 

(Hutchings et al., 2005; Osorno et al., 2005), making their responses to water quality 

gradients less predictable than the filter-feeding bivalves. The composition of 

macrobioeroder community in Hong Kong is different, with the polychaete 

Spirobranchus tetraceros being dominant, which was often the only species of 

polychaete forming externally visible tubes on the coral colonies. Compared to 

coral-boring Lithophagas spp. (Scott, 1980), S. tetraceros is numerically dominant on 

local Porites. Therefore the dominance of this filter-feeding serpulid polychaete could 

at least partly explain its higher abundances at sites with high sedimentation, as higher 

sedimentation is associated with higher food resources. Nevertheless, our data do not 

allow us to explain why bivalve borehole density was not correlated with water 
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quality parameters in Hong Kong. Perhaps this question could be answered with 

deployment of coral skeletal blocks at different sites to examine the succession of 

coral-boring community, which may provide clues on the interactions between S. 

tetraceros and Lithophagas and how they respond to environmental gradients.  

 In conclusion, our study has provided a baseline on the densities of externally 

visible boreholes of internal macrobioeroders on living Porites in Hong Kong. The 

data can be used for future assessment of the impact of changing water quality on 

coral bioerosion. Our analysis showed that sedimentation rate was correlated with the 

borehole density of polychaetes, not with the borehole density of bivalves. Overall, 

our study supports the application of boreholes as an indicator of coral health 

(Fabricius and McCorry, 2006), but instead of using total boreholes we propose using 

polychaete boreholes for a better correlation with sedimentation gradient in the South 

China Sea region where filter-feeding polychaetes are numerically dominant.   
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Fig. 2.1  

A map of the 26 studied sites in Hong Kong. Sites are grouped by geographical 

location: Southern (S-R, yellow circle), Southeastern (SE-R, red triangle), Southern 

Costal (SC-R, blue circle) and Northeastern (NE-R, green triangle). 
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Fig. 2.2 

Typical boreholes on massive Porites.  A, boreholes (indicated by back arrows) and 

extended radioles of the polychaete Spirobranchus tetraceros (indicated by a white 

arrow). B, a borehole of the bivalve Lithophaga sp.   
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Fig. 2.3 

A 2D scree plot of the principal component loadings based on 8 environmental 

parameters from 26 survey sites. Different symbols are used to represent the different 

regions according to Fig. 1. PC1 mainly represents nutrition related factors such as 

sedimentation rate and nutrient deposition rates, while PC2 is mainly dominated by 

dissolved oxygen and salinity. 
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Fig. 2.4 

Regression analysis between borehole density on Porites and sedimentation rate.  A, 

total boreholes; B, polychaete boreholes; C, bivalve boreholes; D, Other boreholes. 

Regression lines were not provided for C and D due to insignificant correlation. 
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Table 2.1 Borehole density (boreholes m
-2

) on Porites. Borers are grouped as 

polychaetes, bivalves, and others. Data are mean ± S.D. of all colonies (3-29) of 

Porites available at the site. Data (boreholes m
-2

) without S.D. indicate only one 

colony was present.  

Site no. 
Polychaete 

boreholes 
Bivalve boreholes Others  Total boreholes 

1 1066.7 ± 25.6 355.6 ± 233.3 0.0 1422.2 ± 333.3 

2 1066.7 ± 564.4 44.4 ± 62.2 133.3 ± 91.3 1111.1 ± 666.7 

3 888.9 ± 137.8 311.1 ± 62.2 0.0 1200 ± 302.2 

4 567.9 ± 177.8 207.4 ± 93.3 9.9 ± 3.2 775.3 ± 275.6 

5 946.4 ± 431.1 624.8 ± 253.3 67.9 ± 22.2 1571.2 ± 733.3 

6 912.4 ± 364.4 517.6 ± 262.2 151.6 ± 57.8 1430.1 ± 725.3 

7 1111.1 ± 235.6 1229.6 ± 155.6 177.8 ± 53.3 2340.7 ± 453.3 

8 1322.2 ± 480.0 488.9 ± 224.4 255.6 ± 25.6 1811.1 ± 742.2 

9 864.8 ± 680.0 172.2 ± 115.6 79.6 ± 36.9 1037.0 ± 835.6 

10 786.5 ± 457.8 272.5 ± 226.7 69.6 ± 5.6 1058.9 ± 711.1 

11 1014.5 ± 515.6 371.0 ± 231.1 92.8 ± 22.2 1385.5 ± 777.8 

12 1185.2 ± 546.7 266.7 ± 155.6 107.4 ± 106.7 1451.9 ± 808.9 

13 467.8 ± 266.7 271.3 ± 253.3 266.7 ± 120 739.2 ± 666.7 

14 434.0 ± 266.2 582.7 ± 324.4 269.9 ± 222.2 1017.3 ± 822.2 

15 730.8 ± 457.8 525.9 ± 382.2 197.5 ± 106.7 1256.7 ± 946.7 

16 422.2 ± 271.1 212.1 ± 191.1 133.3 ± 73.8 634.3 ± 537.8 

17 327.3 ± 186.7 189.9 ± 124.4 24.2 ± 35.6 517.2 ± 351.1 

18 436.8 ± 293.6 389.3 ± 368.9 87.4 ± 80.0 826.1 ± 746.1 

19 755.6 ± 155.6 222.2 ± 266.7 0.0 977.8 ± 560.0 

20 622.2 ± 195.6 414.8 ± 53.3 29.6 ± 25.8 1037.0 ± 271.1 

21 515.0 ± 346.7 206.5 ± 142.2 133.3 ± 40.0 721.5 ± 528.9 

22 237.7 ± 142.2 532.4 ± 448.9 153.6 ± 128.9 770.0 ± 724.4 

23 548.2 ± 68.0 740.7 ± 68.0 88.9 ± 9.2 1288.9 ± 265.9 

24 822.2 ± 342.2 355.6 ± 502.2 0.0 1177.8 ± 857.8 

25 266.7 ± 204.4 207.4 ± 244.4 0.0 474.1 ± 448.9 

26 511.6 ± 386.7 218.5 ± 176.0 82.5 ± 44.4 730.2 ± 608.9 
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Table 2.2 Environmental data for the 26 study sites. Sediment related data are mean ± 

S.D. of 3 replicates. Salinity and dissolved oxygen values are mean of three in situ 

measurements. 

 

 

 

 

 

 

Site no. 
Sedimentation 

(mg cm
-2

 d
-1

) 

OC 

deposition 

(mg cm
-2

 

d
-1

) 

ON 

deposition 

(mg cm
-2

 d
-1

) 

TP deposition 

(mg cm
-2

 d
-1

) 

Mud 

deposition 

(mg cm
-2

 d
-1

) 

Salinity 

(ppt) 

Dissolved 

oxygen 

(mg L
-1

) 

Exposure 

(MFF) 

1 206.1 ± 22.3 12.0 ± 3.32 0.082 ± 0.013 0.117 ± 0.025 1.44 ± 0.22 25 6.11 1.36 

2 104.5 ± 18.3 2.41 ± 1.28 0.041 ± 0.011 0.080 ± 0.021 11.70  ± 1.08 26 6.22 0.38 

3 37.4 ± 7.8 1.44 ± 1.32 0.018 ± 0.005 0.028 ± 0.010 4.61 ± 0.98 28 6.31 0.07 

4 17.9 ± 5.2 1.19 ± 0.729 0.007 ± 0.002 0.013 ± 0.005 2.47 ± 0.52 29 6.55 3.90 

5 38.6 ± 3.3 1.91 ± 0.998 0.014 ± 0.003 0.028 ± 0.011 3.28 ± 0.42 30 6.66 2.28 

6 23.8 ± 2.2 1.36 ± 0.578 0.012 ± 0.004 0.016 ± 0.002 1.42 ± 0.68 29 6.66 0.68 

7 72.8 ± 16.4 5.81 ± 2.85 0.035 ± 0.009 0.049 ± 0.014 5.23 ± 2.10 30 6.49 1.35 

8 131.6 ± 63.1 10.7 ± 6.66 0.036 ± 0.004 0.052 ± 0.034 4.75 ± 1.11 34 6.95 0.42 

9 100.0 ± 37.5 9.23 ± 4.44 0.033 ± 0.003 0.062 ± 0.029 9.30 ± 2.81 33 6.69 0.46 

10 127.5 ± 66.1 8.50 ± 3.19 0.030 ± 0.006 0.070 ± 0.042 10.0 ± 3.70 33 6.77 0.59 

11 280.1 ± 22.2 18.6 ± 11.1 0.070 ± 0.012 0.092 ± 0.031 6.63 ± 1.76 33 7.10 6.87 

12 78.0 ± 45.1 4.64 ± 3.22 0.017 ± 0.003 0.022 ± 0.010 5.84 ± 2.63 33 6.85 0.67 

13 30.6 ± 14.4 2.01 ± 1.54 0.010 ± 0.001 0.012 ± 0.009 3.31 ± 0.92 29 6.39 0.33 

14 2.6 ± 0.4 0.15 ± 0.08 0.003 ± 0.000 0.001 ± 0.000 0.63 ± 0.14 30 6.48 0.16 

15 12.3 ± 3.3 0.95 ± 0.55 0.006 ± 0.004 0.006 ± 0.001 1.94 ± 0.86 30 6.63 0.93 

16 11.1 ± 5.2 0.76 ± 0.48 0.009 ± 0.003 0.005 ± 0.002 2.45 ± 0.64 32 6.68 0.19 

17 1.3 ± 0.6 0.09 ± 0.05 0.001 ± 0.000 0.001 ± 0.000 0.33 ± 0.09 33 6.77 0.07 

18 1.0 ± 0.4 0.06 ± 0.05 0.001 ± 0.000 0.001 ± 0.000 0.32 ± 0.11 31 6.82 0.22 

19 0.9 ± 0.2 0.05 ± 0.02 0.001 ± 0.000 0.001 ± 0.000 0.17 ± 0.08 33 6.62 0.05 

20 1.0 ± 0.4 0.12 ± 0.07 0.005 ± 0.001 0.003 ± 0.001 0.28 ± 0.05 33 6.89 0.82 

21 2.0 ± 1.0 0.16 ± 0.08 0.002 ± 0.000 0.001 ± 0.000 0.44 ± 0.08 32 6.72 0.18 

22 1.1 ± 0.8 0.04 ± 0.02 0.001 ± 0.000 0.001 ± 0.000 0.24 ± 0.10 30 6.52 0.30 

23 1.4 ± 1.0 0.06 ± 0.03 0.002 ± 0.000 0.004 ± 0.001 0.48 ± 0.12 27 6.44 0.30 

24 2.3 ± 1.0 0.15 ± 0.09 0.002 ± 0.000 0.001 ± 0.000 0.54 ± 0.20 30 6.52 1.15 

25 1.6 ± 0.5 0.09 ±0.07 0.002 ± 0.000 0.001 ± 0.000 0.43 ± 0.10 31 6.68 0.47 

26 18.4 ± 5.2 1.38 ± 0.88 0.005 ± 0.002 0.011 ± 0.006 2.13 ± 0.86 33 6.55 0.86 
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Table 2.3 Results of Principal Components Analysis (PCA) of environmental factors 

from 26 surveyed sites in Hong Kong. Data are varimax rotated component loadings, 

eigen values and percentage of cumulative variance explained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable PC1 PC2 

Sedimentation rate  0.987 0.027 

Organic carbon deposition rate  0.958 0.175 

Organic nitrogen deposition rate  0.952 -0.205 

Total phosphorus deposition rate  0.946 -0.249 

Mud deposition rate 0.687 -0.080 

Exposure  0.614 0.243 

Dissolved oxygen 0.111 0.927 

Salinity -0.026 0.912 

Eigen value 4.57 2.34 

Cumulative variance explained (%) 50.8 76.7 
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Chapter 3  

Growth of the massive coral Porites lutea along 

environmental gradients in Hong Kong 

 

3.1   Introduction 

Coral growth rates are frequently used as an indicator of reef health (Risk et al.. 

2001). It is often assumed that a favorable environment would lead to higher growth 

rates while an unfavorable environment would lead to lower growth (Cortes and Risk, 

1985). Hence, by knowing the growth rate of a reef would allow us to assess the 

health status and thus allow easier implementation of management policies on such 

import ecological habitats. 

Despite being a marginal habitat for corals due to its high variance in salinity and 

sea surface temperatures throughout the year, Hong Kong has quite a remarkable coral 

coverage along its shores. Over 84 species of hard corals from 28 genera in 12 

families were identified in Hong Kong (DeVantier & McCorry2003, Chan et al. 2005). 

The western waters of Hong Kong are heavily influenced by the Pearl River discharge. 

Over 3.0 × 1011 m
3
 of water and 83.4 × 106 kg of suspended sediment are mixed into 

the western waters of Hong Kong every year (Zong et al. 2009). This discharge 

generates a large fluctuation in salinity throughout the year and greatly enhances 

sedimentation in the western waters of Hong Kong. The eastern shores of Hong Kong 

are generally free of the Pearl River discharges and more influenced by oceanic 

movements and monsoons. During the wet season, the eastern waters are influenced 

by the Hainan current and heavy rains storms associated with the summer monsoon 
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and typhoons which bring warmer water temperatures and lower salinity (Lee & 

Liu1998) while winters waters are more influenced by the Taiwan Current which 

brings cooler temperatures down to 13 degrees Celsius and higher salinity (Guan & 

Fang, 2006). Hence, larger coral communities in Hong Kong with high biodiversity 

are located in this eastern oceanic zone, which favors growth of corals more than the 

western waters. 

Throughout the wet and dry seasons, coral polyps undergo cycles of favorable 

and unfavorable conditions which lead to contrasting calcification rates. This results 

in a continuous and alternating high and low density bands of calcium carbonate 

skeletons that can be visualized on x-ray radiograms (Knutson et al., 1972). 

Visualization of annual growth bands on the skeletons by x-ray allows quantification 

of annual growth rate and many other grow associated patterns such as coral age or 

growth pattern changes of a coral head throughout its life history (Dodge and 

Thomson, 1974; Macintyre and Smith, 1974; Moore and Krishnaswami, 1974). Each 

band gives historical and geographical insights by revealing their linear extension rate, 

skeletal density and calcification rates which could tell us a lot about the climate, reef 

composition and other information such as massive bleaching events that were not 

recorded previously (Lough and Barnes, 1992, 1997; Scoffin et al., 1992). In addition, 

as growth of corals are greatly dependent its living environment (Barnes and Lough, 

1989, 1992), annual records can tell us a lot regarding  contributing environmental 

factors of growth throughout its life history (Grigg, 1981, 1997; Lough and Barnes, 

1992, 1997; Scoffin et al., 1992) and predict possible impacts and responses of the 

coral in dealing with environmental changes, which would help us predict how they 

can respond to the global climate changes such as elevated sea surface temperatures 

and lowered pH in the near future by studying how they have dealt with climate 



 

41 
 

changes in the past (Houghton et al., 1996). Furthermore, coral skeleton rings could 

also act as an indicator for paleoclimatological information, such as recording 

abnormal climate changes like El Niño or La Nina events in the past (Helmle and 

Dodge, 2011). By studying unusual or unnatural ring patterns, occurrence of massive 

bleaching events at particular years can also be recorded. (Gagan et al., 2000). 

Average annual skeletal extension rate is the most used indicator as coral growth 

because of its accuracy and ease of quantification. Extensive studies done on this 

topic allow comparing growth rate and between coral reefs from different regions 

very simple. (Alibert & McCulloch 1997; Lough, 2000) 

However, there is a lack of study on local coral growth despite the considerable 

amount of coral communities. Only two researches were published in the past 

regarding growth of corals in Hong Kong (Cope 1984; Goodkin et al. 2011). However, 

the size sampled in both studies were rather small and the conclusions of the two 

studies were rather contradictory, with one reporting linear extension rate to be around 

2mm while the other reporting an astonishing 10mm linear extension rate. Hence, a 

more comprehensive study regarding coral growth and calcification needs to be 

conducted for a better understanding of the situation in local coral communities. 

Moreover, this study may give us an insight on how corals try to survive in a marginal 

environment, which may give us some ideas on how they will cope with global 

climate change in the coming years. 

In this study we examined the linear extension and calcification rates of 30 

colonies Porites lutea, the dominant coral from Hong Kong from 10 sites located 

across different environmental gradients. We hope to explore any underlying 

correlations between calcification and linear extension rate of coral against 

environmental data. The data gathered is then compared against studies done in other 
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regions to account for any difference in growth patterns between tropical and 

subtropical regions. We also hope to identify any growth trends of older corals that 

have 15 or more growth bands in this study, to see if there is a trend in the past few 

decades. We hope that a better understanding of the growth and calcification rates of 

the local coral communities can be achieved with this study. 

 

3.2   Materials and methods 

3.2.1 Study area 

Hong Kong is located in the southeastern of China, composing more than 235 

islands that cover up to 1656 km
2
 of coastal waters (Morton 1996). The western 

waters of Hong Kong are heavily influenced by the large influx of freshwater and 

sediments from the Pearl River, which cause them to be high in turbidity and low in 

salinity throughout the year. The eastern and northeastern waters of Hong Kong are 

less influenced by the Pearl River and more influenced by the oceanic currents from 

Taiwan, resulting in higher salinity and lower turbidity. Based on a preliminary survey 

of 33 sites conducted earlier (Fig. 3.1), the composition and coverage of coral 

communities as well as the environmental data of each site was obtained. Out of the 

33 sites, 10 sites with high variance in coral community composition as well as 

contrasting environmental data were selected to be examined in this study (Fig 3.2). 

The sites include Sunshine Island (western waters, high turbidity and low salinity), 

Sham Wan (southern waters, high turbidity and low salinity), Nine Pins (southeastern 

waters, high exposure and salinity), Lo Fu Ngam (eastern waters, sheltered), Shelter 

Island (eastern waters, sheltered), Tai She Wan (eastern waters, sheltered), Fo Tau Fan 

Island (eastern waters, semi-exposed), Pak Lap Tsai (eastern waters, exposed), Chek 



 

43 
 

Chau (northeastern waters, sheltered), Lai Chi Wo (northeastern waters, sheltered). 

3.2.2 Sample collection 

The massive coral Porites lutea was chosen in this study as they are the dominant 

species locally. 30 colonies of Porites lutea were collected between at the ten sites 

that were selected based on coral coverage and highly varying environment gradients 

in Hong Kong during the winter of 2013. 

3.2.3 Environmental data collection 

To understand how environmental factors might affect the abundance of coral 

boreholes, we deployed three sediment traps at each site to quantify the deposition of 

sediment and sediment-bound organic matter, nitrogen and phosphorus. Each 

sediment trap measured 17.5 cm in height and 6.5 cm in diameter, with a height to 

diameter ratio of around 3:1, which is required to prevent the escape of collected 

sediment due to stray currents (English et al., 1997). A sieved baffle was installed 1 

cm below the top of the trap to prevent small fish and invertebrates from entering the 

trap to cause sediment re-suspension. Each trap was held in place by a steel rod, 

whose lower part was hammered into the seabed. The bottom of the trap was 30 cm 

above the seabed to minimize collecting re-suspended bottom sediment. At each site, 

three sediment traps were deployed, with a distance of roughly 1 m between any two 

traps. The traps were recovered from the field after one month. Sediment dry mass in 

each trap was determined using an electronic balance after freeze-drying the sample. 

Sedimentation rate (mg cm
−2

 d
−1

) was calculated as dry mass (mg) per area (cm
2
) 

divided by the number of days of trap deployment.  

Subsamples of each trap were used to determine several nutrient-related 

parameters (i.e. percentage of mud, organic carbon, organic nitrogen and total 
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Kjeldahl phosphorus). Around 2 mg of freeze-dried sediment from each sample was 

weighed with a Perkin Elmer AD-4 ultramicrobalance and wrapped inside a tin 

capsule. The capsules were then analyzed using a Perkin Elmer 2400 Series II 

CHNS/O analyzer to determine the percentage of organic carbon and nitrogen. Total 

phosphorus in the sediment was determined using the Kjeldahl method. The 

remaining samples were sieved through a 63 µm mesh, and sediment that passed 

through the sieve (mud) was compared with the total sample mass to determine mud 

percentage and deposition rate. 

3.2.4 Preparation and x-ray radiography 

Collected coral colonies cut along their maximum growth axis into slabs with 

5-10mm thickness by hand saw and bleached by 5% sodium hypochlorite solution in 

preparation of X-ray radiography. 3 slabs from each colony were scanned by a One 

Cabinet Faxitron X-ray Corporation 43855C General X-ray Unit at Prince of Wales 

Hospital, Hong Kong to produce an x-ray image. The exposure time and voltage 

varied around 1 - 3 seconds and 80 - 90 volts depending on the thickness and density 

of the coral slabs. A sample of a coral slab before and after scanning is shown in Fig 

3.3. 

The X-ray films were scanned with HP Photosmart B110 scanner to create an 

electronic image for easier and more systematic quantification. Lighter bands were 

considered as high density regions that were grown in the less favorable seasons(i.e. 

winter) whereas darker bands were considered to be low density parts that were 

grown in the more favorable seasons(i.e. summer).Hence, by adding up the width of 

one lighter band and one darker band we were able to obtain one year’s worth of 

growth on the coral slab.  
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A 1cm wide strip was then cut along the maximum growth axis from each slab. 

The volume of the strip as well as its mass was then measured to obtain the density of 

the strip. The strip was then referred to the x-ray scan to account for its extension rate, 

and the average calcification rate of each colony was then obtained by multiplying its 

linear extension rate against the density of its calcium carbonate skeleton. 

3.2.5 statistical analysis 

All collected data were analyzed using SPSS ver 20 for Windows. Pearson 

correlation and linear regression analysis was used to explore any existing 

correlations between linear extension rate of coral skeleton and various environmental 

factors. 

 

3.2  Results 

3.2.1 Skeletal linear extension rate 

Table 3.1 shows the skeletal linear extension rates of Pories lutea among the ten 

study sites. Linear extension rates of Porites lutea across ten sites in Hong Kong 

ranged from 2.3-7.4 mm yr
-1

 with an average growth rate of 5.2 mm yr
-1

. Highest 

linear extension rate was observed in Lo Fu Ngam (7.4 mm yr
-1

) while lowest linear 

extension rate was observed in Sunshine Island (2.3 mm yr
-1

).  

Colonies with growth rings of over 15 were extracted from the data, and plotted 

in a line diagram to explore any growth trends that can be observed over the decade. 

Figure 3.3 shows the colonies that fit the requirements (Tai She Wan, Chek Chau and 

Nine Pin). A downward trend was observed in the linear extension rate over time. 
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3.2.2 Skeletal density 

Table 3.2 displays the skeletal density of Porites lutea among ten sites. The rates 

varied from 0.8-1.5g cm
-3 

with an average density of 1.18g cm
-3

. Highest skeletal 

density was found in Pak Lap Tsai with 1.5g cm
-3 

while lowest was found in Sunshine 

Island with 0.8g cm
-3

.  

3.2.3 calcification rate 

Table 3.3 shows the calcification rate of Porites lutea among ten sites. The rates 

varied from 0.37-1.4g cm
-2 

yr
-1

 with an average of 0.87g cm
-2 

yr
-1

. Highest 

calcification rate was found in Tai She Wan with 1.4g cm
-2 

yr
-1

 while lowest was 

found in Sunshine Island with 0.37g cm
-2 

yr
-1

.  

3.2.4 Environmental data 

 Table 3.4 shows the environmental data recorded in the 10 study sites. 

Sedimentation rate was found to be generally higher on the more exposed and western 

sites, such as Sunshine Island (western), Nine Pin (exposed), Pak Lap Tsai (exposed) 

and Fo Tau Fan Island (semi-exposed). These sites all had sedimentation rates higher 

than 100 mg cm
-2 

yr
-1

. Chek Chau had the lowest sedimentation rate of the ten sites 

with 1.0 mg cm
-2 

yr
-1

, while Nine Pin had the highest at 131.6 mg cm
-2 

yr
-1

. This trend 

was similar among other nutrient components tested, including organic carbon 

deposition rate, organic nitrogen deposition rate, organic phosphorus deposition rate 

and mud deposition rate.  

3.2.5 Statistical analysis 
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All data was normalized with log transformation and analyzed with SPSS ver. 20 

for windows.  

Pearson correlation was conducted for linear extension rate of coral skeleton 

among the ten sites against sedimentation rate. A strong negative correlation was 

found between the linear extension rate of coral skeleton and the sedimentation rate 

(Pearson correlation, r=0.82, p<0.05).  

Linear regression analysis was performed on slabs that had over 15 years of 

growth to explore whether there were any trends found. A total of three slabs from 

Chek Chau, Tai She Wan and Nine Pin were analyzed. All three slabs showed a 

decreasing trend of linear extension rate over time (Chek Chau p<0.01, Nine Pin 

p<0.05, Tai She Wan p<0.01). The plots and equations are displayed in Fig 3.3. The 

slopes of the regressions were found to be similar, ranging from -0.11 to -0.17. 

 

3.3  Discussion 

3.3.1 Skeletal linear extension rate 

A significant difference in skeletal linear extension rates was observed in the ten 

study sites. In fact, the lowest (Sunshine Island, 2.3 mm yr
-1

) was nearly three times 

lower than that of the highest site (Lo Fu Ngam, 7.4 mm yr
-1

). The average linear 

extension rate among all sites in Hong Kong (5.2 mm yr
-1

) was also much lower when 

compared with studies done in tropical regions (8-15 mm yr
-1

) (Alibert & McCulloch 

1997,Lough et al., 1999, Hughen et al. 1999,Lough & Barnes 2000, Marshall & 
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McCulloch 2002). This difference can be partially explained by the geographical 

location of Hong Kong causing it to be a marginal environment for corals such as 

extreme sea surface temperature throughout the year, high turbidity and large influx of 

freshwater from the Pearl River which act as environmental stressors hindering local 

coral growth. A previous study has found a much linear extension rate for the same 

coral having an average rate of 3.0 mm yr
–1 

(Goodkin et al., 2011). Other studies have 

also found corals in the same genera to have much higher linear extension rates at 

over 10.0 mm yr
–1

(Cope 1984). However, both of these studies have very limited 

study sites and did not give a full picture of different regions in Hong Kong with 

different environmental gradients. The differences in those studies could be caused by 

environmental differences in Hong Kong as demonstrated in this study that the linear 

extension rate can have a large range depending on the location. On the other hand, 

the study that has recorded over 10 mm yr
–1 

may have been outdated because of rapid 

population growth and urban development in the past few decades. As demonstrated 

the growth trend graphs, a significant decline was observed among older coral 

colonies collected in this study (over 15 years). The environmental conditions 30 

years ago may have been much more favourable for coral growth.  

Skeletal densities for the ten study sites were rather similar, with the lowest being 

Sunshine Island at 0.8 g cm
-2

 and highest being Pak Lap Tsai at 1.5 g cm
-2

. The 

average amongst the ten studied sites was around 1.2 g cm
-2

, which was similar to a 

study done on the same species in Thailand (1.2-1.3 g cm
-2

) (Tanzil et al. 2009). No 

correlation was found between skeletal density of Porites lutea and its skeletal 
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extension rate, or skeletal density and sedimentation rates, indicating that it may be 

independent and not affected by either environmental factors or coral growth itself. 

Similar skeletal densities between Hong Kong and other tropical regions may also 

suggest that skeletal densities may be the same between identical species in different 

regions of the world. 

The calcification rate Porites lutea among ten sites in Hong Kong varied 

significantly, from the lowest being Sunshine Island of 0.37 g cm
-2 

yr
–1

 to the highest 

being Tai She Wan of 1.4 g cm
-2 

yr
–1

 and averaging to 0.87 g cm
-2 

yr
–1

. The average 

calcification rate of Porites lutea among ten sites in Hong Kong was much lower than 

that of the same species in Thailand, which reached 2.2-2.5 g cm
-2 

yr
–1 

(Tanzil et al. 

2009). Other studies done on Porites sp. have also recorded a higher calcification rate 

when compared to that of in Hong Kong. 

The variance of the calcification rates in Hong Kong were similar to that of linear 

extension rates which also had around a three-fold difference between the lowest and 

highest site. Sunshine Island had both the lowest linear extension and calcification 

rates, while the highest calcification rates and linear extension rates differed but were 

both sheltered sites in Mirs Bay of Sai Kung (Tai She Wan and Lo Fu Ngam 

respectively). The Calcification rates were found to have a significant negative 

correlation with that of sedimentation rate (Pearson correlation, r=-0.606, p<0.05), 

which was similar to the correlation between linear extension and sedimentation rates 

but was slightly weaker. Because of the lack of variance of skeletal densities among 

the sites, linear extension rates became the main factor for calcification rates since 
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they are directly related. 

Other studies done in tropical regions have also indicated a decline in coral 

growth rates in the past few decades (De'ath et al. 2009, Cooper et al. 2008). While 

those studies mostly focused on sea surface temperatures (SST) and carbon dioxide 

concentration (PCO2) increases over the past few decades, they did not look at the 

effects of sedimentation or nutrition depositions on coral growth. They suggested that 

an increase in sea surface temperatures would lead to more frequent bleaching events, 

which cause coral death severely slows down coral growth even if they recover after 

bleaching. Increased levels of carbon dioxide lower the pH of sea water, hence 

slowing down the calcification process and lead to a decrease in coral growth.  

However, according to these projections, an increase in sea surface temperature 

should theoretically expand the tropical regions as well, allowing more marginal 

habitats for corals become more favourable for coral growth, due to the increase in 

temperature in those extreme environments for corals. Despite that, we did not see 

such trend in Hong Kong waters. We also observed a similar trend that is a decrease in 

calcification over the past two decades, which would be opposite of what the previous 

studies have indicated.  

This suggests that the largest factor for growth rate of corals in Hong Kong may 

not be sea surface temperature or carbon dioxide concentrations, but rather be more 

affected by the sedimentation and nutrition deposition rates.  

In conclusion, Hong Kong is a marginal habitat for corals and this is reflected by 
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the difference of calcification rates compared to other tropical regions (Tanzil et al. 

2009). The great differences within a species between various sites could be 

accounted by the environmental gradient across the sites, underlined by the strong 

negative correlations between skeletal linear extension rates of Porites lutea with 

sedimentation rates, as well as the calcification rates Porites lutea with sedimentation  

rates. A declining trend of skeletal linear extension rates was also observed on 

sites that had corals sampled over 15 years old. This is an alarming trend to discover 

as this may eventually lead to the complete destruction of coral communities in Hong 

Kong paired with the high bioerosion rates recorded (Qiu et al.. 2014). We hope that 

the correlations and trends discovered in this study could allow us to understand more 

about the underlying relationships between sedimentation and growth of corals in 

marginal habitats such as Hong Kong. Given the fact that coral reefs are recorded to 

be declining worldwide by many different studies, we hope that his information can 

act as a guideline for management or conservation policy implementations on coral 

communities in Hong Kong. 
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Fig. 3.1 

A map of the preliminary study done on the 33 sites in Hong Kong waters. The pie 

charts display the substrate and coral composition of each site 

 

 

 

 

 

 

 

 



 

53 
 

Fig. 3.2 

A map of the ten sites in this study. The sites are mapped with a yellow star.  
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Fig. 3.3 

A sample of a coral slab before and after scanning. Note the alternating light and dark 

bands on the scanned slab indicate one years worth of growth. 
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Fig. 3.4 

A. Linear extension rate of Porites lutea in Chek Chau over time 

B. Linear extension rate of Porites lutea in Nine Pin over time 

C. Linear extension rate of Porites lutea in Tai She Wan over time 
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Table 3.1 

 

Linear extension rate of Porites lutea across the ten study sites 

 

 

Site Linear extension rate (mm/yr) 

Fo Tau Fan  4.6 

Tai She Wan 5.2 

Sham Wan 6.3 

Bak Lap Tsai  3.2 

Chek Chau  6.3 

Nine Pins  3.8 

Lo Fu Ngam  7.4 

Shelter Island  6.2 

Lai Chi Wo 7.1 

SunShine Island  2.3 

 

 

 

 

 

. 
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Table 3.2 

 

Skeletal densities of Porites lutea across the ten study sites 

 

Site Skeletal densities (g/cm
2
) 

Fo Tau Fan  1.2 

Tai She Wan 1.3 

Sham Wan 0.9 

Bak Lap Tsai  1.5 

Chek Chau  1.1 

Nine Pins  1.4 

Lo Fu Ngam  1.1 

Shelter Island  1.4 

Lai Chi Wo 1.3 

SunShine Island  0.8 
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Table 3.3 

 

Calcification rates of Porites lutea across the ten study sites 

 

Site Calcification rates (g/cm
2
 yr) 

Fo Tau Fan  1.0 

Tai She Wan 1.4 

Sham Wan 0.7 

Bak Lap Tsai  0.5 

Chek Chau  1.3 

Nine Pins  0.7 

Lo Fu Ngam  1.0 

Shelter Island  0.9 

Lai Chi Wo 0.8 

SunShine Island  0.4 
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Table 3.3 

 

Environmental data collected across the ten study sites 

 

Site 

 Sedimentation 

rate (mg/cm
2
 

day) 

Organic 

Carbon 

Deposition 

Rate (mg/ cm2 

day) 

Organic 

Nitrogen 

Deposition 

Rate (mg/cm2 

day) 

Organic 

Phosphorus 

Deposition 

Rate (mg/ cm2 

day) 

Mud 

Deposition 

Rate (mg/cm2 

day) 

Fo Tau Fan Chau 100.0 9.2 0.03 0.06 9.3 

Tai She Wan 11.1 0.8 0.01 0.01 2.5 

Sham Wan 17.9 1.2 0.01 0.01 2.5 

Pak Lap Tsai 127.5 8.5 0.03 0.07 10.0 

Chek Chau 1.0 0.12 0.01 0.003 0.28 

Nine Pin 131.6 10.7 0.04 0.05 4.8 

Lo Fu Ngam 30.6 2.0 0.01 0.01 3.3 

Shelter Island 12.3 1.0 0.01 0.006 1.9 

Lai Chi Wo 1.4 0.06 0.002 0.004 0.48 

Sunshine Island 104.5 2.4 0.04 0.08 11.8 
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Chapter 4  

Bioerosion of the massive coral Porites lutea among 

different environmental gradients in Hong Kong 
  

4.1  Introduction 

The fate of coral reefs is determined by the equilibrium between its rates of 

calcium carbonate calcification and bioerosion (Le Grand, 2011). For reefs that 

are heavily affected by nutrition and sediments, their status is usually measured at 

their calcium carbonate budget (Edinger et al., 2000). Carbonate budgets define 

the health of a coral reef of which positive carbonate budgets signal the growth of 

reefs (Edinger et al., 2000, Glynn, 1997; Hubbard, 1997; McClanahan, 1997) 

while negative budgets indicate a diminishing reef. Hence, the rate of bioerosion 

could act as an indicator of the reef health. Healthy coral reefs are determined by 

an equilibrium between accretion and erosion forces. The major contributions of 

the accretion is usually accounted by growth of corals and crustose coralline 

algae (CCA) while removal of calcium carbonate is usually resulted from the 

organisms that cause bioerosion (Scoffin et al. 1980; Hutchings 1986; Glynn 

1997).   

Historical coral reef growth was the main topic of research, while reef 

destruction by bioerosion usually overlooked (Tribollet et al., 2002). Bioerosion 

rates are fundamentally important as researches have stated that the rate of 

bioerosion of coral skeleton can be used as an indicator to measure reef health 
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(Holmes et al., 2000). Thus, understanding bioeroding communities, especially in 

marginal environments which do not favor coral growth such as Hong Kong, is 

essential in finding out whether the balance is shifting towards reef development 

or destruction in those areas. 

Bioerosion is regarded as the calcium carbonate removal from coral reefs by 

grazing organism or boring creatures that seek refuge in the calcium carbonate 

skeleton (Risk & MacGeachy, 1978; Trudgill, 1983; Macintyre, 1984; Hutchings, 

1986). For a reef to prosper, its calcification rate must be greater than its 

bioerosion rate (Silbiger et al., 2014). The rate of bioerosion is defined as the 

combined rates of microbioerosion by bacteria or small smonges, grazing and 

macrobioerosion through boring into the coral skeleton (Tribollet and Golubic, 

2005). Common macroborers include polychaetes, bivalves and sponges 

(Hutchings 1986) whereas grazers include fishes and echinoderms such as 

parrotfishes and sea urchins. Nowadays, bioerosion has become one of the main 

destructive causes of coral reef destruction and is also stated as a main factor 

influencing the calcium carbonate budget (Zubia and Peyrot-Clausade, 2001; 

Chen et al., 2013).  

Despite high coral coverage and abundance of coral communities in Hong 

Kong, only a few studies have been conducting regarding the growth and erosion 

status of coral communities locally (Cope, 1984; Goodkin et al., 2011). Studies 

on growth and bioerosion in marginal coral communities such as Hong Kong are 

important in developing a better understanding on the balance of reef formation 
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processes (Chen, 2012). Multiple studies have been done concerning the 

deployment of experimental coral blocks in tropical regions globally, including 

the Great Barrier Reef (Tribollet et al.,2005), Hawai’i (Silbiger et al.,2014) and 

Champion Island (Glynn et al.,2011). The study conducted in Great Barrier Reef 

(Tribollet et al., 2005) found that bioerosion by grazers such as parrotfish and 

urchins were the largest destructive force which altered reef growth. It was done 

by deployment of experimental coral blocks made with Porites lutea skeleton in 

the sea bed for one year and three years respectively (Stearn and Scoffin 1977). 

The study also found that grazing patterns had a positive correlation with 

microbioerosion (Tribollet et al., 2005). The study in Hawai’i found that pH value 

was the main factor, which explained 64% of the variation when Principle 

Component analysis was conducted to examine the different factors deciding the 

accretion-erosion balance in reefs, instead of the grazers reported in the Great 

Barrier Reef (Sibiger et al., 2014).  

However, all of the previous studies on bioerosion were done in the tropical 

region while Hong Kong is located in a sub-tropical region at 20°N, 114°E 

Morton B., 1996). The sea surface temperature in Hong Kong waters vary widely 

from 13 to 31 Celsius degrees from winter to summer, which is suboptimal for 

coral growth (Tang and Ni, 1996; Lee and Liu, 1998). Moreover, Hong Kong is 

located next to Pearl River, which causes the western waters of Hong Kong to be 

heavily influenced by the Pearl River discharges, which discharges 308x10
9
m

3
 of 

freshwater annually into the western waters of Hong Kong which carry over 86 
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million tons of sediments (Shen, 1983; Morton B., 1996). This causes high 

turbidity and low salinity as well as an increase in sedimentation along the 

western waters of Hong Kong (Chan et al., 2005). As a result, coral communities 

in Hong Kong are usually found in eastern and northeastern waters as they are far 

from the Pearl River discharges (Chan et al., 2005). Nevertheless, 84 species of 

hard coral from 28 genera in 12 families were recorded in Hong Kong waters 

(DeVantier and McCorry, 2003; Chan et al., 2005).  

In this study, nine sites were selected across different environmental gradients 

in Hong Kong. These sites were distributed across Hong Kong waters as shown 

in Figure 4.1 below. Three coral blocks were deployed in each site for one year. 

Afterwards, they were retrieved to examine the change in mass and volume after 

one year’s deployment (Hutchings, 1986 & 2005; Osorno, 2005; Tribollet et al., 

2005; Tribollet et al., 2002). Traditionally, this was done by recording the change 

in mass of the coral block over one year but recently researchers have adopted a 

new technology on visualizing the internal bioerosion of the coral blocks by 

MicroCT.  

MicroCT is a technology that can construct a 3D image of an object via 

non-destructive means. It is mostly used in orthopedics to assess any fracturing or 

injury of skeleton without surgery. Recently, it has been adopted by scientists to 

examine the internal erosion of corals (Silbiger et al 2014, Silbiger et al 2016). It 

allowed more accurate and detailed assessment of internal erosion when 

compared with traditional methods, which only measured the mass change of the 
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coral block over time. With this new technology, the internal boreholes could be 

visualized on a 3D imaging software and the volume of each borehole could be 

quantified. Moreover, the 3D visualization allowed characterizing the boreholes 

into different taxa by comparing shape and size of the said boreholes.  

By distinguishing different bioeroders down to taxa level, the contribution of 

each taxa towards bioerosion of corals in Hong Kong would be quantified and 

allow us to have a more in-depth understanding of the role of each taxa in 

bioerosion of corals in Hong Kong. We hope that this study will allow us to know 

the status of bioerosion of corals in Hong Kong as well as shed light to possible 

causes of the erosion and provide necessary information for conservation 

measurements in the future. Also, more can be known about how coral 

communities would respond to bioerosion in a marginal environment so as to 

predict how they will deal with bioerosion in the future climate and 

environmental changes. 

 

4.2  Materials and Methods 

4.2.1 Study area 

 In this study, 9 sites were selected which were identical with the sites selected in 

chapter three, barring Sunshine Island which had high water turbidity, which caused 

deployment and retrieval of blocks very hard. The selected sites were marked with the 

starred points as shown in Figure 4.1 : Chek Chau, Lai Chi Wo, Fo Tau Fan Chau, Pak 
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Lap Tsai, Tai She Wan, Shelter Island, Lo Fu Ngam, Nine Pin and Sham Wan. Sham 

Wan is located in the southern waters of Hong Kong, which is influenced by the 

sediment and discharge from Pearl River. Tai She Wan, Lo Fu Ngam and Shelter 

Island are in the sheltered bays of Mirs Bay while Chek Chau and Lai Chi Wo are in 

the northeastern sheltered bays of Hong Kong. Due to the influences of Hainan 

current in summer and Taiwan Current in winter, there is higher salinity in eastern 

regions which enhanced the coral growth (Guan and Fang, 2006). 

4.2.2 Environmental data  

Three sediment traps at each site to quantify the deposition of sediment and 

sediment-bound organic matter, nitrogen and phosphorus. Each sediment trap 

measured 17.5 cm in height and 6.5 cm in diameter, with a height to diameter ratio of 

around 3:1, which is required to prevent the escape of collected sediment due to stray 

currents (English et al., 1997). A sieved baffle was installed 1 cm below the top of the 

trap to prevent small fish and invertebrates from entering the trap to cause sediment 

re-suspension. Each trap was held in place by a steel rod, whose lower part was 

hammered into the seabed. The bottom of the trap was 30 cm above the seabed to 

minimize collecting re-suspended bottom sediment. At each site, three sediment traps 

were deployed, with a distance of roughly 1 m between any two traps. The traps were 

recovered from the field after one month. Sediment dry mass in each trap was 

determined using an electronic balance after freeze-drying the sample. Sedimentation 

rate (mg cm
−2

 d
−1

) was calculated as dry mass (mg) per area (cm
2
) divided by the 

number of days of trap deployment.  

Subsamples of each trap were used to determine several nutrient-related 

parameters (i.e. percentage of mud, organic carbon, organic nitrogen and total 
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Kjeldahl phosphorus). Around 2 mg of freeze-dried sediment from each sample was 

weighed with a Perkin Elmer AD-4 ultramicrobalance and wrapped inside a tin 

capsule. The capsules were then analyzed using a Perkin Elmer 2400 Series II 

CHNS/O analyzer to determine the percentage of organic carbon and nitrogen. Total 

phosphorus in the sediment was determined using the Kjeldahl method. The 

remaining samples were sieved through a 63 µm mesh, and sediment that passed 

through the sieve (mud) was compared with the total sample mass to determine mud 

percentage and deposition rate. 

4.2.3 Preparation and deployment of experimental blocks 

Porites lutea was used in this study as this species is the dominant coral in Hong 

Kong waters. Colonies of living Porites lutea were collected from site Tai She Wan 

and Sharp Island. Only living Porites lutea with no visible external borings were 

selected in this study to construct the experimental blocks.  

Collected colonies were bleached by 6% sodium hypochlorite solution for 48 

hours to remove organic tissue. Afterwards, the colonies were cut into experimental 

blocks in a size of 5x5x3cm by hand saw. A hole was drilled in the center of each 

experimental block which allowed them to be attached to steel rods for deployment. 

The blocks were then sent to Li Ka Shing Faculty of Medicine in the University of 

Hong Kong for micro-computed tomography (μCT) scanning, to generate a microCT 

image of the block before deployment. The pre-scan before deployment allows us to 

ensure that no internal bioeroders were present prior to deployment, and to act as a 

model to compare the blocks after deployment. A picture of a block ready for 

deployment along with a picture of a block post deployment is shown in figure 4.2 
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 Experimental blocks were attached to steel rods and three blocks were deployed 

at each site, with each block deployed no less than 1 meter away from one another to 

prevent any interference with each other as shown in Figure 4.3. The GPS location of 

each site was recorded to allow retrieval of the block after one year. For Shelter Island, 

an additional block was deployed inside a cage built with mesh net of around 2cm 

pore size, to act as a control for external grazers such as urchins and parrotfish. 

4.2.5Retrieval of experimental blocks and MicroCT scanning 

 After one year of deployment, each block was retrieved from the seabed and 

detached from the steel rod (Fig 4.2). Retrieved blocks were then bleached with 6% 

sodium hypochlorite solution for 48 hours and dried afterwards. The mass of the dried 

blocks were then recorded and dimensions of the block were measured. 

 Processed blocks were then sent to Li Ka Shing Faculty of Medicine in the 

University of Hong Kong for micro-computed tomography (μCT) scanning. MicroCT 

scanning generated over 2000 scans to construct a 3D image of the block that allowed 

visualization of internal bioerosion. The visualization of internal boreholes allowed 

grouping the eroders down to taxa level based on the shape and size of their borehole, 

to gain a better understanding of contributions of erosion by different eroders. The 

mass and volume of bioerosion by different bioeroders were counted by pixel count 

function using Adobe Photoshop CC 2015 (Fig 4.4).   

4.2.6 Analysis of MicroCT images 

 As quantifying over 2000 images for one block is redundant and very inefficient, 
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a sampling adequacy test was carried out to decide the lowest number of scans that 

needed to be quantified to accurately estimate the amount of erosion on each block. 

The sampling adequacy test was done by first quantifying all scans done for a block, 

which was a little over 2300 images. The total surface area eroded by each taxon was 

account for by pixel counting.  

 Then, 10-200 quantified images were selected randomly and compared against 

the original data for their accuracy. The lowest similarity that was deemed acceptable 

to us was set to 90%. In other words, the lowest acceptable amount of images to be 

analyzed had to be at least 90% accurate when compared to the original data. 

The eroders were grouped into polychaetes, bivalves, external erosion and other 

erosion based on their borehole shapes and sizes. The ratio of erosion was calculated 

by comparing the ratio of pixels and this was cross referenced with the volume of the 

of the block to calculate the volume of erosion caused by each group of eroders. 

4.2.7 Statistical analysis 

The volume contribution by each taxon was then converted into weight by 

multiplying against the density of the block, which was recorded before deployment. 

Thus, the total erosion rate and erosion rate by each taxon can be calculated. 

Data analysis was done by SPSS ver 20 for Windows. All data was 

log-transformed to normalize data. Pearson correlation analyses were carried out to 

determine the relationships between environmental factors and bioerosion rates of 

experimental blocks.  
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4.3  Results 

4.3.1 Change in mass of deployed blocks 

Table 4.1 shows the mass of the blocks before and after deployment. Sham wan 

was found to have the highest reduction in mass at 2.2 kg m
-2 

yr
-1

. Disregarding the 

control set up in Shelter Island, Nine Pin had the lowest erosion at an accretion rate of 

0.03g kg m
-2 

yr
-1

. The accretion was accredited mostly to barnacles that settled on the 

coral block. The average change in mass excluding the control block was found to be 

a decrease of 0.83 kg m
-2 

yr
-1

. 

4.3.2 Bioerosion rate calculation from MicroCT 

Figure 4.5 shows the results of the sampling adequacy test for blocks pre- and 

post-deployment. With a cut off line at 90% similarity, 10 images was deemed enough 

to accurately assess the erosion of the block before deployment and 100 images were 

deemed enough to accurately assess the erosion of the block after deployment.  

The volume of calcium carbonate change in the block was converted into mass 

change by multiplying the density of the block against the change in volume. Table 

4.2 shows the bioerosion rate and contribution of bioerosion by each taxon. The 

highest total bioerosion was found in Sham Wan, with 1.45 kg m
-2 

yr
-1

. The lowest 

total bioerosion excluding the control was found in Nine Pin, with 0.101 kg m
-2 

yr
-1

. 

The average total bioerosion was found to be 0.772 kg m
-2 

yr
-1

. 

On nearly all of the sites except for Lai Chi Wo and Nine Pin, external erosion 
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contributed the most in terms of bioerosion for all other sites. On Chek Chau and 

Sham Wan, it contributed to more than ten times over the other erosion factors. 

4.3.1 Difference in the two methods 

Table 4.3 shows the difference in percentage when using the two methods. The 

difference ranged from a 59% increase to a -125% decrease in bioerosion measured.  

4.3.4 Environmental Data 

Table 4.4 shows the environmental data recorded in the nine study sites. 

Sedimentation rate was found to be generally higher on the more exposed and western 

sites, such as Nine Pin (exposed), Pak Lap Tsai (exposed) and Fo Tau Fan Island 

(semi-exposed). These sites all had sedimentation rates higher than 100 mg cm
-2 

yr
-1

. 

Chek Chau had the lowest sedimentation rate of the ten sites with 1.0 mg cm
-2 

yr
-1

, 

while Nine Pin had the highest at 131.6 mg cm
-2 

yr
-1

. This trend was similar among 

other nutrient components tested, including organic carbon deposition rate, organic 

nitrogen deposition rate, organic phosphorus deposition rate and mud deposition rate. 

4.3.5Statistical analysis 

All data collected was normalized with log transformation and analyzed using 

SPSS ver 20 for Windows. 

Pearson correlation was carried out between the rates of change in mass of 

deployed blocks against environmental factors. No correlation was found between the 

rates of change in mass of the deployed blocks and environmental factors. 

Another Pearson correlation was conducted between the rates of bioerosion as 

well as bioerosion contributed by each taxon against environmental factors. A strong 
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positive correlation was found between polychaete contributed bioerosion with 

sedimentation rate (Pearson Correlation r=0.697, p<0.05). No correlations were found 

between total, bivalve or external erosion.   

 

4.3  Discussion 

Our study gave us an idea of the bioerosion status in coral communities in Hong 

Kong. We also compared the traditional method that older studies have used which 

was measuring the mass and volume change in the experimental blocks (Tribollet et 

al., 2005; Tribollet et al., 2002) versus a newly technique developed that can estimate 

the erosion in a more detailed and possibly more accurate method which is by using 

MicroCT scanning (Silbiger et al. 2014, Silbiger et al. 2016). 

Both methods estimated that bioerosion rates in coral communities in Hong Kong 

were similar to that of done in other areas, which was around 0.27-2.19 kg m
-2 

yr
-1

. 

However, we do have to account that those studies took place in tropical areas, which 

had much higher rates of calcification when compared to a marginal environment like 

Hong Kong, which was demonstrated in the previous chapter. With over four times 

the calcification rate while having the same bioerosion rate, we could see the harsh 

situation the coral communities in Hong Kong are facing. Despite all sites having a 

positive calcification-bioerosion balance when comparing with the data from the 

previous chapter, it should be noted that the blocks were only deployed for one year, 

which may not be enough for larger borers or secondary eroders to settle in. This is 

supported by the low amount of bivalves present in our data, which typically are main 
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contributors to bioerosion from other studies. Also, many external grazers may not 

start grazing on the coral blocks until later stages where there is enough fouling, 

which is evidenced by the lack of external grazing in some sites such as Nine Pin, Lai 

Chi Wo and Tai She Wan. We expect these sites to have more grazing when the blocks 

are deployed for longer durations. 

We also found a huge discrepancy between the two methods we adopted for 

assessing bioerosion. When put together, we found that there was no consistency 

between the two methods. In Sham Wan and Fo Tau Fan Island, method 1 which was 

the traditional method recorded over 50% more bioerosion when compared with 

method 2, the newer method. For Tai She Wan, method 2 recorded over 66% more 

erosion and in Nine Pin method 2 recorded over 125% more erosion. There are many 

hypotheses on why there is such a large discrepancy.  

A decrease in bioerosion when comparing method 1 against method2 may be due 

to attachment of fouling organisms or accretion by crustose coralline algae (CCA) 

which increased the mass of the block. Since the traditional method only accounts for 

the change in mass, mass that is removed due to bioerosion may be masked by the 

settlement of fouling organisms such as bivalves or barnacles. Also, the accretion by 

CCA will also increase the mass of the experimental block. Since these organisms 

have a calcium carbonate skeleton that is made of the same material as the 

experimental block and cannot be removed by bleaching, it is very hard to exclude 

these error inducing factors when conducting the mass change by the traditional 

method. As microCT allows us to visualize the interior of the experimental block and 
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deduce the volume change in the block, it can easily negate the added volume of the 

fouling organisms and calculate the volume removed by eroders. Hence, when 

multiplying the volume eroded against the density of the block, the bioerosion rate 

can be calculated this way and the data collected with this method would be more 

accurate when compared to merely measuring the change in mass. 

However, in some sites bioerosion assessed with MicroCT accounted for less 

bioerosion. This may be due to the change in density of the experimental block due to 

microbioerosion by bacteria or small sponges. In this case, MicroCT may not be the 

best method to assess bioerosion because the change in density is very hard to account 

for the in generated CT scans. However, this issue only occurred in 3 of the 9 sites, 

and the percentage difference was much lower than underestimating bioerosion by 

mass measurement. 

Contribution of bioerosion for each taxon was also studied in this experiment. It 

was found that for most sites, external grazing account for the most bioerosion. 

Studies done earlier in Hong Kong have revealed that the sea urchin diadema setosum 

was found to graze on live and dead coral skeletons. When comparing the control 

block in shelter island with the experimental blocks in the same site, we observed that 

both blocks had a similar rate of bioerosion contributed by polychaetes and bivalves, 

but their total bioerosion differed by over 100 times. The amount of external grazing 

experienced by the experimental blocks heavily outweighed the other two contributors 

combined. Shelter Island is not the only site to record this observation. Heavy external 

erosion, possibly by diadema setosum, was also observed in Sham Wan, Chek Chau, 



 

74 
 

Lo Fu Ngam and Fo Tau Fan Island where it contributed to just under or over 80% in 

these sites. This shows that external grazers such as diadema setosum contributes to 

bioerosion much more than other eroders such as polychaetes and bivalves in Hong 

Kong. 

However, Pearson correlation analysis only found a positive correlation between 

polychaete contributed bioerosion with sedimentation rate. This may be due to the 

environmental factors examined in this study. Polychaetes, as a filter feeder and 

detritivore, rely heavily on nutrients and zooplankton in the water for food source. 

Hence, their correlation is strongly correlated with sedimentation rate. Although 

bivalves are also filter feeders, their abundance may be affected by other factors such 

as predation, and thus causing food to not become their biggest factor in survival. The 

same hypothesis may be used to explain the amount of low external bioerosion in 

some sites. For Nine Pin, the current there may be too strong to allow survival and 

foraging of diadema setosum, as they have weaker tube feet and thus are usually 

present in areas with less water current.  

 In conclusion, this study gives us information on the status of bioerosion in 

Hong Kong, and compares the two methods used for assessing bioerosion with 

experimental blocks. We found that bioerosion in Hong Kong is similar to that of 

compared with other tropical regions, which is alarming as the calcification rate of 

corals in Hong Kong were found to be much lower when compared to those in 

tropical regions. Despite having a positive calcification-bioerosion balance, having a 

much lower calcification rate while having similar bioerosion rates compared with 
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tropical regions suggests that Hong Kong coral communities are facing big challenges 

to survive and prosper. 
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Fig. 4.1 

A map of the nine sites in this study. The sites are mapped with a yellow star.  
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Fig. 4.2 

A picture of the same experimental block pre and post deployment.  
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Fig. 4.3 

A picture of the deployment set-up of the experimental blocks in a study site 
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Fig. 4.4 

A MicroCT scan image of the same experimental block pre and post deployment.  
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Fig. 4.5 

Graph showing sampling adequacy test for MicroCT image scans pre and post 

deployment. 
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Table 4.1 

Table showing change in mass and deduced bioerosion rate of the nine study sites 

 

site 
Before 

deployment (g) 

After deployment 

(g) 

Change in mass 

(g/year) 

Bioerosion rate 

(kg/m
2
 year) 

Sham Wan 71.8 46.7 -24.1 2.2 

Tai She Wan 82.0 80.4 -1.7 0.2 

Lo Fu Ngam 78.3 70.2 -8.1 0.7 

Chek Chau 69.5 53.6 -15.6 1.4 

Fo Tau Fan Island 72.7 59.2 -13.5 1.2 

Shelter island 69.4 58.3 -11.0 1.0 

Pak Lap Tsai 80.3 72.9 -7.1 0.6 

Nine Pin 73.2 73.5 0.3 -0.03 

Lai Chi Wo 70.5 68.6 -1.9 0.2 

Shelter Island (control) 60.6 60.7 0.1 0.00 
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Table 4.2 

Table showing bioerosion rate of the nine study sites based on MicroCT imaging 

analysis 

 

Site Bioerosion rates (kg/m
2
/yr) 

   Total polychaetes bivalves External grazing 

Sham Wan 1.5 0.08 0.07 1.3 

Tai She Wan 0.4 0.11 0.05 0.3 

Lo Fu Ngam 0.8 0.13 0.02 0.7 

Chek Chau 1.4 0.04 0.09 1.3 

Fo Tau Fan 0.8 0.06 0.05 0.7 

Shelter Island 0.8 0.09 0.07 0.6 

Pak Lap Tsai 0.9 0.07 0 0.8 

Nine Pin 0.1 0.1 0.01 0 

Lai Chi Wo 0.3 0.04 0.2 0.03 

Shelter Island 

(control) 
0.1 0.1 0 0 
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Table 4.3 

Table showing differences of bioerosion rate of the nine study sites based on two 

different methods 

 

 

 

 

 

 

 

 

 

 

 

 Bioerosion  (kg/m
2
/yr) 

site By mass change 
By MicroCT 

Imaging 
Percent difference among two methods (%) 

Sham Wan 2.2 1.5 51 

Tai She Wan 0.2 0.4 -68 

Lo Fu Ngam 0.7 0.8 -11 

Chek Chau 1.4 1.4 3 

Fo Tau Fan Island 1.2 0.8 59 

Shelter island 1.0 0.8 24 

Pak Lap Tsai 0.6 0.9 -27 

Nine Pin -0.03 0.1 -125 

Lai Chi Wo 0.2 0.3 -36 

Shelter Island 

(control) 
0.00 0.1 -106 
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Table 4.4 

 

Environmental data collected across the nine study sites 

 

Site 

 Sedimentation 

rate (mg/cm2 

day) 

Organic 

Carbon 

Deposition 

Rate (mg/ cm2 

day) 

Organic 

Nitrogen 

Deposition 

Rate (mg/cm2 

day) 

Organic 

Phosphorus 

Deposition 

Rate (mg/ cm2 

day) 

Mud 

Deposition 

Rate (mg/cm2 

day) 

Fo Tau Fan Chau 100.0 9.2 0.03 0.06 9.3 

Tai She Wan 11.1 0.8 0.01 0.01 2.5 

Sham Wan 17.9 1.2 0.01 0.01 2.5 

Pak Lap Tsai 127.5 8.5 0.03 0.07 10.0 

Chek Chau 1.0 0.1 0.01 0.003 0.3 

Nine Pin 131.6 10.7 0.04 0.05 4.8 

Lo Fu Ngam 30.6 2.0 0.01 0.01 3.3 

Shelter Island 12.3 1.0 0.01 0.006 1.9 

Lai Chi Wo 1.4 0.06 0.002 0.004 0.5 
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Chapter 5  

General Conclusion 

 

Hong Kong is generally considered to be a marginal environment for corals, and 

this is supported by the lack of reef assemblages in Hong Kong Waters. As shown in 

this study, Hong Kong has a relatively high coral diversity, especially in the eastern 

and northeastern waters based on surveys conducted (Fig 5.1). Even the heavily 

influenced western and southern waters have patchy coral colonies that have survived 

through the temperature and salinity swing throughout the year. 

As discussed earlier, the fate of coral reefs depend on its equilibrium of calcium 

carbonate accretion and erosion, and the balance tipping towards either end would 

result in reef growth or diminish. Growth is thoroughly studied worldwide in tropical 

areas, and more and more studies are starting to focus on bioerosion in those regions 

as well. However, little to none studies have been conducted in sub-tropical areas that 

are considered marginal environments for coral growth such as Hong Kong. Hence, in 

this study we hope to provide some baseline information and fill up the knowledge 

gap between tropical and subtropical regions.  

In our second chapter, we examined the borehole density in coral communities in 

26 study sites in Hong Kong along different environmental gradients. The density of 

total macrobioeroder boreholes on coral surface has been proposed as an indicator of 

water quality based on studies of Porites in tropical regions. In this study, we 

examined the applicability of this indicator in Porites in subtropical Hong Kong. We 
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assessed the relationship between the density of total boreholes or taxon-specific 

boreholes on the surface of Porites and several water quality parameters that are 

known to affect coral bioerosion. Our results showed that the density of polychaetes 

caused erosion was significantly correlated with sedimentation. Moreover, we found 

out that boreholes need to be categorized into groups to have a more accurate 

assessment on the underlying correlations between nutrition and internal borers on 

these corals. These results suggest that the density of total boreholes on the surface of 

Porites can be used as an index for rapid assessment of bioerosion in southern China. 

Besides that, boreholes were found to be present on every colony examined in the 

survey. The density of boreholes in Hong Kong waters were also found to be much 

higher when compared with a similar study done in Australia. This data suggests that 

corals in Hong Kong may be under high levels of stress induced by eroders, and the 

high density of boreholes may have serious impact on the integrity and skeletal 

strength of corals, which may result in habitat destruction during strong typhoons or 

storms. 

In chapter three, the growth and calcification rates of Porites lutea was examined 

by collecting corals for 10 sites in Hong Kong waters that covered various 

environmental gradients. The site selection was based on results collected from 

chapter two which had higher coral coverage and had high variance in environmental 

data. Small sized coral heads of Porites lutea were collected in this study to avoid 

killing larger corals that may be ecologically important. Three colonies were collected 

from each site and were cut into slabs and bleached to remove organic tissue. X-ray 
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radiography was then conducted on the bleached slabs to produce an image of 

alternating light and dark bands, which in combination represented one years’ worth 

of growth of the coral specimen. The linear extension rates of coral specimens were 

quantified and compared with studies done on tropical regions. Our studies showed 

that linear extension rates were around 2 times lower than that of the same species in 

Thailand. Although being in the subtropical region would suggest this to be expected, 

when factoring in skeletal density to account for calcification rate it was found that 

calcification rate of Porites lutea was three times lower than that of the same species 

in Thailand. 

This message becomes more alarming when the growth trend data of the older 

corals in this study were taken into factor. We found that for coral colonies that had 

over 15 years’ worth of growth bands, all of them had a significant decreasing trend of 

skeletal linear extension rate. Although the slope of the linear regression line 

generated was not steep (-0.1-0.16), that is not a trend to be taken lightly, as if it 

continues to progress within 20 years growth will become negligible. 

In chapter four, the bioerosion rates of the massive coral Porites lutea  was 

examined across nine sites in Hong Kong waters with various environmental 

gradients. The nine sites were identical to that of chapter three barring Sunshine 

Island as the turbidity of the water was too high and block retrieval was not possible. 

A total of 28 blocks were deployed in the nine sites with 3 blocks in each site in 

addition to a control block in Shelter Island that was deployed in a mesh net to protect 

it from external grazing. The blocks were retrieved after one year of deployment, and 
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they were quantified using two methods: by mass difference and by MicroCT 

scanning. Both methods indicated a high bioerosion rates over the year, despite 

resulting in different bioerosion rates. MicroCT method was considered to be the 

preferred method due to higher resolution of eroders and being able to disregard mass 

change due to fouling. Although our studies showed that bioerosion rates in Porites 

lutea experimental blocks were similar to that of in tropical regions, chapter three 

revealed that calcification rate of Porites lutea was 3 times lower than that of tropical 

regions. With similar bioerosion rates but calcification rates that are three times lower, 

the future of Hong Kong coral communities is worrying. 

When the results of chapter three and chapter four were combined, we actually 

found out that all of the nine study sites had positive net calcification rates (Table 5.1), 

with many of the sites having over 10 times more calcification rate than bioerosion 

rates. However, it should be noted that the bioerosion rates measured in this study 

may be greatly underestimated as the blocks were only deployed for one year. We 

expect to see the settlement of many secondary eroders and fouling to grow over time 

which would attract more grazing from the urchin diadema setosum. With that said, 

there is no evidence to support this claim and it cannot be verified unless further 

studies are conducted. 

In conclusion, our study showed that coral communities in Hong Kong are facing 

a very dire situation. Our borehole density surveys revealed that Hong Kong corals 

had much higher boreholes densities when compared with other reef communities in 

tropical areas. Our growth study revealed that Hong Kong corals have a slower 
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growth rate and calcification rate when compared to other tropical reef communities, 

and they also exhibit a declining growth trend. Also, our bioerosion studies have 

revealed that the corals in Hong Kong experience a similar bioerosion rate when 

compared with tropical reef communities. All these small stories add up to a big larger 

question – Will there still be any corals left in the future? 

As suggested from this study, Hong Kong, as a marginal environment for coral 

growth, faces many challenges ahead if we want to conserve our coral communities. 

Sedimentation was found to be linked to lower calcification rates and higher 

bioeroders densities. It can thus be deduced that lower sedimentation rates may favor 

the growth and hinter bioerosion on coral communities in Hong Kong.  

Hence, when picking a candidate location for coral conservation of Marine Parks, 

it is suggested that besides looking at substrate composition, fish and coral diversity, 

environmental factors such as sedimentation should also be considered as it is linked 

with various health aspects of corals. Moreover, further studies should be carried out 

in order more accurately investigate the bioerosion of corals in Hong Kong. 
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Fig. 5.1 

A map of the preliminary study done on the 33 sites in Hong Kong waters. The pie 

charts display the substrate and coral composition of each site 
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Table 5.1 

A comparison of the calcification rates and bioerosion rates of the nine sites 

 

Site Calcification rates (g/cm
2
 yr) Bioerosion rates (g/cm

2
 yr) 

Fo Tau Fan 1.0 0.077 

Tai She Wan 1.4 0.0476 

Sham Wan 0.7 0.1453 

Bak Lap Tsai 0.5 0.0886 

Chek Chau 1.3 0.1371 

Nine Pins 0.7 0.0101 

Lo Fu Ngam 1.0 0.0823 

Shelter Island 0.9 0.0806 

Lai Chi Wo 0.8 0.0267 

SunShine Island 0.4 0.077 
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