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Abstract

Hypoxia and ocean acidification (OA) are amongst the major environmental
threats to marine ecosystems worldwide. Biofilms, the signpost to guide
larval settlement of many benthic invertebrates, are known to be responsive
to environmental changes and thus can become the crucial factor for the
response of benthic invertebrate communities. This study aimed at
investigating the individual and interactive effects of hypoxia and OA on
biofilms and the subsequent effects on larval settlement. Biofilms collected
from two sites (clean, hypoxic) were treated with a factorial design of low
dissolved oxygen and/or low pH conditions in microcosms and the bacterial
cell density and viability (by LIVE/DEAD® cell viability assays) were
analyzed. Larval settlement preference was tested with the marine
invertebrate, Crepidula onyx.
The total bacterial cell densities of biofilms of the hypoxia and hypoxia and
OA combination treatment were lower than that of the control biofilms for
both sites. There was generally no significant difference in cell viability
among control and different treatments for both sites. While the larval
settlement rate on hypoxia and hypoxia and OA combination treated
biofilms was significantly lower. In conclusion, this study revealed that
hypoxia and OA are likely to affect larval settlement by alteration of biofilms,
and this may lead to alterations in future coastal communities.
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Chapter 1: Introduction
1.1 Research background
Ocean, covering more than 70% of the earth (NOAA 2016), is important in
maintaining a stable ecosystem. For examples, it provides habitats for
marine organisms, regulates climate such as wind pattern, rainfall and
temperature, acts as an important component in many nutritional cycles, and
involves in many chemical reactions that moderates the existing
environment.
However, human activities are affecting the ocean system and changing
some of its properties, two of which are hypoxia and ocean acidification
(OA). These global marine environmental problems are currently affecting
marine organisms in many aspects (reviewed in Gobler et al. 2016). In order
to estimate the fate of marine ecosystems better, this thesis investigated the
effects of hypoxia and OA on biofilms and subsequently on settlement of
marine invertebrate.

1

1.2 Marine hypoxia
Marine hypoxia refers to a low water dissolved oxygen (DO) level that is
harmful to most organisms and may lead to mass mortality and substantial
changes in ecosystem composition and function (Gray et al. 2002, Díaz and
Rosenberg 2011). The threshold level of DO for hypoxia is not well-defined
(STAP 2011, Rabalais et al. 2010), but a level which causes fishery collapse
(below 2 mg O2 L-1, Vaquer-Sunyer and Duarte 2008) has been used as a
threshold of occurrence of adverse effects in most marine organisms
(Rabalasis et al. 2010) among scientists and policy makers, whereas DO
level of 2.8 mg O2 L-1 has been commonly used for hypoxia experiments in
laboratory (Wu 2002).
Hypoxia in marine environment can be caused by either natural or
anthropogenic factors. The naturally occurring hypoxia areas are usually
fjords, deep basins and open ocean oxygen minimum zone because they are
sinks of organic matters which have very high biochemical oxygen demand
from microorganisms that feed on the food resource. Stratification also
contributes to such phenomenon. Surface water is usually less saline,
warmer and thus less dense. This prevents the denser bottom water from
mixing with the surface water and thus the replenishment of oxygen.
However, the increasing occurrence of hypoxia in shallow coasts and
estuaries are believed to be caused by anthropogenic activities (Díaz and
Rosenberg 1995). They include the discharge of sewage, agricultural
fertilizers and excessive nutrients which result in nutrient enrichment in
2

water (Howarth et al. 2011). The additional nutrients cause proliferation of
phytoplankton that contributes to extra high biomass as well as rate of
decomposition, which increases the demand of DO and results in hypoxia
(Rabalais et al. 2010).
Nowadays, hypoxia occurs in both coastal and offshore marine waters all
over the world (STAT 2011). More than 500 hypoxic coastal areas have been
reported (Díaz and Rosenberg 2008, Isensee et al. 2016), with the area of
oxygen-minimum zones (regions with the lowest oxygen saturation) reached
to 4,500,000 km2 in 2010 (Stramma et al 2010). Hypoxic zones were
doubling once every ten years since 1960 (Gilbert et al. 2010, Rabalais et al.
2010).
Estuaries are particularly prone to development of hypoxia as apart from
anthropogenic pollutions, they receive freshwater from rivers that
encouraging

stratification.

Moreover,

global

warming,

which

is

characterized by increase in temperature and freshwater and nutrients
outflow, has been predicted to further exacerbate the intensity, duration and
extent of hypoxia. As it could cause decrease in oxygen solubility of
seawater, increase in respiration and oxygen consumption rates among
marine organisms, and reinforcement of eutrophication and stratification
(Wu 2002, Díaz and Rosenberg 2008). Due to increase usage of fertilizers
and industrialization by the expanding populations, it was expected that
more hypoxic systems would occur in southern and eastern Asia (Seitzinger
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et al. 2002). In Hong Kong, hypoxia occurs periodically in the Tolo Harbour
(Fleddum et al. 2011).
Hypoxia can initiate a spectrum of behavioural and physiological responses
depending on the degree of hypoxia, individuality, stage of life and
experience in exposure of the organisms (Vaquer-Sunyer and Duarte 2008,
Rabalais and Turner 2001, Gray et al. 2002). For instance, mobile organisms
such as crabs, fishes and shrimps would escape from the hypoxic areas (Das
and Stickle 1994, Weltzien et al. 1999, Larkin et al. 2007), others such as the
shrimp Penaeus monodon and the ophiuroid Amphiura filiformis showed
decreased hemocyte phagocytosis (Direkbusarakom and Danayado 1998)
and reduced metabolism (Calder-Potts et al. 2015) under hypoxia,
respectively. Compromised larval development and increase in proportion
of malformed larvae was also shown in the larvae of the tubeworm
Hydroides elegans when exposed to hypoxia condition (Shin et al. 2013). It
has been suggested that vast and prolonged existence of hypoxia may cause
mass mortality and substantial changes in ecosystem composition, function
and service (reviewed in Gray et al. 2002, Díaz and Rosenberg 2011).

4

1.3 Ocean Acidification
Emission of atmospheric carbon dioxide (CO2), which was accelerated since
the industrial revolution by anthropogenic activities including burning of
fossil fuels and deforestation, is the main cause of OA. The concentration of
atmospheric CO2 has been risen from about 280 ppm before the industrial
revolution to about 380 ppm nowadays (Feely et al. 2004). The rate of CO2
emission has increased by at least an order of magnitude compared with
millions of years ago (Doney and Schimel 2007), and the average surface
ocean pH has been decreased by 0.1 since the early 1900s (Solomon et al.
2007).
When atmospheric CO2 dissolves in seawater, it reacts with water molecule
to form carbonate ion (CO32−) and hydrogen ion, which decreases the pH.
(Doney et. al. 2009). Models have been developed to project the level of CO2
emission and the subsequent pH of water, showing that the pH value of
surface water may drop by about 0.4 before the year of 2100 and 0.7 by 2250
(Caldeira and Wickett 2005). Such change in ocean pH would be irreversible
in terms of human timescales (Royal Society 2005).
OA is harmful to marine organisms, especially the calcifiers which are
highly sensitive to the alterations of water chemistry (Doney et al. 2009).
For examples, linear reduction of calcification rate was resulted in the
mussel Mytilus edulis and the oyster Crassostrea gigas in response to two
hours of incubation to reduced pH (Gazeau et al. 2007). This led to an
5

approximation of 25% and 10% of projected reduction of calcification rate,
respectively, in 2100 under the IPCC IS92a scenario of future CO2 level
(Gazeau et al. 2007). In addition, significant reduction in growth rate (with
respect to shell length and wet weight) occurred after fourteen weeks of
exposure to a pH of merely 0.03 lower than control in the juvenile of
gastropod Strombus luhuanus (Shirayama and Thorton 2005). Apart from
calcification process and growth rate, hypercapnia (the decrease in blood pH)
can also cause adverse effect on marine organisms. For example,
hypercapnia in Mytilus galloprovincialis caused reduction in metabolic rate
and growth and a net degradation of protein (Michaelidis et al. 2005). OA
can even induce trans-generation effects, leading to trans-generational
phenotypic plasticity and genetic selection. Larvae of the mussel Mytilus
edulis originating from CO2-enriched habitat showed higher calcification
performance than the non-adapted cohort (Thomsen et al. 2017).

6

1.4 Interaction of hypoxia and OA

There is growing evidence suggesting that hypoxia caused by eutrophication
is often associated with low pH, because microbial degradation of organic
matter also generates CO2 in addition to consumption of oxygen (refer to
session 1.2 for detail), resulting in reduction of both DO and pH (Feely et al.
2010). Close association between acidification and low oxygen level have
been found in northern Gulf of Mexico (Cai et al. 2012), the Forge River
Estuary in the US (Gobler et al. 2014), Belgian coastal zone (Borges and
Gypens 2010), Chilean oxygen minimum zone (Paulmier et al. 2011) and
Puget Sound in the US Pacific Northwest (Feely et al. 2010). Communities
living in these areas are subjected to stresses imposed by a combination of
hypoxia and OA. However, the impacts of such conditions to these
communities have not been studied before.
Laboratory studies have found additive and synergistic adverse effects of
hypoxia and OA on the fitness of invertebrates at early life stage. For
instance, although juveniles of the hard clam Mercenaria mercenaria were
resistant to hypoxia or OA individually, when they were exposed to both
stressors significant reduction in growth rates was resulted (Gobler et al.
2014). Furthermore, alterations in the proteome and phosphorylation status
in response to hypoxia, acidification and their combination were resulted in
the larvae of H. elegans (Mukherjee et al. 2013).

7

1.5 Biofilms
Biofilms are defined as “complex agglomerates of bacteria, diatoms,
protozoa and fungi existing on virtually all submerged substrata”
(Wieczorek and Todd 1998). Biofilms produce chemical cues which affect
settlement preference of marine invertebrates (Steinberg et al., 2001), the
effects can be both inductive and inhibitive (review in Chung et al. 2010). It
is proved that many marine invertebrates across different phyla
metamorphose in response to cues from biofilms (reviewed in Pawlik 1992,
Wieczorek and Todd 1998, Holmstrom and Kjelleberg 2000, Maki et al.
2000, Hadfield and Paul 2001, Steinberg et al. 2001).
Biofilms have characteristic variations such as microbial density,
composition, biomass and chemical contents. The variations are determined
by a series of environmental factors such as availability, diversity and
physiology of colonizing microbial species, age of biofilms, nature of
substratum, latitude, depth, tidal level, season, temperature, salinity,
illumination, nutrient supply, and water chemistry including DO and pH
(reviewed in Wieczorek and Todd 1998, Lidbury et al. 2012, Cheung et al.
2013), as well as some artificial factors such as the presence of nutrients,
pollutants, antibiotics, and exposure of UV light (Chiu et al. 2007, Chiu et
al. 2012, Lawes et al. 2016). These factors would alter the attractiveness of
biofilms on different species of marine invertebrates for their settlement, and
thus, biofilms can be signpost for larvae to distinguish between biofilms and

8

metamorphose into habitats that are benefit to their growth on the later life
stages (reviewed in Chiu et al. 2007).

9

1.6 Individual and interactive effect of hypoxia and OA on biofilms

Bacterial composition of biofilms often governs the substratum preference
and settlement of larvae of many marine invertebrates (Wieczorek and Todd
1998, Qian et. al. 2007). The bacterial communities of biofilms are sensitive
in changes of environmental condition (Tolker-Nielsen and Molin, 2000).
Biofilms that have undergone chemical treatments or stresses had altered
bacterial density and community and was found to alter settlement
preference of marine invertebrates (Chiu et. al. 2012, Cheung et. al 2014).
Existing literatures regarding effects of OA on biofilms in general show that
OA can alter the microbial community by boosting their productivity,
increasing the abundance and diversity of primary producer such as diatoms,
and altering the bacterial composition (Lidbury et al. 2012, Baragi et al.
2016). Knowledge on the effect of hypoxia on biofilms is relatively scarce.
Hypoxia has been shown to reduce biofilm bacterial cell density and change
bacterial community structure, and the alteration increased with longer
exposure period (Cheung et al. 2014). However, how both hypoxia and OA
affect biofilm bacterial communities is still unclear.

10

1.7 Effects of hypoxia or OA manipulated biofilms on settlement of
marine invertebrates

Marine benthic invertebrates play a pivotal role in maintaining the normal
functions of coastal ecosystems and support commercial fisheries worldwide
(Costanza et al. 1997). It is known that the bacterial composition of biofilms
can be altered by certain stress, and the alteration can affect the preference
of settlement of marine invertebrates (Chiu et al. 2012, Cheung et. al. 2014).
Hypoxia manipulated biofilms were shown to alter the benthic community
by reducing the number of settling individuals and settler diversity (Cheung
et al. 2014, Lagos et al. 2016). The effect on settlement is species-specific.
While

some

species,

for

instance,

Schizoporella

sp.

showed

indistinguishable preference between normoxic and hypoxic-treated
biofilms (Cheung et al. 2014), H. elegans and Bugula neritina showed
reduced settlement rate (Shin et al. 2013 , Lagos et al. 2016) which may lead
to a change in coastal ecosystem.
There is lack of literature showing the direct relationship between the OA
manipulated biofilms on settlement of marine invertebrates. Nevertheless,
low pH water on CO2 vent was shown to reduce number of taxa, taxonomic
evenness and biomass of a rocky reef benthic community (Kroekera et al.
2011).
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1.8 The studied organism, Crepidula onyx
Crepidula onyx (phylum Mollusca, class Gastropoda) is a slipper limpet
which has been recognized for being a common marine fouling species since
1935 at the intertidal zone and subtidal water in the coastline of southern
California (Coe 1935). The distribution of this species ranged from the
Pacific coast of North and South America to Asia (Huang et al. 1984). It was
recorded as an invasive species in Hong Kong in 1970s, and their distribution
was around the Victoria Harbour in the 1980s. (Huang et al. 1984, Morton
1987). Up to 2014, C. onyx has been recorded around the Victoria Harbour
and Hong Kong Island in Hong Kong (Astudillo et al. 2014). However, two
juveniles C. onyx were found at the hypoxic site of this study in Yung Shue
O, Sai Kung on 28th June, 2017, meaning this species has already expanded
their distribution to the Tolo Channel in Hong Kong.
C. onyx is a benthic marine invertebrate which has a complex life cycle. They
have pelagic larval stage which is beneficial for their dispersal and
colonization of new habitats (Thorson 1950; Pechenik 1999). After the
pelagic larvae become competent, they undergo settlement, which is a twosteps-process that involves behavioral search for and attachment to suitable
substratum, and metamorphosis (Hadfield et al. 2001).
C. onyx has been used for studies involving environmental stress (such as
Zhao and Qian 2002, Chiu et al. 2007, Li and Chiu 2013). For example,
hypoxia was found to reduce juvenile growth rates and delay metamorphosis
12

on C. onyx (Li and Chiu 2013). OA has also been demonstrated to exert no
effect on larval mortality and respiration rate, but reduction in shell length,
growth rate and shell quality on C. onyx (Maboloc and Chan 2017).
Furthermore, interaction between OA and diet of algae cultured under low
pH level encouraged settlement of C. onyx larvae (Maboloc and Chan 2017).
Settlement rate of C. onyx was also shown to have a positive relationship
with the bacterial density (Chiu et al. 2012) but unknown relationship with
the bacterial community composition on biofilms, which are the two
common factors governing the settlement rate of many marine invertebrates.
Thus, this species was chosen as the target species because 1) it is a common
marine invertebrate which is distributed widely, 2) it is easily cultured in
laboratory and their eggs can be easily observed and monitored, and 3) its
settlement rate was shown to be sensitive to alterations of biofilms (such as
Chiu et al. 2007, Chiu et al. 2012).
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1.9 Research objectives
Considerable number of studies have been carried out to investigate the
effects of hypoxia on marine organisms and as well as the effects of OA on
sensitive groups (e.g. foraminifera, coccolithophores, pteropods, urchins,
corals and molluscs), using single stressor approach. In the natural
environments, however, marine populations are simultaneously exposed to
both hypoxia and OA. Surprisingly there is a lack of multi-stressor studies
in marine climate change research. Multi-stressor studies are important to
properly evaluate the environmental risks when organisms are subjected to
more than one stressor simultaneously, as it is well known that additive,
synergistic or antagonistic interactions may occur (e.g. Gobler et al. 2014).
Using C. onyx as a model species, this study set out to test the hypothesis
that hypoxia, OA and their combination will alter the characteristic of
biofilms, and the altered biofilm bacterial communities will subsequently
affect the settlement preference of marine invertebrates. The individual and
interactive effects of hypoxia and OA on settlement of C. onyx by means of
modified biofilms were investigated. A factorial experiment comprising
microcosms with two levels of DO and pH (control and future levels) was
employed to observe changes in biofilms bacterial community and the
subsequent effects on settlement choice of C. onyx on these biofilms.
Bacterial density and viability on biofilms were employed as parameters to
determine the variation on biofilms. The experiments were conducted with

14

biofilms developed from a clean and a hypoxic site in order to test if the
conclusion is applicable in waters with varied DO background.
In this study, pH 7.6 and 1.5 mg O2 L-1 were used to simulate the OA and
hypoxia conditions respectively. pH 7.6 is the predicted annual average
seawater pH value for the year of 2100 (Caldeira and Wickett 2005) and the
same pH level has been measured in naturally acidified coastal systems (e.g.
Cai et al. 2012). It is within the range of pH C. onyx may encounter in where
the adult C. onyx was caught for larvae production in this study (Tai Miu
Wan) (EPD 2015). This pH level has been applied in some studies that tested
OA effects on marine invertebrates (such as Wong et al. 2011, Mukherjee et
al. 2013). The reason for choosing 1.5 mg O2 L-1 is that it is below 2.0 or 2.8
mg O2 L-1 which is generally considered as hypoxia (Vaquer-Sunyer and
Duarte, 2008). It is also a possible range of DO that C. onyx may encounter
in the natural environment, for example, the hypoxic site of this study, Yung
Shue O, had a lowest measured record for 0.18 mg O2 L-1 on 8th, August
2017. This value was used in various hypoxia experiments for marine
invertebrates (Cheung et. al. 2014, Leung et. al. 2013, Li and Chiu 2013).

15

Chapter 2: Methods
2.1 Biofilms development
Two sites from the eastern water of Hong Kong were selected for biofilms
development. The clean site was in Port Shelter accessible from the pier of
the Hong Kong University of Science and Technology (HKUST, 22o34’N,
114o27’E). No obvious pollution source was around the site. The hypoxic
site was a fish farm in Yung Shue O located in the Three Fathoms Cove,
Tolo Channel (22o43’N, 114o28’E). Hypoxia occasionally occurs in that area
in summer according to the Environmental Protection Department, Hong
Kong (EPD 2015). There were 3 individual repeats of the clean site
experiment carried out from April to May, 2017, and 3 individual repeats of
hypoxic site experiment carried out from May to August, 2017. Physical
parameters (pH, DO, water temperature) were measured on the beginning
and ending days for the clean site and at an interval of four to five days
during the development period for hypoxic site. For the hypoxic site, the DO
levels of all measurement days of repeat 1 and 3 and two out of four
measurement days of repeat 2 were lower than 4 mg O2 L-1, within, the DO
levels of one measurement day of repeat 2 and all the measurement days of
repeat 3 were lower than 2 mg O2 L-1 (Table 2.1).
Petri dishes (Falcon 301006, 50 x 9 mm) were used as the substrate for
biofilms development. They were fixed on plastic trays (31cm x 40cm) by
cable tie and submerged in subtidal zone with nylon mesh bag (80 µm mesh
16

size) in order to prevent unwanted larval settlement. The length of time for
biofilms development was 13 days except in repeat 2 of clean site (11 days)
due to the availability of Crepidula onyx larvae. Petri dishes coated with
biofilms were transferred to laboratory with minimum sunlight and air
exposure.

17

Site
(Repeat)

Biofilms
Measurement
development record date
pH
period

Clean site
repeat 1
Clean site
repeat 2
Clean site
repeat 3
Hypoxic
site repeat
1

31/3 - 13/4

Hypoxic
site repeat
2

15/6 - 28/6

Hypoxic
site repeat
3

26/7 - 8/8

15/4 - 27/4
28/4 - 9/5
25/5 - 7/6

31/3
13/4
15/4
27/4
28/4
9/5
25/5
29/5
2/6
7/6
15/6
19/6
24/6
28/6
26/7
31/7
4/8
8/8

8.14
8.27
8.25
8.17
8.2
8.16
7.96
7.9
7.86
7.8
8.11
7.92
7.7
8.01
7.75
7.57
7.65
7.56

Water parameter records
DO
Temperature Salinity
(mg O2 (oC)
(psu)
-1
L )
6.09
19.4
29
6.78
21.3
29
6.68
21.7
29
6.19
22.5
N/A
6.27
22.7
N/A
6.45
26.6
N/A
3.63
25.5
31*
3.81
26.3
31*
2.01
26.5
31
3.93
27.5
31
2.25
29.0
30
1.04
28.6
30
4.55
27.3
30
5.20
26.3
31
1.42
28.7
27
0.63
27.9
30
0.28
25.3
32
0.18
24.6
32

Table 2.1. Summary of experimental days, biofilms age, measured pH, DO,
temperature and salinity of the experimental repeats. All the experiments
were done in the year of 2017. The 2 measurements of clean repeats were
done on the first and the last days of the biofilm deployment period. The 4
measurements of hypoxic site repeats were done on the first, last days and
additional 2 middle days of the biofilm deployment period. N/A: data not
available. *: Readings of Yung Shue O bottom water, EPD “Red Tide
Information Network” mobile application.
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2.2 Exposure of biofilms to lower DO and pH levels in microcosms

Biofilmed dishes were incubated in the four microcosms of two levels of DO
and pH which combined as a 2 x 2 factorial experiment. The four
microcosms for biofilms treatment were filled with 10 L of filtered seawater
(pore size 0.22 μm) obtained from Port Shelter. Water temperature was
maintained at 25oC (± 1oC).
The desired pH and DO levels were achieved by constantly bubbling the
filtered seawater with carbon dioxide (CO2) and nitrogen (N2) gas
respectively (Figure 2.1). Flow controllers (Aalborg GFC-17) were used to
control the amount of gases entering the system. Air was mixed with CO2
before being distributed into the system to increase the gas volume for
evener gas distribution. Gas distributors were used to adjust the right amount
of gas to reach each microcosm. Control condition (6 mg O2 L-1 and pH 8.1)
was bubbled with air only. Hypoxia-OA combination condition (1.5 mg O2
L-1 and pH 7.6) received mixture of N2, CO2 and air. Hypoxia condition (1.5
mg O2 L-1 and pH 8.1) also received N2, air and a small proportion of CO2.
CO2 in this case was used to compensate the effect of increased pH caused
by administration of N2 gas, a process which initiated sparging and removed
both dissolved O2 and CO2 from water by increasing the gas-liquid interface
(Gobler et. al. 2014). OA condition (6 mg O2 L-1 and pH 7.6) received
mixture of CO2 and air. Gases were mixed either in mixing tank or by gas
distributor before reaching the microcosms. All of the microcosms were
19

covered with plastic films to create a closed environment for the water to
reach the desired conditions at equilibrium. All DO levels were maintained
within ± 0.2 mg O2 L-1 throughout the experiment. They were monitored
regularly using an optical DO meter (YSI ProODO). While all pH levels
were maintained within pH ± 0.1. The pH levels were monitored with a pH
meter (HANNA pHep®5 pH/Temperature Tester - HI98128) regularly.
On the day of collection from field (day 0, before exposure), and after 2
and 3 days of exposure in microcosms, except for repeat 2 of clean site
where the exposure period was 3 and 4 days due to the availability of C.
onyx larvae, biofilmed dishes were collected for bacterial cell viability
assay (Section 1.3) and larval settlement assay (Section 1.5).
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Figure 2.1: Experimental set-up of the microcosms for biofilms treatment.
Conditions (pH and DO) in microcosm tanks for control, hypoxia and OA
combination, hypoxia, and OA treatments were adjusted by pumping in
mixtures of air, carbon dioxide (CO2) and nitrogen (N2) gas.
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2.3 LIVE/DEAD cell viability assays for bacterial density and viability

Six replicate dishes, except for repeat 1 of clean site which consisted of three
replicate dishes, were assayed for each time point of experiment (described
in Section 2.2). Biofilms were stained with LIVE/DEAD™ BacLight™
Bacterial Viability Kit, for microscopy & quantitative assays, following the
protocol from the manufacturer. Briefly, 5 µl of stain was pipetted onto the
biofilms which was then covered by a glass coverslip. After 30 minutes of
incubation in darkness, live and dead cells were counted by ImageJ after
photos were taken from an epifluorescence microscope at a magnification of
1000× in 5 randomly chosen fields. The results from two days of posttreatment cell viability assays (except for repeat 1 of clean site where only
biofilms after 3 days treatment were analyzed) were combined for reporting
and statistical analysis.
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2.4 Studied organism

Adult C. onyx were sampled from low intertidal zone in Tai Mui Wan
(22°16’N, 114°17’E), Hong Kong. They were transferred and cultured in the
laboratory conditions (temperature: 25 ± 1°C, DO: 6.5 ± 0.2 mg O2L−1, and
pH: 8.1 ± 0.1) with artificial seawater (salinity: 30 ± 1 ‰) that was changed
once per week. They were fed with the microalgae Isochrysis galbana and
acclimatized for over 6 months before the experiments began.
Newly hatched larvae were collected by removing capsules carrying
completely developed embryos (by observation under microscope) from the
brooding chamber of females. Larvae were reared in a density of 1 individual
per mL of 0.22 μm filtered seawater with temperature control to 25 ± 1°C.
They were fed with microalgae I. galbana in a concentration of 2 × 105 cells
mL-1 and the medium was changed while dead individuals were removed
daily. Larvae of C. onyx become competent after 8 - 9 days when geometry
of shell growth is shifting from spiral form characteristic of larvae to the
linear form characteristic of adults (Pechenik 1980).
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2.5 Larval settlement assay

Larval settlement assays were performed using biofilms from each time
point of experiment (described in Section 2.2) for each repeat. The collection
(from clean site and hypoxic site) and treatments of biofilms were in parallel
with those for the determination of bacterial cell density and viability.
There were six polypropylene experimental chambers (dimension of
chamber: 150 × 90 × 45 mm) for larval settlement in each of the four
combinations of DO and pH conditions: control, hypoxia, OA, and hypoxia
and OA combination. They were submerged in microcosms of 10 L of 0.22
μm filtered seawater at 25 ± 1°C under the corresponding DO and pH
conditions. Experimental set-up for these conditions was described in
Section 2.2. 150 morphologically competent larvae were transferred into
each chamber. In order to equalize the DO and pH levels between the
chambers and the microcosm, and to prevent the larvae inside the chambers
from escaping to the microcosm, one of the sides of the chambers was an
opening with 150 μm nylon mesh (130 × 75 mm). Each of the chamber
served as a pseudoreplicate. For day 0 experiment, each chamber contained
two fresh biofilmed dish and one clean petri dish as negative control. While
for post-treatment experiment, each chamber contained three types of petri
dish: a treated biofilmed dish which was subjected to the corresponding
combinations of DO and pH levels, a positive control biofilmed dish which
was subjected to normal DO and pH levels (6 mg O2 L-1 and pH 8.1), and a
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clean petri dish as negative control. The settlement assays were performed
on orbital shakers continuously rotating at 100 rpm. This was proven to
encourage the larvae to swim (Zhao and Qian, 2002) and to stimulate
settlement on dish (Figure 2.2).
After 24 hours, the numbers of individuals that settled on the either of the
biofilmed dishes, negative control dish, or on the wall of the chamber, were
counted. Larvae with significant reduction in velar lobes, occurrence of shell
brims and appeared to be crawling with foot were regarded as settled
individuals (Pechenik 1980). The results from two days of post-treatment
settlement assays were combined for reporting and statistical analysis.
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Figure 2.2: Experimental set-up of larval settlement assay. The DO and pH
levels of the microcosm were adjusted to the corresponding levels of the
biofilms treatment though pumping of air, carbon dioxide (CO2) and
nitrogen (N2) gas as in Figure 2.1. The dish arrangements of three replicate
settlement chambers together formed a Latin square. Each settlement
chamber contained 150 larvae.
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2.6 Statistical analysis

All percentage data were arcsine-transformed before analysis. Data of
bacterial density and viability and settlement were checked for the normality
and homogeneity by Shapiro-Wilk test and Equal Variance test respectively.
For bacterial cell density and viability assay, if data passed the normality and
homogeneity tests, comparison between multiply treatments were checked
for any significant difference by one-way ANOVA. Post-hoc Tukey’s HSD
test was used to identify differences among treatments once significant
difference was found, while T-test was used for comparison with two
treatments in this case. If the normality and homogeneity tests were failed,
data were checked for any significant difference with their counterpart by
Kruskal-Wallis test, post-hoc Tukey’s HSD test was also used to identify
differences among treatments once significant difference found, while
Mann-Whitney U test was used for comparison with two treatments in this
case. The significance level for the tests was 0.05.
For larval settlement assay, if data passed the normality and homogeneity
tests, significant difference was checked by repeated measures one-way
ANOVA.

Post-hoc Tukey’s HSD test was used to identify differences

among treatments once significant difference was found. If the normality
and homogeneity tests were failed, data were checked for significant
difference by Friedman test, post-hoc Tukey’s HSD test was also used once
significant difference was found. The significance level for the tests was 0.05.
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Chapter 3: Results and discussion

3.1 Physical parameters of clean and hypoxic sites

In clean site, the average water temperature and salinity were 22.37 ± 2.38°C
and 29.00 ± 0.00 psu, respectively. The mean water DO level were 6.44 ±
0.49, 6.44 ± 0.35 and 6.36 ± 0.13 mg O2 L-1 for repeat 1, 2 and 3 respectively,
while the mean water pH were 8.21 ± 0.09, 8.21 ± 0.06 and 8.18 ± 0.03 for
repeat 1, 2 and 3 respectively (Table 2.1).
In hypoxic site, the average water temperature and salinity were 26.96 ±
1.44°C and 30.50 ± 1.31 psu, respectively. The mean water DO level were
3.35 ± 0.90, 3.26 ± 1.95 and 0.63 ± 0.56 mg O2 L-1 for repeat 1, 2 and 3
respectively, while the mean water pH were 7.88 ± 0.67, 7.94 ± 0.17 and
7.63 ± 0.09 for repeat 1, 2 and 3 respectively (Table 2.1).
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3.2 Bacterial cell density and viability
Clean site
For the clean site, the mean bacterial density of the biofilms before exposure
ranged from 26.41 – 54.20 × 103 cells mm-2. After exposing to various levels
of pH and DO, the mean bacterial density ranged from 24.51 – 83.76 × 103
cells mm-2 (Figure 3.1). When the control dish was compared with that
before exposure, significantly higher bacterial density was resulted in two
out of three repeats (T-test, t(16) = -4.41 and -4.27, p < 0.001 for repeat 2 and
3, respectively.)
The bacterial density of treated biofilms was different among the control and
treatment groups in all repeats. The bacterial density of the combination
treatment was consistently and significantly lower than that of the control
(Tukey’s test, p < 0.05 for all repeats). The bacterial density of hypoxia
treatment generally lower than that of control, with significant difference
occurred in two (repeat 2 and 3) out of three repeats (Tukey’s test, p < 0.001).
For ocean acidification treatment, while significantly lower bacterial density
was resulted when compared with control in one of the repeats (repeat 2), no
difference was found in other repeats.
For OA treatment, while significantly lower bacterial density was resulted
when compared with control in one of the repeats (repeat 2), no difference
was found in other repeats.
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Comparing among OA, hypoxia and combination treatments, there was a
generally lower bacterial density in both the hypoxia and combination
treatment than that of OA treatment. Significantly, the bacterial density in
the hypoxia and combination treatment was lower than that in the OA in
repeat 3. No significant difference was found between hypoxia and
combination treatments in all repeats.
The mean percentage of live bacterial cells on biofilmed dish before
exposure were 51.72 ± 7.86%, 62.14 ± 5.67% and 45.40 ± 9.57% for repeat
1, 2 and 3 respectively and that after exposure were 40.78 ± 10.62%, 48.57
± 7.98% and 49.85 ± 8.57% for repeat 1, 2 and 3 respectively (Figure 3.2).
The percentage of live bacterial cell of control after exposure was generally
the same as that before exposure, and only one repeat (repeat 2) showed
significant reduction (T-test, t(16) = 5.39, p < 0.001). There was generally no
difference in the percentage of live bacterial cells among treatments,
although a significant reduction was found in the OA biofilms compared
with the hypoxia biofilms in repeat 2.
Hypoxic site
For the hypoxic site, the mean bacterial density of the biofilms before
exposure ranged from 14.35 – 93.04 × 103 cells mm-2. After exposure in
laboratory, the mean density was ranged from 9.36 – 73.04 × 103 cells mm-2
(Figure 3.1). When the control dish was compared with that before exposure,
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a significant reduction in bacterial density was found in one out of three
repeats (repeat 1) (T-test, t(16) = 2.49, p = 0.024).
The total bacterial density of treated biofilms was different among the
control and treatment groups in all repeats. The hypoxia and combination
treatments were significantly lower than that of the control in all repeats
(Tukey’s test, p < 0.001). However, there was no significant difference in
total bacterial density between OA treatment and control, with an exception
in repeat 3 where significantly lower bacterial density was resulted in OA
treatment.
Comparing among OA, hypoxia and combination treatments, similar to the
clean site, there was a generally lower bacterial density in hypoxia and
combination treatments, which remained similar between themselves.
Significantly lower bacterial density was found in hypoxia and combination
treatments versus OA treatment in repeat 1, and in combination treatment
versus OA treatment in repeat 2 (Tukey’s test, p < 0.05).
The mean percentage of live cells for biofilmed dish before exposure were
60.51 ± 4.39%, 58.94 ± 4.88% and 60.00 ± 10.14% for repeat 1, 2 and 3
respectively and that after exposure were 54.47 ± 9.70%, 47.94 ± 10.72%
and 33.94 ± 12.78% for repeat 1, 2 and 3 respectively (Figure 3.2). The
percentage live cell of control after exposure was generally lower than that
before exposure, however, one repeat (repeat 3) showed significant
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reduction (T-test, t(16) = 4.86, p < 0.001). There was no significant difference
among control and treatments in all repeats.
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Figure 3.1: Total bacterial cell density of biofilms before and after exposure to
combinations of two levels of pH (normal: 8.1, lower: 7.6) and DO (normal: 6 mg O2 L-1,
hypoxia: 1.5 mg O2 L-1) in four microcosms conditioned as control (C) and treatments of
OA (O), hypoxia (H), and OA and hypoxia combination (OH). Biofilms from a clean sites
and a hypoxic site were investigated for three times (repeats). Each bar represents the mean
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(+ SD) of six replicates (but three replicates for clean site repeat 1). Statistical values of
One-way ANOVA (or Kruskal-Wallis test specified with #) are shown above the bars.
Significantly different means (t-test, p < 0.05) between the unexposed biofilms and the
biofilms after control exposure (white bars) are represented by an asterisk (*), while the
significantly different means after treatments (Tukey’s test, p < 0.05) are represented by
different alphabets above each bar.
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Figure 3.2: Percentage of live bacterial cells on biofilms before and after exposure to
combinations of two levels of pH (normal: 8.1, lower: 7.6) and DO (normal: 6 mg O2 L-1,
hypoxia: 1.5 mg O2 L-1) in four microcosms as control (C) and treatments of OA (O),
hypoxia (H), and OA and hypoxia combination (OH). Biofilms from a clean sites and a
hypoxic site were investigated for three times (repeats). Each bar represents the mean (+
SD) of six replicates (but three replicates for clean site repeat 1). Statistical values for One35

way ANOVA (or Kruskal-Wallis test specified with #) are shown above the bars.
Significantly different means (t-test, p < 0.05) between the unexposed biofilms and the
biofilms after control exposure (white bars) are represented by an asterisk (*), while the
significantly different means after treatments (Tukey’s test, p < 0.05) are represented by
different alphabets above each bar.
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3.3 Larval settlement assay

Before exposure of biofilms to treatments
Clean site
For the clean site, there was no significant difference in the settlement rate
of C. onyx larvae on the two biofilmed dishes for all the treatments and
repeats (Figure 3.3).
The mean proportion settlement on the negative control dish was always
significantly lowest (Tukey’s test, p < 0.05) in the control, OA and
combination treatments of all repeats. However, in the hypoxia treatment of
repeat 3, the settlement rate of negative control had no significant difference
with that of the biofilmed dishes, although the mean settlement rate of
negative control was still the lowest.

Hypoxic site
For the hypoxic site, the settlement rates of larvae on the two biofilmed
dishes were the same for all repeats and water conditions. The larval
settlement rate on the negative dish was the lowest in all but repeat 3 in
which there was no difference among all dishes (Figure 3.3).
After exposure of biofilms to treatments
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Clean site
For the clean site, the proportion that settled on the treatment dish was
significantly lower than the positive control dish (Tukey’s test, p < 0.05) in
all of the repeats of both hypoxia treatment and combination treatment
(Figure 3.4). The differences in that proportion ranged from 16.95% to
19.79% and 28.43% to 33.77% for hypoxia and combination treatments,
respectively. Nonetheless, there was no such difference in control and OA
treatment. The larval settlement rate on the negative control dish was always
the lowest.
Hypoxic site
For the hypoxic site, there was no significant difference on the settlement
rate of larvae of C. onyx on the treatment dish and positive control dish in
control and OA treatment. The settlement rate on treatment dish was
significantly lower than that on positive control dish (Tukey’s test, p < 0.05)
in all repeats except one repeat of hypoxia (repeat 3, this might due to the
extra low bacterial density on the biofilms which caused an overall reduction
in settlement rate and large standard deviation among the data which
encouraged insignificant statistical comparisons) of both hypoxia treatment
and combination treatment. The difference in proportion of larvae ranged
from 26.84% to 45.66% and 19.00% to 40.94% for hypoxia and combination
treatments, respectively.

38

The larval settlement rate on the negative dish was the lowest in most
treatments with some exceptions. These included that the negative control
dish being similar in proportion settlement as the treatment dishes in
combination treatment of all repeats and the hypoxia treatment of repeat 1,
and that in repeat 3 the settlement percentage on negative control was not
significantly different from other dishes other than the positive control
dishes of hypoxia treatment.
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Figure 3.3: Settlement choice assays of Crepidula onyx larvae on biofilms before
treatment (on the day the biofilms were freshly collected from the clean site and hypoxic
site). Each bar shows the mean proportion (+ SD) of settled larvae that were found on one
of three choices of dishes (two biofilmed dishes (+) and one negative control clean dish
(–)) from 6 replicate chambers, each with 150 competent larvae, after 24 hours. Chambers
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were submerged into filtered seawater with four different conditions during the assays:
Control (C: 6 mg O2 L-1 and pH 8.1); OA treatment (O: 6 mg O2 L-1 and pH 7.6); hypoxia
treatment (H: 1.5 mg O2 L-1 and pH 8.1); and OA and hypoxia combination treatment (OH:
1.5 mg O2 L-1 and pH 7.6). Statistical values of repeated measures One-way ANOVA (df
= 2, residual degree = 10) are shown above the bars and means which are different
significantly (Tukey’s test, p < 0.05) are represented by different alphabets above each bar.
N/A: data not available.
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Figure 3.4: Settlement choice assays of Crepidula onyx larvae on treated biofilms
(originated from clean site or hypoxic site) which were submerged in four conditions:
Control (C: 6 mg O2 L-1 and pH 8.1); OA treatment (O: 6 mg O2 L-1 and pH 7.6); hypoxia
treatment (H: 1.5 mg O2 L-1 and pH 8.1); and OA and hypoxia combination treatment (OH:
1.5 mg O2 L-1 and pH 7.6) for two to three days. Each bar shows the mean proportion (+
SD) of settled larvae that were found on one of three choices of dishes (treated biofilmed
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dish (t), positive control biofilmed dish (+), and negative control clean dish (–)) from 12
replicate chambers, each with 150 competent larvae, after 24 hours. Chambers were
submerged into filtered seawater with the corresponding treatments during the assays.
Statistical values of repeated measured One-way ANOVA (df = 2, residual degrees = 22
in all repeats, except where Friedman test was used which were specified with #) are shown
above the bars and means which are different significantly (Tukey’s test, p < 0.05) are
represented by different alphabets above each bar.
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3.4 Correlation between bacterial density and percentage settlement

There was significant positive correlation between percentage settlement on
treatment dish and cell density among all repeats for both sites (Linear
Regression, F(1,22) = 12.15, p = 0.002, R2 = 0.356) (Figure 3.4).
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Chapter 4: Discussion, conclusion and implications

4.1 Discussion
This study is the first study that attempts to investigate the individual and
interactive effects of hypoxia and OA on biofilms and the subsequent effects
on settlement of Crepidula onyx. Variations in settlement preference of C.
onyx on biofilms which undergone different pH and DO level treatments
were explicitly evident. Reduction of seawater pH and DO have also altered
the bacterial cell density in biofilms.
An extra low DO during the biofilms development period of repeat 3 of
hypoxic site (Table 2.1) had probably resulted in biofilms with very low
bacterial density (Cheung et al. 2014), and subsequently an overall lower
settlement rate (Chiu et al. 2012). Owing to this, data from this repeat
contributed to a larger variation among repeats that brought to abnormal
distributions and unequal variation and subsequently insignificant statistical
comparisons. Thus, this repeat was omitted when drawing conclusion about
the settlement preference among dishes in choice assay.

Larval settlement on biofilms before treatment
The percentage of larval settlement on the two biofilmed dishes showed no
difference to each other among settlement chambers of control and all
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treatments (Figure 3.3). This showed that the natural variation occurs on
each biofilmed dish is not enough to cause a differentiation on settlement
preference among the dishes. Moreover, this further showed the background
DO and pH level had no effect on the settlement preference on the two
biofilmed dishes. Thus, the difference in settlement preference after biofilms
treatment could be assumed to be caused only by the alterations in biofilms.

After biofilms treatment
Control
Bacterial density
Biofilms from clean site were generally higher in bacterial density after a
maximum of three days of laboratory incubation. It was expected as the DO
and pH levels were similar to that of the field, only minimum stress was
encountered by the bacterial community. This could also prove that the
microcosm for incubating biofilms provided suitable environment that did
not cause major mortality on bacteria. For hypoxic site biofilms, no
significant trend found. This could be explained by the resilience of bacteria
which favoured normoxia and ambient pH accompanied with the die off of
bacteria which favoured hypoxia and/or low pH. Subsequent emergence of
opportunistic species might also contribute to this.
Settlement
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The same settlement rate on positive control and treatment dish perfectly
demonstrated no significant variation regarding larval settlement preference
occurred among biofilms under the same condition during the 2 to 3 days of
laboratory exposure. This further supported the assumption that any
difference in settlement preference among biofilms would be caused by the
biofilms treatments.

OA
Bacterial density
The bacterial density of OA treated biofilms was generally lower than that
of control for both sites. Some literatures showed that bacterial abundance
was resistant to OA (Takeuchi et al. 1997, Grossart et al. 2006 and Oliver et
al. 2014). Different from this study, Takeuchi et al. (1997) studied on free
living cultured bacteria using artificial cultivation approach, which was in
contrast to the attached bacteria from natural environment in this study.
While Grossart et al. (2006) and Oliver et al. (2014) studied on bacteria in
mesocosms located in natural coasts with addition of nutrients to stimulate
algal bloom aiming to simulate a nature OA system, in this study the nutrient
was unenriched. A more similar laboratory-based study with OA treatment
on biofilms showed that the bacterial density of biofilms decreased after 10
days exposure, suggesting a lower pH level increases the respiration and in
turn the metabolic and energy cost among the bacteria (Baragi et al. 2016).
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The general reduction in bacterial density in the current study might be
explained by the same reason, but the insignificant result might be due to the
shorter exposure period (3 days).
Settlement
Settlement rate of most of the marine invertebrates is mainly governed by
the bacterial density and community (Shin et al. 2013). For example,
settlement rate of tubeworm Hydroides elegans is correlated to the bacterial
density (Hadfield et al. 1994) and Pseudoalteromonas luteoviolacea can
induce settlement of H. elegans (Hadfield 2011). For C. onyx, their
settlement rate was shown to have a positive relationship with the bacterial
density. (Chiu et al. 2012). However, it is still not known whether there is
and if so, which bacterium governs the settlement of C. onyx.
In most repeats of this study, OA exerted no effect on both bacterial density
and settlement. Based on the unchanged bacterial density, OA characterized
community should have no effect on settlement. For specific repeats with
reduction in bacterial density, settlement rate was also unaffected, there were
two possible explanations. The first explanation was that the OA bacterial
community might conditionally encourage settlement of C. onyx when the
overall bacterial density is reduced. In this case, another factor should have
attracted settlement so that the effect from decrease in bacterial density was
balanced off. It is proposed that the composition in bacterial community
might have been changed and resulted to an unchanged overall settlement
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rate. The second possible explanation was that since the mean reduction in
the bacterial density was smaller (in comparison with that of hypoxia and
combination of hypoxia and OA treated biofilms), it might not be sufficient
to reduce the settlement of C. onyx.

Hypoxia
Bacterial density
The bacterial density of biofilms was reduced after hypoxia exposure
compared with the control biofilms for both sites. An unusual result where
there was no significant difference in repeat 1 of clean site, nevertheless the
mean was lower in hypoxia exposed biofilms, may due to a low number of
replicates (3 replicates, 3 replicates from 1 time point) compared with other
repeats (12 replicates, 6 replicates from 2 time points). Hypoxia-induced
reduction in biofilms bacterial density was also shown by previous study
(Cheung et al 2014). A possible explanation was the reduction in oxygen,
the key electron acceptor, limited aerobic respiration among bacteria, this
resulted in reduction in energy production and, subsequently, cell
proliferation. For hypoxic site, although some species which was associated
with low DO environments might be benefited by hypoxia treatment,
reduction in energy production might still limited the overall cell
proliferation rate. However, further study is needed to investigate the
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mechanism of hypoxia on the respiration and growth of bacteria in order to
prove this.
Settlement
The settlement rate on hypoxia treated biofilms was lower than that of
control biofilms for both sites. This study suggests that biofilms density was
a factor contributing to the reduction in settlement of C. onyx. Similarly,
reduction of bacterial density caused by other factor (organic pollutant) has
also reduced settlement preference of C. onyx (Chiu et al. 2012).

Combination of hypoxia and OA
Bacterial density:
The bacterial density was reduced compared with the control and was similar
to that of the hypoxia-treated biofilms for both sites. As there was no change
in density in OA-treated biofilms in most repeats, and as there was no
interaction between OA and hypoxia, it indicated that the reduction in cell
density was due to exposure to hypoxia.

It has been predicted that OA may compensate the effect of hypoxia on
bacterial density by replenishment of oxygen. The mechanism suggested
was that lower pH level in seawater can stimulate the growth of algal species
and shift the biofilms community into an algal dominant community (such
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as Baragi et al. 2016, Russell et al. 2009), as algal species is benefited by the
reduced energetic cost and improved resource allocation through the downregulated Carbon Concentrating Mechanisms under such condition
(Trimborn et al. 2009, Hopkinson et al. 2011). This led to a higher overall
photosynthetic rate and more oxygen would be produced.
However, this prediction was not true in this study, this might be explained
by the following. Firstly, nutrient-load hypothesis explains that the boost the
growth of algae it needs both nutrients and carbon, and growth of algae is
restricted if there is a lack of either one of the factors (Verspagen et al. 2014).
The sediment particles associated with biofilms, being the only source of
nutrient in the whole microcosm, might have been insufficient to support the
growth of algae. Secondly, light which is required by photosynthesis might
also be a limiting factor as only low background lighting from the culture
room was provided. Finally, three days exposure time might be too short to
accumulate enough algae and oxygen.
Settlement:
Having a similar settlement pattern of C. onyx in hypoxia treated biofilms,
the settlement rate on combination treated biofilms was lower than that of
the positive control biofilms. The study suggests there was no overall
interaction between hypoxia and OA on settlement of C. onyx.
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4.2 Conclusion
In conclusion, the effects exerted by OA, hypoxia and their combination on
biofilms and the subsequent settlement of C. onyx were revealed. Only
hypoxia and combination conditions had reduction in total bacterial
abundance and subsequently in settlement preference of C. onyx, while OA
only tended to reduce bacterial density on biofilms. There was no interaction
between hypoxia and OA on settlement rate and bacterial density. However,
there were variations on the biofilms bacterial community among different
treatments (unpublished work by labmates, 16S rRNA gene sequencing,
Illumina MiSeq sequencing). Further analysis on the settlement response of
C. onyx under biofilms from different treatments with adjustment to same
density is needed, in order to clarify if the change in community composition
by different DO and pH levels also affects the settlement preference.
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4.3 Implications

Reduction in settlement rate on hypoxia and hypoxia and OA combination
treated biofilms implied that larvae of C. onyx were able to distinguish and
avoid unfavourable environments. This tendency might reduce the
abundance of the sensitive species in hypoxic and combination of hypoxic
and OA environments by reduction in recruitment rate, and thus, overgrowth
of tolerant species that could be resulted from reduced competition. If most
invertebrate species response similarly, changes in ecological balance by
alterations of important processes such as prey-predator relationship and
trophic transfer of energy could occur. These may finally lead to significant
changes in ecological balance and services and shifts in coastal ecosystem.
Studying with more invertebrate models may be needed to elucidate the
response of the invertebrate community.
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